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Photogallery

The Thirteenth Heat Transfer Photogallery was sponsored by the K-22 Heat Transfer Visualization Committee for the 2008 Interna-
ional Mechanical Engineering Congress and Exhibition �IMECE� held in Boston, Massachusetts, on October 31–November 6, 2008.
he peer-reviewed evaluation process for the presented entries identified the seven entries for production in the ASME Journal of Heat
ransfer August issue of 2009.
The purpose of publishing these entries is to draw attention to the innovative features of optical diagnostic techniques and aesthetic

ualities of thermal processes. To focus on visualization images and schematics, the text is kept to a minimum and further details should
e found directly from the authors. My wish is that the journal readers enjoy viewing these collections, acquire knowledge of the
tate-of-the-art features, and also promote their participation in the 2009-IMECE Photogallery �http://www.asmeconferences.org/
ongress09�.
The Call for Photogallery for 2009-IMECE is also announced in this issue of Journal of Heat Transfer.

Kenneth D. Kihm
Department of Mechanical, Aerospace,

and Biomedical Engineering,
University of Tennessee

Knoxville, TN 37996-2210
ournal of Heat Transfer AUGUST 2009, Vol. 131 / 080901-1Copyright © 2009 by ASME
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Computational Simulation of Swirl Enhanced Flow and Heat Transfer in a
Twisted Oval Tube

F. Bishara, M. A. Jog and R. M. Manglik
Department of Mechanical Engineering, University of Cincinnati, Cincinnati, OH 45221

Temperature Distribution (Pr = 3.0) at Section A—A

Re = 20 200 600 1200
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Fully developed swirling Flow in a twisted tube with an oval cross section is considered. The results shown here are for
a tube with an elliptical cross section with a twist ratio of 6 and an aspect ratio of 0.7 (see equations above). The wall of
the tube is held at a constant temperature. The secondary flows induced by the tube twist promote mixing in the plane
normal to the bulk flow direction. This mixing works to maintain a high temperature gradient close to the tube wall and
in turn increase the Nusselt number relative to that in a straight tube of the same cross section. The temperature plots
show that it is indeed the case that the in‐plane mixing is effective in maintaining the temperature gradient near the
tube wall. The isometric view shows flow streamlines (ribbons represent adjacent streamlines) to illustrate the swirling
nature of the flow.
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Computational Analysis of Binary-Fluid Heat and Mass Transfer in Falling Films and Droplets
Vishwanath Subramaniam and Srinivas Garimella

Sustainable Thermal Systems Laboratory, GWW School of Mechanical Engineering
Georgia Institute of Technology, Atlanta, GA

Heat and mass transfer models in the literature on horizontal-tube absorbers make simplistic assumptions about fluid flow patterns.
High-speed flow visualization was used to show that inter-tube flow occurs as droplets, and the formation and detachment of these
droplets and their impact on the tube have significant effects on heat and mass transfer. Most models neglect these flow modes and
assume the solution to flow as a uniform film. The present study numerically models heat and mass transfer in the absorber taking the
realistic drop-wise and wavy film flow mechanisms into consideration. The impact of droplets on the tube causes the lithium bromide
solution film on the tube to mix and present newer regions of the solution for vapor absorption. The impact also gives rise to waves
that propagate axially over the liquid film on the tube. The mixing effect and the waves caused by droplet impact play a very
important role in the heat and mass transfer. Results obtained from this study will lead to better understanding of the vapor absorption
process, and yield more efficient and optimal absorber designs.

Flow Patterns: Experiments and Computations LiBr-H2O Solution Concentration Distribution (LiBr Weight %)

LiBr-H2O Solution Temperature Distribution (oC)
ournal of Heat Transfer AUGUST 2009, Vol. 131 / 080903-1Copyright © 2009 by ASME
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Vinod Narayanan*,HeinerLinke**, Mike Taormina**
*Mechanical Engineering **Physics Department

Oregon State University University of Oregon

VISUALIZATION OF THERMALLY ACTUATED PUMPING IN THE
LEIDENFROST REGIME BY SURFACE ASYMMETRY

The propulsion of film boiling (Leidenfrost) liquid droplets that encounter a surface asymmetry has been observed. Repeated
pattern of surface asymmetries, such as the saw-tooth ratchet illustrated in the top video sequence, have been shown to
provide sustained droplet propulsion. On the other hand, isolated surface asymmetries such as a step change in height of the
surface provides a local droplet acceleration that is illustrated in the bottom figure. Such heat-actuated pumping has been
observed for a wide variety of fluids, two of which are illustrated in this photo gallery exhibit.
The sequence of images on the top panel is that of a film boiling droplet of R134a (Tb = 246.6 K) on a room-temperature
brass ratchet. This sequence was recorded using an infrared camera. The time interval between the frames is 8 ms. On the
bottom panel is a video sequence of a liquid nitrogen droplet that is introduced with an initial momentum towards the left.
Upon encountering a step, the droplet reverses direction. The fifth frame shows that the droplet gains sufficient energy to
momentarily detach from the substrate.

Local droplet acceleration due to step discontinuity

Sustained droplet propulsion by repeated asymmetric surface patterns
ournal of Heat Transfer AUGUST 2009, Vol. 131 / 080904-1Copyright © 2009 by ASME
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Thermoacoustic refrigerator

Experimentally visualized temperature fields by holographic interferometry
and temperature distributions reconstructed from interferometry images (color plots)

t = 0, full compression: heat flow to plate

Experimental visualization of the thermoacoustic effect
C. Herman, M. Pirtini Çetingül

Department of Mechanical Engineering, Johns Hopkins University, Baltimore, MD 21218

A thermoacoustic refrigerator uses sound energy to transport heat. Using a sound source such as a loudspeaker, a standing
wave is formed in a tube filled with noble gas. As the wave travels back and forth (oscillates) in the resonator, the gas
compresses and expands. To exploit this effect for heat pumping, a �thermoacoustic core�, consisting of a densely packed
stack of plates, is placed in the tube. In the compression phase of the cycle, the gas heats up, transferring heat to the plates
(a). Then, as the gas gradually expands and cools down (b,c), it absorbs heat from the plates (d). This sets up an overall
temperature gradient along the plates, effectively pumping heat from the cold side to the hot side of the core. When heat
exchangers are attached to the thermoacoustic core, this device becomes a useful refrigerator. Four image pairs, showing
one half of the acoustic cycle (t = 0, τ/6, τ/3 and τ/2), are the first experimental visualization of the thermoacoustic effect
on two stack plates. Fringe patterns are generated by holographic interferometry and color images are reconstructed
temperature distributions based on experimental data.

flow

q

flow

q

t = τ/2, full expansion: heat flow from platet = τ/3, expansion, phase II: cooling

t = τ/6, expansion, phase I: cooling
b)a)

c) d)
ournal of Heat Transfer AUGUST 2009, Vol. 131 / 080905-1Copyright © 2009 by ASME
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Unveiling Hidden Complex Cavities Formed by Evaporative Nanofluidic (Al2O3) Self-Assembly

Iltai Kim and Kenneth D. Kihm
Department of Mechanical, Aerospace, and Biomedical Engineering

University of Tennessee, Knoxville, Tennessee

The hidden complex cavity structures are first unveiled for nanofluidic self-assembly when 2-µl aqueous droplets containing 47-
nm diameter Al2O3 nanoparticles are evaporated and crystallized. The microscopic dorsal images (1) show dramatically
different crystallized surface shapes and textures depending on the nanoparticle concentrations. The nonintrusive fingerprints
by Surface Plasmon Resonance (SPR) imaging* (2) clearly evidence the existence of the hidden hollow cavity structures. Note
that each cell bounded by crack lines is crystallized to form a single anchoring onto the substrate. The interference fringe
mapping (3) can lead to reconstruct quantitative dimensions of the ventral inner cavity surfaces. The destructive image taken
with the roof shattered (4) confirms the SPR fingerprints, but lacks the details particularly in the self-pinned edge regions.

* I. T. Kim and K. D. Kihm, “Label-Free Visualization of Microfluidic Concentration Fields Using a Surface Plasmon Resonance (SPR)
Imaging,” Experiments in Fluids Vol. 41, No. 6, pp. 905-916, 2006.

♦47-nm Al2O3
Nanoparticles

4. Destructively
“Opened” View

1: Microscopic
Dorsal View 2: SPR Ventral View

0.1%

1%

5%

10%

3: Fringe Mapping
3

2

1 4
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Condensation of Sodium Vapor and High-Temperature Reaction with Quartz Pore Inner Surface

Kenneth D. Kihm
Department of Mechanical, Aerospace, and Biomedical Engineering

University of Tennessee, Knoxville, Tennessee

David M. Pratt and Andrew D. Swanson
Structures Division, Air Vehicles Directorate

United States Air Force Research Laboratory, WPAFB, Ohio

Sudden boiling of liquid sodium (b.p. = 1156 K at 1 atm) inside the all quartz-made smelting/evaporation chamber results in
condensation and high-temperature reaction of sodium vapor with the inner wall surface. The attack and reaction becomes
more aggressive with increasing vapor temperature. The condensation “fingerprints” express different color bands from silver,
metallic, milky, brown, orange, red, and black with increasing level of the sodium attack and reaction on the surface.

Strongest attack leaving
scorched sodium spots
(Black)

Strong surface attack
by sodium vapor
(Red)

Weak reaction
of sodium vapor
(Brown)

Thin condensed sodium
layer with no reaction
(Silver)

Thick condensed sodium
layer with no reaction
(Metallic)

Intermediate surface attack
by sodium vapor
(Orange)

Light reaction
of sodium vapor
(Milky)
ournal of Heat Transfer AUGUST 2009, Vol. 131 / 080908-1Copyright © 2009 by ASME
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J. P. Solano

G. Paniagua

Department of Turbomachinery and Propulsion,
von Karman Institute for Fluid Dynamics,

Chaussée de Waterloo,
72 B1640 Rhode-Saint-Genèse, Belgium

Novel Two-Dimensional Transient
Heat Conduction Calculation in a
Cooled Rotor: Ventilation
Preheating—Blow-Down Flux
This contribution presents an alternative to classical data reduction techniques to mea-
sure the heat transfer using thin-film gauges. A finite-element model of the two-
dimensional unsteady heat conduction equation is solved in the cross-sectional area of a
metallic airfoil bounded with a polyamide sheet on which thermal sensors are deposited.
This novel methodology allows capturing all 2D heat conduction effects that are irreme-
diably neglected with the 1D data reduction technique. The application of this technique
in a compression tube facility allows an exact evaluation of the initial wall heat flux into
cooled rotor blades. During the spinning-up period, the rotor is spun up to nearly its
nominal speed (from 0 rpm to 6200 rpm) resulting in preheating due to drag losses. The
long duration of this experiment ��450 s� and the magnitude of the wall temperature
increase result in significant 2D conduction effects that are not accounted for using the
1D approach. In addition, short-duration experiments confirm the existence of 2D effects
at smaller time scales ��0.5 s�, as well as the influence of the initial nonuniform tem-
perature distribution in the rotor blade. The resulting flux with such an initial condition
appears to be the superposition of the wall heat flux at the end of the spinning up before
the test and the flux due to the blow-down itself. �DOI: 10.1115/1.3122777�
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Introduction
Thin-film gauges are used in short-duration facilities for gas

urbine aerothermal research since the 1970s. These resistive tem-
erature detectors provide the surface temperature evolution of an
nstrumented airfoil during blow-down tests. This information al-
ows computing the wall heat flux around the blade and subse-
uently the Nusselt number distribution. This is especially useful
t the design stages of cooling schemes in turbine blades and also
ields essential experimental data regarding the boundary layer
tatus, transition, turbulent spot growth, and speed. Single layer
nd double layer substrates constitute the technical solutions usu-
lly employed to implement thin-film sensors onto airfoils in tran-
ient tunnels. The single layer thin-film gauges used at the von
arman Institute consist of platinum thin-film gauges fired onto a

eramic substrate. The entire blade might be manufactured in ce-
amic for cascade testing �1�, or inserts could be fitted into metal-
ic blades in the case of measurements on the rotor of a turbine
tage �2–4�. A faster and more flexible implementation was pos-
ible after the intensive development of the two-layered thin-film
auge carried out at MIT �5� and University of Oxford �6�. In the
ost recent applications at the von Karman Institute �7�, the sen-

or arrays were deposited on a polyamide sheet wrapped around
he airfoil with a double-sided adhesive.

The two-sided sensor proposed by Epstein et al. �5� consists of
wo thin-film sensors mounted on either sides of the first insulat-
ng substrate, resulting in simpler data reduction requirements.
iccini et al. �8� proposed to place a thermocouple between the

nsulating layer and the metallic layer. However, this dual-sided
echnique required the monitoring of two temperature signals at
ach measurement location.
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The data reduction associated to both single-sensor one-layered
and two-layered thin-film gauges has traditionally relied on semi-
infinite, flat plate heat conduction. This so-called 1D approach is
especially appropriate in single layer configurations due to the low
thermal diffusivity of the ceramic substrate and the short duration
of the test �1�. Moreover, the thickness of the ceramic insert jus-
tifies the assumption of semi-infinite substrate during the test du-
ration �3�. Various approaches have been proposed to account for
the presence of multilayered substrates �9–11� but all of them rely
on the semi-infinite assumption on a flat plate.

Diverse solutions may be utilized to correct the curvature ef-
fects in unsteady heat transfer data from thin-film gauges �12–14�.
In the noteworthy methodology proposed by Buttsworth and Jones
�15�, radial heat conduction modeling allows constructing analyti-
cal corrections for the thin-film measurements. Such corrections
could be easily implemented in the routine 1D data analysis.
However, none of the proposed methods account for the presence
of a multilayered system, where the existence of a metallic sub-
strate under the insulating coating promotes 2D diffusion effects
once the thermal wave penetrates the polyamide substrate. Even
though curvature effects could be successfully accounted for, lat-
eral heat conduction phenomena are neglected.

Complete details of a new data processing methodology are
provided in the present work. The direct solution of the 2D un-
steady heat conduction equation in the airfoil section results in the
inherent ability to capture curvature effects, furthermore without
requiring the semi-infinite assumption. This numerical tool was
successfully applied to compute and analyze in detail the heat flux
in a cooled rotor geometry tested in a short-duration facility. The
airfoils are cooled internally with two radial cooling ducts. This
technique retrieves the temperature distribution inside the multi-
layered substrate due to viscous heating related to drag losses
during the turbine pretest rotation ��450 s� prior to the actual
test. Then, the influence of this nonuniform initial temperature

distribution in the subsequent experiment was assessed in a com-
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lex geometry, highlighting the presence of important 2D effects.
inally the convective heat flux on the rotor airfoil is presented. In

he course of this investigation an interesting superposition effect
as identified and validated, which serves to simplify the heat

ransfer data processing.

Experimental Apparatus

2.1 Rotor Cooled Airfoil. The rotor blades are representative
f state-of-the-art of transonic single-stage high pressure turbines.
he cooled airfoils were designed by Avio with a maximum turn-

ng of 105 deg to limit the secondary flows. Figure 1 shows the
otor blade instrumented with a thin-film gauge array at 15%
eight. The heat transfer gauges were calibrated in a controlled
emperature oven. To avoid spurious effects due to electronic drift
n the measurement chain components, the gauges are recalibrated
or every test. The slope of the calibration is conserved from the
ven calibration, while the intercept is corrected for every test in
n automated way.

2.2 Compression Tube Facility. The von Karman Institute
ompression tube rotating rig is the world’s largest short-duration
ompression tube facility. Figure 2 displays the test section lo-
ated between an upstream pressurized cylinder �compression
ube� and the downstream dump tank at vacuum. Therefore, the
eynolds number and Mach number can be adjusted indepen-
ently. When the initially closed shutter valve opens, hot gas
ows across a cold turbine, simulating the heat transfer of a hot
ngine. In the current measurement campaign the temperature ra-
ios are Tmetal /Tgas=0.70 and Tcoolant /Tgas=0.64. The mass flow

Fig. 1 Thin-film gauges at 15% rotor blade height
Fig. 2 Meridional view

81601-2 / Vol. 131, AUGUST 2009
through the stage is controlled by opening a variable sonic throat
located in between the test section and the dump tank. The nomi-
nal turbine power is 1 MW at Re=106, with supersonic vane
outlet conditions M2=1.07, while the rotor has transonic condi-
tions M3=0.89.

2.3 Typical Test Cycle. Initially, with the shutter valve
closed, the pressure in the upstream tube is set to a value that will
allow attaining the required pressure and temperature at the end of
the quasi-isentropic compression. By means of a vacuum system
the pressure level in the test section and dump tank is set equal to
about 30 mbars. The rotor is then spun up to almost its design
speed from 0 rpm to 6200 rpm in around 7 min, as displayed in
Fig. 3. After the pretest rotation, air in the tube is compressed by
the piston, which is driven by the high pressure line. Once the
required pressure in the tube is obtained, a fast acting valve opens
the shutter. As the piston continues the compression a choked
sonic throat �downstream of the test section� keeps constant the
design conditions for about 400 ms.

Regarding the spinning-up period Traupel �16� indicated that
the friction loss is a combination of different mechanisms, mainly
windage and ventilation. Both loss mechanisms contribute to heat
generation that is then transferred into the still air existing in the
test section. In the vicinity of the rotor blades, air is being swirled
due to viscous forces. This mechanism is called ventilation and
the generated loss is equal to Pventilation=� ·5.571�10−7 rpm3,
which at 6000 rpm results in 5.8 kW. Windage losses are due to
the drag that the flow exerts on the rotor disk. This loss is a power
law of the speed and function of density. The exact values of the

Fig. 3 Typical testing sequence
of the turbine facility
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quation were obtained from deceleration tests performed in the
ame turbine rotor between 6500 rpm and 5000 rpm at different
evels of pressure �17�: Pwindage=� ·6.44�10−6 rpm2.3881, i.e., 0.3
W at 6000 rpm. Part of the heat is being dissipated by convection
nto the turbine end walls, and a significant part is transformed
nto temperature increase in the test section.

2.4 Double-Layered Thin-Film Sensors. The thin-film tem-
erature gauges consist of a 2.5 mm serpentine nickel thin-film
ith a resistance of 60 � deposited on an Upilex-S polyamide

heet �produced by TAO Systems, Hampton, VA�. This instru-
ented plastic thin layer is glued on the blade surface with a

ouble-sided adhesive sheet. The sensing element of the thin-film
cts as a variable resistance thermometer, whose resistance varia-
ion is monitored by a Wheatstone bridge. The use of copper paths
llows performing connections with a negligible resistance �Fig.
�.

Data Processing Methodology

3.1 1D Processing. The classical data reduction technique
sed for double-layered thin-film gauges comprises the resolution
f the 1D unsteady heat conduction equation in a multilayered
ubstrate:

1

�

�T

�t
=

�2T

�x2 �1�

To solve this equation, a set of initial and boundary conditions
s needed: The wall temperature evolution measured with the thin-
lm gauge is imposed Tw�0, t�. Assuming that the last substrate is
emi-infinite, a second boundary condition is obtained: T�x

� , t�=T0. This assumption is valid as long as the test duration is
ufficiently short. The duration of the test and the heat penetration
epth are correlated with the following expression �3�:

L� = 3.648��t �2�
In the case of multilayer substrates, an additional boundary con-

ition ought to be imposed at the interface between each substrate,
amely, the heat flux continuity:

− k1� �T

�x
�

x=L−
= − k2� �T

�x
�

x=L+
�3�

A Crank–Nicholson numerical discretization is employed to
olve the 1D unsteady heat conduction equation. It provides the
emperature field in the substrate at every time step and, subse-
uently, the wall heat flux at the gauge location:

q̇w = − k1� �T

�x
�

x=0

�4�

The local convective heat transfer coefficient is then computed

Fig. 4 Two-layered substrate thin-film gauges
s
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h =
q̇w�t�

Tgas − Tw�t�
�5�

where the gas temperature Tgas is measured with microthermo-
couple probes �18�, and the wall temperature evolution Tw�t� is
monitored by the thin-film gauge �Fig. 5�.

3.2 2D Novel Unsteady Heat Calculation. By contrast to the
previously presented 1D procedure, the current technique is able
to accurately determine the wall heat flux distribution regardless
of the complex airfoil geometry. The current method consists of
directly solving the 2D unsteady heat conduction equation in the
double-layered cross-sectional area of the tested airfoil. The initial
temperature distribution, together with the reconstructed tempera-
ture history provided by the thin-film gauges around the airfoil, is
necessary to solve the problem:

1

�

�T

�t
=

�2T

�x2 +
�2T

�y2

T�x,y,0� = T0�x,y�, x,y � � �6�

T�x,y,t� = Tw�x,y,t�, x,y � ��, 0 � t � tf

A weighted residual �Galerkin� approach is used to derive the
finite-element equations from the governing differential equation,
Eq. �6�. The solution of the resulting algebraic system provides
the time-dependent temperature distribution inside the body and
subsequently the normal heat flux to its external boundary �19�:

q̇w�x,y,t� = − k1 · n � T, x,y � �� �7�
The conservative property of the Galerkin approach ensures the

continuity of the heat flux in the interface between the polyamide
sheet and the metallic substrate:

− k1 · n � T = − k2 · n � T, x,y � � �8�
The two-layered cross-sectional area of a cooled rotor blade is
discretized with a 170,000 element mesh, as shown in Fig. 6.

The internal layer of the substrate is the metallic blade itself,
and the external layer is the polyamide sheet �Upilex� over which
the thin-film is deposited �thickness�150 	m�. The finite-
element model of the 2D unsteady heat conduction is then em-
ployed to compute the time-dependent temperature distribution in
the numerical domain.

The external layer was meshed with triangular, structured ele-
ments, while the internal layer presents an unstructured mesh. A
careful sensitivity analysis was carried out to optimize the thick-
ness of the elements adjacent to the external Upilex surface. The

Fig. 5 Computational domain for the 1D approach
low thermal product ratios of the first and second layers,
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�1C1k1 /��2C2k2, indicate that large temperature gradients will
ppear in the Upilex wall at every time step �20�. A wall element
hickness of 1.8 	m proved to accurately capture these wall tem-
erature gradients. Elements with a length 20 times bigger than
heir thickness permitted decreasing the total size of the mesh
ithout any loss of computation accuracy. A detail of the fine
esh built in the first layer is depicted in Fig. 6.
The resulting stiffness matrix, sparse and sized 87,000, needs to

e solved with the efficient generalized minimal residual
GMRES� method �21�. Despite the increased computational cost,
ompared with 1D discretizations, computer capabilities permit
owadays a fast solution of the present problem. The computa-
ional time of the current calculation takes about 15 min in a
entium IV processor. Considering that the rotor airfoil contains
2 thermal gauges, each local wall heat flux derivation involves
round 40 s of computational time.

Results and Discussion

4.1 2D Effects in Actual Turbine Profiles. Two-dimensional
eat conduction effects are traditionally neglected in the process-
ng of short-duration heat transfer measurements. However, the
xperimental correlations or analytical corrections to account for
adial heat conduction in curved regions do not consider the lat-
ral phenomena induced by the nonuniform temperature field in
he vicinity of the gauge under study. The semi-infinite assump-
ion, which implies the extension of the 1D domain to a certain
epth, is conversely not satisfied in the trailing edge region and
he vicinity of cooling ducts.

To highlight the shortcomings of a purely 1D approach, the heat
ux along the airfoil profile was computed prescribing as tem-
erature evolution the analytical variation in a flat plate corre-
ponding to a step of heat flux, therefore discarding any lateral
eat conduction phenomenon. The temperature law, obtained by
oorly and Oldfield �10� for a 1D, semi-infinite double-layered

ubstrate, is linked to a wall heat flux step q̇w:

Tw�t� =
2q̇w

��1C1k1
	�t/
�1/2 + 2


n=1

�

An��t/
�1/2exp	− n2L1
2

�1
�

−
nL1

��1

erf�nL1/��1t�1/2�� �9�

Fig. 6 FEM mesh of the two-layered rotor blade
here
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A =
��1C1k1 − ��2C2k2

��1C1k1 + ��2C2k2

This equation was evaluated for a substrate with a first layer
thickness L1=150 	m and thermal properties defined in Table 1.
The imposed wall heat flux step is q̇w=30,000 W /m2. The result-
ing time-dependent temperature evolution, with a duration of 0.5
s, is depicted in Fig. 7 together with the reconstructed wall heat
flux. These conditions are representative of short-duration experi-
ments in the compression tube facility.

The problem is solved in the cross-sectional area of the rotor
blade under study with a time step corresponding to the sampling
frequency and the next initial and boundary conditions

T��,0� = 0 ° C

T���,t� = Tw�t�, 0 � tf�s� � 0.5

Temperature distribution in the cross-sectional area of the blade
is shown in Fig. 8�a�, with the determination of four control
points. Wall heat flux distribution at the end of the test �tf

=0.5 s� is represented in Fig. 9�a�. The associated error, depicted
in Fig. 9�b�, is defined as

��%� = 100 �
q̇1D − q̇2D

q̇1D

�10�

The expected heat flux step q̇w is reconstructed in wide regions
of the pressure side and suction side during the whole test dura-
tion, proving that these regions fulfill the 1D hypothesis. How-
ever, the wall heat flux evolution around the leading edge and
trailing edge does not behave as a step function: The initial
30,000 W /m2 heat flux reconstruction decays shortly after the
commencement of the test �see locations 1 and 3 in Fig. 8�b��.
This is due to the presence of curvature effects, mainly in the
leading edge, and the failure of the semi-infinite assumption,
which is predominant in the trailing edge.

The corrected wall heat flux in the leading edge can be com-
puted with the analytical correction proposed by Buttsworth and
Jones �15� for cylinders:

Table 1 Properties of the double-layered domain

�
�kg /m3�

C
�J/kg K�

k
�W /m K�

First layer 1470 1130 0.288
Second layer 7900 460 18

Fig. 7 Analytical temperature evolution and wall heat flux re-

construction under 1D semi-infinite assumptions
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q̇R = q̇1D −
k1

2R
�Tw − T0� �11�

he application of this equation, being R=24�10−3, and �Tw

T0� the temperature of the analytical law depicted in Fig. 7�a� at

f =0.5 s, yields a decrease of 4% of the resulting wall heat flux
ith respect to the 1D solution, i.e., q̇1D=30,000 W /m2. These

esults do not agree with the wall heat flux computed with the 2D
pproach in the leading edge, which results in a value 8% lower
han the 1D solution �see Fig. 9�b��.

4.2 Effects of Pretest Rotation. In spite of the relatively low
evels of pressure during the rotor speed up, ventilation losses
ause considerable blade heating. As a result of this process, the
otor blade presents a nonuniform wall temperature profile at the
nd of the pretest rotation �at about �450 s�. The experimental
emperature profile around the rotor blade is depicted in Fig.
0�a�. Similar trends for an uncooled rotor were evidenced with
eramic inserts �3�. Such distribution of external temperature re-
ults in a nonhomogeneous internal temperature map impossible

ig. 8 „a… Temperature field in the cross-sectional area of the
wo-layered rotor blade at tf=0.5 s, „b… wall heat flux evolution
n four control points, and „c… temperature profile in the four
ontrol locations at tf=0.5 s
o predict by means of 1D routines. The computation of this tem-

ournal of Heat Transfer
perature field, and the surface heat flux associated, is of utmost
importance to determine the influence of this initial distribution in
the subsequent blow-down test.

The surface temperature evolution during the rotor speed-up
process can be approximated to a parabolic law, as depicted in
Fig. 10�b�. Data acquisition during a conventional test can be
concentrated on the blow-down process if the temperature evolu-
tion in the gauge locations during the turbine pretest rotation are
fitted with the law

Fig. 9 „a… Wall heat flux distribution at tf=0.5 s in the rotor
blade submitted to uniform 1D boundary conditions and „b…
local error distribution with respect to expected 1D solution

Fig. 10 „a… Temperature distribution at the end of the turbine
pretest rotation „tr=450 s… and „b… parabolic fitting of the tem-

perature evolution during the pretest rotation

AUGUST 2009, Vol. 131 / 081601-5
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T�x,y,t� = T0 + K�x,y� · t2, x,y � �� �12�

here T0 is the acquired initial temperature before the pretest
otation, considered uniform in the cross-sectional area of the
lade. K�s� is a constant value for each gauge location, so as to fit
he local temperature measured at 6200 rpm.

The surface temperature in each external wall node is computed
t every time step with a cubic spline interpolation algorithm.
hus, the necessary boundary conditions for the solution of the
D unsteady heat conduction problem are imposed, together with
he uniform initial temperature distribution

T��,0� = T0

T���,t� = Tpretest rotation�S/Smax,t�, 0 � tr�s� � 450

Figure 11 shows the temperature field across the rotor blade at
he end of the pretest rotation �tr=450 s�. Wall heat flux distribu-
ion, prior to the blow-down test, is represented in Fig. 12 �dashed
ines�.

In both pressure and suction sides there exist regions where
eat exits the blade �q�0� and where heat enters the blade. This
s a consequence of the nonuniform heating of the blade during
he spinning-up process. Temperature distribution in the cross-
ectional area of the blade �Fig. 11� justifies the existence of this
attern. This solution can be employed as initial condition in the
rocessing of a characteristic blow-down test.

ig. 11 Temperature field in the cross-sectional area of the
wo-layered rotor blade at tr=450 s

ig. 12 Wall heat flux distribution at the end of the nonuniform
nalytical blow-down „tf=0.5 s… versus initial wall heat flux dis-

ribution „tr=450 s…

81601-6 / Vol. 131, AUGUST 2009
4.3 Blow-Down Flux With an Initial Temperature
Distribution. The effect of an initial temperature distribution
prior to the actual test is studied by means of analytical tempera-
ture evolutions. Let us consider that each gauge is submitted to an
external heat flux step of 30,000 W /m2. Considering that the
blade would behave as a semi-infinite flat plate, the temperature
evolution is the one given by Eq. �9� plus a temperature shift
dictated by the temperature at the end of the pretest rotation �see
Fig. 10�a��. Hence, the 2D unsteady heat conduction problem is
solved in the cross-sectional area of the coated rotor blade with
the next initial and boundary conditions

T��,0� = Tpretest rotation�x,y,450�

T���,t� = Tw�S/Smax,t�, 0 � tf�s� � 0.5

Figure 12 represents the surface heat flux reconstructed in the
blade wall and the initial heat flux to the blade at the commence-
ment of the blow-down. The influence of this initial heat flux
distribution on the solution is clearly observed, compared with the
wall heat flux obtained in the previous test case �Fig. 9�a��.

4.4 Superposition. The surface heat flux reconstructed in Fig.
12 is intrinsically associated with the global temperature history
experienced by the blade during the spinning-up process followed
by the short-duration test. This evolution is depicted as law �I� in
Fig. 13 and can be decomposed into two independent temperature
evolutions: law �II�, which accounts for the pretest rotation heat-
ing, and law �III�, which accounts for the blow-down process.

Therefore, the resulting heat flux could be computed as the
superposition of the heat flux at the end of law �II� and the heat
flux at the end of law �III�. Considering the blow-down contribu-
tion �III�, the wall heat flux derived at tr=450 s is obviously zero,
and the wall heat flux decrease in the short straight step �tr
� t�s�� tr+ tf� of the spinning-up contribution �II� may easily be
negligible. Then, it is clear that the surface heat flux at the end of
the global temperature history can be computed as the addition of
the initial heat flux to the blade �due to the pretest rotation heat-
ing� and the heat flux obtained in the solution of the blow-down
with a uniform initial temperature distribution.

This conclusion is shown in Fig. 14�a�, where surface heat flux
computed with the presented superposition principle is compared
with the solution of the heat flux associated with the global tem-
perature history. Divergences between both solutions are negli-

Fig. 13 Temperature history decomposition
gible, and the resulting relative error of the superposition is, in

Transactions of the ASME
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ny case, not higher than 1%, as shown in Fig. 14�b�.
It is therefore admissible to sum up both separate solutions,

hich is of great importance for the simplification of the data
rocessing methodology. The computation of the initial heat flux
ue to the pretest rotation, and the analysis of the short-duration
est, can be solved independently. This principle provides the data
rocessing routine with high flexibility. In problems where 2D
eat conduction effects can be neglected, the final local heat flux
an be obtained as the result of superimposing the initial wall heat
ux �computed with the 2D approach� and the wall heat flux dur-

ng the blow-down �computed with 1D assumptions�. For the sake
f simplicity, a 1D test was performed to account for the tempera-
ure profile inside the substrate during the global process �pretest
otation+blow-down�. Temperature evolution corresponding to
he leading edge of the rotor blade during the pretest rotation
ields the wall heat flux evolution depicted in Fig. 15�a�.
The solution derived at the end of the process is completely

ig. 14 „a… Comparison of two approaches for the computa-
ion of wall heat flux distribution: global computation and su-
erposition of separate solutions and „b… relative error of the
uperposition procedure with respect to the global
omputation

ig. 15 „a… Wall heat flux evolution in the leading edge during
he pretest rotation and „b… temperature distribution inside the
eading edge substrate at the end of the pretest rotation „tr

450 s…

ournal of Heat Transfer
different from the corresponding local wall heat flux to the blade
computed with the 2D approach. It confirms again that 2D diffu-
sion effects are dominant during the turbine pretest rotation. The
corresponding temperature profile inside the substrate at the end
of the pretest rotation, tr=450 s, is depicted in Fig. 15�b�.

Wall heat fluxes during an analytical blow-down have been
computed with initial uniform condition, imposing the 1D tem-
perature profile of Fig. 15�b�. It is clear in Fig. 16�a� that the wall
heat flux derived from nonuniform initial conditions corresponds
to the superposition of the analytical wall heat flux
�30,000 W /m2� and the wall heat flux at the end of the
spinning-up period �6120 W /m2�.

Temperature profiles at the end of the blow-down with both
initial conditions are shown in Fig. 16�b�. It can be observed that
the slope difference of both profiles is equal to the slope �and
indirectly the wall heat flux� at the end of the pretest rotation.

4.5 Experimental Wall Heat Flux Distribution. The pre-
sented 2D methodology is next assessed with experimental data
from a blow-down test. Figure 17 compares the heat flux derived
with the 2D methodology with uniform initial temperature distri-
bution �T0=0°C� and the result of applying the superposition
principle over this solution �thus adding the initial heat flux of Fig.
12�. The relative error defined as

��%� = 100 �
q2DT0�x,y� − qtest

q2DT0�x,y�
�13�

is, in some regions, of the order of 20% due to the neglect of the
initial heat flux due to the spinning-up heating.

Classical 1D methodology was also employed �7�, and the de-
rived distribution was added to the initial heat flux that results
from the pretest rotation. The comparison between the 1D and 2D
superimposed distributions is shown in Fig. 18. Higher discrepan-
cies exist in the leading edge and trailing edge region, as expected
from the results obtained in the analytical test derived in Fig. 9.

Figure 19 shows the comparison between the corrected 1D data,
using Eq. �11�, and the results of the 2D computation. Although
the corrections applied to the 1D data bring both solutions closer,
still there are discrepancies in the leading edge region. The origin
of these differences, of the order of 4%, can be found on the fact
that Eq. �11� applies for cylinders, while the leading edge of the
rotor blades does not present a constant curvature radius.

Fig. 16 „a… Wall heat flux evolution during a 1D blow-down for
different initial temperature distributions and „b… shifted tem-
perature profiles at the end of the pretest rotation and blow-
down processes
Moreover, the 2D diffusion promoted in the steel substrate once

AUGUST 2009, Vol. 131 / 081601-7
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he thermal wave penetrates the Upilex steel interface is not taken
nto account, nor is the lateral heat conduction phenomena in-
uced in the leading edge due to the observed temperature gradi-
nt. Similar trends were found in the analytical study depicted in
ig. 9. On the other hand, there are no expressions available to
orrect 1D experimental data in the trailing edge region.

Conclusions
An innovative methodology for processing transient heat trans-

er experiments with double-layered thin-film gauges was devel-
ped. The technique consists of solving the 2D unsteady heat
onduction equation in the double-layered cross-sectional area of
turbine airfoil with finite-element discretization. The method
as successfully employed to prove the existence of 2D heat con-
uction phenomena in short-duration heat transfer experiments.
nder analytical boundary conditions for 1D models, it was dem-
nstrated that the leading edge and the trailing edge of the airfoil
o not fulfill the requirements for the classical 1D postprocessing

ig. 17 „a… Experimental wall heat flux computation for uni-
orm and nonuniform initial temperature distributions and „b…
ocal error distribution referenced to uniform initial conditions

ig. 18 „a… Wall heat flux computation with two approaches:
D and 1D and „b… local error distribution referenced to 1D

esults

81601-8 / Vol. 131, AUGUST 2009
assumptions: 2D heat conduction phenomena appear, as a result of
the curvature of the geometry and the absence of a semi-infinite
substrate.

The temperature distribution and wall heat flux to the blade at
the end of the pretest rotation in rotating facilities, as a result of
ventilation preheating, were also assessed. The important contri-
bution of this nonuniform wall heat flux in the subsequent short-
duration test was determined. Experimental data were processed
with the novel methodology and with classical 1D models com-
bined with analytical expressions to account for the radial heat
conduction in the leading edge. These 1D corrections do not re-
produce faithfully the solution obtained with the 2D methodology
due to the failure of the restrictive assumptions of their analytical
derivation.

The superposition principle proved to be a powerful tool for
data processing routines. The separate solutions of the initial heat
flux after the pretest rotation heating, and the blow-down test, can
be added to yield the final surface heat flux distribution.

The large potential of the technique makes possible its exten-
sion to the heat transfer data processing of other techniques �such
as infrared thermography and liquid crystal�. Furthermore this
procedure can be used as a design tool for optimizing airfoil heat
transfer instrumentation.
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Nomenclature
C � specific heat at constant pressure �J/�kg K��
h � heat transfer coefficient �W / �m2 K��
k � thermal conductivity �W/�m K��
L � layer thickness �m�

M � Mach number

Fig. 19 „a… Wall heat flux computed with 2D approach and 1D
approach corrected with Buttsworth and Jones’ †15‡ analytical
expressions and „b… local error distribution referenced to 1D
corrected results
n � vector normal to the blade wall �m�
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Nu � Nusselt number �hD/k�
P � power �W�
q̇ � heat flux �W /m2�
R � curvature radius �m�
T � temperature �K�
t � time �s�

reek Symbols
� � thermal diffusivity �m2 /s�
� � density �kg /m3�
� � error

� � 2D numerical domain
� � substrate interface

�� � external boundary

ubscripts
0 � initial condition
1 � index for the first layer
2 � index for the second layer
� � semi-infinite
w � wall
r � time at spinning-up process
f � time at blow-down process
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An Experimental Investigation of
the Cold Mass Fraction, Nozzle
Number, and Inlet Pressure
Effects on Performance of
Counter Flow Vortex Tube
This paper discusses the experimental investigation of vortex tube performance as it
relates to cold mass fraction, inlet pressure, and nozzle number. The orifices have been
made of the polyamide plastic material. Five different orifices, each with two, three, four,
five and six nozzles, respectively, were manufactured and used during the test. The ex-
periments have been conducted with each one of those orifices shown above, and the
performance of the vortex tube has been tested with air inlet pressures varying from 150
kPa to 700 kPa with 50 kPa increments and the cold mass fractions of 0.5–0.7 with 0.02
increments. The energy separation has been investigated by use of the experimentally
obtained data. The results of the experimental study have shown that the inlet pressure
was the most effective parameter on heating and the cooling performance of the vortex
tube. This occurs due to the higher angular velocities and angular momentum conserva-
tion inside the vortex tube. The higher the inlet pressure produces, the higher the angular
velocity difference between the center flow and the peripheral flow in the tube. Further-
more, the higher velocity also means a higher frictional heat formation between the wall
and the flow at the wall surface of the tube. This results in lower cold outlet temperatures
and higher hot outlet temperatures. �DOI: 10.1115/1.3111259�

Keywords: counter flow vortex tube, cold mass fraction, heating, cooling
Introduction
The vortex tube, also known as Ranque vortex tube, Hilsch

ortex tube, and Ranque–Hilsch vortex tube, is a device that en-
bles the separation of hot and cold air as pressurized air flows
angentially into the vortex chamber through inlet nozzles �1–5�.
ortex tube was first discovered in 1933 by metallurgist and
hysicist Ranque, and the German physicist Hilsch improved the
esign �6�. A vortex tube consists of one or more inlet nozzles, a
ortex chamber, a cold-end orifice, a hot-end control valve, and a
ube �7�. Specially designed vortex chamber’s internal configura-
ion, combined with the effect of the pressure, accelerates the air
o a high rate of rotation �over a million rpm� �8�.

A high pressure gas stream enters into the vortex tube, tangen-
ially, and there it splits into two lower pressure streams: one hot
nd one cold temperature streams. Cold gas stream leaves the tube
hrough a center orifice near the entrance nozzle, while the hot gas
tream flows toward control valve and leaves the tube there �4,9�.
entrifugal separation of the two split flow elements, and their
diabatic expansion causes the energy separation in the vortex
ube system.

The vortex tube can be used in many industrial applications
uch as cooling equipment of computer numerical control �CNC�
achine tools, refrigerators, cooling suits, heating processes, etc.,

ecause it is simple, compact, light, and quiet. Since it has no
oving parts, it does not cause to break or wear the unit and

herefore it requires little maintenance �7,10�. There are two types
f flow in vortex tubes, such as parallel flow and counter flow

Contributed by the Heat Transfer Division of ASME for publication in the JOUR-
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eceived February 26, 2009; published online June 5, 2009. Review conducted by Ali

badian.
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�4,11�. The working principle of the counter flow can be defined
as follows: A compressible fluid, which is tangentially introduced
into the vortex tube from nozzles, starts to make a circular move-
ment inside the vortex tube at high speeds, caused by the cylin-
drical structure of the tube, depending on its inlet pressure and
speed. A pressure difference occurs between the tube wall and the
tube center caused by the friction of the fluid circling at high
speeds, though the radial pressure gradient also is partially respon-
sible for the separation of the two streams. The speed of the fluid
near the tube wall is lower than the speed at the tube center due to
the effects of wall friction. As a result, the fluid in the center
region transfers energy to the fluid at the tube wall, depending on
the geometric structure of the vortex tube. The cooled fluid leaves
the vortex tube by moving against the main flow direction after
the stagnation point, whereas the heated fluid leaves the tube in
the main direction �12�. In Figs. 1 and 2 the schematic represen-
tations of the parallel flow and counter flow vortex tubes are
shown. In this study, the counter flow vortex tube was elected.
The energy separation in counter flow vortex tube is shown in Fig.
3.

Ahlborn et al. �13� carried out measurements in the vortex tubes
to support their models for calculating limits of temperature sepa-
ration. They also attributed the heating to the conversion of kinetic
energy into heat and the cooling to the reverse process. Ahlborn et
al. �14� identified the temperature splitting phenomenon of a
Ranque–Hilsch vortex tube in which a stream of gas divides itself
into a hot and a cold flow as a natural heat pump mechanism,
which is enabled by a secondary circulation.

Lewins and Bejan �15� suggested that the angular velocity gra-
dients in the radial direction give rise to frictional coupling be-
tween different layers of the rotating flow resulting in a migration
of energy via shear work from the inner layers to the outer layers.

Trofimov �16� verified that the dynamics of internal angular mo-
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entum leads to this effect. Saidi and Valipour �17� presented
nformation data on the classification of the parameters affecting
ortex tube operation. In their study, the thermophysical param-
ters such as inlet gas pressure, type of gas and cold gas mass
atio, moisture of inlet gas, and the geometrical parameters, i.e.,
iameter and length of main tube diameter of the outlet orifice and
hape of the entrance nozzle, were designated and studied. Singh
18� reported the effect of various parameters such as cold mass
raction, nozzle, cold orifice diameter, hot outlet of the tube, and
/D ratio on the performance of the vortex tube. Dincer et al. �12�

nvestigated the effect of control valve tip angle on the perfor-
ance of Ranque–Hilsch vortex tube using different inlet pres-

ures �Pi=200–420 kPa� and different nozzle numbers �N
2,4 ,6�.
Cockerill �11� studied the vortex tubes for use in gas liquefac-

ion and mixture separation as applied to uranium enrichment for
etermining the basic performance characteristics, and the rela-
ionship between cold air temperature versus hot air temperature,
nd cold mass fraction, and the variation in the hot discharge tube
all temperature with a hot tube length. Cockerill also reported a
athematical model for the simulation of a compressible turbulent
ow in a vortex tube. Promvonge and Eiamsa-ard �19� experimen-

ally studied the energy and temperature separations in the vortex
ube with a snail entrance. Depending on their experimental re-
ults, the use of a snail entrance could help increase the cold air
emperature drop and improve the vortex tube efficiency when
ompared with those of original tangential inlet nozzles. Prom-
onge and Eiamsa-ard �20� furthermore reported the effects of the
umber of inlet tangential nozzles, the cold orifice diameter, and
he tube insulations on the temperature reduction and isentropic
fficiency of the vortex tube. Aydın and Baki �21� investigated
xperimentally the energy separation in a counter flow vortex tube
aving various geometrical and thermophysical parameters.

ig. 1 The schematic representation of a parallel flow vortex
ube principle †11‡

ig. 2 The schematic representation of a counter flow vortex
ube principle †11‡
Fig. 3 Energy separation of counter flow vortex tube †11‡

81701-2 / Vol. 131, AUGUST 2009
In this study, the performance of a counter flow type vortex
tube is determined in regard to the measured cold outlet tempera-
ture and the hot outlet temperature gradient. The difference of this
study from the previous studies is to determine the performance of
the counter flow type vortex tube �L /D ratio is 15� by use of the
processing conditions such as inlet pressure in a large pressure
scale with very small increments, cold mass fraction with small
increments, and nozzle numbers from 2 to 6 together.

2 Experimental Study
In this study, a counter flow type vortex tube with L /D ratio

equal to 15 was used. Five different orifices with different nozzle
numbers �2–6� have been manufactured and used in the experi-
ments, as shown in Fig. 4. Polyamide plastic was used as an
orifice material. The thermal conductivity of polyamide plastic is
0.25 W /m°C, the specific heat is 4400 J /kg°C, and its density
is 1173 kg /m3. Each one of the nozzles has the same constant
rectangular cross section �2�2 mm2�. The schematic of the ex-
perimental setup is shown in Fig. 5.

The inlet pressures and the hot and cold outlet pressures of the
vortex tube have been measured by use of a pressure gauge �pre-
cision tolerance of �0.01 bar�, as shown in Fig. 5. The mass flow
rates at the cold and hot outlets of the vortex tube have been
measured by use of a rotameter with �0.02 m3 /h precision tol-
erance. The temperatures of the pressurized air at the inlet and the
cold and hot outlets were measured by use of a digital thermom-
eter with �0.5°C precision tolerance, and the obtained tempera-
ture values have been converted into kelvins. Temperature probes
of the digital thermometer were placed into the �1 mm hole,
which was drilled at the center of the vortex tube and 1 cm away
from the cold and the hot outlets. The cavities between the probes
and the hole were filled with silicon in order to prevent the leak-
age. A control valve has been mounted on the hot outlet of the
tube in order to adjust the mass flow rate of the hot air. With the
help of this valve, cold mass fraction ��c� was being adjusted
from 0.50 to 0.70 in 0.02 increments. Before starting the experi-
mental studies, the control valve on the hot outlet was kept in

Fig. 4 Orifices used in the experiments
Fig. 5 The schematic of the experimental setup

Transactions of the ASME
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ully open position. And then the air compressor was started and
y use of the valve placed on the vortex tube inlet side, the be-
inning pressure value of 150 kPa was reached. Until the constant
emperature values have been reached at the cold outlet and at the
ot outlet of the vortex tube, the compressed air flow is continued.
nd during this stage, the mass flow rates and pressures of the air

t the cold outlet and hot outlet were measured by using rotame-
ers and pressure gauges, respectively. This experimental cycle
as made three times for the entire inlet pressures selected �150–
00 kPa with 50 kPa increments� and for the cold mass fractions
0.50–0.70 with 0.02 increments� with the different orifices se-
ected �with two, three, four, five, and six nozzle numbers�. The

ean values of the measured results have been used to obtain the
nergy separation.

Results and Discussion
In this study the performance of the vortex tube with L /D

15 and N=2,3 ,4 ,5 ,6 was tested under the Pi=150–700 kPa
nd �c=0.50–0.70 conditions with compressed air. The cooling
�Tc� and the heating ��Th� effects of the vortex tube are defined
s follows, respectively:

�Tc = Ti − Tc �1�

�Th = Th − Ti �2�
In general, the performance of the vortex tube was defined as

he difference between the heating effect and the cooling effect
18,20�. Subtracting Eq. �1� from Eq. �2� gives the vortex tube
erformance equation as follows:

�T = Th − Tc �3�
The cold mass fraction is one of the important parameters since

t indicates the vortex tube performance and the energy separation
nside the vortex tube. Cold mass fraction is defined as the per-
entage of the pressurized air input to that released through the
old end of the tube and can be calculated by using Eq. �4�. The
old mass fraction can be controlled by the cone valve, which is
laced at the hot end of the tube. This can be expressed as fol-
ows:

�c =
ṁc

ṁi

�4�

here ṁi and ṁc are the mass flow rates at the inlet of the vortex
ube and at the cold outlet, respectively �22�. For each of the
ozzles used in the experiments, the minimum cold outlet tem-
erature value was measured when �c�0.56 and Pi=700 kPa.
he measured minimum cold outlet temperatures of the air at 700

ig. 6 Cold outlet temperatures versus cold mass fractions at
i=700 kPa inlet pressure
Pa inlet pressure are shown in Fig. 6.

ournal of Heat Transfer
As shown in Fig. 6, for each one of the nozzles used when the
�c was adjusted to 0.56 with N=2,3 ,4 ,5 ,6 the cold outlet tem-
peratures were measured as follows: 265.66 K, 263.36 K, 271.06
K, 272.16 K, and 274.06 K, respectively. For each one of the
nozzles used in the experiments, maximum hot outlet temperature
values have been measured when �c�0.7 and Pi=700 kPa. The
measured maximum hot outlet temperatures of the air at 700 kPa
inlet pressure are shown in Fig. 7.

As shown in Fig. 7, when the �c was adjusted to 0.70 for each
one of the nozzles of N=2,3 ,4 ,5 ,6 the hot outlet temperatures
were measured as follows: 308.96 K, 305.76 K, 305.76 K, 296.96
K, and 292.56 K, respectively. The cold mass fraction is the maxi-
mum cold mass fraction ratio used in this study. But, as shown in
Fig. 7, increasing the cold mass fraction ratio also shows an in-
creasing tendency of the hot outlet temperature. And this means
that in order to obtain a higher hot outlet temperature the cold
mass fraction ratio is to be increased.

When we look at Figs. 6 and 7 again, the hot outlet temperature
values changing from maximum to minimum have been obtained
for the nozzle numbers of 2, 3, 4, 5, and 6, respectively, while the
cold outlet temperature values varying from minimum to maxi-
mum have been obtained for the nozzle numbers of 3, 2, 4, 5, and
6, respectively.

For testing the performance of the vortex tube the temperature
gradient was used, and the performances are shown in Figs. 8–12
according to cold mass fraction and inlet pressure for each of the
orifices. Increasing the orifice nozzle number has decreased the
cold and the hot outlet temperature gradient. But, if the nozzles
are considered separately, the increase in the pressure also in-
creases the temperature gradient. As shown in Figs. 8–12, increas-
ing the vortex tube inlet pressure has also increased the tempera-
ture gradient between the cold and the hot outlets. However,
increasing the orifice nozzle number has decreased the cold and
the hot outlet temperature gradient. For testing the performance of
the vortex tube the temperature gradient was used, and the perfor-
mances are shown in Figs. 8–12 according to cold mass fraction
and inlet pressure for each one of the orifices. It is understood
from the graphics that the inlet pressure is the most effective
parameter for heating and cooling performances.

As shown in Figs. 8–12, the temperature gradient between the
cold and hot outlets is decreased when we consider the effects of
the nozzle numbers. But, if we consider the nozzles separately the
increase in the pressure increases the temperature gradient.

4 Conclusion
In this study, the experimental data for a counter flow type

vortex tube with L /D=15 have been tested by using the com-
pressed air and five different orifices with different nozzle num-

Fig. 7 Hot outlet temperatures versus cold mass fractions at
Pi=700 kPa inlet pressure
bers �N=2,3 ,4 ,5 ,6� under the processing conditions of 150–700

AUGUST 2009, Vol. 131 / 081701-3
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Fig. 8 The temperature gradient versus cold mass fractions and inlet pres-

sures „N=2…
Fig. 9 The temperature gradient versus cold mass fractions and inlet pres-
sures „N=3…
Fig. 10 The temperature gradient versus cold mass fractions and inlet

pressures „N=4…
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Pa with 50 kPa increments and cold mass fractions of 0.5–0.70
ith 0.02 increments to obtain the vortex tube performance. To do

o, the difference between the heating effect and the cooling effect
s used as the performance metric. According to the experimental
esults, the temperature gradient between the cold and hot outlets
s decreased when we take into account the effects of the nozzle
umbers. But, if we consider each nozzle separately the increase
n the pressure increases the temperature gradient. Furthermore, it
ppears that as the nozzle number increases, the temperature gra-
ient becomes less sensitive to the inlet pressure. The maximum
emperature gradient between the cold and hot outlets is obtained
hen the orifice number is 2. This can be explained by the flow

ate variations. For a fixed mass flow rate, when the nozzle num-
er is increased it means that the total flow area increases and the
rifice exit velocity decreases, as shown in Fig. 13.

Increasing the vortex tube inlet pressure, the temperature gra-
ient between the cold and the hot outlets was increased. Increas-
ng the orifice nozzle number has decreased the cold and the hot
utlet temperature gradient. Furthermore, the minimum cold out-
et temperature was measured when �c was 0.56 and Pi was 700
Pa, and the maximum hot outlet temperature was measured when
c was 0.70, which is the last tested maximum cold mass fraction

n this study and then Pi was 700 kPa. This means that under

Fig. 12 The temperature gradient
pressures „N=6…

Fig. 11 The temperature gradient
pressures „N=5…
hose high pressure conditions, high cold mass fractions give

ournal of Heat Transfer
greater air flow, but they do not possibly give the lowest tempera-
tures. The combination of high cold mass fraction of air flow and
cold outlet temperature produces the maximum cooling capacity.
A low cold mass fraction means that a smaller volume of air
comes out, which is very cold. In short, the less the air is released,

sus cold mass fractions and inlet

sus cold mass fractions and inlet

Fig. 13 Mass flow rate variation according to the nozzle
ver
ver
number
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he colder the air will be. For cooling applications such as spot
ooling needs, cooling of the cutting tools in manufacturing pro-
esses, etc., for a fixed mass flow rate, the minimum cold mass
raction has to be chosen, and for heating applications such as
elting the glues, softening the plastics, humidifying the ambient

ir, etc., for a fixed mass flow rate, the cold mass fraction ratio has
o be increased.

omenclature
ṁ � mass flow rate, kg/s
P � pressure, kPa
T � temperature, K

�T � temperature gradient, K
�c � cold mass fraction

ubscripts
i � inlet
c � cold outlet
h � hot outlet
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A Bejan’s Constructal Theory
Approach to the Overall
Optimization of Heat Exchanging
Finned Modules With Air in
Forced Convection and Laminar
Flow Condition
Optimizing ever smaller heat exchangers determines two opposite needs: augmenting
performances, on the one hand; removing heat in excess to reduce failures, on the other.
This numerical study, modeled thanks to Bejan’s Constructal theory, researches the over-
all optimization of finned modules, differently shaped and combined, cooled by air in
laminar flow and forced convection condition: Losses of pressure, together with heat
removed, contribute to the final assessment made through a novel idea of performance
based on the so called overall performance coefficient. �DOI: 10.1115/1.3109996�

Keywords: Bejan’s Constructal theory, heat removal, fins, numerical methods,
optimization
Introduction
Modern technology requires more powerful and heat generating

omponents to be utilized. The easiest solution would be that of
sing bigger heat exchangers, but volume occupation is also a
roblem. So optimizing shape and flow conditions in a heat ex-
hanger is now compulsory. Numerical codes can help in such
urpose, saving time and money with respect to experimental ap-
roaches. In scientific literature manifold contributes analyze ther-
al performance trends of extended surfaces with different

oundary conditions superimposed. Among them, Refs. �1,2� offer
seful experimental results in relation to air cooled finned heat
xchangers. Moreover, in Ref. �3�, one can observe the perfor-
ances in the air side of the same exchangers. Other studies,
ainly theoretical-numerical ones, offer a more complete vision

f the processes analyzed. Among the most relevant ones one can
uote Refs. �4–6�, analyzing the performance of a few finned heat
xchanging devices in relation to their geometry. There are also
apers, such as Ref. �7�, facing this problem for each single fin.
uch approach fully matches that employed in the present paper.
ere, starting from the root of the problem �i.e., the fin�, it is

nvestigated how to affect the behavior of the whole heat ex-
hanger. Other researches, as in Refs. �8,9�, provide, instead, a
omparative analysis among different kinds of finned shapes uti-
ized in a modular context. The present investigation derives from
uch approaches and from the subsequent developments made by
he same authors of this paper. The importance of simple shapes is
onfirmed by many papers in literature, as in Refs. �10,11�, where
e can find an interesting example of performance optimization in
ifferently shaped metal cavities wetted by a coolant. The inves-
igation performed here is based on a numerical approach to
valuate the performances of finned heat exchangers. The advan-
ages of an enhanced and optimized geometry is an already ac-
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AL OF HEAT TRANSFER. Manuscript received July 24, 2008; final manuscript received
ecember 10, 2008; published online June 3, 2009. Review conducted by Yogesh
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quired datum in the scientific panorama and many papers faced
this phenomenon, which presently represents the “bottle neck”
limiting further technological developments �12–21�. The re-
searches recently performed by the authors of the present paper
and published in Refs. �22–25� utilized a commercial finite ele-
ment method �FEM� computational fluid dynamics �CFD� code
called COMSOL MULTIPHYSICS and were all based on Bejan’s Con-
structal theory, a very powerful modeling approach. In particular,
in Ref. �26� Bejan and Almogbel faced the problem of optimizing
T-shaped fins to get the highest conductance possible through the
fin root. Many applications proving the effectiveness of the Con-
structal theory are easily available in literature, in a large number
of fields. A useful example is that in Ref. �27�, analyzing the
geometrical evolution of droplets impact against a solid plane
wall, in function of their final velocity. In Ref. �23� Lorenzini and
Moretti tested the accuracy of the numerical code, via the method
adopted, by analyzing the same geometry and boundary condi-
tions of �26�: The performance results were in extremely good
agreement with the reference study. Successively the challenge
shifted to the research of new fin geometries able to further im-
prove the thermal removing ability of the extended surface sys-
tems considered. So, in Ref. �22�, the case of Y-shaped fins was
studied, which were designed starting from the optimized
T-shaped ones obtained in Ref. �23�. This was made possible by
the introduction of new morphological parameters such as the
angle between the two horizontal arms of the fin and the fin en-
cumbrance. Once determined which kind of fins could determine
which kind of heat removal advantage, a further step was that of
investigating multifin modules. This was made in Refs. �24,25�
with the aim of designing a device to be applied in an industrial
production context. It was so achieved an interesting outcome:
clarifying which multifin system can assure the best performance.
However, as in Ref. �26�, the boundary condition superimposed at
the interface fin—local environment, in all the studies performed
�22,25�, was that of ideally forced convection with infinite veloc-
ity of the coolant sweeping the fins along their sides �or, in other
words, a pure conductive model�, i.e., constant convection coeffi-

cient. This, of course, denotes the particular condition of a fluid,
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hich is not affected by the contact heating because of its infinite
elocity, but cannot cope with the entire amount of technical cases
ossible. So it was necessary to do further research concerning
ctual forced convection with variable heat exchange coefficients.
his condition, novel for what relates a Bejan’s Constructal theory
pproach to this kind of problems, is one of the challenges of the
resent paper. As anticipated, the models onto which this investi-
ation is based represent the technological context in a very ac-
urate way. The practical aim of the study is so evident; in fact,
oth the flow and the thermal fields inside the coolant �air� are
ully considered to solve the general problem called conjugate
eat transfer. In more detail, attention has been put to the study of
ifferent layouts of fins, in order to identify which configurations,
ntended as flow conditions and mutual location of the profiles
xamined, perform better in specific applications. In particular,
his study focuses on a laminar flow condition with a Reynolds
umber of less than 1500. Therefore the process of optimization
akes into account not only the thermal flux removed by the finned
xtensions, but also the losses of pressure within the coolant,
hich is the pumping power required by the heat exchanger to
ork in that particular way. Such choice implied the necessity of
efining a criterion able to identify univocally this “convenience”:
his is also a goal of the present publication. It has, in fact, been
efined a parameter, called overall performance coefficient, con-
idering both aspects into account for a final decision about the
ost convenient heat exchanger, depending on the application re-

uired.

Systems and Conditions Investigated
The geometrical models employed in this research can be re-

erred to two different roots. The first root is that of the classic I
hape �see Fig. 1�, very common in heat exchangers for electronic
pplications. The second root is that of the Y profiles �see Fig. 1�
lready optimized in Refs. �22,24,25�. The characteristic dimen-
ions of these fins, defined in Fig. 1, are BI �m� and HI �m�, for the
ormer shape, and BY �m� and HY �m�, for the latter. They satisfy
he following condition:

HI = HY; BI = BY �1�
he optimal Y fin and module were determined for certain geo-
etrical ratios: �fin base thickness / fin arm thickness�=5 and

fin base length / fin arm length�=0.07. The intention was to op-
imize the evaluation parameter, i.e., the dimensionless conduc-
ance q�, defined as �26�

q� =
qL

k�TR − T��
�2�

here qL �W m−1� is thermal power per unit length through the
oot of the heat exchanging profile; k �W m−1 K−1� is thermal
onductivity; TR �K� and T� �K� are the fin root temperature and
he undisturbed one �that is the undisturbed flow inlet tempera-

Fig. 1 I fin and Y fin
ure�, respectively. The reference studies focused on thermal con-

81801-2 / Vol. 131, AUGUST 2009
duction, with the convection coefficient h �W m−2 K−1� being
constant. That parameter was defined in function of the geometry
of the fin �26�

h =
a2k

2�A
�3�

where a is a number dependent on thermal convection, k
�W m−1 K−1� is thermal conductivity, A �m2� is the surface sub-
tended by the horizontal arms of the fins, as Fig. 2 displays. The
assumptions adopted in Refs. �22–25� approximate the process of
a refrigerant fluid flowing in the z-direction �see Fig. 3� with “in-
finite” velocity. In the present study, instead, the attention has
been drawn by the “actual” phenomenon of forced convection; the
thermal fluid dynamics within the refrigerant fluid �air, Pr�0.71�
flowing along the x-axis �see Fig. 3� was also numerically simu-
lated. As Fig. 4 shows, the geometrical model utilized in the simu-
lations performed is composed of a duct of fixed length, chosen
after suitable tests and the superimposition of an inlet parabolic
flow profile. The parameter L �m� displayed in Fig. 4 represents
the length of the multifin module, which gives the pitch of the
periodical structure of a multimodule �with Y fins� heat exchanger
�24,25�. Its multiple 3�L=LD �m� was a fundamental parameter
here, which has been kept constant throughout the research, while
H �m�, the height of the duct considered, varied through the varia-
tion in the dimensionless duct shape ratio �

� =
H

LD
�4�

On the whole, four geometrical models have been analyzed. Each
model was characterized by a particular shape, as their name will
recall from now on. These shapes, from A to D, are displayed in
Figs. 5–8. As the four geometries considered prove, the study puts
in relation the Y shape with the “classic” I one, comparing the
two. As explained above, the cross-sectional area of the I profile is
half of the Y one; this justifies a 1:2 comparison, where five Y fins
are compared with ten I fins, and each one of the four shapes
investigated have the same cross-sectional area. Moreover, in all
the tests performed for this study, the length �horizontal direction�
devoted to a heat exchanging module has been always kept con-
stant and equal to LD �m�, both in the case of fins concentrated on
the bottom surface of the duct and in the case of fins distributed

Fig. 2 Example of A in a Y fin

Fig. 3 Heat exchanging module with Y fins

Fig. 4 Example of geometrical model simulated „duct… and its

characteristic dimensions

Transactions of the ASME



b
s
s
t
n

w
�
a
t
c
o

w
t
a
D
a
c
a
r
e
r
r
c
d
t
S
c
a
i

F
s

F
s

J

oth on the bottom and on the top surfaces. Then, to focus on a
pecific problem once the geometrical parameters involved in the
tudy have been fully defined, it was also superimposed a condi-
ion of laminar flow acting on the inlet flow, with the Reynolds
umber never exceeding 1500, defined as

Re = u�D�−1 �5�

here u �m s−1� is the x-component of the channel inlet velocity
see Fig. 3�, � �kg m−3� is the volumic mass of the refrigerant fluid
t its inlet temperature, � �kg m−1 s−1� is the dynamic viscosity of
he refrigerant fluid at its inlet temperature, and D �m� is the
haracteristic length of the duct, computed starting from the idea
f equivalent diameter

D =
4S

Pcs
�6�

here Pcs �m� is the duct cross sectional perimeter “wetted” by
he refrigerant fluid and S �m2� is the duct cross-sectional area. As
consequence of the geometry adopted, the characteristic length
�m� is equal to 2H �m�, double the duct height. As clearly

nticipated, this investigation aims at creating a novel tool for the
orrect choice of the suitable heat exchanger in each particular
pplication. The answer the industry gives to such a problem is
elated to which of the two following needs is more important:
ither to remove more elevated heat fluxes per unit surface, so
equiring compact heat exchangers with high performance, or to
educe, as possible, the pumping power requested by the forced
onvection process involving the refrigerant fluid. The latter
raws attention on the losses of pressure, which, by the way, tend
o be inversely proportional to the heat removing performances.
uch a variable, fundamental for the present evaluation, has been
omputed as the difference between the mean inlet pressure pin
nd the mean outlet pressure pout, made dimensionless by dividing
t by the atmospheric pressure p0=1.013�10−1 MPa:

Fig. 5 Shape A: I fins just at the bottom surface

ig. 6 Shape B: I fins both at the bottom and at the top
urfaces

Fig. 7 Shape C: Y fins just at the bottom surface

ig. 8 Shape D: Y fins both at the bottom and at the top

urfaces

ournal of Heat Transfer
�p� =
pin − pout

p0
�7�

So, the final challenge faced here is that of finding an overall
optimization criterion for the heat exchanging extended profiles,
as a consequence not only of heat removing issues, as generally
done, but also of more general evaluations of the process occur-
ring. The boundary conditions applied to all the models investi-
gated �issue treated in Sec. 3 of this paper� are partially in com-
mon with those in Refs. �22–25�: TR �K� is equal to 373.15 K and
T� �K� is equal to 297.15 K. These values, dimensional, are arbi-
trary but they do not limit the general applicability of the study, as
the parameter investigated �and to be optimized� is the dimension-
less conductance q�, as defined in Eq. �2�. Moreover, for what
concerns the material which the fins are made of, aluminum was
chosen, which has a thermal conductivity k �W m−1 K−1� equal to
200 W m−1 K−1. This choice, again, is arbitrary even if typical of
the field, but through the definition of Eq. �2�, it does not affect
the generality of the treatment. It was then superimposed a null
duct outlet pressure, typical in numerical modeling, so as to obtain
an inlet backward value equal to the actual difference in pressure
between inlet and outlet. Obviously, volumic mass and viscosity,
necessary for the correct punctual computation of the flow and
temperature fields within the domain, were initially computed at a
pressure value p0 �Pa�. The relations employed for viscosity and
volumic mass are �28�

��T� = �− 7.887 � 10−12� � �T2 + 4.427 � 10−8� � �T + 5.204

� 10−6�

��p,T� = �28.8p � 10−3�T/8.314

3 Method and Tests Performed
The finite element CFD code employed was COMSOL MULT-

IPHYSICS Version 3.3. Specific details are available in the manuals
�28�. The grid refinement was the object of a first preliminary
investigation aimed at determining the least number of elements
able to provide a grid-independent solution. Such number is, ob-
viously, strictly related to the particular geometry considered and
to the shape ratio �, as Table 1 shows, quoting the values of �
investigated in the present study. An example of the meshing re-
sults obtained can be observed in Fig. 9 for the case of �=0.15.

4 Results and Preliminary Discussion
The performances of the different models examined have been

evaluated under two different points of view. Initially four differ-

Table 1 Grid refinement depending on shape ratio �

Geometry

Shape ratio

�=0.1 �=0.15 �=0.2 �=0.25

Shape A 8060 10,364 12,428 14,604
Shape B 8186 10,554 12,592 14,834
Shape C 8933 11,135 13,285 15,565
Shape D 9247 11,437 13,555 15,753
Fig. 9 Example of meshing „case �=0.15…

AUGUST 2009, Vol. 131 / 081801-3
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nt cases were defined, characterized by incremental values of �.
hen, for every given value of �, Re was varied up to 1500.

4.1 Case 1: �=0.1. This model is characterized by a height of
he duct considered H �m�, which is 1/10 of its length LD �m�. As
consequence the fins strongly hamper the refrigerant fluid in its
ow. The friction between fluid and solid walls enhances thermal
emoval up to a very significant level, but, on the contrary, el-
vated losses of pressure affect significantly the overall perfor-
ance of the model by lowering it. The numerical elaboration of

he models provided temperature and velocity distributions within
he computational domain: obviously the results varied from case
o case with Re, but qualitatively they can be represented by the
xamples in Figs. 10–13, one for each shape considered in this

Fig. 10 Example of velocity „a… and

Fig. 11 Example of velocity „a… and

Fig. 12 Example of velocity „a… and
Fig. 13 Example of velocity „a… and tem

81801-4 / Vol. 131, AUGUST 2009
investigation. A performance analysis of the different modules,
based on the previously defined dimensionless parameters, i.e.,
thermal conductance and loss of pressure between inlet and outlet,
can be made starting from the functional trends represented in
Figs. 14 and 15. As the aforementioned figures clearly display,
when the duct height is so small, as in case 1, the model that
maximizes the thermal power removed is shape D, which is the
one with Y fins distributed both at the bottom and at the top sides
of the duct. The optimal value of dimensionless thermal conduc-
tivity for Re=1500, found for shape D, is equal to q�

=1.2389338�10−2, while the worst case, which is shape B, re-
sulted in q�=2.008769�10−3. For what pertains to the losses of
pressure, fundamental in case pumping power has to be econo-

perature „b… fields „shape A; �=0.1…

perature „b… fields „shape B; �=0.1…

perature „b… fields „shape C; �=0.1…
tem
tem
perature „b… fields „shape D; �=0.1…
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ized for the refrigerant flow, it is advisable to use a shape C heat
xchanger. This is the one with Y fins located just at the bottom
ide of the duct. In such case and still for Re=1500, in fact, one
btains a dimensionless loss of pressure between inlet and outlet
qual to �p�=5.09563�10−8; in the worst case, instead, i.e., for
hape B, it was found that �p�=6.05452�10−7.

Fig. 14 Dimensionless conductance q� in
�=0.1

Fig. 15 Dimensionless loss of pressure

case �=0.1

ournal of Heat Transfer
4.2 Case 2: �=0.15. In this second case study the enhance-
ment of the duct cross-sectional area affects the parameters in-
volved in the simulation: The characteristic qualitative trends of
flow and temperature fields in this case can be observed in the
Figs. 16–19. As it can be inferred by looking at Fig. 20, the best
performing heat exchanging module in terms of the heat flux re-

nction of the Reynolds number Re: case

in function of the Reynolds number Re:
fu
�p�
AUGUST 2009, Vol. 131 / 081801-5
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Fig. 16 Example of velocity „a… and temperature „b… fields „shape A; �=0.15…
Fig. 17 Example of velocity „a… and temperature „b… fields „shape B; �=0.15…
Fig. 18 Example of velocity „a… and temperature „b… fields „shape C; �=0.15…
Fig. 19 Example of velocity „a… and temperature „b… fields „shape D; �=0.15…
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oved is that corresponding to shape B, i.e., to the module with I
ns distributed both at the top and at the bottom surface of the
uct. For this optimal module and for Re=1500, it is determined a
onductance of q�=1.0864816�10−2. The worst performing
odule for what pertains to q� is that with a shape C, showing for
e=1500 a dimensionless conductance of 3.748029�10−3. Fur-

hermore, it is important to observe that the performances of the

Fig. 20 Dimensionless conductance q� in
�=0.15

Fig. 21 Dimensionless loss of pressure

case �=0.15

ournal of Heat Transfer
heat exchanging modules with shape A present a very similar
trend with respect to those with shape C. Such trend can be ob-
served in the whole range of Re analyzed here, and this makes the
two systems almost equivalent in relation to their heat removing
attitude. For what relates to the losses of pressure in this case
study, from the trends in Fig. 21, it can be evicted that the best
performing profile is shape C �Y fins just at the bottom surface of

nction of the Reynolds number Re: case

in function of the Reynolds number Re:
fu
�p�
AUGUST 2009, Vol. 131 / 081801-7
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he duct�, in the sense that it affects the fluid flow less severely
han the other options. In case 2 the dimensionless loss of pressure
or Re=1500 assumed values between �p�=2.950619052�10−8

n the optimal case �shape C� and �p�=2.19689�10−7 in the
orst case �shape B�.

Fig. 22 Example of velocity „a… and

Fig. 23 Example of velocity „a… and
Fig. 24 Example of velocity „a… and tem

81801-8 / Vol. 131, AUGUST 2009
4.3 Case 3: �=0.2. Case 3 is characterized by a duct height,
which is double with respect to case 1. The qualitative results for
velocity and temperature fields within the numerical domain are
reported in Figs. 22–25. The trends obtained with the different
shapes investigated are similar to those of the previous case. In

perature „b… fields „shape A; �=0.2…

perature „b… fields „shape B; �=0.2…
tem
tem
perature „b… fields „shape C; �=0.2…
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articular, the highest value of dimensionless conductance for a
xed Reynolds number is reached when a shape B module �I fins
istributed both at the top and at the bottom surface of the duct� is
mployed. Figures 26 and 27 report the results. Analyzing in more
etail the variable dimensionless conductance, for Re=1500, it
an be inferred that the value of q� is included in the range q�

7.465938�10−3 �optimal case, shape B� to q�=3.123738
10−3 �worst case, shape C�. Examining the losses of pressure

ata �between inlet and outlet� shows a trend inversion with re-
pect to what was stated about dimensionless conductance. Shape

�Y fins just at the bottom surface of the duct� now becomes the
est performing module, as, for Re=1500, it shows a �p�

1.22719�10−8. Shape B, on the other hand, is the worst per-
orming profile, with �p�=7.32821�10−8, again for Re=1500.
nother consideration, extremely important, concerns the similar

rends of dimensionless conductance shown by shape A and shape

Fig. 25 Example of velocity „a… and

Fig. 26 Dimensionless conductance q� in

�=0.2

ournal of Heat Transfer
C modules: From a heat removing attitude point of view, they are,
consequently, almost equivalent. From a requested pumping
power point of view, instead, shape C proves to be more effective
than shape A at the same Re value.

4.4 Case 4: �=0.25. In the present case the value of H �m� is
equal to 1/4 of LD �m�. This proves that, going from case 1 to case
4, we move to less hampered cooling flows. The qualitative dis-
tribution of velocity and temperature fields in the four shapes
examined is reported in Figs. 28–31. The trends of the evaluation
parameters are, instead, available in the curves of Figs. 32 and 33,
for what concerns q� and �p� in function of the shape and Re. The
results obtained in terms of dimensionless conductance perfor-
mance tend to worsen slightly with respect to the previous case, as
the thermal boundary layer varies proportionally to the duct
height. As a consequence the optimal value of dimensionless con-

perature „b… fields „shape D; �=0.2…

nction of the Reynolds number Re: case
fu
AUGUST 2009, Vol. 131 / 081801-9
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uctance, encountered for shape B, is q�=6.059234�10−3; the
owest value, encountered for shape C, is q�=2.725890�10−3,
oth computed for a flow characterized by a Reynolds number of
500. About the losses of pressure, it can be observed a general
ecrease between inlet and outlet �with respect to the other cases
tudy� due to the different section of the duct. In relation to the
ow, then, the optimal performance is that of shape C �Y fins just
t the bottom surface of the duct�, with �p�=6.75242�10−9: The
east performing one is shape B �I fins distributed both at the top
nd at the bottom surface of the duct� with a loss of pressure

Fig. 27 Dimensionless loss of pressure
case �=0.2
Fig. 28 Example of velocity „a… and tem

81801-10 / Vol. 131, AUGUST 2009
between the two reference locations �p�=3.26172�10−8.

5 The Overall Optimization
Table 2 summarizes the results obtained, highlighting the best

and worst models for each case study. These data introduce a sort
of split situation, as one model may be thermally but not dynami-
cally performing or the exact contrary. Consequently, we need an
overall performance evaluation criterion helping in the choice of
the optimal heat exchanging profiles and taking into account, with

in function of the Reynolds number Re:
�p�
perature „b… fields „shape A; �=0.25…
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Fig. 29 Example of velocity „a… and temperature „b… fields „shape B; �=0.25…
Fig. 30 Example of velocity „a… and temperature „b… fields „shape C; �=0.25…
Fig. 31 Example of velocity „a… and temperature „b… fields „shape D; �=0.25…
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ne number, both q� and �p�. The reference values consequently
efined were qmA

� as mean dimensionless conductance for a “shape
” geometry and �=0.1; �pmA

� as mean dimensionless loss of
ressure for a “shape A” geometry and �=0.1. Both parameters
ere calculated in the whole Re range �0÷1500� investigated.

Fig. 32 Dimensionless conductance q� in
�=0.25

Fig. 33 Dimensionless loss of pressure

case �=0.25

81801-12 / Vol. 131, AUGUST 2009
Successively it was possible to put the reference performances in
relation to every other �i , j�th mean performance, qmij

� , and �pmij
�

�i=1, 2, 3 being in 1–1 correspondence to shapes B, C, D; j=1, 2,
3 being in 1–1 correspondence to �=0.15, �=0.2, and �=0.25�, as
follows:

nction of the Reynolds number Re: case

in function of the Reynolds number Re:
fu
�p�
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qmij
� =

qmij
�

qmA
�

, �pmij
� =

�pmij
�

�pmA
�

�8�

here q�
mij is mean dimensionless relative conductance �ith

hape and jth �� and �rmij
� is mean dimensionless relative loss of

ressure �ith shape and jth ��. The values computed, case by case,
ere then to be inserted within the following formula, defining the
ovel overall optimization criterion, which this study introduces:

Pij = �qmij
� + �1 − ��

1

�pmij
� �9�

here Pij is called the overall performance coefficient for the
odel with ith shape and jth �, and � is called relevance, varying

etween 0 and 1, representing the weight of heat removal maxi-
ization with respect to loss of pressure minimization, depending

n the context and on the use of the heat exchanger. In particular
f � is set equal to 1 this means that, for the technical use re-
uested, it is necessary to maximize heat removal, with less care
n the losses of pressure: The overall performance coefficient will
onsequently point out which model is able to provide this result;
n the contrary, if � is set equal to 0 this means that, for the use

Table 2 Performance rang

Geometry Performance Shape

�=0.1
Best D

Worst B

�=0.15
Best B

Worst C

�=0.2
Best B

Worst C

�=0.25
Best B

Worst C
Fig. 34 Overall performance coefficient

ournal of Heat Transfer
requested, it is necessary to minimize the losses of pressure, with
less care on heat removal: The overall performance coefficient
will consequently point out which model is able to provide this
result. Each value of relevance between 0 and 1 will describe
intermediate needs. This novel criterion allows the operator to
assess his technical priorities and then to choose the most suitable
heat removing device. The performance trends reported in Fig. 34
display Pij, as defined in Eq. �9�, and refer to a direct comparison
between the values obtained for every system tested and the ref-
erence one �REF: shape A, �=0.1�. In Fig. 35 and in the following
two ones, the dashed line �referred to as “REF” and still referred
to as the case: shape A, �=0.1�, used in addition to the four
characteristic curves related to shapes A, B, C, and D, provides an
immediate idea of how the latter systems improve the reference
performance. So Fig. 34 reports the thermal fluid dynamics behav-
ior of the four shapes investigated for a duct with �=0.1. If the
interest on the losses of pressure is predominant ��=0�, then the
system that maximizes the overall performance coefficient is that
with Y fins located just at the bottom of the duct �shape C�. In this
case one obtains Pij=2.740275583. Even when intermediate
needs occur, i.e., when maximizing heat removal is considered to

the cases study analyzed

q� Shape �p�

.23893�10−2 C 5.09563�10−8

.00877�10−3 B 6.05452�10−7

.08648�10−2 C 2.95062�10−8

.74803�10−3 B 2.19689�10−7

.46594�10−3 C 1.22719�10−8

.12374�10−3 B 7.32821�10−8

.05923�10−3 C 6.75242�10−9

.72589�10−3 B 3.26172�10−8
e in

1
2
1
3
7
3
6
2

Pij versus relevance �, case 1 „�=0.1…
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e of the same importance as minimizing the losses of pressure
nd consequently �=0.5, then shape C offers the highest value of
ij: 1.81606626. But if relevance exceeds the limit of 0.67 �in the
eld where a high conductance is more important than a low loss
f pressure�, then the optimal system becomes that with shape D
Y fins distributed both at the bottom and at the top sides of the
uct�, and it keeps this privilege until �=1, when heat removal is
he only relevant option. For a relevance value of 1, the overall
erformance coefficient becomes equal to about 2 for shape D,
nd it drops to 0.891856938 for shape C. Shape B �I fins both at
he bottom and at the top surface� is always pejorative with re-
pect to the reference shape, while one can, in general, say that
hen Y fins are employed, the performance tends, as an average,

o raise significantly in comparison with shape A, largely utilized
n industry. The results of case 2 ��=0.15� are displayed in Fig.
5. It is evident that the trends change, especially for what con-
erns the “conductance maximization field” �i.e., for �→1�.
hape C still proves to be the best performing one in the “losses
f pressure minimization field” �i.e., for �→0�, even reaching a
alue of 5.9621113, and in the “intermediate field” �i.e., for �
0.5�, with Pij=3.306145963, much higher than in the previous

ase. As anticipated, however, when � tends to 1, in particular for
�0.8245, shape B �I fins both at the bottom and at the top

urface� becomes the best performing, with a top overall perfor-
ance coefficient of 1.77013211, while shapes A and C tend to a
ij common value of around 0.65, significantly lower than the

eference one. Again, even in case 2, shape A systems do not
rovide particularly valuable performances if compared with the
ther possibilities shown involving novel shapes and modular
ombinations of such shapes. For what concerns case 3 ��=0.2�,
hape C remains the best performing option �see Figs. 36 and 37�
or most of the independent variable fields, up to 0.9422, where it
s overcome by shape B. The situation is quite similar to that of
he previous case, where, anyway, the value of � making the
erformances of shapes B and C equal was slightly lower. In case

Fig. 35 Overall performance coefficien
ttention is entirely to be put on the minimization of the losses of

81801-14 / Vol. 131, AUGUST 2009
pressure �i.e., for �=0� the overall performance coefficient boasts
a value of 13.74837034, the highest figure encountered up to now
and, again, typical of a shape C model �Y fins just at the bottom of
the duct�. Instead, if the opposite need arises �attention entirely on
the maximization of heat removal, i.e., for �=1�, shape B �I fins
both at the bottom and at the top surface of the duct� is the best
performing one, with Pij=1.24467078, significantly lower than
the homologous result in the previous case. Even in this case
study, as just clarified, adopting other configurations than the ref-
erence one can lead to much better performances. Case 4 ��
=0.25, see Figs. 38 and 39� confirms the predominance of shape C
for an application mainly oriented on the losses of pressure reduc-
tion: for �=0 one obtains Pij=24.36419796, which is the highest
value of overall performance coefficient met in the whole inves-
tigation. In this case study the value of � that realizes the same Pij
value for shapes B and C is equal to 0. 9722, still closer to the
area of exclusive interest for heat removal maximization. For �
=1, again, the best performing option is shape B, slightly over-
coming the reference figure with Pij=1.012706786. This repre-
sents the lowest value of overall performance coefficient found in
the whole study for this condition, but it is not a surprise if one
considers the relation between heat removal and the losses of
pressure.

6 Conclusions
The performance of heat exchangers is not just a heat transfer

problem but is also tightly linked to the power supplied for mov-
ing the coolant. This is especially true when finned surfaces are
employed to augment heat exchange in forced convection. Both
exigencies, maximizing heat removal or minimizing the power
supplied to the fluid �i.e., the losses of pressure within the fluid�,
may become alternatively predominant depending on the particu-
lar technical application faced. Consequently, the present work
considered optimization as an expression of the overall perfor-

ij versus relevance �, case 2 „�=0.15…
mance of a heat exchanger. Such approach, formulated on the
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trong basis of Bejan’s Constructal theory, arrived at the definition
f the overall performance coefficient Pij. This definition was also
ased on a reference geometry �shape A, �=0.1�, which is cur-
ently the most utilized in industrial applications of heat exchang-
rs: It was, consequently, immediately possible to check how a

Fig. 36 Overall performance coefficie
Fig. 37 Overall performance coefficient Pij v

ournal of Heat Transfer
new option could improve the general performance with respect to
the most common solution available. Such approach was utilized,
air being the refrigerant fluid, to test different heat exchanging
profiles and modules in forced convection and laminar flow con-
ditions, with Re	1500. The profiles tested: I fins �broadly em-

Pij versus relevance �, case 3 „�=0.2…
nt
ersus relevance �, case 3 „�=0.2…: detail
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loyed in industry� and Y fins �tested in recent research work by
he same authors of this paper�. The modules are the following �all
haracterized by the same cross-sectional area�: modules of I fins
ocated just at the bottom surface of the duct where the coolant
ows �shape A�; modules of I fins both at the bottom and at the

Fig. 38 Overall Performance Coefficie
Fig. 39 Overall Performance Coefficient Pij v

81801-16 / Vol. 131, AUGUST 2009
top surfaces of the duct �shape B�; modules of Y fins just at the
bottom surface of the duct �shape C�; modules of Y fins both at the
bottom and at the top surfaces of the duct �shape D�. Moreover the
introduction of four different shape ratios ��=0.1, 0.15, 0.2, and
0.25�, defined as ratio between the height and length of the duct

ij versus relevance �, case 4 „�=0.25…
nt P
ersus relevance �, case 4 „�=0.25…: detail
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ested, allowed for the investigation of manifold technical sys-
ems. The use of a novel overall performance evaluation criterion
inking together heat removal maximization and losses of pressure
inimization in association with a parameter called relevance ���,

ed to a set of results of general applicability able to describe
rocesses characterized by �1� just heat removal maximization
eeded ��=1�; �2� just loss of pressure minimization needed ��
0�; �3� both requirements needed �0	�	1�. So, the results
ained by the present investigation are able to show which heat
xchanging configurations are to be chosen in which specific ap-
lication. In particular, in Secs. 4 and 5 it was possible to high-
ight that the reference geometry �shape A, �=0.1� is very often
ess performing than the other options available and in particular
hose involving optimized Y fins, recently studied by the same
uthors of this paper. This performance enhancement becomes
ore evident when the loss of pressure minimization also be-

omes an important issue, but, in most cases, even just a “�=1
ase study” proves that unconventional settings can provide better
erformances than traditional ones. Even � proves to be an impor-
ant variable, but this latter datum was somehow expected. In
onclusion shape C �modules of Y fins located just at the bottom
urface of the duct� is the best performing option, especially at
ow values of �.

omenclature
a 
 dimensionless parameter, Eq. �3�
A 
 fin cross-sectional area, Eq. �3� �m2�

BI 
 fin width �I shape�, Eq. �1� �m�
BY 
 fin width �Y shape�, Eq. �1� �m�
D 
 characteristic length, Eq. �5� �m�
H 
 duct height, Eq. �4� �m�

HI 
 fin height �I shape�, Eq. �1� �m�
HY 
 fin height �Y shape�, Eq. �1� �m�

k 
 thermal conductivity, Eq. �3� �W m−1 K−1�
L 
 optimized fin-module length, Fig. 4 �m�

LD 
 �=3�L� duct length, Eq. �4� �m�
p 
 pressure �Pa�

p0 
 atmospheric pressure, Eq. �7� �Pa�
Pcs 
 duct cross-sectional perimeter, Eq. �6� �m�
Pij 
 overall performance coefficient, Eq. �9�
pin 
 mean inlet pressure, Eq. �7� �Pa�

pout 
 mean outlet pressure, Eq. �7� �Pa�
�p� 
 dimensionless loss of pressure, Eq. �7��

�pmA
� 
 mean dimensionless reference loss of pressure

�shape A and �=0.1�, Eq. �8��
�pmij

� 
 mean dimensionless loss of pressure �ith shape
and jth ��, Eq. �8��

�pmij
� 
 mean dimensionless relative loss of pressure

�ith shape and jth ��, Eq. �8�
Pr 
 Prandtl number
q� 
 dimensionless conductance, Eq. �2�
qL 
 linear heat flux, Eq. �2� �W m−1�

qmA
� 
 mean dimensionless reference conductance

�shape A and �=0.1�, Eq. �8��
qmij

� 
 mean dimensionless conductance �ith shape
and jth ��, Eq. �8��

qmij
� 
 mean dimensionless relative conductance �ith

shape and jth ��, Eq. �8�
Re 
 Reynolds number, Eq. �5�

S 
 duct cross-sectional area, Eq. �6� �m2�
T 
 temperature �K�

TR 
 fin root temperature, Eq. �2� �K�
T� 
 undisturbed flow inlet temperature, Eq. �2� �K�

u 
 inlet velocity �x-component�, Eq. �5� �m s−1�

reek Symbols

� 
 relevance, Eq. �9�

ournal of Heat Transfer
� 
 dynamic viscosity, Eq. �5� �kg m−1 s−1�
� 
 duct shape ratio, Eq. �4�
� 
 volumic mass of the refrigerant fluid, Eq. �5�

�kg m−3�

Subscripts
i 
 fin type
j 
 duct shape ratio
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Convective Heat Transfer
Enhancement in a Circular Tube
Using Twisted Tape
The secondary flow has been used frequently to enhance the convective heat transfer, and
at the same flow condition, the intensity of convective heat transfer closely depends on
the thermal boundary conditions. Thus far, there is less reported information about the
sensitivity of heat transfer enhancement to thermal boundary conditions by using second-
ary flow. To account for this sensitivity, the laminar convective heat transfer in a circular
tube fitted with twisted tape was investigated numerically. The effects of conduction in the
tape on the Nusselt number, the relationship between the absolute vorticity flux and the
Nusselt number, the sensitivity of heat transfer enhancement to the thermal boundary
conditions by using secondary flow, and the effects of secondary flow on the flow bound-
ary layer were discussed. The results reveal that (1) for fully developed laminar heat
convective transfer, different tube wall thermal boundaries lead to different effects of
conduction in the tape on heat transfer characteristics; (2) the Nusselt number is closely
dependent on the absolute vorticity flux; (3) the efficiency of heat transfer enhancement is
dependent on both the tube wall thermal boundaries and the intensity of secondary flow,
and the ratio of Nusselt number with twisted tape to its counterpart with straight tape
decreases with increasing twist ratio while it increases with increasing Reynolds number
for both uniform wall temperature (UWT) and uniform heat flux (UHF) conditions; (4)
the difference in the ratio between UWT and UHF conditions is also strongly dependent
on the conduction in the tape and the intensity of the secondary flow; and (5) the twist
ratio ranging from 4.0 to 6.0 does not necessarily change the main flow velocity bound-
ary layer near tube wall, while Reynolds number has effects on the shape of the main flow
velocity boundary layer near tube wall only in small regions. �DOI: 10.1115/1.3122778�

Keywords: thermal boundary condition, laminar convective heat transfer, secondary
flow, twisted tape, numerical analysis
Introduction
In most science and engineering applications, heat convection
eans thermal transport through an interface when a fluid flows

ver it �1,2�. In this process, the value of the convective heat
ransfer coefficient h is commonly used to reflect the intensity of
onvective heat transfer, which depends on the details of both
ow and temperature fields. At the same flow condition, convec-

ive heat transfer characteristics depend on the nature of the ther-
al boundary conditions imposed on the surface. In the numerical

nd experimental studies of the internal laminar convective heat
ransfer, two representative thermal boundary conditions, uniform
all temperature �UWT� and uniform heat flux �UHF�, are fre-
uently encountered. The significant difference between UWT and
HF conditions is that for the former, no tangent heat flux exists
n the wall surface, while for the latter, tangent heat flux does
xist.

The research results show that for all Prandtl numbers under the
ame flow condition convective heat transfer will have a larger
usselt number when UHF is applied on the wall surface than
hen UWT is enforced �3�. For example, for laminar flow in a

ircular tube, the fully developed Nusselt numbers for both UHF
nd UWT conditions are 4.364 and 3.657, respectively �1,2�, and
his difference can be ascribed simply to the slightly different
hapes of the temperature boundary layers �2�. For fully devel-
ped conditions in a circular tube, the ratio of Nusselt numbers for

Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received September 27, 2008; final manuscript
eceived March 10, 2009; published online June 4, 2009. Review conducted by Louis

. Chow.

ournal of Heat Transfer Copyright © 20
the two cases decreases with increasing Reynolds numbers �3� and
closely relates with the Prandtl number because of the effect of the
Prandtl number on the distribution of thermal resistance. In addi-
tion, at a very low Prandtl number, thermal boundaries signifi-
cantly affect the intensity of heat convection, while at higher
Prandtl numbers, the effect is less significant �3�. Furthermore, the
ratio is related to the cross-sectional shape of ducts �1,2�. For
example, the ratio of the fully developed Nusselt numbers for
UHF and UWT conditions is 1.193 and 1.249 for circular and
equilateral triangle ducts, respectively.

Enhancement of convective heat transfer becomes increasingly
important. To date, the secondary flow is frequently used to en-
hance the convective heat transfer. For example, one newly used
method is to apply vortex generators �VGs� on fin surfaces to
effectively improve the airside heat transfer performance of tube
bank fin heat exchangers as discussed in related reports �4–8�.
Experts know that the key point of heat transfer enhancement
using this strategy is the secondary flow produced by VGs. For
forced single-phase convective heat transfer inside tubes, a tube
with helical ribs has been used as one of the passive heat transfer
enhancement techniques and is the most widely used in several
heat transfer applications, such as heat recovery processes, air
conditioning and refrigeration systems, and chemical reactors
�9–12�. The twisted tape placed inside a tube as one common
technology has enjoyed widespread application for design and ret-
rofit of the highly efficient and compact heat exchangers, since it
offers significant increase in the heat transfer coefficient associ-
ated with a relatively small pressure-drop penalty, particularly at
high Prandtl numbers �13–20�. Although in these reported litera-
tures the correlation equations for a different thermal boundary of

the tube wall surface and much useful information have been re-

AUGUST 2009, Vol. 131 / 081901-109 by ASME
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orted, researchers have not considered the effects of thermal con-
uctivity of the tape and the thermal contact resistance between
he tube wall and the tape.

In order to account for these facts and to further understand the
ntrinsic mechanism of heat transfer enhancement by using sec-
ndary flow, in this paper a commonly used secondary flow pro-
ucer, a twisted tape placed inside a circular tube case, is consid-
red, and the effects of thermal conductivity of the tape on the
usselt number, the relationship between the absolute vorticity
ux and the Nusselt number, the sensitivity of heat transfer en-
ancement to the thermal boundary conditions by using secondary
ow, and the effects of secondary flow on flow boundary layer in

aminar state are studied.

Physical Model and Mathematics Formulation
Figure 1 illustrates a circular tube containing a twisted tape.

he tape has been twisted around its longitudinal axis. The width
f the tape is usually about the same as the tube’s internal diam-
ter. As shown in Fig. 1, � is the tape thickness, D is the tube’s
nternal diameter, and H is the twist pitch length �i.e., the axial
istance of the tape twisted with 180 deg�. The twist ratio y is the
atio of the twist pitch length H to the tube diameter D �i.e., y
H /D�.
In this study, we selected the circular tube fitted with straight

ape as a reference case for studying the contribution of the sec-
ndary flow to heat transfer enhancement and the sensitivity of
eat transfer enhancement to the thermal boundaries. To consider
he conjugation of convective heat transfer in the flow field and
onduction in the tape with a finite thermal conductivity, the simu-
ation domain, which is half the region formed by the tube wall
nd the tape twisted with 360 deg, is divided into two regions as
hown in Fig. 2. In the present calculation, water is the working
uid, several different thermal conductivities of the tape are con-
idered �including the nonconducting tape�, and the thermal con-
act resistance between the tube wall and the tape is also consid-

Fig. 1 Sketch of the twisted tape inserted in a circular tube

ig. 2 Schematic view of heat transfer of the model, symmet-
ic characteristic of temperature on tape surfaces and coordi-

ates system
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ered in the analysis. For the nonconducting tape case, the
computational domain is only the flow region, which will result in
a simplification of the thermal boundary on the interface of fluid-
to-tape.

In developing the model, the following assumptions were
made: �1� the physical properties of fluid and tape are constant;
�2� the flow is limited as laminar, and the fluid is incompressible;
�3� the flow and heat transfer are in steady state; and �4� the
viscous dissipation is negligible. With these assumptions, in
physical space the mathematical model can be written out.

2.1 In the Flow Region. The continuity equation,

�

�xi
��ui� = 0 �1�

The momentum equation,

�

�xi
��uiuk� =

�

�xi
��

�uk

�xi
� −

�p

�xk
�k = 1,2,3� �2�

The energy equation,

�

�xi
��cpuiT� =

�

�xi
�� f

�T

�xi
� �3�

The boundary conditions are as follows.
At the inlet and outlet cross section, the periodicity boundary

condition is adopted for both UWT and UHF conditions.

u�x,y,z��in = u�x,y,z��out v�x,y,z��in = v�x,y,z��out

�4�
w�x,y,z��in = w�x,y,z��out ��x,y,z��in = ��x,y,z��out

where � is the dimensionless temperature and is defined as
follows.

For the UWT condition,

��x,y,z� = �T�x,y,z� − Tw�/�Tbulk − Tw� �5�

For the UHF condition,

��x,y,z� = �T�x,y,z� − Tbulk�/�qwD/� f� �6�

where Tw is the tube wall temperature, qw is the heat flux on the
tube wall surface, and Tbulk is the average temperature at a cross
section.

Tbulk =�� u�x,y,z�T�x,y,z�dydz/�� u�x,y,z�dydz �7�

On the tube wall, the no-slip condition for velocity is applied for
both the UWT and the UHF conditions.

u�x,y,z� = 0, v�x,y,z� = 0, w�x,y,z� = 0 �8�

Uniform wall temperature Tw is specified on the tube wall for the
UWT condition.

T = Tw �9�

and uniform constant heat flux qw is specified on the tube wall for
the UHF condition.

− 	� f

�T

�n
	

w

= qw �10�

where n is the direction normal to the tube wall surface. On the
tape surface, the no-slip condition for velocity is adopted for both
the UWT and UHF conditions.

u�x,y,z� = 0, v�x,y,z� = 0, w�x,y,z� = 0 �11�

The temperature on the tape surface for both the UWT and the

UHF conditions is determined by
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T� f = T�s, 	� f

�T

�n
	

f

= 	�s

�T

�n
	

s

�12�

here the subscripts f and s are representative of fluid and tape
aterials, respectively, and n is the direction normal to the tape

urface, while for nonconducting tape cases, Eq. �12� can be sim-
lified as follows:

	� f

�T

�n
	

f

= 0

2.2 In the Tape Region. The energy equation,

�

�xi
��s

�T

�xi
� = 0 �13�

he boundary conditions are as follows.
On both surfaces of the ends of the tape in the axial direction,

he temperature distribution is obtained with linear interpolation
sing the neighboring nodal points in the axial direction, and then
he periodic fully developed boundary of nondimensional tem-
erature condition is enforced

��x,y,z��in = ��x,y,z��out �14�

here the definition of � is the same as Eqs. �5� and �6� for the
WT and the UHF conditions, respectively, but Tbulk in this defi-
ition is determined by

Tbulk =�� T�x,y,z�dydz/�� dydz �15�

n the tape surfaces in contact with the tube wall, for the UWT
ondition:

T = Tw �16�

or the UHF condition,

− 	�s

�T

�n
	

w

= qw �17�

n the tape surface in contact with fluid,

T� f = T�s, 	� f

�T

�n
	

f

= 	�s

�T

�n
	

s

�18�

It is assumed that two surfaces of the tape contacted with the
ube wall have the same contact condition. Hence, the symmetric
oundary conditions on temperature and heat flux shown in Fig. 2
re enforced and can be written as

T�x,y,�/2� = T�x,Ltape − y,− �/2� �19�

	� f

�T�x,y,�/2�
�n

	
f

= 	− �s

�T�x,− y,− �/2�
�n

	
s

�20�

he Reynolds number and the friction factor are defined as

Re =
�umD

�
, f =

�pD

2�um
2 L

�21�

here um is the average velocity at the inlet cross section based on
n empty tube with a given mass flow rate. The local heat transfer
oefficient and the local Nusselt number are determined by the
ollowing equations:

qlocal = − 	�
�T

�n
	

w

, hlocal =
qlocal

�T�x,y,z��w − Tbulk�
�22�

Nulocal =
hlocalD

� f

here Tbulk is the average temperature at a cross section in the

ow region, and hlocal and Nulocal are only suitable for the tube

ournal of Heat Transfer
wall surface in contact with fluid. The average Nusselt numbers
are calculated as follows:

Nux =

D
 qlocaldl/��D − 2��

� f�
 �T�x,y,z���wdl/�D − Tbulk�

, Num =
1

2H�0

2H

Nuxdx

�23�

3 Numerical Method
The simulation domain in the physical space �x-y-z coordinates�

was transformed into a rectangular parallelepiped in the computa-
tional space ��-	-
 coordinates� by using the transfinite interpola-
tion algebraic method �21,22�. The schematic of the grid systems
in the physical space are presented in Fig. 3. The governing equa-
tions shown above were then transformed into the computational
space and were discretized there by using the control volume
method. In addition, a power scheme approximation was used to
discretize the convective terms, while the second order central
difference schemes were employed for the viscous and source
terms. A SIMPLE algorithm was used to handle the coupling of
velocity and pressure �23�, and a staggered grid arrangement was
applied to overcome the decoupling between velocity and pres-
sure.

Because the fluid properties were assumed constant, the conti-
nuity and the momentum equations in the flow region were first
solved simultaneously to obtain the convergent velocity field. For
the tape with finite thermal conductivity cases, the domain cou-
pling method was adopted to solve the energy equations �24�. The
convergent judgment is defined by the balance of energy in the
tape region, the relative error of heat conducted from the tube wall
to the tape, and the sum of the heat transferred from the tape to the
fluid is less than 10−3 and 10−2 for UWT and UHF conditions,
respectively. Because of the symmetric characteristic of heat
transfer �as seen in Fig. 2�, the expression of relative error can be
written as

� =

�� qIdsIdx −�� qIIIdsIIIdx

q ds dx

�24�

Fig. 3 Computational domain and grid system used in the
simulation: „a… flow region and „b… tape region
�� I I
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Three different grid numbers were selected and evaluated at
e=600, and �=0.05D in perfect fitness with �s /� f =56.6 to iden-

ify the appropriate grid numbers for the three different twist ratio
ases. The results of the independent grid evaluations are listed in
able 1, and the maximum variation in either the Nusselt number
r the friction factor was observed to be within 3% for both the
WT and the UHF conditions. Then, the computational grids in �,
, and 
 directions were 221�46� �34+12� for the y=4, �
0.05D case; 277�46� �34+12� for the y=5, �=0.05D case;
nd 331�46� �34+12� for the y=6, �=0.05D case. Herein, grid
umber 34 was used for the flow region while grid number 12 was
sed for the tape region. For different �, the grid number was
djusted.

Validation of Numerical Method
In the fully developed laminar swirl flow regime, the proposed

orrelation for friction factor by Manglik and Bergles �14� is
hown as follows:

f =
15.767

Re
�1 + 10−6Sw2.55�1/6�1 + � �

2y
�2�

��� + 2 − 2�/D
� − 4�/D �2� �

� − 4�/D� �25�

quation �25� correlates friction factors for laminar swirl flows
ith 10%, a fairly large set of experimental data for a very wide

ange of flow conditions and tape geometry.
For the fully developed laminar swirl flow heat transfer under

he UWT condition, the following equation presented in Ref. �14�
as chosen for the comparison of the numerical results.

Nu = 0.106Pr0.3Sw0.767��b/�w�0.14 �26�
quation �26� correlates isothermal Nusselt numbers for laminar
ow heat transfer within 15% only when Gr�Sw2, which de-
ermines secondary flow effects to be dominated. Under the UHF
ondition, Hong and Bergles �13� proposed the following correla-
ion for the prediction of fully developed Nusselt numbers.

Nu = 5.172�1 + 0.005484Pr0.7� �

� − 4�/D
·

Re

y
�1.25�0.5

��b/�w�0.14

�27�
The comparison of friction factors is presented in Fig. 4. As

hown in Fig. 4�a�, with increasing Re at � /D=0.05, the friction
actor decreases, and the deviation between numerical results and
orrelation is fairly small for different twist ratios, respectively,
specially for y=� �i.e., straight tape placed inside a circular tube�
ases. The comparison of the numerical friction factors with cor-
elation �including 70 sets of data� is depicted in Fig. 4�b�; one
an observe from this figure that numerical results agree very well
ith the correlation, and the maximum relative deviation reaches

bout 12.7%.
The comparison of numerical Nu with correlation is depicted in

Table 1 Results of the different grids tested

wist ratio y Grid Nos. Nu, UWT Nu, UHF f

4.0 221�36� �28+10� 14.069 13.861 0.1135
221�46� �34+12� 13.670 13.632 0.1133
241�46� �34+12� 13.689 13.644 0.1133

5.0 277�36� �28+10� 13.019 13.143 0.1043
277�46� �34+12� 12.639 12.945 0.1043
301�46� �34+12� 12.650 12.955 0.1043

6.0 331�36� �28+10� 12.204 12.438 0.09882
331�46� �34+12� 11.860 12.256 0.09871
361�46� �34+12� 11.869 12.264 0.09871
ig. 5. As shown in Fig. 5�a�, one can observe that the Nusselt

81901-4 / Vol. 131, AUGUST 2009
number Nu increases with increasing Re, and the deviation be-
tween numerical Nu and correlation changes with changing Re for
both the UWT and UHF conditions, respectively. For the UWT
condition, herein only Nu at Re=400–800, � /D=0.025–0.1, y
=4.0–6.0 are presented in Fig. 5�b�, along with the consideration
of the applicability of Eq. �26�, i.e., Gr�Sw2. Compared with the
correlation, one can note that the majority of numerical results
based on the conducting tape in perfect fitness with �s /� f =56.6
are within 15%, and the maximum relative deviation between
the numerical results and about correlation is about 22.3%. For the
UHF condition, the numerical results shown in Fig. 5�c� agree
very well with the available correlation. The majority of numeri-
cal results based on the conducting tape in perfect fitness with
�s /� f =56.6 are within 15%, and the maximum relative devia-
tion between them is about 18.2%. The above comparisons indi-
cate that numerical results in the present study are reliable.

5 Results and Discussion

5.1 The Effects of Tape Thermal Boundary Conditions on
Nu. To clarify the effects of conduction in the tape on heat trans-
fer performance, the numerical results on the basis of several dif-
ferent conductivities of the tape are presented together for com-
parison in Figs. 5�b� and 5�c�. As for the consideration of thermal
contact resistance between the tube wall and the tape, an equiva-

Fig. 4 Comparison of friction factor with the predictive corre-
lations: „a… fÈRe and „b… f„numerical…È f„correlated…
lent thermal conductivity on the base of the tape was specified. In
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his study, the ratio of the width of the region with the equivalent
hermal conductivity to the tube’s internal diameter is about
.79%, and the thermal conductivity in this region of the tape is
ssumed to be equal to �e=0.1�s��e /� f =5.66�, and in another

ig. 5 Comparison of Nusselt number with the predictive cor-
elations: „a… NuÈRe, „b… UWT: Nu„numerical…ÈNu„correlated…,
nd „c… UHF: Nu„numerical…ÈNu„correlated…
egion of the tape, it is �s /� f =56.6. As shown in Fig. 5�b�, when

ournal of Heat Transfer
the UWT condition was specified, the tape thermal boundaries can
significantly affect numerical results, and a large difference exists
between the conducting tape in perfect fitness with �s /� f =56.6
and the nonconducting tape cases. The reliability of numerical Nu
is strongly dependent on the conduction of the tape; detailed in-
formation about this can be found in Ref. �25�. Figure 5�b� indi-
cates that thermal contact resistance deteriorates the overall heat
transfer performance, but the effect is not large because the lower
thermal conductivity is specified in a very small width for the
studied cases. For the UHF condition, however, one can observe
from Fig. 5�c� that the effect of the conduction of the tape on
average Nu is fairly small, as compared with that for the UWT
condition, and the maximum relative deviation of Nu for the con-
ducting tape in perfect fitness with �s /� f =56.6 and the noncon-
ducting tape cases is about 9.4%; compared with the predictive
correlation, even if the nonconducting tape was assumed during
the simulation process, the maximum relative deviation between
the numerical Nu and correlation is 19.7%. However, for both the
UWT and the UHF conditions, the local Nu is affected by con-
duction in the tape, as will be discussed later.

At the same flow condition, the sensitivity of Nu for the UWT
and the UHF conditions to the tape thermal boundary conditions is
reflected in Fig. 6. As expected, Nu for the conducting tape in
perfect fitness with �s /� f =56.6 is larger than that of the other
three cases, and this results from the fin contribution of the tape.

Fig. 6 Effect of conduction in the tape on numerical Nusselt
number: „a… UWT and „b… UHF
As shown in Fig. 6�a�, Nu increases with increasing Re for the

AUGUST 2009, Vol. 131 / 081901-5
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our different tape thermal boundaries, respectively. The evidence
ndicated that the rate of increase in Nu for the conducting tape in
erfect fitness with �s /� f =56.6 is larger than that of the other
tudied cases, which further indicates that the conduction in the
ape obviously can affect the heat transfer performance when
WT is enforced. As shown in Fig. 6�b�, however, the difference

n Nu between different tape conductivities shows minimal
hange with increasing Re, and the thermal contact resistance has
ess effect on Nu for the UHF condition. The reason for the dif-
erent effects of the condition in the tape with different tube ther-
al boundaries is related to the fin contribution of the tape. For

xample, when the conducting tape in perfect fitness with �s /� f
56.6 at � /D=0.05, and y=5.0 is considered, the heat transferred

rom the tape to fluid can reach more than 23% of the overall heat
ransferred for the UWT condition, while only 3.2% of the overall
eat transferred for the UHF condition for the different Re
tudied.

The effect of conduction in the tape on local Nu along the local
oordinate sII, shown in Fig. 2, at Re=600, � /D=0.05 is reflected
n Fig. 7. When no secondary flow exists on the cross section
ormal to the main flow direction �i.e., y=��, the distribution of
he local Nu at the tube wall is presented in Figs. 7�a� and 7�b� for
he UWT and the UHF conditions, respectively. The tape thermal
oundaries obviously affect the heat transfer performance of the
ube. For the UWT condition, when the conducting tape in perfect

Fig. 7 Effect of conduction in the tape on the lo
UHF: y=�, „c… UWT: y=5, and „d… UHF: y=5
tness with �s /� f =56.6 is considered, the heat flux is very large

81901-6 / Vol. 131, AUGUST 2009
on the tape to tube interface, as seen in Fig. 8�a�, so a high tem-
perature region is formed close to the tape and results in a lower
local Nu in this region as compared with the nonconducting tape
case. But for the �s /� f =5.66 case, this phenomenon does not
clearly exist, partly because of the shape of the corner close to the
tape and the existence of the thermal contact resistance that leads
to heat being transferred from the fluid to the tape as a result of a
large local Nu existing in this region. For the UHF condition, the
better conduction in the tape will lead to a low temperature region
near the connection of the tape and tube. As an illustrative in-
stance, heat is transferred from the fluid to the tape in this region,
and then from the tape to the fluid in the other region for the
conducting tape in perfect fitness with �s /� f =56.6 case, as shown
in Fig. 8�b�. Therefore, the local Nu on the surface of the tube
near the tape for the nonconducting tape case is lower than those
of the other three cases, as shown in Fig. 7�b�, and the thermal
contact resistance has less effect on the local Nu on the tube wall.
It is noted that the effect of the conduction in the tape on the local
Nu is very strong, especially on the tube surface near the tape.

For y=5, the secondary flow reduces the effects of the conduc-
tion in the tape on the local Nu on the tube wall, except for the
region near the tape when UHF is enforced, as shown in Figs. 7�c�
and 7�d�. This is mainly because the secondary flow promotes the
mixture of hot and cold fluids in the flow region. For the UWT
condition with better conduction in the tape, the difference be-

Nusselt number at tube wall: „a… UWT: y=�, „b…
cal
tween wall temperature �Tw� and the average temperature at cross

Transactions of the ASME
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ection �Tbulk� will necessarily decrease, due to the fin contribu-
ion of the tape; and in some regions, the local Nu is lower than
hat of the nonconducting tape case, as shown in Fig. 7�c�. Be-
ause of the fin contribution of the tape discussed in Ref. �25�
about 5%, 18%, and 23% for the conducting tape in perfect fit-
ess with �s /� f =5.66, the conducting tape considering the ther-
al contact resistance with �e /� f =5.66 in the contacting region

nd �s /� f =56.6 in the other region of the tape, and the conducting
ape in perfect fitness with �s /� f =56.6, respectively�, the overall
eat transfer still can be enhanced, as shown in Fig. 6�a�, and also
s demonstrated by the fact that very large heat flux exists on the
nterface of the tape to the tube wall, as shown in Fig. 8�c�. For
he UHF condition, only approximately 3.2% fin contribution ob-
iously cannot change the temperature difference mentioned
bove, but the better conduction in the tape can lead to a variation
f the heat flux vector in the flow region, as shown in Fig. 8�d�,
hich can strongly change the distribution of the local Nu, as

hown in Fig. 7�d�.

5.2 The Relationship Between JABS
n and Nu. The dimen-

ionless swirl parameter Sw is commonly used to scale the inten-
ity of the secondary flow induced by the twisted tape inserted
nto a tube. However, Sw is hard to define in other cases. Re-
ently, our group numerically studied the quantitative relationship
etween the secondary flow and heat transfer enhancement
26–28�. Assuming that the secondary flow is the combination of
any vortices and considering that the direction of overall heat

ransfer is along the main flow, a dimensional parameter, the ab-
olute vorticity flux, can be used to specify the intensity of the
econdary flow, in most cases, and to conveniently revaluate the
oodness of the arrangement of a secondary flow producer in real
pplications, which is defined as follows �26–28�:

JABS
n =

1

A� �
A

��n�dA �28�

his equation denotes the average absolute vorticity flux of all of

Fig. 8 Distribution of the heat flux vector on the cross secti
y=5, „d… UHF: y=5
he vortices at the unit area of a cross section normal to the main

ournal of Heat Transfer
flow �n is the normal direction of this cross section�. For the flow
in a circular tube fitted with twisted tape, a linear relationship
between JABS

n and the dimensionless swirl parameter Sw exists as
follows �28�:

JABS
n = 0.106Sw − 4.708�1/s� �29�

where the dimensionless swirl parameter Sw is calculated as �14�

Sw =
Re

y1/2� �

� − 4�/D��1 + � �

2y
�2�1/2

�30�

According to the linear relationship between JABS
n and Sw indi-

cated in Eq. �29�, here we use the absolute vorticity flux JABS
n to

describe the intensity of the secondary flow. The relationship of
the intensity of the secondary flow and numerical Nu is depicted
in Fig. 9. One can note from this figure that numerical Nu is
closely dependent on the absolute vorticity flux JABS

n . The trend is
clear, with increasing JABS

n , the numerical Nu increases for iden-
tical thermal boundaries, respectively. Obviously, the variety of
Nu with JABS

n for the conducting tape in perfect fitness with
�s /� f =56.6 cases is not as clear as in the nonconducting tape
cases, which resulted from the different fin contributions of the
tape to Nu under different tape thicknesses, as discussed in Ref.
�25�.

5.3 The Sensitivity of Heat Transfer Enhancement to Tube
Thermal Boundary Conditions. The numerical results are based
on the idealization of constant fluid properties; thus Nu does not
change with increasing Re at y=� �i.e., straight tape placed inside
the circular tube� with the same configuration under the laminar
flow condition. Herein we regarded it as a reference value to
calculate the ratio of Nu /Nuref and to scale the sensitivity of the
heat transfer enhancement to the tube thermal boundaries by using
the secondary flow. For � /D=0.05 cases, these reference values
and the ratio of Nu /Nuref are listed in Tables 2–5. For the same
tape thermal boundary, the ratio of Nu /Nuref for the UWT condi-
tion is higher than that for UHF, and the ratio of Nu /Nuref is

„Re=600, � /D=0.05… „a… UWT: y=�, „b… UHF: y=�, „c… UWT:
on
related to the tape thermal boundaries. The thermal contact resis-

AUGUST 2009, Vol. 131 / 081901-7
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tance considered for both the UWT and the UHF conditions does
not obviously change the ratio of Nu /Nuref with identical other
conditions. The better the thermal conduction in the tape is, the
smaller the ratio of Nu /Nuref is for both the UWT and the UHF
conditions.

The effect of twist ratio on the ratio of Nu /Nuref is presented in
Fig. 10�a�. The intensity of the secondary flow is closely depen-
dent on the twist ratio; with decreasing twist ratio, the intensity of
the secondary flow increases. One can note that, as the twist ratio
is increased, the ratio of Nu /Nuref decreases, as shown in Fig.
10�a�. The effect of Re on the ratio of Nu /Nuref is presented in
Fig. 10�b�. Re is the ratio of the inertial force to viscous force.
With increasing Re, the intensity of the secondary flow also is
enhanced, and the ratio of Nu /Nuref increases.

For the nonconducting tape, as shown in Fig. 10�a�, the ratio of
Nu /Nuref for the UWT condition is obviously higher than that for
the UHF; the difference in the ratio of Nu /Nuref between the two
cases does not change obviously with the changing twist ratio.
However, for the conducting tape with finite thermal conductivi-
ties ��s /� f =56.6 and 5.66� and with an assumption of no thermal
contact resistance between the tube wall and the tape, the differ-
ence becomes increasingly larger with decreasing twist ratio.
These trends also exist in other studied Re cases, as shown in
Tables 2–5. The comparison in this figure also indicates that the
difference in the ratio of Nu /Nuref between the two different ther-
mal boundaries is sensitive to the conduction in the tape.

For the nonconducting tape, as indicated in Fig. 10�b�, the ratio
of Nu /Nuref for the UWT is obviously larger than that for the
UHF when Re ranged from 400 to 800, and the difference in the
ratio of Nu /Nuref between the two cases does not obviously
change with increasing Re. For the conducting tape with finite
thermal conductivities ��s /� f =56.6 and 5.66� in perfect fitness
cases, the difference in the ratio of Nu /Nuref between the two
different tube thermal boundaries increases with increasing Re,
but it does not change greatly when Re�600.

The above discussion indicates that heat transfer enhancement
using secondary flow is strongly dependent on the thermal bound-
ary conditions of the tube wall, the conduction in the tape, and the
intensity of secondary flow; the efficiency of heat transfer en-
hancement is better when UWT is enforced than when UHF is
imposed, especially for the nonconducting tape cases.

ting tape in perfect fitness with �s /�f=56.6…

Re

300 400 500 600 800

.3981 1.5418 1.6649 1.7723 2.0658

.3061 1.4254 1.5387 1.6386 1.8083

.2473 1.3493 1.4440 1.5376 1.7072

.3839 1.5367 1.6388 1.7098 1.9203

.2814 1.4178 1.5354 1.6236 1.7358

.2238 1.3380 1.4392 1.5373 1.6658

ting tape in perfect fitness with �s /�f=5.66…

Re

300 400 500 600 800

.7105 1.8927 2.0345 2.1451 2.4503

.5955 1.7513 1.8949 2.0120 2.1880

.5220 1.6535 1.7785 1.8968 2.0897

.6690 1.8641 1.9881 2.0697 2.3129

.5251 1.7143 1.8641 1.9690 2.1002

.4422 1.6061 1.7435 1.8649 2.0180
ig. 9 Relationship of the intensity of secondary flow and nu-
erical Nusselt number: „a… UWT and „b… UHF
Table 2 Ratio of Nu/Nuref at �=0.05D „conduc

Thermal
boundary Nuref y 200 250

UWT 7.713 4.0 1.2500 1.3230 1
5.0 1.1915 1.2481 1
6.0 1.1556 1.2023 1

UHF 7.979 4.0 1.2234 1.2975 1
5.0 1.1726 1.2235 1
6.0 1.1512 1.1921 1
Table 3 Ratio of Nu/Nuref at �=0.05D „conduc

Thermal
boundary Nuref y 200 250

UWT 5.377 4.0 1.5193 1.6129 1
5.0 1.4472 1.5209 1
6.0 1.3996 1.4631 1

UHF 6.310 4.0 1.4415 1.5483 1
5.0 1.3701 1.4418 1
6.0 1.3421 1.3990 1
Transactions of the ASME
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5.4 The Effects of Secondary Flow on the Flow Boundary
ayer. The effects of twist ratio on the local distribution of ve-

ocity on the cross section normal to the main flow direction are
resented in Fig. 11. As shown in this figure, the twist ratio has a
mall effect on the distribution of the main flow velocity for the
tudied cases, which implies that the velocity boundary layer does
ot obviously change as the twist ratio ranged from 4.0 to 6.0, as
hown in Fig. 11�a�. However, the intensity of the secondary flow
i.e., the values of v� and vr are large, herein the vzm is the same
or different twist ratio cases� is closely dependent on the twist
atio, as shown in Figs. 11�b� and 11�c�, which determines the
ntensity of heat transfer enhancement.

The effects of Re on the local distribution of velocity on the
ross section normal to the main flow direction are presented in
ig. 12. As shown in Fig. 12�a�, Re has effects on the distribution
f the main flow velocity for the studied cases to some extent, but
he effects of Re on the velocity boundary layer near the tube wall
s also small, except for the region close to the twisted tape. As
ndicated in Figs. 12�b� and 12�c�, the effects of Re on the relative
ntensity of the secondary flow �i.e., the local distributions of
� /vzm and vr /vzm� are weaker compared with that of the twist
atio, as shown in Fig. 11�b� and 11�c�, but the intensity of the
econdary flow increases with increasing Re, which results in the
nhancement of heat transfer. These facts show that the heat trans-
er enhancement might not come from a change in the velocity
oundary layer; instead, they mainly come from the secondary
ow, even though it is smaller in amplitude than the main flow.

Conclusion
We numerically analyzed the sensitivity of convective heat

ransfer enhancement to thermal boundaries in a circular tube by
sing the secondary flow generated by twisted tape. In order to
ccount for the effects of conduction in the tape, several tapes
ith different conductivities are considered. The main points can

Table 4 Ratio of Nu/Nuref at �=0.05D „conduc
tact resistance between the tube wall and the
having 0.895% width of the tape �e /�f=5.66, in

Thermal
boundary Nuref y 200 250

UWT 7.492 4.0 1.2563 1.3280
5.0 1.1991 1.2550
6.0 1.1638 1.2102

UHF 7.949 4.0 1.2286 1.3021
5.0 1.1778 1.2280
6.0 1.1564 1.1966

Table 5 Ratio of Nu/Nuref at

Thermal
boundary Nuref y 200 250

UWT 4.720 4.0 1.7462 1.8350
5.0 1.6769 1.7494
6.0 1.6285 1.6937

UHF 5.745 4.0 1.5566 1.6574
5.0 1.5074 1.5618
6.0 1.4962 1.5387
ting tape with consideration of the thermal con-
tape, in the region in contact with the tube wall
another region of the tape, �s /�f=56.6…

Re

300 400 500 600 800

1.4016 1.5417 1.6593 1.7591 2.0311
1.3121 1.4292 1.5398 1.6356 1.7936
1.2545 1.3550 1.4480 1.5393 1.7012
1.3881 1.5405 1.6431 1.7121 1.9208
1.2854 1.4215 1.5359 1.6264 1.7375
1.2279 1.3416 1.4436 1.5403 1.6680
�=0.05D „nonconducting tape…

Re

300 400 500 600 800

1.9309 2.1170 2.2610 2.3705 2.6956
1.8208 1.9754 2.1237 2.2446 2.4212
1.7514 1.8793 2.0047 2.1275 2.3279
1.7869 1.9928 2.1319 2.2327 2.5454
1.6376 1.8381 1.9969 2.1149 2.2814
1.5649 1.7296 1.8706 1.9999 2.1811
e summarized as follows.

ournal of Heat Transfer
Fig. 10 Effects of twist ratio and Reynolds number on the ratio

of Nu/Nuref: „a… twist ratio and „b… Reynolds number
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�1� For fully developed laminar convective heat transfer, the
thermal conduction in the tape obviously affects the overall
heat transfer performance for the UWT condition, while
having a small effect on that for the UHF condition �except
for the y=� cases�, but it has great influence on the local
Nusselt number on the tube surface.

�2� Nu is closely dependent on the absolute vorticity flux JABS
n ;

with increasing JABS
n , the Nu increases for a given thermal

boundary condition. For different tape thicknesses, the dif-
ferent fin contributions of the tape to Nu will lead to a loose
connection between Nu and JABS

n .
�3� At the same conduction in the tape, when UWT is enforced

on the tube wall, the efficiency of heat transfer enhance-
ment is better than when UHF is imposed, especially for
the nonconducting tape, and that is closely dependent on
the intensity of the secondary flow. The ratio of Nu /Nuref
decreases with an increasing twist ratio while it increases
with an increasing Reynolds number. In addition, the dif-

Fig. 11 Effect of twist ratio y on the loca
normal to the main flow direction
ference in the ratio of Nu /Nuref between the UWT and

81901-10 / Vol. 131, AUGUST 2009
UHF conditions is strongly dependent on the conduction in
the tape and the intensity of the secondary flow. For the
nonconducting tape cases, the difference does not change
greatly with the changing twist ratio and Re, while for the
conducting tape cases, the difference becomes increasingly
large with decreasing twist ratio. On the other hand, with
the same twist ratio, the difference in the ratio of Nu /Nuref
between the two different tube thermal boundaries in-
creases with increasing Re, but it does not change greatly
when Re�600.

�4� In a circular tube fitted with twisted tape, the twist ratio
ranged from 4.0 to 6.0 and did not necessarily change the
main flow velocity boundary layer, while Re has effects on
the distribution of the main flow velocity to some extent in
the studied cases but has a strong effect on the shape of the
main flow velocity boundary layer near the tube wall only
in the small region, which is near the connection of tape

istribution of velocity on a cross section
l d
and tube.
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omenclature
A � area of cross section �m2�
cp � specific heat capacity �kJ / �kg K��
D � tube internal diameter, hydraulic diameter �m�
f � Fanning friction factor, f =�pD / �2�um

2 L�
h � convective heat transfer coefficient

�W / �m2 K��
H � twist pitch length �m�

JABS
n � absolute vorticity flux along the normal direc-

tion of cross section �s−1�
L � axial tube length �m�

Ltape � width of twisted tape �m�
n � normal direction of the cross section or wall

surface
Nu

Fig. 12 Effect of the Reynolds number on
section normal to the main flow direction
� Nusselt number, Nu=hD /�

ournal of Heat Transfer
p � static pressure �Pa�
Pr � Prandtl number, Pr=�cp /�
q � heat flux �W /m2�

Re � Reynolds number, Re=�umD /�
s � local coordinates �m�

Sw � swirl parameter defined in Eq. �30�
T � temperature �K�

ui, u, v, w � components of velocity vector �m/s�
vr, v�, vz � components of velocity vector �m/s�

u � velocity �m/s�
y � twist ratio of the twisted tape: y=H /D

xi, x, y, z � components of coordinates axes �m�

Greek Symbols
� � tape thickness �m�
� � relative error defined in Eq. �24�
	 � coordinate �m�
� � thermal conductivity �W / �m K��
� � viscosity Pa s
� � density �kg /m3�

e local distribution of velocity on a cross
th
AUGUST 2009, Vol. 131 / 081901-11
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� � dimensionless temperature
�p � pressure drop �Pa�

� � vorticity �s−1�
�, 
 � coordinates axes �m�

ubscripts
bulk � cross average value

e � equivalent value
f � fluid

in � inlet
local � local value

m � average value
out � outlet
ref � reference value

s � solid or tape
w � wall surface
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Characterization and Pool Boiling
Heat Transfer Studies of
Nanofluids
Copper nanoparticles with an average size of 10 nm are prepared by the sputtering
method and are characterized using different techniques, viz., X-ray diffraction spectrum,
atomic force microscopy, and transmission electron microscopy. The pool boiling heat
transfer characteristics of 0.25%, 0.5%, and 1.0% by weight concentrations of copper
nanoparticles dispersed in distilled water and in distilled water with 9.0 wt % of sodium
dodecyl sulfate (SDS) are studied. Also the data for the boiling of pure distilled water and
water with SDS are acquired. The above data are obtained using commercial seamless
stainless steel tube heater with an outer diameter of 9.0 mm and an average surface
roughness of 1.09 �m. The experimental results concluded that (i) critical heat flux
(CHF) obtained in water with surfactant nanofluids gives nearly one-third of the CHF
obtained by copper-water nanofluids, (ii) pool boiling heat transfer coefficient decreases
with the increase in the concentration of nanoparticles in water base fluids, and (iii) heat
transfer coefficient increases with the addition of 9.0% surfactant in water. Further
addition of nanoparticles in this mixture reduces the heat transfer coefficient. (iv) CHF
increases nearly 50% with an increase in concentration of nanoparticles in the water as
base fluid and nearly 60% in the water with surfactant as base fluid.
�DOI: 10.1115/1.3111260�

Keywords: nanofluids, copper nanoparticles, critical heat flux, sputtering, pool boiling,
and heat transfer coefficient
Introduction
Advances in the area of electronics, computers, nuclear energy,

ossil energy, etc., have motivated the efforts for research in the
rea of enhancement of boiling heat transfer coefficient over the
eated tubes �boiling is one of the most efficient means of heat
ransfer�. The distinctive approaches considered to enhance pool
oiling and critical heat flux �CHF� �1� are oxidation or selective
ouling of a heater surface to increase the wettability of the liquid,
ibration of heaters to promote the departure of bubbles from the
eated surface, coating or extended heater surface to increase the
eat transfer area, heater rotation to promote bubble departure
rom and liquid deposition onto the heater surface, fluid vibration
o promote bubble departure and liquid supply, and application of
lectric fields to promote bubble departure from the surface by
ielectrophoretic force to increase liquid renewal.
Besides, use of nanofluids is one of the promising methods. The

mall amount of solid particles of metals �average size of below
00 nm in diameter�, suspended with base fluids like water, eth-
lene glycol, engine oil, etc., constitutes nanofluids. Choi �2� and
astman et al. �3� prepared nanofluids by addition of particles
ith a size of 50 nm with base fluids and reported that the thermal

onductivity of fluid increased by 40% and faced problem of sedi-
entation, abrasion, and clogging owing to their large size �1,4�.
The main factor for the enhancement of thermal conductivity of

uid is the increase in the surface area by the addition of nano-
articles; also interactions and collisions among the particles in-
rease the mixing fluctuation and turbulence of the fluid, as ex-
lained by Xuan and Li �4�. Das et al. �5� determined that
anofluids containing Al2O3 particles deteriorate boiling heat
ransfer. Vasallo et al. �6�, using SiO2 based nanofluid, showed

Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received October 6, 2008; final manuscript re-
eived March 4, 2009; published online June 5, 2009. Review conducted by Patrick

. Phelan.

ournal of Heat Transfer Copyright © 20
that the CHF was significantly increased due to deposition of
silica over the heating surface, which increased the nucleation site
density on the heated surface. However, the enhancement of CHF
could not be quantified. Bang and Chang �7� found that the en-
hancement was nearly 32% and 13% for horizontal and vertical
surfaces in a pool of water at high heat flux using alumina nano-
particle with water, which was in agreement with the findings of
Vasallo et al. �6�, which was due to change in surface roughness.

In fact, most of the experimental studies were related to CHF of
nanofluids containing Al2O3 and SiO2. Further, most of the work
was carried out over either a small diameter wire �2,3,6,8,9� or
tubes having diameter of less than 20 mm �5� with the average
size of the nanoparticles around 20–50 nm.

In order to understand the general behavior of nanofluid, it is
imperative to investigate the boiling heat transfer of other nano-
fluids as well. Therefore, an experimental investigation has been
carried out to study the pool boiling of nanofluid over a horizontal
tube with different concentrations of copper in water and copper
in water with a surfactant.

2 Preparation and Characterization of Nanofluids
The copper nanoparticles for the present investigation are gen-

erated using high pressure dc-magnetron sputtering process
wherein the impact of an atom or ion on a surface produces sput-
tering of material from the surface due to momentum transfer.
Unlike many other vapor phase techniques there is no melting of
material in this process. The sputtering target is a pure copper disk
of 50 mm diameter and 5 mm thickness. Cooling the substrate is
done by continuously supplying liquid nitrogen, and the tempera-
ture is maintained around 100 K and the pressure was 10 mT of
argon gas. Before the sputtering process started, the sputtering
chamber has been maintained at a base pressure of 500 �Torr.

2.1 X-Ray Diffraction Spectra of Copper Nanoparticle. It

is found that the copper nanoparticles are almost oriented with

AUGUST 2009, Vol. 131 / 081902-109 by ASME
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iller indices of �111�. The average size of the particles is deter-
ined by the following Scherrer formula �10� and is 10 nm:

t =
0.9�

B cos �
�1�

Figure 1 depicts the X-ray diffraction �XRD� spectra of copper
anoparticles taking intensity, i.e., count of nanoparticles of ab-
cissa and 2� as ordinate. The atomic structure of majority of
articles lies on the Miller indices of �1,1,1� and small amount of
articles on the Miller indices of �2 0 0�. It is also found that the
opper nanoparticles remained in pure copper state after genera-
ion.

2.2 Atomic Force Microscopy Examination. Atomic force
icroscope in semicontact mode has been used to characterize the

anoparticles. Figure 2�a� shows that eight to ten nanoparticles
easuring 100 nm are agglomerated and distributed over the glass

ubstrate mounted inside the chamber during sputtering at 100 K.
he �1,1,1� orientation of copper nanoparticles shows that they are

Fig. 1 Variation in intensity with angle of diffraction
Fig. 2 „a… AFM picture of copper nanoparticles and „b

81902-2 / Vol. 131, AUGUST 2009
pure copper particles with a face-centered cubic �fcc� having an
average size of 10–20 nm. No significant change in the particle
size has been found by XRD at 100 K. However, the overall
particle size shown by atomic force microscopy �AFM� is much
higher as compared with that calculated from XRD because of the
fact that the XRD gives the average mean domain size while AFM
shows agglomeration of the particles. The XRD and AFM data
can be reconciled by the fact that smaller primary particles have a
larger surface free energy and would, therefore, tend to agglom-
erate faster and grow into larger grains. Figure 2�b� shows the
variation in particle size when calculated from the AFM picture
and plotted against the percentage volume. It shows that majority
of particles come under the range of 20–40 nm due to agglomera-
tion of particles.

2.3 Transmission Electron Microscopy Examination. The
reason for using copper nanofluid �water base� for boiling heat
transfer studies is that it has superior heat transfer characteristics,
stability, and uniformity. Nanofluids are found to be inert chemi-
cally with the base fluid, i.e., water. In order to ensure a stable and
uniform suspension of nanoparticles in base fluid, the dispersed
solution is subjected to vibration in an ultrasonic bath for 10 h,
during which it is observed that there is an increase in the solution
temperature, nearly 40°C above room temperature. Three differ-
ent mass concentrations of copper nanofluids are prepared for the
experiments by controlling the amounts of the particles in two
different base fluids, i.e., water and water with 9.0% SDS anionic
surfactant.

A high resolution transmission electron microscopy �TEM� is
used to analyze the size and morphology of the nanoparticles.
Figures 3�a� and 3�b� show the copper nanoparticles dispersed in
the base fluid of water and its polycrystalline diffraction pattern,
respectively. It has been approximated that the average size of
these particles is 10 nm and is dispersed in water evenly even after
10 h of ultrasonic vibration. However, some of the particles ag-
glomerate and form cluster due to the intermolecular attractive
force, the average size of which is not more than 20 nm.

2.4 Physical Properties of Nanofluid. The physical proper-
ties of copper nanofluid can be determined using analytical meth-
ods �1,2,4�, which depend on the size and shape of the nanopar-
… variation in particle size with percentage volume
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icle and the involvement of surface molecules in heat transfer
rocess. The shape and size of the particles are affected by the
gglomeration. The flow phenomenon of a liquid-solid solution
epends on the hydrodynamic force acting on the surface of solid
articles. The following conversion formula has been used to
ompute the exact volume of nanoparticles:

�v =
1

�1 − �m

�m
��p

� f
+ 1

�2�

From Eq. �2� the density of the nanofluid is derived, and the
elation for heat capacity is �4�

� = � f�1 − �v� + �p�v �3�

�Cp = � fCpf�1 − �v� + �pCpp�v �4�
Applying the Hamilton and Crosser �11� model to copper nano-

articles in water, the effective thermal conductivity of the
opper-water nanofluid is estimated by the following equation �1�:

k

kf
� 1 + n�v �5�

here n=3 /�, and � is the sphericity of the particle, defined as
he ratio of the surface area of a sphere with a volume equal to
hat of the particle to the surface area of the particle. And n is the
mpirical shape factor. For spherical shape the sphericity value
ound by them was 0.3 and for the other shapes the n value is
aried from 0.5 to 6.0.
Equation �5� is applicable only when there is significant in-

rease in thermal conductivity with temperature. The effect of
article volume fraction and sphericity on the thermal conductiv-
ty ratio for a copper-water system is shown in Fig. 4. The sphe-
icity of copper nanoparticles is 0.3; the thermal conductivity of
ater is enhanced by a factor of 1.003 at the low nanoparticle

ig. 3 TEM photographs of water-copper nanofluid: „a… disper-
ion of copper particles in water and „b… diffraction pattern

ig. 4 Variation in thermal conductivity ratio with concentra-

ion of nanoparticles

ournal of Heat Transfer
weight fraction of 0.25%. This finding demonstrates that the cop-
per nanoparticles are capable of increasing the thermal conductiv-
ity of water.

The following equation can be used for the prediction of vis-
cosity of the nanofluid, as suggested by Brinkman �12�:

� = � f�1 + 1.25�v� �6�
Using the above equations, the thermophysical properties of cop-
per nanofluids for various concentrations of copper nanoparticles
in water have been determined and are shown in Table 1.

3 Experimental Setup and Procedure for Boiling Heat
Transfer Studies

The schematic of pool boiling experimental setup is shown in
Fig. 5, consisting of test-vessel �7� fabricated with a stainless steel
sheet of 3 mm thickness. The vessel has a rectangular cross sec-
tion of 100�126 mm2 and the height of 180 mm. In order to
view the boiling of nanofluid inside the vessel, one of the longer
sides of the vessel is fitted with a plain glass having 130 mm
height, 70 mm width, and 5 mm thickness. The adjacent side of
which is fitted with a sight glass �11� of 60 mm diameter for
providing light into the test-vessel. The opposite side to the light
is covered with a Teflon plate �2� to hold the test-section tube, i.e.,
test heater �10�. The pressure gauge �4�, drainage nut �13�, and
pipe lines for condenser �6� are mounted on the top of the vessel.
The test-section tube �commercially available� is 115 mm long
seamless stainless steel tube having inner diameter of 9.0 mm and
wall thickness of 0.8 mm. One end of the tubes is plugged by a

Table 1 Major properties of nanofluids

Copper nanofluid 1 2 3

�m �%� 0.2500 0.5000 1.0000
�v �%� 0.0280 0.0560 0.1130
� /� fo 1.0020 1.0040 1.0090
Cp /Cpo 0.9980 0.9960 0.9830
k /ko 1.0026 1.0056 1.0113
� /�o 1.0007 1.0014 1.0028
Fig. 5 Pool boiling experimental setup
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hin copper circular disk of diameter 9.0 mm. A preheater �12� is
sed in the bottom side of the vessel for initial heating of nano-
uid. The schematic of the test-section tube is shown in Fig. 6.
The inner surface temperature of the test-section tube is mea-

ured using four ‘T’ type thermocouples placed at the top, bottom,
nd on either sides of the heater tube at the middle of the length.

water cooled condenser �6� having helical copper tube of 6.0
m diameter is installed on the top portion of the vessel to con-

ense and drain back the vapor generated during experimentation.
he heating power is supplied to the test-section tube through a
0 kV A capacity step down transformer connected with dimmer
tat for varying voltages.

The outer wall surface temperature of the heater tube at differ-
nt locations Tw is determined by the following conduction equa-
ion:

Tw = Tin − �q ln� ro

ri
�

2�kL
	 �7�

here Tin is the average of inner surface temperatures measured
y the thermocouples placed at different locations, which is given
y the following equation:

Tin =
Tt + Ts1 + Ts2 + Tb

4
�8�

here t, b, s1, and s2 are the locations of thermocouples at the
op, bottom, and side positions, respectively. After determining the
verage outer surface temperature of the test-section tube, the av-
rage boiling heat transfer coefficient is evaluated using the fol-
owing equation:

h =
q

Tw − Ts
�9�

To begin the experiment, first, the cooling water supply to the
ondenser is switched on. The test-section is thermally stabilized
y submerging the test-section in a pool of distilled water and
eating the test-section for 12 h at a heat flux of 500 kW /m2.
hen the power to the heater is switched off, and the test-section

s cooled down for another 12 h. In order to conduct the experi-
ent, first, the preheater is switched on so that the temperature of

he test fluid increases and is maintained at saturation temperature
t the lowest heat flux of 50 kW /m2. Initially, steam is allowed to
ass through the vent to remove any dissolved gases in the test
uid and in the test-vessel. The vent is then closed and the test-

iquid is boiled with tube heater at the heat flux of 50 kW /m2

ntil the steady state is reached. The heat flux is then increased up
o critical heat flux in steps of 50 kW /m2. The data are acquired
uring steady state in each step. Thus, experiments are performed
rst for the boiling of water by varying heater heat flux from
0 kW /m2 to just before the burn-out level in steps of
0 kW /m2. The entire test is performed under atmospheric pres-
ure. After the experiment, the pure water is replaced by the mix-
ure of water and surfactant, and data are again acquired for the
eat flux starting from 50 kW /m2 to the CHF level. Similarly,

Fig. 6 Schemati
ata are acquired for the pool boiling of nanofluids with water

81902-4 / Vol. 131, AUGUST 2009
containing 0.25%, 0.5%, and 1.0% of copper nanoparticles by
weight. The data are also acquired for the nanofluids containing
1.0% of copper by weight in the water and 9.0% surfactant mix-
ture. The CHF for a test-section is the heat flux at which there is
a rapid increase in surface temperature of the test-section. Hence
all the data are acquired until this value to avoid the physical
burn-out of the heater. After conducting experiment on each test
fluid, the vessel and heater surfaces are cleaned with a water jet to
ensure complete removal of nanoparticles from the system.

Although all precautions are taken to minimize the errors in
experimentation, yet some errors are likely to creep. The error in
measurement depends on the accuracy of the measuring instru-
ments. Uncertainty analysis is carried out in the method of Kline
and McClintock �13�, which yields 0.24% for area, 0.43% for the
heat energy supplied to the test surface, 0.49% for heat flux,
0.83% for outer wall temperature, 0.21% for inner wall tempera-
ture, and 4.62% for average heat transfer coefficient.

4 Results and Discussion
The data obtained from the boiling of distilled water over a

plain horizontal tube have been analyzed in order to check the
integrity of the experimental setup. These data shall also be used
as reference data to assess the pool boiling characteristics of nano-
fluids. The results for the pool boiling of water have been com-
pared with those predicted by Cornwell–Houston �14� correlation
since it had good agreement with this model, given by the follow-
ing equations:

Nu = 9.7Pc
0.5Fp Re0.67 Pr0.4 �10�

Fp = 1.8Pr
0.17 + 4Pr

1.2 + 10Pr
10 �11�

where the pressure ratio Pr=P / Pc. Figure 7 shows the relation
between experimental heat transfer coefficient and the predicted
value. The agreement between them establishes the integrity of
experimental setup. The data are acquired at different time inter-
vals. Almost all the experimental data have remained in an error
band of 	15%.

The properties and behavior of nanofluids depend on a number
of parameters including the properties of the base liquid and the
dispersed phases, particle concentration, particle size, as well as
the presence of dispersants or surfactants �15�. The boiling heat
transfer of nanofluid is expected to be higher than that of water
due to the fact that the thermal conductivity of the nanofluid is
more than that of water. Figure 8 shows that for a given wall
superheat of test-section the boiling heat transfer of nanofluids is
lower than that for pure water as revealed by the right shift of
boiling curve of pure water as the concentration on nanoparticles
increases in the base fluid, i.e., water. This shows that the boiling
heat transfer decreases with an increase in nanoparticle concentra-
tion. A possible reason for this shift may be the filling up of tube
surface cavities by nanoparticles, thus reducing the number of
nucleation sites on the test-section tube surface.

Although at a given wall superheat the heat flux for nanofluid is
lower, the CHF is found to be higher. The CHF of nanofluids for

f the heater tube
c o
different concentrations of copper is given in Table 2.
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Figure 9 shows that the influence of nanoparticles on boiling
eat transfer coefficient is negligible for lower heat flux. But at
igher heat flux the heat transfer coefficient reduces with an in-
rease in the concentration of nanoparticles. This is due to the fact
hat at low heat flux only large cavities are activated. At higher

ig. 7 Graph between experimental heat transfer coefficients
ith predicted heat transfer coefficient

Fig. 8 Variation in heat flux with wall superheat

Table 2 CHF values for water and copper nanofluids

. No Test fluid
CHF

�MW /m2� % increased

1 Water 1.070 -
2 0.25 wt % Cu-water nanofluid 1.160 8
3 0.5 wt % Cu-water nanofluid 1.450 36
4 1 wt % Cu-water nanofluid 1.592 49
5 Water with surfactant 0.224 -
6 1 wt % Cu-water-surfactant nanofluid 0.358 59
ournal of Heat Transfer
heat fluxes the smaller cavities are also activated for the boiling of
pure water, but for nanofluid, these cavities are filled with nano-
particles, thus reducing the heat transfer coefficient.

In fact, the boiling phenomenon occurs in the three distinct
regimes, viz., nucleate pool boiling, discrete bubble regime, and
coalesced bubble regime. With the onset of nucleate boiling and at
heat flux higher than 400 kW /m2, more nucleation sites are acti-
vated on the heater surface. Similar phenomenon is observed by
Bang and Chang �7� using Al2O3 nanofluid with water. However,
they achieved the onset of nucleate boiling at the heat flux of
100 kW /m2. This may be due to the varied heat transfer charac-
teristics of nanofluid and surface roughness of the heating surface.

The boiling curves obtained are in a similar trend with Liu et al.
�16�. They determined CHF of water-CuO nanofluids under dif-
ferent pressures with an increase in concentration from 0.1% to
2.0% and observed that the increase in CHF was due to the coat-
ing of nanoparticles over the heating surface. In the present work
also a thin, smooth block coating layer is found over the heating
surface after experimentation. This phenomenon changes the sur-
face roughness of the test-section. The change in surface rough-
ness before and after pool boiling experiments is found by using
optical surface profilometer; the microphotographs are given in
the Appendix.

The critical heat flux enhancement of nanofluids is nearly 73%
for stainless steel wire with Al2O3, ZrO2, and SiO2 nanofluids �8�.
The estimated surface roughness factor is 5.6 for alumina nano-
fluids �8�, which is greater than unity. In the present investigation,
the CHF enhancement is nearly 50%, and the surface roughness
factor is 3.9 for 1.0% by weight copper nanofluids. The enhance-
ment in CHF is due to the increase in effective contact area by
deposition of nanoparticles over the heating surface. The nanopar-
ticles generate a nanoporous layer on the test-section tube surface,
thus reducing the contact angle between the fluid and heater sur-
face �9�. Further, the existence of sorption layer enhances the trap-
ping of liquid in the nanoporous sorption layer and prevents the
vapor blanket formation. Therefore, the CHF increases with in-
creasing sorption layer thickness at the low particle concentration
range. When the particle concentration exceeds a certain value,
the sorption layer thickness would not increase and therefore the
CHF does not increase. Figure 10 shows the enhancement of criti-
cal heat flux with concentration of the nanoparticles in the water.
Adaptation of the heater surface by the nanoparticle surface coat-
ing is dependent on the particle concentration of the nanofluids. In

Fig. 9 Variation in heat flux with heat transfer coefficient
the case of nanofluids with the low particle concentration of
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.25 wt %, the heating surface displays only a nominal change.
owever, as the concentration is increased, surface deposition of

he nanoparticles is thickened and more microsized structures are
ormed on the heating surface. A similar phenomenon was also
eported by Kim et al. �8� in their experiments of water-TiO2
anofluids under atmospheric pressure.
Properties of nanofluids, as given in Table 1, show that the

hermal conductivity of water can be enhanced by a factor of
.003 with a low nanoparticle concentration of 0.25% by weight.
he most obvious reason behind the increase in thermal conduc-

ivity is the increased surface area due to particle size reduction.
owever, other factors are Brownian motion, interfacial liquid

ayering, ballistic transportation of energy carriers within nanopar-
icles, and formation of nanoparticle structure through fractal,
lustering, and networking. It is observed that the heated surface,
fter the boiling tests, is smooth with metallic brilliancy and
lightly oxidized. It is also observed that there exists a thin sorp-
ion or porous layer on the surface formed by nanoparticles. This
as confirmed by the surface roughness test discussed in the Ap-
endix. The sorption layer on the copper surface would decrease
ctive nucleation sites and the contact angle �17�. Less active
ucleation and the contact angle would delay the inception of
oiling and generation of fewer bubbles at a given heat flux. In
ddition, the sorption layer increases the heat resistance between
he metal surface and nanofluid.

Xuan and Li �4� found that the addition of SDS anionic surfac-
ant �9.0% by weight�, in water-nanoparticles, prevents the ag-
lomeration and provides stable nanofluids for a longer time. In
he present investigation also, no settlement has been found for
he nanofluids with 9.0% surfactant even 36 h after the process of
ltrasonic vibration. In fact, the surfactant behaves like an inter-
acial shell between the nanoparticles and base fluids. With the
ddition of surfactant to water the nucleate boiling curve shifts to
he left, indicating enhancement in heat transfer. Surfactant modi-
es the surface tension and wettability of fluids, influencing boil-

ng heat transfer in a significant manner �18–20�. In comparison to
hat of pure water, the boiling performance is enhanced signifi-
antly by the addition of surfactant, with an early onset of nucle-
te boiling. In fact, the enhancement in heat transfer is due to an
arly incipience, followed by a rapid departure of smaller-sized,
egularly shaped bubbles from the heater surface in addition to an
ncrease in the number of active nucleation sites. This is due to the
act that surfactant decreases the dynamic surface tension and in-
reases the wettability of the surface �21�. The similar phenom-
non has also been observed by Wasekar and Manglik �18�. The

ig. 10 Increase in critical heat flux with concentration of
anoparticles
eat transfer coefficient of pure water has been found to be in-

81902-6 / Vol. 131, AUGUST 2009
creased up to 38% for a given heat flux because of the influence of
surfactant. It is observed that irrespective of the presence of sur-
factants the heat transfer coefficient decreases in the copper-water
nanofluid with an increase in the concentration of nanoparticles.

Figure 11 shows the variation in heat flux with wall superheat
for pure water, water with surfactant, and nanofluid, which shows
that the critical heat flux increases with an increase in the nano-
particle concentrations in water and water-surfactant as base fluid,
but the values of CHF obtained in the case of water-surfactant
nanofluids are nearly one-third of the nanofluids with water as
base fluid. This is due to the unsteady porous agglutination for-
mation over the heater surface due to surfactants, similar to Liu
and Liao’s �22� observations. The CHF obtained in the surfactant
nanofluids is given in Table 2, and the maximum CHF percentage
increase is 59% for the nanofluid of 1.0% by weight concentration
of copper in comparison with water-surfactant nanofluid. Figure
12 shows that the heat transfer coefficient decreases with an in-
crease in concentration of nanoparticles in water-surfactant nano-

Fig. 12 Comparison between heat flux and heat transfer coef-

Fig. 11 Comparison of nanofluids with pure water and water
with surfactant
ficient of nanofluids with pure water and water with surfactant
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uids, but when compared with water the heat transfer coefficient
s always higher for a given heat flux. Therefore, the increase in
eat transfer coefficient in the surfactant nanofluids is only due to
he presence of surfactant, not due to the addition of nanoparticles.

Figure 10 shows the decrease in CHF with an increase in con-
entration of nanoparticles in copper-water nanofluid with 9.0%
urfactant. However, with the increase in the concentration of
anoparticles the CHF increases and attains the highest value at
.0% concentration of copper nanoparticles, which is only 34% of
hat of pure water. This is due to the early departure of bubbles
rowing in the water-surfactant nanofluids, which increases the
ettability of the surface and decreases the dynamic surface ten-

ion �20�.

Conclusions
The CHF of nanofluids for boiling over a horizontal test-section

ube increases as the concentration of copper nanoparticles in the
ase fluid increases. The highest enhancement when compared
ith pure water is found to be 50% corresponding to a weight

oncentration of 1.0%. In the case of nanofluids containing sur-
actant, it has been found that the CHF enhancement is 60% cor-
esponding to a weight concentration of 1.0% of water and 9.0%
f surfactant.
Copper nanoparticles cause a decrease in pool boiling heat

ransfer coefficient with water as base fluid. The heat transfer
oefficient decreases as the concentration of nanoparticle in-
reases. However, for the water with 9.0% surfactant, the heat
ransfer coefficient increases by 30% for a given heat flux. This is
urely due to the reduction in surface tension of water by surfac-
ant.

Surface characteristics of the heater surface obtained after pool
oiling CHF tests revealed that CHF enhancement of nanofluids is
losely related to the surface microstructure and enhanced topog-
aphy resulting from the deposition of nanoparticles on the tube
urface. After boiling experiments with 1.0 wt % concentration,
anofluids show an increase in the surface roughness factor of
.87.

omenclature
A 
 heated surface area=�DL, m2

B 
 full width at half maximum �FWHM� intensity,
rad

Fig. 13 Surface roughness of the heat
C 
 surface-liquid combination factor

ournal of Heat Transfer
D 
 diameter, m
I 
 electric current, A
L 
 length, m
P 
 pressure, bar
Pr 
 Prandtl number
Ra 
 roughness parameter, �m

Reb 
 boiling Reynolds number, �=qD /� fhfg�
Rq 
 roughness parameter, �m
V 
 voltage, V
h 
 heat transfer coefficient, kW /m2 K
k 
 thermal conductivity, kW /m K
q 
 heat flux, kW /m2

ri 
 inner radius of the heater tube, m
ro 
 outer radius of the heater tube, m
t 
 size of the nanoparticle, nm

Greek Symbols
� 
 fraction, %
� 
 density, kg /m3

� 
 surface tension, Pa m
� 
 dynamic viscosity, Pa s
� 
 maximum angle of reflection at which maxi-

mum intensity, in deg
� 
 wavelength of the X-ray target �for copper it is

1.54 Å�

Subscripts
b 
 boiling
c 
 critical
f 
 fluid
g 
 vapor
m 
 mass
p 
 particle
v 
 volume
w 
 wall

Appendix
The literature review reveals that increased surface roughness

gives better heat transfer at a given wall superheat �22–24�. Webb
and Pais �25� also showed the enhancement of boiling heat trans-
fer coefficient of refrigerants by increasing the surface roughness
of heaters. The surface characteristic of the stainless steel tube

„a… before boiling and „b… after boiling
er:
heater was studied using an optical profilometer. Figure 13 shows

AUGUST 2009, Vol. 131 / 081902-7
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3D interactive display picture of surface roughness of the heater
ith a magnification of 10.43 in vertical scanning interferometry

VSI� measurement mode. The average surface roughness of the
eamless stainless steel tube heater was found to be 1.09 �m
efore conducting the boiling experiment and 571.66 nm after
oiling experiments. The average and root mean square values of
urface roughness of the heater before and after the boiling ex-
eriments for various positions of the heater are given in Table 3.
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Magnetohydrodynamic
Convective Heat and Mass
Transfer Flow Due to a Rotating
Disk With Thermal Diffusion
Effect
Considering the importance of mass transfer in a magnetohydrodynamic (MHD) convec-
tive flow, a numerical solution is obtained for a steady three-dimensional MHD convec-
tive mass transfer flow in an incompressible fluid due to a rotating disk with thermal
diffusion. The governing partial differential equations of the MHD convective mass trans-
fer flow are reduced to nonlinear ordinary differential equations by introducing suitable
similarity transformations. The nonlinear similarity equations are then solved numeri-
cally by Nachtsheim–Swigert iteration technique. The results of the numerical solution
are then presented graphically in the form of velocity, temperature, and concentration
profiles. The corresponding skin-friction coefficients, the Nusselt number, and the Sher-
wood number are also calculated and displayed in tables showing the effects of various
parameters on them. A good comparison between the present numerical predictions and
the previously published data (Sparrow, and Gregg, 1959, “Heat Transfer From a Ro-
tating Disk to Fluids of Any Prandtl Number,” ASME J. Heat Transfer, 8, pp. 249–251;
Benton, 1966, “On the Flow Due to a Rotating Disc,” J. Fluid Mech., 24, pp. 781–800)
has been achieved. �DOI: 10.1115/1.3089555�
Keywords: MHD flow, heat and mass transfer, thermal diffusion, rotating disk
Introduction
The flow in the neighborhood of a rotating disk is of great

ractical importance, particularly in an infinite environment or in
housing, computer disk drives �see Ref. �1��, and film conden-

ation �see Ref. �2��. In some applications, where the rotating
bject is a candidate for over heating and limitations exist on the
llowable rotational speed, further heat removal is feasible by
eans of jet impingement. This is also a common cooling tech-

ique for some transmission gearing, where the mechanism bear-
ngs are subject to impingement, creating a complex but powerful
ow capable of increasing heat transfer considerably. Interest in

his subject has increased considerably over the past 20 years, and
ajor gas-turbine manufacturers in Europe, the United States, and

apan are currently funding a large number of research projects.
he solution of the Navier–Stokes equations is furnished by the
ow around a flat disk, which rotates about an axis perpendicular

o its plane with uniform angular velocity �, in a fluid otherwise
t rest. The layer near the disk is carried by it through friction and
s thrown outwards, owing to the action of centrifugal forces. This
s compensated by particles, which flow in an axial direction to-
ard the disk, to be in turn carried and ejected centrifugally. Thus

he case is seen to be one of fully three-dimensional flows. The
roblem of flow over a rotating disk has a long history, with von
àrmàn �3� originally describing similarity transformations that
nable the Navier–Stokes equations for an isothermal imperme-
ble rotating disk to be reduced to a system of coupled ordinary
ifferential equations. Later, Cochran �4� obtained more accurate
esults by patching two series expansions. It is found that the disk
cts like a centrifugal fan, the fluid near the disk being thrown
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radially outwards. This, in turn, impulses an axial flow toward the
disk to maintain continuity. Benton �5� improved Cochran’s solu-
tion and extended the hydrodynamics problem to flow starting
impulsively from rest. Subsequently comprehensive studies have
been carried out on rotating disk flow by many researchers, some
of them are Refs. �2,6–14�. Recently Maleque and Sattar �14�
considered an implicit finite difference solution for an unsteady
convective incompressible magnetohydrodynamic �MHD� flow
due to an infinite rotating disk, taking into account heat absorption
effect. More recently, the effects of variable properties and Hall
current on steady MHD laminar flow of a compressible electri-
cally conducting fluid on a porous rotating disk have been studied
by Maleque and Sattar �15,16�.

The effects of thermal diffusion on MHD convection of mass
transfer flows have been considered by many investigators due to
its important role, particularly in isotope separation and in mix-
tures between gases with very light molecular weight �H2 and He�
and medium molecular weight �N2 and air� �17�. Considering
these aspects, many papers have been published on the effects on
thermal diffusion on MHD convective and mass transfer flow.
Some of them are Refs. �18–20�. Recently Sattar and Alam �21�
obtained an analytical solution on the free convection and mass
transfer flow with thermal diffusion. Very recently Maleque and
Sattar �22� obtained the numerical solution of MHD free-
convective and mass transfer flow over an infinite vertical porous
plate with thermal diffusion effects. Considering the importance
of thermal diffusion of a MHD convective and mass transfer flow,
in the present study a numerical solution is obtained for a steady
three-dimensional MHD convective heat and mass transfer flow in
an incompressible fluid due to a rotating disk with thermal diffu-
sion. The governing partial differential equations of the MHD
convective mass transfer flow are reduced to nonlinear ordinary
differential equations by introducing suitable similarity transfor-
mations. The nonlinear similarity equations are then solved nu-

merically by Nachtsheim–Swigert �23� iteration technique. The

AUGUST 2009, Vol. 131 / 082001-109 by ASME
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esults of the numerical solution are then presented graphically in
he form of velocity, temperature and concentration profiles. The
orresponding skin-friction coefficients, the Nusselt number and
he Sherwood number, are also calculated and displayed in tables
howing the effects of various parameters on them.

Governing Equations
Steady axially-symmetric incompressible flow of a homoge-

eous electrically conducting fluid with heat and mass transfer
ue to an infinite rotating disk has been considered, assuming that
he fluid is infinite in extent in the positive z-direction. The disk
otates with constant angular velocity � and is placed at z=0,
here z is the vertical axis in the cylindrical coordinates system,
ith r and � as the radial and tangential axes, respectively. The

omponents of the flow velocity are �u ,v ,w� in the directions of
ncreasing r, �, and z, respectively, the pressure is P, and the
ensity of the fluid is �. T and C are the fluid temperature and
oncentration, respectively, and instantaneously the temperature
f the surface of the rotating disk and concentration are raised to
w and Cw, respectively, which are hereafter maintained constant.
ar away from the surface, the freestream is kept at a constant

emperature T�, at a constant concentration C�, and at a constant
ressure P�. The fluid is assumed to be Newtonian, viscous, and
lectrically conducting. The external uniform magnetic field is
pplied perpendicular to the surface of the disk and has a constant
agnetic flux density B0, which is assumed unchanged by taking

mall magnetic Reynolds number �Rem�1�. In addition, no elec-
ric field is assumed to exist and the Hall effect is negligible.

The physical model and geometrical coordinates are shown in
ig. 1. Due to axial symmetry, incompressible MHD laminar flow
f a homogeneous fluid satisfies the following continuity, Navier–
tokes, energy, and mass equations:

�u

�r
+

u

r
+

�w

�z
= 0 �1�

u
�u

�r
−

v2

r
+ w

�u

�z
+

�B0
2

�
u +

1

�

�p

�r
= �� �2u

�r2 +
1

r

�u

�r
−

u

r2 +
�2u

�z2�
�2�

u
�v
�r

+
uv
r

+ w
�v
�z

+
�B0

2

�
v = �� �2v

�r2 +
1

r

�v
�r

−
v
r2 +

�2v
�z2� �3�

u
�w

+ w
�w

+
1 �p

= �� �2w
2 +

1 �w
+

�2w
2 � �4�

Fig. 1 The flow configuration and the coordinate system
�r �z � �z �r r �r �z
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�cp�u
�T

�r
+ w

�T

�z
� = �� �2T

�r2 +
1

r

�T

�r
+

�2T

�z2 � �5�

�u
�C

�r
+ w

�C

�z
� = DM� �2C

�r2 +
1

r

�C

�r
+

�2C

�z2 �
+

DMkT

TM
� �2T

�r2 +
1

r

�T

�r
+

�2T

�z2 � �6�

where � is the thermal conductivity of heat, � is the electrical
conductivity, cp is the specific heat with constant pressure, DM is
the molecular diffusivity, TM is the mean fluid temperature, and kT
is the thermal diffusion ratio.

Appropriate boundary conditions for the present problem are
given by

u = 0, v = �r, w = 0, T = Tw, and C = Cw at z = 0

�7�

u → 0, v → 0, T → T�, C → C�, P → P� as z → �

3 Mathematical Formulations
To obtain the nondimensional form of the above equations, we

now introduce the following dimensionless variables:

R1 =
r

L
, Z1 =

z

L
, U =

u

�L
, V =

v
�L

, W =
w

�L

P =
p − p�

��2L2 , �1 =
�

�L2 , T̄ =
T − T�

Tw − T�

, C̄ =
C − C�

Cw − C�

in Eqs. �1�–�5�. We thus obtain the following dimensionless equa-
tions:

�U

�R1
+

U

R1
+

�W

�Z1
= 0 �8�

U
�U

�R1
−

V2

R1
+ W

�U

�Z1
+ MU +

�P

�R1

= �1� �2U

�R1
2 +

1

R1

�U

�R1
−

U

R1
2 +

�2U

�Z1
2� �9�

U
�V

�R1
+

UV

R1
+ W

�V

�Z1
+ MV = �1� �2V

�R1
2 +

1

R1

�V

�R1
−

V

R1
2 +

�2V

�Z1
2�
�10�

U
�W

�R1
+ W

�W

�Z1
+

�P

�Z1
= �1� �2W

�R1
2 +

1

R1

�W

�R1
+

�2W

�Z1
2� �11�

U
�T̄

�R1
+ W

�T̄

�Z1
=

�1

Pr
� �2T̄

�R1
2 +

1

R1

�T̄

�R1
+

�2T̄

�Z1
2� �12�

U
�C̄

�R1
+ W

�C̄

�Z1
=

�1

Sc
� �2C̄

�R1
2 +

1

R1

�C̄

�R1
+

�2C̄

�Z1
2�

+ �1 So� �2T̄

�R1
2 +

1

R1

�T̄

�R1
+

�2T̄

�Z1
2� �13�

where length scale L disappears on simplification in dimension-
less equations, M =�B0

2 /�� is the magnetic interaction parameter,
which represents the ratio of the magnetic force to the fluid inertia
force, Pr= ���cp� /� is the Prandtl number, Sc=� /DM is the
Schmidt number, and So= �	TDMkT� / ��	CTM� is the Soret num-
ber, where 	T=Tw−T� and 	C=Cw−C�.
The boundary condition �7� is obtained as
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U = 0, V = R1, W = 0, T̄ = 1.0, C̄ = 1 at Z1 = 0

�14�

U = 0, V = 0, T̄ = 0, C̄ = 0, P = 0 as Z1 → �

ow, we introduce the following von Kàrmàn transformations to
qs. �8�–�14�:

U = R1F��
�, V = R1G�
�, W = − 2�1
1/2F�
�, T̄ = ��
�

C̄ = ��
�, Z1 = 
�1
1/2

here F�, G, �, and � are nondimensional functions of modified
imensionless vertical coordinate 
. Using these transformations,
he set of equations �9�, �10�, �12�, and �13� take the form

d3F

d
3 + 2F
d2F

d
2 − �dF

d

�2

+ G2 − MF = 0 �15�

d2G

d
2 + 2F
dG

d

− 2G

dF

d

− MG = 0 �16�

1

Pr

d2�

d
2 + 2F
d�

d

= 0 �17�

1

Sc

d2�

d
2 + So
d2�

d
2 + 2F
d�

d

= 0 �18�

he boundary condition �14� then becomes

F = 0, F� = 0, G = 1, � = 1, � = 1 at 
 = 0
�19�

F� = 0, G = 0, � = 0, � = 0 as 
 → �

he solutions of Eqs. �15�–�18� subject to the above boundary
onditions are now sought numerically.

Method of Solutions
Numerical solutions to the transformed set of coupled nonlinear

ifferential equations �15�–�18� were obtained, utilizing a modifi-
ation of the program suggested by Nachtsheim and Swigert.
ithin the context of the initial value method and the
achtsheim–Swigert �23� iteration technique, the outer boundary

onditions may be functionally represented by the first order Tay-
or’s series as

F��
max� = F��X,Y,Z,t�

= F�0�
max� + 	XF�X + 	YF�Y + 	ZF�Z + 	tF�t = 1

G�
max� = G�X,Y,Z,t�

= G0�
max� + 	XGX + 	YGY + 	ZGZ + 	tGt = 2

�
max� = ��X,Y,Z,t� = �0�
max� + 	X�X + 	Y�Y + 	Z�Z + 	t�t = 3

��
max� = ��X,Y,Z,t�

= �0�
max� + 	X�X + 	Y�Y + 	Z�Z + 	t�t = 4

ith the asymptotic convergence criteria given by

F��
max� = F��X,Y,Z,t�

= F�0�
max� + 	XF�X + 	YF�Y + 	ZF�Z + 	tF�t = 5

G��
max� = G��X,Y,Z,t�

= G�0�
max� + 	XG�X + 	YG�Y + 	ZG�Z + 	tG�t = 6

���
max� = ���X,Y,Z,t�

= �� �
max� + 	X�� + 	Y�� + 	Z�� + 	t�� = 7
0 X Y Z t

ournal of Heat Transfer
���
max� = ���X,Y,Z,t�

= ��0�
max� + 	X��X + 	Y��Y + 	Z��Z + 	t��t = 8

where X=F��0�, Y =G��0�, Z=���0�, and t=���0� and X, Y, Z,
and t subscripts indicate partial differentiation, e.g., FX
=�F / ��F��0��. The subscript 0 indicates the value of the function
at �max to be determined from the trial integration.

Solution of these equations in a least square sense requires de-
termining the minimum value of E=1

2+2
2+3

2+4
2+5

2+6
2+7

2

+8
2 with respect to X, Y, Z, and t. To solve 	X, 	Y, 	Z, and 	t

we require one to differentiate E with respect to X, Y, Z, and t,
respectively. Thus adopting this numerical technique, a computer
program was set up for the solutions of the basic nonlinear differ-
ential equations of our problem, where the integration technique
was adopted as a six ordered Runge–Kutta method of integration.
Various groups of the parameters M, Pr, Sc, and So were consid-
ered in different phases. In all the computations the step size 	

=0.01 was selected, which satisfied a convergence criterion of
10−6 in almost all of the different phases mentioned above. Stating

�=
�+	
, the value of 
� was found in each iteration loop.
�
��max, in each group of the parameters, has been obtained when
the value of unknown boundary conditions at 
=0 does not
change to a successful loop with an error of less than 10−6. How-
ever, different step sizes, such as 	
=0.01, 	
=0.005, and 	

=0.001, were also tried, and the obtained solutions have been
found to be independent of the step sizes, as observed in Fig. 2.

5 Solutions
Equations �15�–�18� are solved numerically under boundary

condition �19� using the Nachtsheim–Swigert �23� iteration tech-
nique discussed shortly above. Thus adopting this numerical tech-
nique, a computer program was set up for the solutions of the
basic nonlinear differential equations of our problem, where the
integration technique was adopted as the six ordered Runge–Kutta
method of integration. The results of this integration are then dis-
played graphically in the form of velocity, temperature, and con-
centration profiles in Figs. 2–10. In the process of integration, the
local skin-friction coefficients and the local rates of heat and mass
transfer to the surface, which are of chief physical interest, are
also calculated out. From these solutions we may obtain deriva-

Fig. 2 Radial velocity profiles for different step sizes
tives of the G and F� functions at the disk surface �
=0�, which
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re required for the calculation of the tangential shear stress �t and
he radial shear stress �r. To find the tangential shear stress �t and
he radial shear stress �r, we apply the Newtonian formulas

�t = �� �v
�z

+
1

r

�w

��
�

z=0

� G��0� �20�

nd

�r = ��� �u

�z
+

1

r

�w

��
��

z=0

� F��0� �21�

he heat flux �qw� and the mass flux �Mw� at the surface are given
y

qw = − �� �T

�z
�

y=0

= −
�	T

L
�1

1/2���0� and

Fig. 3 Effect of M on the radial velocity profiles
Fig. 4 Effect of M on the tangential velocity profiles

82001-4 / Vol. 131, AUGUST 2009
Mw = − DM� �C

�z
�

y=0

= −
DM	C

L
�1

1/2���0�

Hence the Nusselt number �Nu� and the Sherwood number �Sh�
are obtained as

Nu =
Lqw

�	T
= − 	�1���0� and Sh =

LMw

DM	C
= − 	�1���0�

Thus the heat and mass transfer coefficients are obtained as

Nu��1�−1/2 = − ���0� �22�
and

Sh��1�−1/2 = − ���0� �23�
These above coefficients are then obtained from the procedure of
the numerical computations and are sorted in Table 1. In the above
equations, prime denotes derivative with respect to similarity vari-
able 
.

Fig. 5 Effect of M on the axial velocity profiles
Fig. 6 Effect of M on the temperature profiles
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Results and Discussions
The problem considered here involves a number of parameters,

n the basis of which a wide range of numerical results have been
erived. Of these results, a small section is presented here for
revity. The numerical results of the velocity profiles for r, �, and
components of velocity, commonly known as radial, tangential,

nd axial velocities, are shown in Figs. 3–5.
The parameters entering into the fluid flow are magnetic param-

ter M, Prandtl number Pr, Schmidt number Sc, and Soret number
o. It is, therefore, pertinent to inquire the effects of variation in
ach when the others are kept constant. The numerical results are
hus presented for different values of M, Pr, Sc, and So. For
randtl number Pr, three values, 0.71, 1.0, and 7.03, are consid-
red �Pr=0.71 represents air at 20°C, Pr=1.0 corresponds to an
lectrolyte solution, such as salt water, and Pr=7.03 corresponds
o water�. In air �Pr=0.71� the diluting chemical species of most
ommon interests have a Schmidt number in the range of 0.1–
0.0. Therefore, three values, 0.22, 0.60, and 0.75, of the Schmidt
umber �Sc� are considered for they represent specific conditions

Fig. 7 Effect of M on the concentration profiles
Fig. 8 Effect of Pr on the temperature profiles

ournal of Heat Transfer
of the flow. In particular, 0.22 corresponds to hydrogen, while 0.6
corresponds to water vapor, which represents a diffusing chemical
species of most common interest in air, and the value 0.75 repre-
sents oxygen. For water �Pr=7.03�, the species, hydrogen, oxy-
gen, and carbon dioxide, are the typical of the materials of most
interest, in which the Schmidt number ranges from 100 to 500.
Above values of Schmidt number Sc for different species are ob-
tained from Ref. �20�. Three values of the magnetic parameter M
�0.2, 0.4, and 0.6� are taken into account to encounter low mag-
netic field. In order to highlight the validity of the numerical com-
putations adapted in the present investigation, some of our results
�without thermal diffusion� have been compared with those of
Sparrow and Gregg �2� and Benton �5�, respectively, in Tables 2
and 3. The comparisons show excellent agreements, hence an en-
couragement for the use of the present numerical computations.

The representative velocity, temperature, and concentration pro-
files and the values of the physically important parameters, i.e.,
the local shear stress and the local rates of heat and mass transfer,
are illustrated for uniform wall temperature and species concen-
tration in Figs. 3–10 and in Table 3. In Figs. 3–5, the radial,
tangential, and axial velocity profiles are shown, respectively, for

Fig. 9 Effect of Sc on the concentration profiles
Fig. 10 Effect of So on the concentration profiles

AUGUST 2009, Vol. 131 / 082001-5



d
o
fi
m
p
=
m
e
p
i
f
t
d
i
t
i
b

p
p

T
g
n
P
=

T
G
fi

0

ifferent values of M �0.2, 0.4, and 0.6�. From these figures it is
bserved that the presence, as well as the increase in the magnetic
eld, leads to the decrease in the velocity field, indicating that the
agnetic field retards the velocity field. In Figs. 6 and 7, we have

lotted the temperature and concentration profiles for air �Pr
0.71� at 20°C and at 1 atm, showing the effect of variation in
agnetic parameter. It is thus apparent that the magnetic param-

ter M has increasing effects on temperature and concentration
rofiles. Imposition of a magnetic field to an electrically conduct-
ng fluid creates a draglike force called the Lorentz force. This
orce has the tendency to slow down the flow around the disk at
he expense of increasing its temperature. This is depicted by the
ecreases in the radial, tangential, and axial velocity profiles and
ncreases in the temperature profiles as M increases.. In addition,
he increases in the temperature and concentration profiles as M
ncreases are accompanied by increases in the thermal and mass
oundary layers.
Figure 8 presents the effect of Prandtl number Pr on the tem-

erature profiles. From this figure, it is seen that the temperature
rofiles decrease with the increasing values of Pr. In the case of

able 1 Numerical values of the radial shear stress �r, the tan-
ential shear stress �t, Nusselt number Nu, and the Sherwood
umber Sh for the different values of M, Pr, Sc, and So: „a… for
r=0.71, Sc=0.6, and So=0.5, „b… for M=0.2, Sc=0.6, and So
0.5, and „c… for Pr=0.71 and M=0.2

M F��0� −G��0� −���0� −���0�

�a�0.0 0.510174 0.626143 0.385700 0.333941
0.1 0.480499 0.662260 0.306761 0.222261
0.2 0.453136 0.708770 0.283175 0.196607
0.3 0.428193 0.755623 0.263046 0.182197
0.4 0.405570 0.802362 0.243440 0.167397
0.5 0.387084 0.844112 0.227007 0.155794

Pr −���0� −���0�
�b�0.10 0.109091 0.270816

0.71 0.283175 0.196607
1.00 0.349565 0.182891
2.00 0.511053 0.144306
4.35 0.740694 0.085090
7.03 0.913525 0.038137

10.00 1.058404 �0.002268
11.04 1.102125 �0.014604
20.00 1.396383 �0.098859
50.00 1.978522 �0.269185

100.00 2.612601 �0.341351

Sc So −���0�
�c�0.25 0.5 0.105908

0.40 0.5 0.149389
0.60 0.5 0.196607
0.80 0.5 0.241491
1.00 0.5 0.272331
0.60 0.5 0.196607
0.60 1.0 0.139508
0.60 2.0 0.030292
0.60 2.5 �0.025810
0.60 3.0 �0.081929

able 2 Comparison between the results of Sparrow and
regg †2‡ „analytical… and the present work; heat transfer coef-
cients −��„0… for So=0, M=0, and Sc=0.22

Pr Sparrow and Gregg Present

1.0 0.39625 0.397991
10.0 1.1341 1.134531

100 2.6871 2.686091
82001-6 / Vol. 131, AUGUST 2009
water at 20°C �Pr=7.03�, the thermal boundary layer shows a
sharp decrease compared with the effects on electrolyte solution,
such as salt water �Pr=1.0� and air �Pr=0.71� at 20°C. Figure 9
presents the effect of the Schmidt number Sc on the concentration
profiles. From this figure, it is seen that the concentration profiles
decrease with the increasing values of Sc.

The parameter So �Soret number� does not enter directly into
the momentum and energy equations. Thus the effect of the Soret
number on velocity and temperature profiles is not apparent. Fig-
ure 10 shows the variation in concentration profiles for different
values of So. The parameter So has marked effects on the concen-
tration profiles. It is observed that the concentration profiles in-
crease with the increasing values of So. It is also observed from
this figure that when So=1.0, that is, when the ratio between
concentration and temperature gradient is very small, the concen-
tration profile shows its usual trend of gradual decay. As the Soret
number becomes large, the profiles overshoot the uniform concen-
tration close to the boundary.

The radial and tangential skin frictions and the heat transfer and
the mass transfer coefficients are tabulated in Table 1 for various
values of M, Pr, Sc, and So. We observe in Table 1�a� that the
radial skin-friction, heat, and mass transfer coefficients decrease,
while the tangential skin friction increases with the increase in the
magnetic parameter M. Table 1�b� shows that the heat transfer
coefficient increases, whereas the mass transfer coefficient de-
creases with the increasing values of the Prandtl number Pr. Table
1�c� shows that the dimensionless Sherwood number increases
with the increasing values of the Schmidt number Sc. It is also
observed in Table 1�c� that as thermal diffusion �So� intensifies,
the mass transfer coefficient decreases.

The step size in this case was selected to be 	
=0.01, which
satisfied the convergence criterion of 10−6. However, different
step sizes, such as 	
=0.01, 	
=0.005, and 	
=0.001, were also
tried, and the obtained solutions have been found to be indepen-
dent of the step sizes observed in Fig. 2.

7 Conclusions
In this paper, a steady three-dimensional MHD convective heat

and mass transfer flow in an incompressible fluid due to an infinite
rotating disk is studied. The Nachtsheim–Swigert �23� iteration
technique based on sixth order Runge–Kutta and shooting meth-
ods has been employed to complete the integration of the resulting
solutions.

The following conclusions can be drawn as a result of the com-
putations.

1. The effect of the Lorentz force or the usual resistive effect of
the magnetic field on the velocity profiles is apparent. It is
also apparent that the magnetic parameter M has increasing
effects on temperature and concentration profiles.

2. It is observed that the temperature profiles decrease with the
increasing values of Pr. In the case of water at 20°C �Pr
=7.03�, the thermal boundary layer shows a sharp decrease
compared with the effects in electrolyte solution, such as salt
water �Pr=1.0� and air �Pr=0.71� at 20°C.

3. As for the effect of the Schmidt number Sc on the concen-
tration profiles, it is seen that the concentration profiles de-
crease with the increasing values of Sc.

4. The parameter So has marked effects on the concentration
profiles. It is observed that the concentration profiles in-
crease with the increasing values of So.

5. We observe that the radial skin-friction, heat, and mass
transfer coefficients decrease, while the tangential skin fric-
tion increases with the increase in the magnetic parameter
M.

6. The heat transfer coefficient increases, whereas mass trans-
fer coefficient decreases with the increasing values of the
Prandtl number Pr.
7. It is observed that the dimensionless Sherwood number in-

Transactions of the ASME



A

U

N

G

J

creases with the increasing values of the Schmidt number
Sc. It is also observed that as thermal diffusion �So� inten-
sifies, the mass transfer coefficient decreases.
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omenclature
B0 � applied magnetic field
cp � specific heat at constant pressure
C � concentration of the fluid

C̄ � dimensionless concentration of the fluid
Cw � concentration of the fluid at the wall
C� � concentration of the fluid at infinity
DM � molecular diffusivity
kT � the thermal diffusion ratio
L � length scale

M � magnetic parameter
Nu � Nusselt number
Pr � Prandtl number
p � pressure

p� � pressure at infinity
�r ,� ,z� � cylindrical polar coordinates

R1 ,Z1 � dimensionless radial and axial coordinates
Re � Reynolds number
Sc � Schmidt number
So � Soret number
T � temperature of the flow field

TM � the mean fluid temperature

T̄ � dimensionless temperature of the flow field
T� � temperature of the fluid at infinity
Tw � temperature at the plate

�u ,v ,w� � components of the velocity field
�U ,V ,W� � dimensionless velocity components

�F ,G� � dimensionless similarity functions

reek Symbols

Table 3 Comparison between the results of B
its derivatives as a function of �


 F� G

Present work for M =0, S
0.0 0.000000 1.000000
0.1 0.046261 0.938415
0.2 0.083989 0.877170
0.3 0.114365 0.816415
0.5 0.153206 0.708520
1.0 0.180279 0.478177
1.5 0.157273 0.316419
2.0 0.119400 0.201392
2.5 0.084882 0.130455
3.0 0.059054 0.083691
4.0 0.028363 0.034390

Results o
0.0 0 1.0000
0.1 0.0462 0.9386
0.2 0.0836 0.8780
0.3 0.1133 0.8190
0.5 0.1536 0.7076
1.0 0.1802 0.4766
1.5 0.1559 0.3132
2.0 0.1189 0.2033
2.5 0.0848 0.1313
3.0 0.0581 0.0845
4.0 0.0257 0.0349
� � dimensionless temperature

ournal of Heat Transfer
� � dimensionless concentration

 � dimensionless similarity variable
� � kinematic viscosity

�1 � dimensionless kinematic viscosity
� � density of the fluid
� � electric conductivity
� � thermal conductivity
� � angular velocity
�r � radial shear stress
�t � tangential shear stress
� � fluid viscosity
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Interactions Between
Electromagnetic and Thermal
Fields in Microwave Heating of
Hardened Type I-Cement Paste
Using a Rectangular Waveguide
„Influence of Frequency and
Sample Size…
Microwave heating-drying of hardened Type I-cement paste using a rectangular wave-
guide is a relatively new area of cement-based materials research. In order to gain
insight into the phenomena that occur within the waveguide together with the tempera-
ture distribution in the heated cement paste samples, a detailed knowledge of absorbed
power distribution is necessary. In the present paper, a three-dimensional finite difference
time domain scheme is used to determine electromagnetic fields (TE10-mode) and micro-
wave power absorbed by solving transient Maxwell’s equations. Two-dimensional heat
transport within the cement paste located in rectangular waveguide is used to evaluate
the variations of temperature with heating time at different frequencies and sample sizes.
A two-dimensional heating model is then validated against experimental results and
subsequently used as a tool for efficient computational prototyping.
�DOI: 10.1115/1.2993134�

Keywords: microwave heating, rectangular waveguide, numerical, type I-cement paste,
hardened
Introduction

In the past decade, there are many successful examples of mi-
rowave application such as the heating and drying of foods, heat-
ng and drying of ceramics, heating and drying of cement paste,
nd vulcanizations of rubber. A number of other analyses of the
icrowave heating process have appeared in the recent literature

1–11�.
The microwave heating process takes place inside the material,

he penetrated depth of which governs how strongly the micro-
aves are absorbed. It is known that the heat dissipated from the
icrowave energy depends on many parameters, such as the con-
guration and geometry of the dielectric samples, the microwave
ower level, the microwave field distribution, and the dielectric
roperties of dielectric samples.

The use of alternative techniques for heating cement paste and
oncrete has been investigated sporadically in the past 20 years.
wo of the main forms of alternative heating are Ohmic �or direct
lectric� heating and microwave heating. Watson �12� reported a
esearch on microwave heating of concrete in 1968. However,
ery few additional works were reported over the next 20 years.
nterest in microwave heating and curing of cement-based mate-
ials was again revived in the 1980s through the present �13–21�.
he use of microwave heating and drying to process concrete

1Corresponding author.
Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received May 16, 2007; final manuscript received

une 27, 2008; published online June 1, 2009. Review conducted by Cholik Chan.

ournal of Heat Transfer Copyright © 20
potentially covers the entire spectrum of the following
�12,15,19,20�:

• preheating of concretes prior to the product casting or pri-
mary curing stage

• rapid �accelerated� curing and/or drying as a primary pro-
cess stage

• drying as a secondary postcuring stage

These may be required individually or in combinations that are
either applied sequentially or with some overlap.

In theoretical analysis, the microwave power absorbed gener-
ally is assumed to decay exponentially into the sample following
Lambert’s law. However, this assumption is valid for large dimen-
sion samples where the depth of sample is much larger than the
penetration depth �all microwave energy, except the reflected
wave from the upper surface of the sample, is dissipated within
the sample�. For small samples where the depth of sample is much
smaller than the penetration depth, result heat in a faster rate by
microwave due to the reflection and transmission components of
microwave at each interface will contribute to the resonance of
standing wave configuration inside the sample, whereas resonance
is completely absent for greater length scales �1�. In perspective,
Lambert’s exponential decay law cannot predict resonance phe-
nomenon. Therefore, the spatial variations of the electromagnetic
field within small samples must be obtained by solution of the
Maxwell’s equations.

The two-dimensional models of the interactions between elec-
tromagnetic field and dielectric materials have been used previ-
ously to study numerous heating processes of materials in a vari-

ety of microwave applicator configurations such as rectangular

AUGUST 2009, Vol. 131 / 082101-109 by ASME
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aveguide and cavities �22,23,5–7,24�. Although most of the pre-
ious investigations considered simulations of microwave heating
n solid sample, little effort has been reported on study of micro-
ave heating of cement paste in a rectangular waveguide particu-

arly full comparison between the mathematical simulations and
xperimental data. Due to the limited amount of theoretical and
xperimental work on microwave heating of porous media such as
oncrete or cement paste reported to date, the various effects are
ot fully understood and numbers of critical issues remain unre-
olved. These effects of irradiation time, working frequencies, and
ample size on heating pattern have not been systematically stud-
ed.

In this work, the formulation of mathematical model for the
icrowave heating of hardened Type I-cement paste �henceforth

cement paste” will refer to hardened Type I-cement paste� inside
rectangular waveguide in which the microwave of TE10 mode

perating at the specified frequencies is employed utilized three
icrowave frequencies of 1.5 GHz, 2.45 GHz, and 5.0 GHz in

esting the model.
The mathematical models are solved numerically and compared

ith experimental data. In analysis, the effects of the irradiation
ime, working frequencies, and sample size on heating pattern are
nvestigated in detail. The result presented here provides a basis
or fundamental understanding of microwave drying of porous
edia such as cement paste and concrete.

Experimental Program

2.1 Sample Preparation. The samples studied were made
ith cement paste with different dimensions �110 mm�x�
54.61 mm�y��50 mm�z� and 110 mm�x��54.61 mm�y�
80 mm�z��. Portland cement type I �Blaine fineness of

250 cm2 /g� is mixed with tap water �pH=7.0� following the
STM C 305 Standard �25�, the water-to-cement ratio �w /c� by
eight was kept constantly equal to 0.4 in all experiments. The
ixed proportions of cement paste used are shown in Table 1.
fter mixing and placing, the cement paste was put into mold,
hich was covered by plastic sheet to prevent moisture evapora-

ion. After demolding at 231
2 �

1
2 h later, the samples were soaked

n microwave energy.

2.2 Experimental Configuration. Figure 1�a� shows the ex-
erimental apparatus. The microwave system was a monochro-
atic wave of TE10 mode operating at a frequency of 2.45 GHz.
icrowave was generated by a magnetron and transmitted along

he z-direction of the rectangular waveguide, with an inner dimen-
ion of 110�54.61 mm2, toward a water load that was situated at
he end of the waveguide �Fig. 1�b��. The water load �lower ab-
orbing boundary� ensured that only a minimal amount of micro-
ave was reflected back to the sample. The warm water load was

irculated through the cooling tower to reduce the temperature in
he water load system. The rectangular cement paste sample was
rranged perpendicular to direction of irradiation via a rectangular
aveguide. During the experiment, output of magnetron was ad-

usted at specified power �1000 W�. The powers of incident, re-
ected, and transmitted waves were measured by a wattmeter us-

ng a directional coupler.
The temperature distributions within the cement paste sample

ere measured using fiber optic sensor �LUXTRON Fluroptic

Table 1 Mix proportions of cement paste used

ater-to-cement ratio
�w /c�

Portland cement Type I
�kg /m3�

Water
�kg /m3�

0.40 1394 558
hermometer, Model 790, accurate to �0.5°C� �measured in

82101-2 / Vol. 131, AUGUST 2009
Fig. 1 Schematic of experimental facility: „a… equipment

setup; „b… microwave measuring system

Transactions of the ASME
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ymmetrical plane�. An infrared camera was used to detect the
emperature distribution at the surface of samples �x-z plane�.

Analysis of Microwave Heating Using a Rectangular
aveguide

3.1 Physical Model. In our case, the fundamental mode, that
s TE10, is considered. Since microwave of TE10 mode, which
ropagates in rectangular waveguide, is uniform in the
-direction, the three-dimensional electromagnetic field can be re-
uced to two-dimensional model on x-z plane �Fig. 2�. Corre-
ponding to electromagnetic field, temperature fields also can be
onsidered in two-dimensional model. Figure 3 shows the physi-
al model for the microwave heating of cement paste using rect-
ngular waveguide. The model proposed is based on the following
ssumptions.

1. The absorption of microwave by air in rectangular wave-
guide is negligible.

2. The walls of rectangular waveguide are perfect conductors.
3. All materials, especially the cement paste samples, are non-

magnetic.

ig. 2 Distribution of the electric field for TE10 mode in a wave-
uide of dimensions a and b
Fig. 3 Physical model

ournal of Heat Transfer
4. The effective dielectric loss factor and the effective loss tan-
gent coefficient are assumed to vary with temperature during
the heating process.

5. The effect of the sample container on the electromagnetic
and temperature fields can be neglected.

6. The overall heating time is fast, and the moisture content is
treated as constant throughout the numerical calculation of
microwave heating process.

3.2 Maxwell’s Equations. Under the assumption that micro-
wave mode is TE10, the governing equations for the electromag-
netic field can be written in terms of the component notations of
electric and magnetic field intensities �11�:

�Ey

�z
= �

�Hx

�t
�1�

�Ey

�x
= − �

�Hz

�t
�2�

− � �Hz

�x
−

�Hx

�z
� = �Ey + �

�Ey

�t
�3�

where E and H denote electric field intensity and magnetic field
intensity, respectively. Subscripts x, y, and z represent x, y, and z
components of vectors, respectively. Furthermore, permittivity or
dielectric constant �, magnetic permeability �, and electric con-
ductivity � are given by

� = �0�r, � = �0, � = 2�f� tan � �4�

In addition, if magnetic effects are negligible, which is true for
most dielectric materials used in microwave heating applications,
the magnetic permeability ��� is well approximated by its value
�0 in the free space.

Corresponding to the physical model, as shown in Fig. 3,
boundary conditions can be given as follows.

�a� Perfectly conducting boundaries. Boundary conditions on
the inner wall surface of a rectangular waveguide are
given by using Faraday’s law and Gauss theorem:

Et = 0, Hn = 0 �5�
�b� Continuity boundary condition. Boundary conditions

along the interface between different materials, for ex-
ample, between air and dielectric material surfaces, are
given by using Ampere’s law and Gauss theorem:

Et = Et�, Ht = Ht�, Dn = Dn�, Bn = Bn� �6�
�c� Absorbing boundary condition. At both ends of the rect-

angular waveguide, the first order absorbing conditions is
applied:

�Ey

�t
= � �

�Ey

�z
�7�

Here, the symbol � represents forward or backward
waves and � is the phase velocity of the microwave.

�d� Oscillation of the electric and magnetic field intensities
by magnetron. Incident wave due to magnetron is given
by the following equations:

Ey = Eyin sin��x

Lx
�sin�2�ft�, Hx

=
Eyin

ZH
sin��x

Lx
�sin�2�ft� �8�
ZH is the wave impedance defined as

AUGUST 2009, Vol. 131 / 082101-3



p
t
e

w
d
e
e

T
=
a

t
p
i
t

w

T

A
u
a
T
p
t

4

t
s

0

ZH =
	gZI

	0
=

	g

	0
��0
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�9�

The power flux associated with a propagating electro-
magnetic wave is represented by the Poynting vector:

S = 1
2Re�E � H*� �10�

The Poynting theorem allows the evaluation of the mi-
crowave power input. It is expressed as

Pin =�
A

S · dA =
A

4ZH
Eyin

2 �11�

3.3 Heat Transport Equation. The temperature of cement
aste exposed to incident wave is obtained by solving the heat
ransport equation with the microwave power included as a local
lectromagnetic heat generation term:

�T

�t
= a� �2T

�x2 +
�2T

�z2 � +
Q


 · Cp
�12�

here T is the temperature, a is the thermal diffusivity, 
 is the
ensity, and Cp is the heat capacity at constant pressure. The local
lectromagnetic heat generation term Q directly depends on the
lectric field distribution defined as

Q = 2� · f · �0 · �r�tan ��Ey
2 �13�

he initial condition of heating process is defined as T=T0 at t
0. The boundary conditions for solving heat transport equation
re shown in Fig. 3.

3.4 Dielectric Properties. In order to determine the func-
ional temperature dependence of dielectric properties of cement
aste, the theory surrounding mixing formulas is used throughout
n this study. The volume fraction of water liquid and solid par-
icle is considered as follows:

�r�T� = ��r��T� − j�r��T�� �14�
here

�r��T� = ��rl� �T� + �1 − ���rp� �15�

�r��T� = ��rl� �T� + �1 − ���rp� �16�
he effective loss tangent coefficient can be rewritten as

tan ��T� =
�r��T�
�r��T�

�17�

ccording to the above equations, the dielectric properties of liq-
id water are taken directly from Ref. �26� depend on temperature
nd those of solid particle �cement� are taken to be constant �see
able 3�. According to the dielectric properties of materials, the
enetration depth where the dissipated power is reduced to 1 /e of
he power entering the surface can be calculated by

Dp =
1

2�f

�

��r���1 + ��r�

�r�
�2

− 1�
2

=
1

2�f

�
��r���1 + �tan ��2 − 1�

2

�18�

Numerical Technique
In order to predict the electromagnetic field, a finite difference

ime domain �FDTD� method is applied. In this study, the leapfrog

cheme is applied to set of Maxwell’s equations. The electric field

82101-4 / Vol. 131, AUGUST 2009
vector components are offset one-half cell in the direction of their
corresponding components, while the magnetic field vector com-
ponents are offset one-half cell in each direction orthogonal to
their corresponding components. The electric field and magnetic
field are evaluated at alternative half time steps. For TE mode, the
electric and magnetic field components are expressed in the total
field FDTD equations as �11�

Ey
n�i,k� =

1 −
��i,k��t

2��i,k�

1 +
��i,k��t

2��i,k�

Ey
n−1�i,k� +

1

1 +
��i,k��t

2��i,k�

�t

��i,k�

�	− �Hz
n−1/2�i + 1/2,k� − Hz

n−1/2�i − 1/2,k��
�x

+
�Hx

n−1/2�i,k + 1/2� − Hx
n−1/2�i,k − 1/2��

�z

 �19�

Hx
n+1/2�i,k + 1/2� = Hx

n−1/2�i,k + 1/2�

+
�t

��i,k + 1/2�	Ey
n�i,k + 1� − Ey

n�i,k�
�z



�20�

Hz
n+1/2�i + 1/2,k� = Hz

n−1/2�i + 1/2,k�

−
�t

��i + 1/2,k�	Ey
n�i + 1,k� − Ey

n�i,k�
�x



�21�

Furthermore, the heat transport equation �Eq. �12�� is solved by
the finite difference method. The spatial and the temporal terms
are approximated using finite difference equations for electromag-
netic field and temperature field. Spatially, as shown in Fig. 4,
Eqs. �21�–�23� and discretized heat transport equation are solved
on this grid system. The choice of spatial and temporal resolutions
is motivated by reasons of stability and accuracy �27–29�.

To ensure stability of the time-stepping algorithm, �t must be
chosen to satisfy the Courant stability condition:

�t 
���x�2 + ��z�2

�
�22�

and the spatial resolution of each cell is defined as

�x,�z 
	g

10��r

�23�

Corresponding to Eqs. �22� and �23�, the calculation conditions

Fig. 4 Grid system configuration
are as follows.
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Fig. 5 Computational schemes

Journal of Heat Transfer
�1� To ensure that each wavelength of the microwave in the
computational domain for a frequency of 2.45 GHz has
more than ten subdivisions in the numerical calculation, the
computational domain is conservatively set such that the
spatial resolution of each cell is �x=�z�	mg /10��r
�1.0 mm. Thus, the total of 110�250 cells in computa-
tional domain were used in the numerical calculation.

�2� As the propagating velocity of microwave is very fast com-
pared with the rate of heat transfer, the different time steps
of dt=1 ps and 1 s are used for the computation of the
electromagnetic field and temperature field, respectively.
The spatial step size is dx=dz=1 mm.

�3� The number of grid �N� is 110 �width� �250 �length�.
�4� The iteration procedure stops if relative errors are less than

10−8.

5 The Iterative Computational Schemes
Since the dielectric properties of cement paste are temperature

dependent, it is necessary to consider the coupling between elec-
tric field and temperature field in order to understand the influence
of electromagnetic field on microwave heating realistically. For
this reason, the iterative computational schemes are required to
solve coupled nonlinear Maxwell’s equations and heat transport
equations.

The computational scheme is to first compute a local heat gen-
eration term by running an electromagnetic calculation with uni-
form properties, determined from initial temperature data. The
electromagnetic calculation is performed until sufficient period is
reached in which a representative average root-mean-square �rms�
of the electric field at each spatial point is obtained, typically
30,000 time steps. The microwave power absorption at each point
is computed and used to solve the time dependent temperature
field. Using these temperatures, new values of the dielectric prop-
erties are calculated and used to recalculate the electromagnetic
fields and microwave power absorption. All steps are repeated
until the required heating time is reached. The details of compu-
tational scheme and strategy are illustrated in Fig. 5.

Table 3 Thermal properties and dielectric properties

�0=8.85419�10−12 F /m �0=4.0��10−7 H /m �=0.38
�ra=1.0 �rp=19.7
�ra=1.0 �rp=1.0 �rl=1.0
tan �a=0.0 tan �p=0.29

a=1.205 kg /m3 
p=2300 kg /m3 
l=1000 kg /m3

Cpa=1.007 kJ /kg K Cpp=0.650 kJ /kg K Cpl=4.186 kJ /kg K
	a=0.0262 W /m K 	p=0.87 W /m K 	l=0.610 W /m K

18…… versus sample thickness „w /c=0.40…

Penetration depth
Dp �mm�

Penetration depth �Dp�
/Sample thickness

Dp /50 mm Dp /80 mm

51.0 1.020 0.638
57.6 1.152 0.720
62.7 1.254 0.784

31.1 0.622 0.389
35.3 0.706 0.441
38.4 0.768 0.481

15.2 0.304 0.190
17.3 0.346 0.216
18.8 0.376 0.234
able 2 Microwave power and electric field intensity relations
n rectangular waveguide „1000 W…

Frequency �GHz� Electric field intensity �V/m�

1.50 25,000
2.45 17,500
5.00 16,200
Table 4 The ratio of penetration depth „Eq. „

Frequency
f �GHz�

Temperature
T �°C� �r��T� tan ��T�

1.50 30 35.63 0.136
60 32.67 0.203
90 29.97 0.195

2.45 30 35.63 0.221
60 32.67 0.203
90 29.97 0.195

5.00 30 35.63 0.221
60 32.67 0.203
90 29.97 0.195
AUGUST 2009, Vol. 131 / 082101-5
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Results and Discussion
In this study, the cement paste samples with a fixed water/

ement ratio �w /c� of 0.4 and initial temperature of 25°C for all
ases are used for analysis. Since the overall heating time is fast,
he moisture content was treated as constant throughout the nu-

erical calculation of microwave heating process. The effective
ielectric loss factor and the effective loss tangent coefficient are
ssumed to vary with temperature during the heating process �Eqs.
14�–�17��. The output of magnetron was adjusted at specified
ower �1000 W� in all testing conditions. These powers can be
onverted into electric field intensity by using Eq. �11�, as shown
n Table 2. The thermal properties and dielectric properties are
irectly taken from Table 3. Table 4 shows the ratio of penetration
epth �Eq. �18�� versus sample thickness, which can be used to
rovide the guidelines for discussion on the different regimes
iven in Figs. 11–18. In the microwave industry, only a few fre-
uencies are available. Currently, three frequencies of 1.5 GHz,
.45 GHz, and 5 GHz have been selected. The predicted results
re then compared with experimental results for the microwave
eating of cement paste. The influences of microwave frequencies
nd sample sizes on heating process are completely discussed in
etail.

6.1 The Electric Field Distribution. To understand the elec-
rical field distribution inside the rectangular waveguide and the
ement paste sample during microwave heating, the simulation
nalysis is required. The simulations of the typical electric field of
E10 mode along the center axis �x=54.61 mm� of rectangular
aveguide with fixed water and cement ratio �w /c� for various
eating conditions are presented as follows.

�1� Rectangular waveguide is empty; its dielectric constant is
unity �which corresponds to that of air� �Case 1�.

�2� Rectangular waveguide is filled with cement paste sample
operating microwave frequency of 2.45 GHz �t=30 s, P
=1000 W, and size=110 mm�x��50 mm�z�� �Case 2�.

�3� Rectangular waveguide is filled with cement paste sample
operating microwave frequency of 2.45 GHz �t=30 s, P
=1000 W, and size=110�80 mm2� �Case 3�.

�4� Rectangular waveguide is filled with cement paste sample
operating microwave frequency of 5 GHz �t=30 s, P
=1000 W, and size=110�50 mm2� �Case 4�.

�5� Rectangular waveguide is filled with cement paste sample
operating microwave frequency of 1.5 GHz �t=30 s, P
=1000 W, and size=100�50 mm2� �Case 5�.

Figure 6 shows the stationary wave inside the rectangular
aveguide with completely absorbed power at the end of the rect-

ngular waveguide �Case 1�. It is observed that the electric field
istribution displays a wavy behavior with almost uniform ampli-
ude along a rectangular waveguide without the sample.

Fig. 6 The electric fi
Figures 7 and 8 show the electric field distribution inside a

82101-6 / Vol. 131, AUGUST 2009
rectangular waveguide when a sample of cement paste is inserted
in the rectangular waveguide during microwave heating with a
frequency of 2.45 GHz for Cases 2 and 3, respectively. Since
cement paste considered as a high lossy material �as compared

distribution „Case 1…

Fig. 7 The electric field distribution „Case 2…

Fig. 8 The electric field distribution „Case 3…
Fig. 9 The electric field distribution „Case 4…
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ith other materials such as wood and food stuff� has a short
avelength, which corresponds to a smaller penetration depth of
icrowave in comparison to the depth of sample �Table 4�, larger

art of microwaves is consequently absorbed by the sample. It is
bserved from the figures that the resonance of standing wave
onfiguration inside the small sample �Case 2� is weak. Neverthe-
ess, the resonance of standing wave configuration inside the large
ample �Case 3� is absent due to all part of microwaves, except

Fig. 10 The electric field distribution „Case 5…

ig. 11 Temperature distribution „°C… at various heating times

Case 2…: „a… 20 s; „b… 40 s; „c… 60 s

ournal of Heat Transfer
the reflected wave from the upper surface of the sample that is
absorbed by the sample. Focusing attention of electric field pattern
inside the cavity �left hand side�, a stronger standing wave with
large amplitude is formed by interference between the incident
and reflected waves from the surface of sample due to the differ-
ent dielectric properties of materials �air and sample� at this inter-
face. It is evident from the results that the electric field within the
sample attenuates owing to energy absorption, and thereafter the
absorbed energy is converted to the thermal energy, which in-
creases the sample temperature.

Figure 9 shows the electric field distribution when a sample of
cement paste is inserted in the rectangular waveguide during mi-
crowave heating with a frequency of 5 GHz �Case 4�. Since mi-
crowave operating at a high frequency has a short wavelength,
which corresponds to a very small penetration depth in compari-
son to the depth of sample �Table 4�, all microwaves, except the
reflected wave from the upper surface of the sample, are conse-
quently absorbed by the sample. It is found that the wave ampli-
tude diminishes when z is larger the 30 mm, which results in a
low microwave power absorbed. This phenomenon explains why
the electric field and therefore the microwave power absorbed are
the greatest at the surface exposed to incident microwaves and
decay exponentially along the propagating direction with a very

Fig. 12 Microwave power absorbed „MW/m3
… at various heat-

ing times „Case 2…: „a… 20 s; „b… 40 s; „c… 60 s
short wavelength. However, focusing attention of electric field

AUGUST 2009, Vol. 131 / 082101-7
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attern inside the cavity �left hand side�, a stronger standing wave
ith large amplitude is formed by interference between the inci-
ent and reflected waves from the surface of sample.

Figure 10 shows the electric field distribution when a sample of
ement paste is inserted in the rectangular waveguide during mi-
rowave heating with a frequency of 1.5 GHz �Case 5�. In this
ase, since microwave operating at a low frequency has a long
avelength, which corresponds to a larger penetration depth of
icrowave in comparison to the depth of sample �Table 4�, a large

art of microwaves are able to penetrate through the sample. The
eflected wave will occur on each interface, air �cavity� to upper
urface and lower surface of sample to air �cavity�. The reflection
nd transmission components at each interface will contribute to
he resonance of standing wave configuration inside the sample
nd give rise to a microwave absorption peak further from the
urface exposed to incident microwaves.

6.2 Temperature Distribution. The predictions of tempera-
ure and microwave power absorbed distributions for microwave
eating of cement paste are shown in Figs. 11–20 and Fig. 22. The

ig. 13 Temperature distribution „°C… at various heating times
Case 3…: „a… 20 s; „b… 40 s, „c… 60 s
eating conditions correspond to Case 2, Case 3, Case 4, and Case

82101-8 / Vol. 131, AUGUST 2009
5 as explained in the previous section.
For microwave heating of cement paste with microwave fre-

quency of 2.45 GHz �Case 2�, the predictions of temperature dis-
tribution are shown in Fig. 11. The temperature distributions cor-
respond to the electric field distribution in the sample. This is
because the electric field within the sample attenuates owing to
energy absorption, and thereafter the absorbed energy is converted
to the thermal energy, which increases the sample temperature. It
is observed that the temperature distributions within the sample
display a weak wavy behavior because the penetration depth of
microwave drops dramatically and the wavelength is short. Since
the reflected wave from the lower surface of the sample is almost
negligible, a weak standing wave or resonance is formed within
the sample. Therefore, the microwave power absorbed decreases
sharply to a small value along the propagating direction �Fig. 12�.
Similar to the microwave power absorbed, the temperature distri-
bution significantly varies from the maximum temperature to the
minimum temperature in a short distance. The temperature distri-
butions are shown for t=20 s, 40 s, and 60 s. The maximum tem-
perature within the sample is approximately 129°C at t=60 s.

Fig. 14 Microwave power absorbed „MW/m3
… at various heat-

ing times „Case 3…: „a… 20 s; „b… 40 s; „c… 60 s
For microwave heating of cement paste with a large dimension

Transactions of the ASME
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Case 3�, the predictions of temperature distribution and micro-
ave power absorbed are shown in Figs. 13 and 14, respectively.

n contrast to that case of a small sample size �Case 2�, the wavy
ehavior within the sample is totally absent due to the negligible
eflected wave from the lower surface of the sample. No standing
ave or resonance is formed within the sample. This figure high-

ights that the larger sample has different heating characteristics in
omparison with the smaller sample. The maximum power ab-
orbed and maximum temperatures are lower as compared with
ase 2 �Figs. 11 and 12�. This is because the presence of the

esonance has a substantial effect on the shape of the transient
emperature distribution as well as microwave power absorbed.
he temperature distributions are shown for t=20 s, 40 s, and
0 s. The maximum temperature within the sample is approxi-
ately 103°C at t=60 s.
For microwave heating of cement paste with microwave fre-

uency of 5 GHz �Case 4�, the predictions of temperature distri-
utions are shown in Fig. 15. The temperature and microwave
ower absorbed distributions correspond to the electric field dis-
ribution in the sample �Fig. 9�. It is observed that the wavy be-
avior of the temperature distributions within the sample is absent
nd it is totally different from those cases of smaller microwave
requency. This is because the reflected wave from the lower sur-
ace of the sample is negligible, and no standing wave or reso-

ig. 15 Temperature distribution „°C… at various heating times
Case 4…: „a… 20 s; „b… 40 s; „c… 60 s
ance is formed within the sample. Therefore, all microwaves,

ournal of Heat Transfer
except the reflected wave from the upper surface of the sample,
are absorbed by the sample �Fig. 16�. This phenomenon explains
why the electric field and therefore the microwave power ab-
sorbed are the greatest at the surface exposed to incident micro-
waves and decay exponentially along the propagating direction
with a very short wavelength, resulting in a thinner thermally
stratified layer. In addition, the temperature distribution varies sig-
nificantly from the maximum temperature to the minimum tem-
perature in a short distance and, after z�25 mm, the temperature
distributions are almost unchanged within heating time of 20 s.

It is evident from the figure that there is only one peak appear-
ing on the temperature distribution for this case. The maximum
temperature within the sample is approximately 113°C at t
=60 s.

For microwave heating of cement paste with a microwave fre-
quency of 1.5 GHz �Case 5�, the temperature profile within the
sample �Fig. 17� displays a strong wavy behavior corresponding
to the resonance of electric field �Fig. 10�. This is because the
electric field within the sample attenuates owing to energy absorp-
tion, and thereafter the absorbed energy is converted to the ther-
mal energy, which increases the sample temperature. It is found
that the temperatures decay slowly with a strong wavy behavior
along the propagation direction following the absorption of micro-
wave �Fig. 18�.

Fig. 16 Microwave power absorbed „MW/m3
… at various heat-

ing times „Case 4…: „a… 20 s; „b… 40 s; „c… 60 s
Figures 19 and 20 show the predicted results and the experi-

AUGUST 2009, Vol. 131 / 082101-9



m
d
o
n
p
q
t
t
T
o
w
p

c
m
s
r
h
c
f
c
g
s

F
„

0

ental results �measured in symmetrical plane� of temperature
istribution within the cement paste along with the horizontal axis
f rectangular waveguide �z=5 mm� with different sample thick-
esses �50 mm and 80 mm�, which corresponds to the initial tem-
erature of 25°C, microwave power level of 1000 W, and fre-
uency of 2.45 GHz. The result shows the greatest temperature in
he center of wood sample with the temperature decreasing toward
he sidewalls of the sample. This phenomenon occurs because the
E10 field pattern displays a maximum electric field at the center
f waveguide. It is shown that the predicted results agree well
ith the experimental result for the microwave heating of cement
aste.

The prediction of temperature from mathematical model is
ompared with experimental data measured by infrared camera for
icrowave heating of cement paste, as shown in Fig. 21. It is

hown that the predicted result agrees well with the experimental
esult for the microwave heating of cement paste particularly, the
ot spot region. From the result, the capability of the mathemati-
al model to correctly handle the field variations is shown. With
urther quantitative validation of the mathematical model, it is
lear that the model can be used as an effective tool for investi-
ating in detail this particular microwave heating of cement paste

ig. 17 Temperature distribution „°C… at various heating times
Case 5…: „a… 20 s; „b… 40 s; „c… 60 s
amples at a fundamental level.

82101-10 / Vol. 131, AUGUST 2009
7 Conclusions
The numerical analysis presented in this paper describes many

important interactions within cement paste samples during micro-
wave heating using a rectangular waveguide. The following para-
graph summarizes the conclusions of this study.

�1� A generalized mathematical model for microwave heating
of cement paste is proposed. It is used successfully to de-
scribe the heating phenomena under various conditions.

�2� The effects of irradiation times, working frequencies, and
sample size on the microwave power absorbed and heating
pattern that are developed within cement paste samples are
clarified in detail. It can be concluded that the temperature
distributions along the propagating wave show nonevidence
of wavy behavior for Cases 3 and 4, which is inconsistent
with what was exhibited for Cases 2 and 5. This result
highlights that the working frequencies and sample size
have significant effect on the heating characteristics. The
simulated results for the temperature distributions within
the cement paste samples rate are in agreement with experi-
mental results. Figure 22 shows the generalized heating
characteristics for Cases 2, 3, 4, and 5 for cement paste
samples. The typical heating characteristics may be useful
to provide guidance for optimal microwave processing of

Fig. 18 Microwave power absorbed „MW/m3
… at various heat-

ing times „Case 5…: „a… 20 s; „b… 40 s; „c… 60 s
dielectric materials.
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wood sample: „a… simulated result and „b… experimental result
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Nomenclature
A � area �m2�
B � magnetic flux density �Wb /m2�

Cp � specific heat capacity �J/kg K�
D � electric flux density �C /m2�
E � electric field intensity �V/m�
f � frequency of incident wave �Hz�

H � magnetic field intensity �A/m�
P � power �W�
Q � local electromagnetic heat generation term

�W /m3�
T � temperature �C�
t � time �s�

tan � � loss tangent coefficient
ZH � wave impedance ���
Z

ment paste along horizontal axis „z
110 mm „x…Ã50 mm„z……

ment paste along horizontal axis „z
110 mm „x…Ã80 mm„z……
Fig. 19 Temperature distribution in ce
Fig. 20 Temperature distribution in ce
=50 mm… „P=1000 W, f=2.45 GHz, size=
ig. 21 The comparison of temperature distribution „°C… in

I � intrinsic impedance ���
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reek Letters
� � permittivity �F/m�
� � porosity
	 � wavelength �m�
� � magnetic permeability �H/m�
� � velocity of propagation �m/s�

 � density �kg /m3�
� � electric conductivity �S/m�
� � angular frequency �rad/s�

ubscripts
a � air phase
l � liquid phase
p � solid phase
r � relative

x ,y ,z � coordinates
0 � free space, initial condition
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Full-Field Flow Measurements
and Heat Transfer of a Compact
Jet Impingement Array With
Local Extraction of Spent Fluid
Jet impingement cooling is widely used due to the very high heat transfer coefficients that
are attainable. Both single and multiple jet systems can be used, however, multiple jet
systems offer higher and more uniform heat transfer. A staggered array of 8.46 mm
diameter impingement jets with jet-to-jet spacing of 2.34 D was examined where the spent
fluid is extracted through one of six 7.36 mm diameter extraction holes regularly located
around each jet. The array had an extraction area ratio �Ae /Ajet� of 2.23 locally and was
tested with a jet-to-target spacing �H /D� of 1.18 jet diameters. Magnetic resonance
velocimetry was used to both quantify and visualize the three dimensional flow field
inside the cooling cavity at jet Reynolds numbers of 2600 and 5300. The spatially aver-
aged velocity measurements showed a smooth transition is possible from the impingement
jet to the extraction hole without the presence of large vortical structures. Mean Nusselt
number measurements were made over a jet Reynolds number range of 2000–10,000.
Nusselt numbers near 75 were measured at the highest Reynolds number with an esti-
mated uncertainty of 7%. Large mass flow rate per unit heat transfer area ratios were
required because of the small jet-to-jet spacing. �DOI: 10.1115/1.3109991�

Keywords: jet impingement cooling, heat transfer, magnetic resonance velocimetry,
spent fluid
Introduction
Jet impingement cooling is widely used in applications ranging

rom paper manufacturing to the cooling of gas turbine blades
ecause of the very high local heat transfer coefficients that are
ossible. Recently, interest has grown in the use of impingement
ooling for high power electronics. While the use of single jet
mpingement results in nonuniform cooling, higher and more uni-
orm mean heat transfer coefficients may be attained by dividing
he total cooling flow among an array of smaller jets. Problems
rise because the fluid, which has already impacted the target
urface, or the “spent” fluid, from the central jets in the array
nteracts with the array’s outer jets producing a situation referred
o as crossflow. The development of crossflow will reduce the
uter jet’s cooling ability, decreasing the average heat transfer
oefficient for the entire array. Kercher and Tabakoff �1� proposed
mean Nusselt number correlation for arrays of jets as a function
f the Reynolds number, hole geometry, and the effect of spent
uid. Their analysis, however, involved graphical determination
f the correlation coefficients. Florschuetz et al. �2� proposed an-
ther correlation in 1981 for both staggered and inline jet arrays.
his correlation was of similar form to that of Kercher and Taba-
off �1�, yet it included a parameter to account for the effect of
rossflow.

The degradation of heat transfer due to crossflow is avoided in
mpingement cooled turbine blades by removing the spent fluid
rom the cooling cavity through film cooling holes located in the
ooled target surface as shown in Fig. 1�a�. This approach is not
easible in most other cooling applications including electronics
ooling.

In this paper, an alternative approach is examined where the

1Corresponding author.
Manuscript received August 18, 2008; final manuscript received February 18,
009; published online June 4, 2009. Review conducted by Minking Chyu.

ournal of Heat Transfer Copyright © 20
spent fluid is removed locally to a plenum through extraction
holes placed on the same surface as the exit of the impingement
jets as shown in Fig. 1�b�.

There is a large database of literature encompassing over 50
years of research on impingement heat transfer. In addition, sev-
eral reviews exist examining both single and multiple jet impinge-
ments: most notably Martin �3�, followed by Downs and James
�4�, Jambunathan et al. �5�, Viskanta �6�, and Han and Goldstein
�7�. Although a large amount of literature does exist on both single
and multiple jet impingements, relatively little published research
has been done regarding multiple jet impingement with local ex-
traction of the spent air.

Hollworth and co-workers �8,9� used thermocouples to examine
the removal of spent fluid through holes located on an isothermal
target surface similar to the gas turbine blade geometry shown in
Fig. 1�a�. They found by using the exhaust holes that they could
increase the average heat transfer rate by 20–30% over the same
array of impingement jets with no local extraction. Using a similar
geometry, Rhee et al. �10� examined the effect of the exhaust hole
pattern on the target surface using a naphthalene sublimation
method. They concluded the geometric configuration with the
largest ratio of exhaust area to jet area �Ae /Ajet� consistently
achieved higher heat transfer coefficients at every separation dis-
tance �H /D� tested.

The second possible location for the exhaust holes is on the
surface of the impingement jet exit �Fig. 1�b��. In 1994, Huber and
Viskanta �11� examined the effect of separation distance �H /D� on
this type of geometry by a thermochromic liquid crystal tech-
nique. The average heat transfer rate for a square array was found
to increase approximately 10% over an array with no local extrac-
tion for small separation distances �0.25�H /D�1�. Although
their heat transfer rates were similar for an extracted and a non-
extracted array near H /D=1, they conceded that increased heat
transfer would be expected at separation distances less than 2

�H /D�2� for larger arrays where crossflow will develop. Rhee

AUGUST 2009, Vol. 131 / 082201-109 by ASME
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t al. �12� also studied the effects of separation distance on a
taggered geometry in 2003 by naphthalene sublimation. They
ound for separation distances less than 2 that the average trans-
ort coefficient increased when local extraction was implemented.
hey reported a 20% increase in mean transport at H /D=1, and
early a 60% increase at H /D=0.5. The effect of jet-to-jet spacing
n local and mean transport coefficients was also studied by Hu-
er and Viskanta �13�. They found the mean transport coefficient
ncreased with decreasing jet-to-jet spacing for the three configu-
ations tested �Zn /D=4,6 ,8� although the smallest spacing re-
uired the greatest mass flow rate at the same Reynolds number.
Very high heat flux electronics cooling applications are likely to

equire impingement geometries, which are very compact thereby
ncreasing the array’s overall ability to carry away heat. This can
e accomplished by reducing the interjet spacing �Zn /D�, which
aximizes the number of jets impacting the target surface. The

eometry studied by Rhee et al. �12� had an interjet spacing of 6,
hich is too large for high heat flux applications. Huber and Vis-
anta �11,13� studied the effect of jet-to-jet spacing, however,
heir study stopped at Zn /D=4.

The performance of very compact arrays with small jet-to-jet
pacing is expected to be significantly degraded by crossflow.
hus a geometry, which incorporates local extraction with a large
xhaust area ratio �Ae /Ajet�, is preferred to maintain a high aver-
ge transport coefficient. With this in mind, the purpose of this
esearch is to experimentally visualize and quantify the mean flow
eld of a compact impingement geometry �Zn /D=2.34� with local
xtraction on the impingement plane �Ae /Ajet=2.23� by way of
agnetic resonance velocimetry �MRV�. The average convective

eat transfer coefficient is also measured in the same flow geom-
try as a function of the jet Reynolds number ranging from ReD
2000 to ReD=10,000.

Experimental Apparatus and Techniques

2.1 Description of Geometry. The present injection and ex-
raction hole geometries are illustrated in Fig. 2. The working
uid is injected through a staggered array of 36 8.46 mm diameter

njection holes with a jet-to-jet spacing of 2.34 diameters �Zn /D
2.34�. Around each interior injection hole are 6 regularly spaced
.29 mm diameter extraction holes giving a ratio of exhaust area
o jet area of 2.23 �Ae /Ajet=2.23� when calculated on a repeating
nit cell. This hole geometry allows for local extraction in the
eometric center between any two adjacent injection holes in the
rray. A target distance of 1.18 injection diameters was used
H /D=1.18�.

The apparatus consists of three major components: inlet mani-
old, impingement array, and extraction plenum. Figure 3�a� illus-
rates the entire geometry where the working fluid enters from a
.5 m long and 50.8 mm diameter development pipe into the inlet
anifold. The inlet manifold serves two purposes. First, it

hanges the 50.8 mm diameter circular cross section to a square
2

(a)

Fig. 1 Two different types of impingemen
152�152 mm � cross section. Second, the manifold serves to

82201-2 / Vol. 131, AUGUST 2009
turn the flow 90 deg and distribute the flow across the injection
array. To create a uniform flow distribution, the upper wall of the
manifold is tapered, as shown in Fig. 3�b�. The idea is that a
uniform pressure distribution is established along the tapered wall
resulting in a uniform flow distribution across the entire array of
injection holes, which lie directly under the inlet manifold. Upon
entering the injection holes, the flow travels 28.6 mm through the
extraction manifold in individual tubes exiting in the cooling cav-
ity as an array of jets. Figure 4 schematically illustrates how the
jets pass through the extraction plenum into the cooling cavity.
The jets impinge on the target surface producing a primary stag-
nation zone under each jet. As a consequence of the stagnation,
the flow turns away from the jet centerline producing an axisym-
metric radial wall jet. This wall jet then interacts with the wall jets
from the adjacent impingement jets in the array resulting in a
secondary annular stagnation region on the target surface sur-
rounding each impingement jet. The stagnation pressure in this
region pushes the fluid up and through the extraction holes located
between the injection holes into the extraction plenum. In this
plenum, the extracted fluid then flows around the cylindrical tubes
of the impingement jets and makes its way to one of four 25.4 mm
diameter tubes located at the corners of the plenum. These four
extraction tubes converge and the working fluid is exhausted
through a 31.8 mm diameter tube.

2.2 Magnetic Resonance Velocimetry. MRV was used to
measure the 3D mean velocity field within an array of staggered
impingement jets with local extraction. MRV is a noninvasive

b)

ooling with local extraction of spent fluid

Fig. 2 View of the jet impingement geometry from the jet im-
pingement exit plane. The geometry is a staggered array of 36
8.46 mm diameter injection holes surrounded by 6 7.29 mm
(

diameter extraction holes.
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experimental technique, which makes use of the nuclear magnetic
resonance �NMR� properties of hydrogen atoms bound in water.
The technique is capable of measuring the three-component mean
velocity field inside of complex geometries without the use of
flow tracers or requiring optical access �14�.

The impingement apparatus was manufactured by stereolithog-
raphy �SLA� to facilitate measurements in a 1.5T General Electric
Signa CV/i magnetic resonance imaging �MRI� system. Water was
used as the working fluid. To increase the water’s signal strength,
a gadolinium-based contrast agent �Omniscan, Nycomed, Inc.,
Zurich, Switzerland� was added at 0.5% concentration. A centrifu-
gal pump �TE-6MD-HC, Little Giant, Oklahoma City, OK�
moved the water from a large holding tank through the impinge-
ment apparatus, located inside the magnet bore, and back to the
tank where the volume flow rate was measured by a paddle wheel
flow meter with estimated uncertainty of 4%. The experimental
setup is restricted due to the MRI’s large magnetic field and its
sensitivity to radio frequency �RF� noise. The pump was placed
approximately 3 m from the magnet, and no metallic parts were
used in the flow loop. The MR images were checked and found to
have negligible RF noise produced by the pump.

The mean velocity field was determined by averaging 16 sepa-
rate experiments at ReD=2600 �37.5�1.5 l /min� and ReD

=5300 �76�3 l /min�. The measurements were taken with an im-
aging volume of 240�64�240 mm3 �x ,y ,z� and a spatial reso-

b)

ough the inlet manifold and progresses through the im-
ction plenum where it passes through one of four tubes
(a) (

Fig. 3 Impingement apparatus. The working fluid enters thr
pingement array. The fluid leaves the array entering the extra
ig. 4 Cross section of the jet impingement geometry. The im-
inging jets pass in tubes through the extraction plenum strik-

ng the target surface creating primary stagnation regions. The
uid turns radially outward and interacts with adjacent jets cre-
ting a secondary stagnation zone. The fluid is then exhausted
hrough spent fluid holes into the extraction plenum.
f the heat transfer surface

AUGUST 2009, Vol. 131 / 082201-3
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ution of approximately 1 mm3. Based on previous studies by the
uthors, the maximum uncertainty in individual mean velocity
ector measurements is less than 10% �15�.

2.3 Average Heat Transfer. Average heat transfer measure-
ents were carried out on the same flow geometry with the addi-

ion of a heat transfer surface used to supply a constant wall
emperature at the target surface plane �y=0�. The heat transfer
urface �Fig. 5� consisted of a 76.2�76.2�2.4 mm3 oxygen-free
igh thermal conductivity �OFHC� copper plate mounted in a
lexiglas frame. Five k-type thermocouples were epoxied into
oles drilled from the backside of the plate to 1.2 mm beneath the
arget surface plane with high conductivity epoxy. One thermo-
ouple was located in the center of the plate �x=0, z=0� and the
ther four were in each of the four quadrants surrounding the
rigin �x= �25.7 mm, z= �24.8 mm�. A kapton heater �Omega,
H-303/10�, fixed to a second OFHC copper plate measuring
2.4�72.4�2.4 mm3, was attached to the back of the first cop-
er plate to supply the necessary heat flux to the heat transfer
urface. Power is supplied to the heater by a 110V variable AC
ransformer. Heater voltage drop is measured by a digital multim-
ter �8842A, Fluke, Everett, WA� and the current measured using
wattmeter �2101, Valhalla Scientific, San Diego, CA�, which
easures both the transformer voltage and current, wired in series
ith the load.
Air from a rotary screw compressor �SSR-XF-400, Ingersoll

and, Montvale, NJ� is used as the working fluid for the heat
ransfer measurements and is fed from a large holding tank to the
est cell via the route shown in Fig. 6. The air passes through a
lter �F18-C00-A3DA, Norgren, Littleton, CO� and a pressure
egulator �R18-C00-RNXA, Norgen, Littleton, CO� before en-
ountering two subsystems used to control the mainstream inlet
emperature. A chilled water shell-and-tube heat exchanger �1383,
MS Heat Transfer Division Inc., Bohemia, NJ� was followed by
series of pipe heaters �STB3A1J6, Watlow, Los Gatos, CA�

owered by a 110 V variable ac transformer. During operation, the
hilled water flow rate and the power to the heaters were con-
rolled to hold inlet temperature fluctuations to within �0.1°C of
he desired inlet temperature.

The air passed through a 0.5 m long and 50.8 mm diameter
evelopment pipe and into the inlet manifold of the impingement
pparatus. The air inlet temperature Tin was measured immedi-
tely upstream of the inlet manifold by a 1.57 mm diameter k-type
hermocouple �KMQSS-062E-6, Omega Engineering, Stamford,
T� immersed parallel to the flow. The air temperature was as-

umed to be uniform at this inlet station because the flow passed
hrough several meters of isothermal supply pipe and multiple
ow turning and control elements. Upon leaving the impingement
pparatus the air exit temperature Texit was measured with a simi-
ar k-type thermocouple immersed in the flow. The air mass flow
ate was then measured by one of two identical 52.5 mm bore
rifice plate meters plumbed in parallel. A combination of three
ifferent square-edged orifice plates was used �19.05 mm, 25.40

Fig. 6 Laboratory air supply schematic
m, and 35.00 mm� to achieve a range of Reynolds numbers from

82201-4 / Vol. 131, AUGUST 2009
ReD=2000 to ReD=10,000. Uncertainty in the mass flow rate and
Reynolds number were both estimated to be less than 0.5% based
on a 95% confidence interval using the method described by Kline
and McClintock �16�.

At each Reynolds number tested, the inlet temperature was sta-
bilized to 23°C and power was supplied to the heat transfer sur-
face to raise the wall temperature 30°C above the inlet tempera-
ture. The wall temperature Twall was determined by averaging the
five individual heat transfer surface thermocouples. During the
experiment, these five individual thermocouples were found to
deviate less than 0.5°C, thus the average was believed to be a
good representation of the mean wall temperature. Once steady,
50 temperature measurements were made at each thermocouple.
In order to accomplish these measurements, each thermocouple
was connected to a GPIB controlled multiplexor �3497A, Hewlett
Packard, Palo Alto, CA� where the voltage was read by a GPIB
controlled digital multimeter �8842A, Fluke, Everett, WA�. Each
thermocouple measurement was referenced to an ice bath with an
assumed temperature of 0.01°C. The uncertainty in the tempera-
ture measurements, utilizing a 95% confidence interval, was ap-
proximated at �0.2°C.

The Nusselt number Nu in Eq. �1� was used to assess the heat
transfer performance of the impingement apparatus.

Nu =
�q̇ − q̇loss�D

kAirAHT�Twall − Tin�
�1�

The entire apparatus was wrapped in 25.4 mm of fiberglass
insulation to minimize heat losses. The heater power lost through
conduction, q̇loss in Eq. �1�, was estimated by a transient experi-
ment running under normal experimental conditions. The appara-
tus was stabilized at ReD=10,000, simultaneously the air supply
and the heater power where turned off and the heat transfer sur-
face temperature Twall was measured in time. A numerical time
derivative of the wall temperature was computed by a central
difference approximation. The value of the derivative is used at
short times in conjunction with Eq. �2� to estimate the power lost
through conduction.

q̇loss = ��HTVHT�Cp,HT
dTwall

dt
�2�

The transient experiment was repeated multiple times resulting
in a conduction loss estimate of 2 W or 5% of the input power at
ReD=10,000. The wall temperature is consistent throughout all of
the heat transfer experiments, thus, it is assumed the conduction
losses are also constant. Uncertainty in the conduction loss is
estimated conservatively at �50%, resulting in a loss estimate of
2 W�1 W. Subsequently, uncertainty in the Nusselt number, de-
termined by the method described by Kline and McClintock �16�,
was estimated at 7% based on a 95% confidence interval.

3 Results and Discussion

3.1 Magnetic Resonance Velocimetry. The three-component
mean velocity field for the impingement apparatus was measured
using MRV at ReD=2600 and ReD=5300. Although two separate
Reynolds numbers were tested, no significant difference in the
structure of the mean velocity field was measured. Subsequently,
only results from the higher Reynolds number ReD=5300 will be
shown.

A full-field cross section of the impingement array is shown in
Fig. 7. Time averaged velocity magnitude contours �in m/s� are
illustrated for the �z-y� plane taken near the center of the array
�x=−8.46 mm�. The flow started at the top of the frame in the
inlet manifold, accelerating into the injection tubes to a peak ve-
locity in the vena-contracta near 1 m/s. At the entrance of the
outer jets, a small flow separation region was present as the flow
accelerates into the injection tube. Shortly downstream, the flow

in each injection tube decelerated and a well mixed jet exited into
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he cooling cavity at y=10 mm. Once the jets emerged into the
ooling cavity they began to spread and eventually impacted the
arget surface at y=0.

A magnified view of the flow within the cooling cavity is
hown in Fig. 8. Contours of velocity magnitude �m/s� and the
n-plane �z-y� velocity vectors are displayed for the identical plane
hown in Fig. 7. Here, the jet was clearly spreading until it im-
acted the target surface forming the primary stagnation on the jet
enterline. A radial wall jet formed on the target surface and ac-
elerated away from the jet centerline. This wall jet then inter-
cted with the adjacent wall jet and created a secondary stagnation
one directly between the two impingement jets. These secondary
tagnation regions created an upwelling of the fluid forcing it out
f the cooling cavity through the extraction hole located between
he two impingement jets. In this plane, there was little sign of a
ortical structure around the jet. The flow transitioned very
moothly from the jet to the extraction plenum.

This smooth transition is not present in Fig. 9. Here, the jet
hown at z=5 mm in Fig. 8 is shown in an orthogonal plane
x-y�. Again, the jet emerged at y=10 mm and impacted the tar-
et surface at y=0 mm, however, the primary stagnation was not
ound on the jet centerline but was shifted approximately 2 mm in
he negative x direction. A small counterclockwise rotating vortex
s clearly visible on the positive x side of the jet. On the opposite
ide, a larger clockwise rotating vortex was present. Upon further
nspection, this structure of two counter-rotating vortices in the
-y plane was present around each jet in the array. The vortices
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are attributed to a slight crossflow, which developed in the cooling
cavity. The mean crossflow velocity to the jet velocity ratio was
calculated at 8%. The crossflow is a consequence of the taper of
the inlet manifold ending in a radius �Figs. 3�b� and 4� and not
simply tapering to zero. This radius resulted in a higher static
pressure at the downstream �positive x� jet locations inducing a
higher mass flow rate in those respective jets. Figure 10 illustrates
the variation by plotting the nondimensional mass flow rate
through each of the 36 jets in symbols, and the spanwise mean in
a solid line versus the streamwise array location. The inlet flow
enters from the −x direction and the inlet manifold radius is lo-
cated at x=76 mm. The figure shows higher jet mass flow rates
on the downstream side of the array. The jet mass flow rate de-
creases with decreasing streamwise location and the variation is
estimated at 15% of the bulk average mass flow rate. The down-
stream jets also show less spanwise variation in mass flow rate
than the slower upstream jets. The spanwise variation in the
slower upstream jets is attributed to two large vortices present in
the inlet manifold. Figure 11 illustrates the two vortices in an x-z
plane, 10 mm above the start of the impingement jet tubes. The
strength of the vortices was examined by comparing the dynamic
pressure of the recirculating fluid to the dynamic pressure lost by
the fluid due to acceleration through the jets. The vortical dynamic
pressure was found to be 11% of the pressure lost due to jet
acceleration. The presence of theses structures does influence the
jet mass flow rate on the upstream side of the array as seen in the
spanwise variation, yet they are not strong enough to significantly
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lter the jet mass flow rates.
Figures 12–14 illustrate contours of mean velocity magnitude

m/s� in flow planes �x-z� parallel to target plane at ReD=5300.
igure 12 was measured at y=9.5 mm �y /H=0.95� or immedi-
tely beneath where the jets enter the cooling cavity. The jet ve-
ocities were fairly uniform in the spanwise �x� direction with
agnitudes near 0.7 m/s. The figure shows the slight nonunifor-
ity in jet velocity in the streamwise �x� direction. Figure 12 does

ot show the full 15% variation because it is showing the flow
eld only above the heat transfer surface, which lies inside the
utermost rows of impingement jets, where the effect is most
revalent.
In between the jets, local regions of higher velocity �0.2–0.3
/s� were measured. The velocity in this location is in the oppo-

ite direction as that of the impingement jets and corresponds to
he location of the extraction holes. This region of moderate ve-
ocity is also present in Fig. 8 where it shows the spent fluid
ntering the extraction plenum.

The velocity magnitude in Fig. 13 was measured at y=5 mm
y /H=0.5�, or midway between the target surface and the start of
he impingement jets. Here, each jet has begun to spread out as
ell as slow down to approximately 0.5 m/s as can be seen in Fig.
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ig. 10 Nondimensional mass flow rate through each indi-
idual jet. Jets located at identical z locations are plotted as a
roup with the same symbol indicating the spanwise variation

n jet mass flow rate.
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8. Regions of nearly quiescent flow can be seen around each jet,
while an interconnected region of faster moving flow separates
each jet. This interconnected region is moving in the opposite
direction of the jet and is the result of the interaction of the jets as
they spread out on the target surface. In addition, the jet shape has
become elliptical. This change in shape is attributed to the varia-
tion in mass flow rate introduced by the inlet manifold.

The flow immediately above the target surface �y /H=0.05� is
shown in Fig. 14. The primary stagnation region can be readily
seen where each jet impacts the target surface. Around each pri-
mary stagnation, a nearly axisymmetric radial wall jet is estab-
lished along the target surface. The effect of the crossflow is not
easily noticed in the shape of the wall jets although it is easily
visible a few millimeters away �Fig. 13�. The wall jet accelerates
outward to a velocity near 0.5 m/s and subsequently decelerates to
form a secondary stagnation region. The secondary stagnation re-
gion surrounds each jet in a region closely resembling a hexagon.
This stagnation creates the upwelling of flow seen in Fig. 13.
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Fig. 12 Contours of velocity magnitude „m/s… in the x-z plane
measured at y=9.5 mm, or at the start of the impingement jets
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3.2 Average Heat Transfer. Average heat transfer measure-
ents were made for jet Reynolds numbers ranging from 2000 to

0,000. Figure 15 shows the average Nusselt number as a function
f jet Reynolds number for the array along with a power law
pproximation to the data. The measured Nusselt number is also
ompared with correlations provided by Florschuetz et al. �2� and
artin �3�. The correlation by Martin �3� considers the geometry,

owever it does not account for any crossflow. Florschuetz et al.
2� considered both the geometry and crossflow and are shown for
hree different crossflow-to-jet velocity ratios: 0%, 7.5%, and
5%.
At low Reynolds numbers, the correlation of Florschuetz et al.

2� using a crossflow-to-jet ratio of 7.5–15% does a reasonable job
f capturing the mean Nusselt number. The crossflow-to-jet veloc-
ty ratio for the array tested was calculated at 8%. With increasing
eynolds number, however, the correlation increases too quickly

esulting in an overprediction of the measured Nusselt number,
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ig. 14 Contours of velocity magnitude „m/s… in the x-z plane
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nearly 15% at ReD=10,000. Although the Reynolds number de-
pendence of the correlation is a bit strong, it does suggest the heat
transfer rates measured could be increased by nearly 20% if the
inlet manifold was redesigned to eliminate the cooling cavity
crossflow, as illustrated by the 0% crossflow ratio curve.

Martin’s �3� correlation underpredicts the Nusselt number
throughout the range of the Reynolds numbers tested. In addition,
it’s functional relationship with Reynolds number increases to a
similar power to that of Florschuetz et al. �2�, which is greater
than the 0.6 power for the tested array. The geometry tested does
not fit within the range of geometric parameters provided by Mar-
tin �3�, 0.004�Ajet /AHT,Unit�0.04 and 2�H /D�12, or in the jet
spacing parameters provide by Florschuetz et al. �2�, 5�Zn /D
�10 and 4�Xn /D�8. Because the geometry lies outside of the
range of validity for the two correlations, it is not expected they
would capture the behavior of very compact impingement arrays.

The small interjet spacing �Zn /D=2.34� continued the trend
reported by Huber and Viskanta �13� of an increasing mean Nus-
selt number with decreasing jet-to-jet spacing. This configuration
showed an estimated 10% improvement in Nusselt number over
their most compact array �Zn /D=4�. The ratio of jet area to heat
transfer surface area �Ajet /AHT� of this array, however, has in-
creased by nearly a factor of 3 over the array tested by Huber and
Viskanta �13�. At ReD=10,000, this increase in jet area results in a
mass flow rate requirement per heat transfer area of nearly two
times that of their most compact geometry.

Decreasing the jet-to-jet spacing has been shown to decrease
the peak local Nusselt number in the primary stagnation region
�13�. However, decreasing the jet-to-jet spacing also increases the
mean Nusselt number of the entire array by increasing the area for
primary stagnation heat transfer and decreasing the area under the
wall jets establishing more uniform heat transfer across the entire
array.

4 Conclusion
We have shown quantitative flow measurements of the full 3D

mean velocity field within a compact array of impinging jets with
local extraction. Although the spatially resolved flow field was
measured at two different Reynolds numbers, little difference was
measured in the structure of the flow field. An appreciable cross-
flow, a crossflow-to-jet velocity ratio of 8%, was measured inside
the cooling cavity of the array. This crossflow established asym-
metric counter-rotating vortices upstream and downstream, rela-
tive to the crossflow direction, of each impingement jet. In the
transverse direction, no indication of the presence of the vortical
structure was measured, a smooth transition from the jet through
the cooling cavity was observed. The presence of the crossflow
displaced the center of the primary stagnation region from the jet
centerline. The presence of the crossflow was not easily seen very
close �y�1 mm �y /H=0.05�� to the target surface. However it’s
presence was clear at greater distances, approximately 2–4 mm
�y /H=0.2 to y /H=0.4�.

The mean Nusselt number was obtained as a function of jet
Reynolds number. The small jet-to-jet spacing of the impingement
array enabled a large Nusselt number by increasing the area en-
compassed by primary stagnation heat transfer. This had two ef-
fects: �1� The mass flow requirement per heat transfer area at a
given Reynolds number increased because more jets are used to
cool the surface, and �2� although peak Nusselt numbers decrease
with decreasing jet-to-jet spacing �13�, the mean Nusselt number
improves because, locally, the heat transfer is more uniform.
Comparison to previous empirical work by Florschuetz et al. �2�
suggests improvement in heat transfer rates is possible through the
elimination of the cooling cavity crossflow.

Nomenclature
Ae � exhaust area, m2

2
Ajet � jet area, m
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AHT � heat transfer surface area, m2

H � jet impingement length, mm
D � impingement jet diameter, mm
d � extraction hole diameter, mm

Zn � jet-to-jet spacing, mm
Xn � streamwise row-to-row jet spacing, mm

ReD � Reynolds number based on the jet diameter,
�VjetD /�

Vjet � bulk jet velocity, m/s
� � bulk fluid material density, kg /m3

�HT � bulk heat transfer surface density, kg /m3

� � bulk material dynamic viscosity, Pa s
y � vertical direction, normal to the target surface,

mm
x � streamwise direction, along the target surface,

mm
z � spanwise direction, along the target surface,

mm
Tin � fluid temperature measured at the apparatus

inlet, °C
Texit � fluid temperature measured at the apparatus

exit, °C
Twall � average heat transfer surface temperature, °C

Nu � average Nusselt number on the heat transfer
surface, hD /k

q̇ � heat flux supplied to the heat transfer surface,
W

q̇loss � heat flux lost from the heat transfer surface by
conduction, W

k � thermal conductivity, W /mK
VHT � volume of the heat transfer surface, m3

Cp,HT � Specific heat capacity of the heat transfer sur-
face, J /kgK
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Heat Transfer and
Thermodynamic Analyses of
Some Typical Encapsulated Ice
Geometries During Discharging
Process
This study deals with the process of melting in some typical encapsulated ice thermal
energy storage (TES) geometries. Cylindrical and slab capsules are compared with
spherical capsules when subjected to a flowing heat transfer fluid (HTF). The effect of
inlet HTF temperature and flow rate as well as the reference temperatures are investi-
gated, and the resulting solidification and melting times, energy efficiencies, and exergy
efficiencies are documented. Using ANSYS GAMBIT and FLUENT 6.0 softwares, all geom-
etries are created, and the appropriate boundary and initial conditions are selected for
the finite volume solver to proceed. Sufficient flow parameters are monitored during
transient solutions to enable the calculation of all energy and exergy efficiencies. The
energetically most efficient geometric scenario is obtained for the slab geometry, while
the spherical geometry exergetically achieves the highest efficiencies. The difference be-
tween the two results is mainly through the accounting of entropy generation and exergy
destroyed, and the largest mode of thermal exergy loss is found to be through entropy
generation resulting from heat transfer accompanying phase change, although viscous
dissipation is included in the analysis. All efficiency values tend to increase with decreas-
ing HTF flow rate, but exergetically the best scenario appears to be for the spherical
capsules with low inlet HTF temperature. Energy efficiency values are all well over 99%,
while the exergy efficiency values range from around 72% to 84%, respectively. The
results indicate that energy analyses, while able to predict viscous dissipation losses
effectively, cannot correctly quantify losses inherent in cold TES systems, and in some
instances predict higher than normal efficiencies and inaccurate optimal parameters
when compared with exergy analyses. �DOI: 10.1115/1.3111262�

Keywords: latent heat storage, heat transfer, efficiency, energy, exergy, encapsulated,
ice, discharging, sphere, cylinder, slab, temperature
Introduction
Due to the current and increasing world demand for energy, the

torage of energy is becoming a viable technology to attempt to
elp alleviate costs and environmental impact. Since most sources
f sustainable energy, for example, solar and geothermal, do not
ffer themselves at a constant rate, there is an obvious advantage
n the storage of solar, wind, and tidal energies, so that they may
e used in times of need. Although there are many types of energy
torage that services society today, including electrical, mechani-
al, and chemical, thermal energy storage �TES� presents one of
he easiest and cost efficient means to store energy. For example,
olar hot water heaters are garnering increased attention as of late,
ue to the ease in installation and maintenance, as well as the cost
eductions in heating and decreased greenhouse gases �GHGs�
hen compared with natural gas or oil heaters. Many recent stud-

es, for example, Ref. �1�, have focused on heat exchanger types
o most efficiently transmit heat to and from latent sources. Al-
hough a comprehensive review of the many latent TES applica-
ions for space heating is exhaustive, there are nonetheless many

1Corresponding author.
Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received October 16, 2008; final manuscript re-
eived January 13, 2009; published online June 5, 2009. Review conducted by Ali

badian.

ournal of Heat Transfer Copyright © 20
recent and ongoing studies to find uses for latent heat storage in
solar heat capture �2� and electronics cooling �3�, to name a few.
Cold TES, on the other hand, has not received as much attention,
and it is becoming an excellent option in warmer areas, where
space cooling costs and electricity demands are becoming increas-
ingly high.

The main focus of this paper is concerned with encapsulated ice
TES. This is due to a number of factors, including its low cost and
attractive economic and environmental benefits. The utilization of
encapsulated ice TES, along with other modes of TES, reduces
both electricity demand and cost, and ultimately lowers GHG
emissions through a lowered energy demand.

Encapsulated ice TES utilizes a heat transfer fluid �HTF�, which
is usually a glycol solution, to freeze de-ionized water encapsu-
lated in plastic capsules �usually made of polyvinyl chloride
�PVC�, due to its low cost, nonvolatility, and high durability�. The
capsules are typically made in a spherical shape, but other geom-
etries including rectangular prism, cylindrical, and annular shapes
are also possible. These capsules are contained in a large storage
tank, and the HTF mainly serves as a medium to deliver the cool-
ing load from the storage tank to the building. It can be cooled via
many techniques, but a vapor compression refrigeration cycle is
primarily used. During night times, electricity is usually much
cheaper, and chillers cool the heat transfer fluid, which in turn
freezes the encapsulated water. During peak electricity times, the

cost can be as much as five times that in the night �4�, so the HTF

AUGUST 2009, Vol. 131 / 082301-109 by ASME
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s used to extract the heat from the ice storage tank and deliver the
ooling load to the building. This has an immense cost benefit,
nd some case studies have shown payback periods of as little as
–7 years �5�. In addition to this, utilizing cold TES can help
educe the peak electricity demand since it effectively shifts elec-
ricity loads from peak to off-peak times. This eliminates the need
or more generating plants to satisfy the peak demand and, ulti-
ately, acts to lower greenhouse gases, which have been a major

oncern for environmentalists and scientists alike.
There are many literature works that have direct applications to

ncapsulated ice TES and these are either concerned with packed
ed flows or single capsule analyses. The wealth of information
egarding packed bed investigations is immense; however, most
re concerned with high velocity gas flowing through a bed with
articles of small diameter, for example, Refs. �6,7�. These stud-
es, although helpful, usually have applications in reactor beds �8�
r adsorption beds. Due to the small particle diameters, they can-
ot correctly analyze the important phenomena that are inherent to
ncapsulated packed bed TES. For these larger capsules, a number
f studies have been undertaken in order to analyze thermal dis-
ersion �9� and viscous dissipation �10�. A critical review of the
hermal dispersion in various packed beds was performed in Ref.
11�.

In a recent work �12� more aligned with the principles of en-
apsulated ice TES, an analytical technique is presented to simu-
ate flow in a packed bed of larger spheres. The method, which
ncludes porous medium concepts, takes into consideration fluid-
o-capsule convection, conduction and radiation, as well as one-
imensional radial conduction inside particles. They achieve good
esults when compared with numerical and experimental data
hen a free-convection heat transfer configuration is employed.
Another relevant usage of the porous medium concept �13� pro-

oses a cylindrical storage tank, packed with spherical capsules,
nd using the integral approach assuming a linear transverse tem-
erature profile, as well as heat leakage from the ambient, a HTF
emperature profile is obtained. The resulting energy and exergy
fficiencies, along with the exergy destructions, are evaluated
hen the flow rates and inlet temperatures are varied during

harging. It was found that when using larger flow rates and inlet
emperatures close to that of the solidification temperature, the
xergy efficiency was maximized and the destroyed exergy was
inimized.
Though there are a few other analytical studies concerned with
odeling encapsulated ice TES system, most of the wealth of

esearch into this subject is concerned with numerical studies and
imulations of the charging and discharging of the storage mod-
le. In Ref. �14�, an existing TES system is replicated using a
wo-dimensional axisymmetric model, and the role of free con-
ection on the heat transfer performance of the tank is addressed.
nother similar work can be found in Ref. �15�, where a two-
imensional transient analysis of a cylindrical storage tank is per-
ormed, with the storage tank filled with uniformly sized spherical
apsules. The capsules are filled with paraffin wax and are packed
andomly into the storage module, exchanging heat with air acting
s the HTF.

Furthermore, some studies combine both porous medium con-
epts with a numerical solution, as in Ref. �16�. Here, a two-
imensional approach is used to solve for the temperature field in
cylindrical container containing spherical capsules used for ice

torage. Density variations within the HTF were considered, and
he system was run in both the vertical and horizontal positions. It
as determined that the optimal case occurred with the tank in the
ertical position when the natural convective currents coincide
ith forced convection currents.
Though encapsulated ice TES shows many promising benefits

n industrial cooling, the literature is somewhat lacking in the
articular area of this paper since many studies either consider
ncapsulated paraffin for warm TES purposes or simply provide

ase studies of existing systems. This research paper goes beyond

82301-2 / Vol. 131, AUGUST 2009
what is found in the literature in the sense that the inner flow
fields between capsules are simulated using numerical techniques,
and the dependence of performance on factors such as capsule
geometry, HTF temperature and flow rate, as well as ambient
conditions is examined. It is believed that only when these inner
flow fields are properly treated can better efficiencies, lower costs,
and better sustainability be realized by designers.

2 Analysis
Before specifying the equations used in both the heat transfer

analysis and the thermodynamic analysis, an outline of the nu-
merical study and computational domains will be addressed. In
most encapsulated ice storage tanks, the capsules are either of the
spherical, cylindrical, or rectangular �slab� geometry. The spheri-
cal geometry is far more common in industrial applications due to
its ease of manufacturing and packing. There are other geometries
that have been used, but for the purpose of this analysis, only the
spherical, slab, and cylindrical capsules are considered. For a bet-
ter understanding of the storage tank and capsule relationship for
the three geometries, see Fig. 1. The present analysis will consider
one capsule of each type in a bed of like capsules, and simulate
the ice discharging or melting process, while varying many factors
as described above.

Each capsule will have a PVC shell with a thickness of 5 mm.
This material is chosen due to its durability and flexibility and
should provide a good approximation to the various plastics used
for capsule shells in the industry. Before continuing any further,
the assumptions used in this analysis are as follows:

• negligible radiation effects
• constant thermophysical properties for both HTF and PVC
• piecewise constant thermophysical properties for the phase

change material �PCM�
• incompressible materials with constant density
• negligible storage tank wall effect
• negligible heat penetration into storage tank, and
• negligible potential �gravitational� energy effects

The slab capsules are considered to have a heat transfer fluid
stream thickness equal to half the slab thickness.

The material thermophysical properties used in the analysis are
given in Table 1. The properties for water and ice are taken con-
stant at temperatures of 275 K and 269 K, respectively, since this
is an acceptable mean temperature at which these substances will
be experiencing. The properties of the heat transfer fluid—an eth-
ylene glycol solution �30% by mass�—are obtained from Ref.
�17�.

Now that the above general guidelines and domain descriptions
are set, the computational procedure for the solutions can be ad-
dressed. Afterward, a detailed explanation of the computational
domains is presented so that the performance criteria can be ex-
amined according to the various inputs.

2.1 Heat Transfer and Fluid Flow Analysis. For the whole
of the numeric simulations, ANSYS FLUENT and GAMBIT 6.3 soft-
wares are used to create the domains, split them into finite vol-
umes, and set boundary and initial conditions. These domains
have been split up into a finite number of volumes �or cells�, and
the relationships between adjacent cells are computed over their
joining faces �or facets�. The actual solver employed in this analy-
sis is a pressure-based solver; since all of the materials used in this
problem are assumed incompressible, the flow is governed solely
by pressure differentials. In this case, the pressure-based solver
uses an algorithm that belongs to a general class of methods called
projection methods �18�. In this method, the conservation of mass,
or continuity, is achieved by solving a pressure correction equa-
tion. This equation is derived from the continuity and momentum
equations in such a way that the pressure/velocity field satisfies
the continuity equation. Since the differential equations that must

be satisfied are nonlinear by nature and coupled, the solution must
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e iterated in a closed loop until the solution converges within the
equired tolerances.

Though the actual solution procedure used in ANSYS software
an be very complex, it is nonetheless more important, from an
ngineering or designing perspective, to outline the governing
quations and boundary conditions necessary for these numerical
olutions to take place. In all cases, there will be three separate
ections where governing equations change: the inner capsule
henceforth referred to as the PCM�, the capsule shell �or PVC�,
nd the flowing HTF. FLUENT works in Cartesian �or x-y-z� coor-
inates, and each material will have its own governing equations
nd boundary and initial conditions, which are to be presented
ext.

2.1.1 The PCM. Due to the aforementioned assumptions, the
CM becomes conduction dominated and contains no flow terms.
he energy equation for the phase change material is then as

ollows:

�PCM
DHPCM

Dt
= kPCM�2T �1�

he substantial derivative, seen in the first term of the above
quation, for any variable �, is defined as

D�

Dt
=

d�

dt
+ u

d�

dx
+ v

d�

dy
+ w

d�

dz
�2�

here u, v, and w are the x, y, and z components of the velocity
ector. The del ��� operator, seen in the last term of the energy
quation above, is a vector quantity, though in this case due to its

Fig. 1 Storage tank schematic for „a… cylindrical c

Table 1 Material properties used in the analysis

ubstance
C

�J /kg K�
�

�kg /m3�
K

�W /m K�
�

�kg /m s�

ater �liquid� 4200 1000 0.5576 0.001519
ater �solid� 2106 917.4 2.108 N/A
thylene glycol 30% 3574 1053.1 0.4220 0.00503
VC 900 1380 0.16 N/A
ournal of Heat Transfer
multiplication it becomes a scalar. Nonetheless, it is used through-
out the analysis, and it is shown below:

� = � �

�x
i� +

�

�y
j� +

�

�z
k�� �3�

where i�, j�, and k� are the unit vectors in the x, y, and z directions,
respectively. Continuing on with the energy equation, it is known
that a phase change will occur in this medium. Therefore, the
enthalpy of the PCM, H, will be computed as the sum of the
sensible enthalpy, h, and the latent heat portion, Hl. Due to the
assumption of constant thermophysical properties, this enthalpy
can be written as a function of temperature as follows:

HPCM�T� = hPCM,o + CPCM�T − To� + Hl �4�

where hPCM,o and To are the arbitrary reference enthalpy value and
temperature; since only the change in enthalpy is required for
analysis, these values will drop out in all calculations.

There are many methods of numerically simulating the process
of solidification; however, FLUENT uses the enthalpy/porosity
method �19–21�. In lieu of a solver that produces a specific melt
interface position, this method is often chosen to solve problems
in more complex geometries. Instead of tracking this interface
position explicitly, a quantity called the liquid fraction is solved,
which computes the fraction of the cell that is in liquid form. The
liquid fraction is then solved each iteration in order to correctly
define the temperature field. This liquid fraction, �, is defined to
vary between �=0 if T�Tsf �melting temperature� and �=1 if
T�Tsf. Any cells that have a liquid fraction between 0 and 1 will
have a temperature of T=Tsf, and the liquid fraction will depend
on the amount of latent heat stored. Once the cell has received all
of its latent heat, it will continue to heat as a liquid.

In order to continue with the governing equations, the latent
heat portion, Hl, must be written in terms of the latent heat of the
material, L, such that Hl=�L.

The PCM temperature field and liquid fraction, defined by the
above equations, can only be solved once one of the initial and
boundary conditions is specified. The first condition is the initial-
ization temperature Tini,PCM; at time t=0 the PCM is set at a

ules, „b… spherical capsules, and „c… slab capsules
temperature of 271 K to indicate a subcooled solid. The second

AUGUST 2009, Vol. 131 / 082301-3
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ondition required for the solution to proceed is the wall boundary
ondition, which is satisfied by the temperature condition at the
VC/PCM interface. Since there should be no discontinuities in

he temperature field, the temperatures are set equal at both sides
f the interface. The exact wall temperatures on the facets them-
elves are automatically interpolated linearly by FLUENT software.

2.1.2 The Capsule Shell (PVC). The PVC capsule is a solid
tructure, and since the PCM density changes and gravity effects
ere neglected, the energy equation is similar in the PVC medium

o the PCM medium. Thus, the energy equation in the PVC me-
ium is as follows:

�PVC
DhPVC

Dt
= kPVC�2T �5�

here the specific enthalpy, h, is defined as was done in Eq. �4�,
inus the latent heat portion. Again, in order to successfully solve

he above equation, boundary conditions on both the inner and
uter surfaces of the PVC are required. The inner boundary con-
ition was already satisfied by the wall condition already ad-
ressed in the PCM/PVC interface; thus the outer boundary con-
ition must now be addressed. This boundary condition is very
imilar to the one in the PCM/PVC interface. In order to keep a
ore continuous temperature profile, the temperatures at the outer
VC wall and the HTF next to the PVC wall must be equal. The
xact temperatures on the facets themselves are once again inter-
olated linearly by FLUENT software.
As with the PCM domain, the PVC domain will be initialized at

he same temperature so that the capsules begin simulations at a
onstant temperature throughout the PCM and PVC. The PVC and
CM domains now need only the heat transfer fluid temperature
istributions to be fully solved, and this is done in Sec. 2.1.3
oncerning the heat transfer fluid domain, which is the most com-
licated of all three.

2.1.3 The HTF. The heat transfer fluid will need to satisfy a
umber of governing equations due to the complex flow condi-
ions within the domain. To begin with, since there is moving
uid, the energy equation for the heat transfer fluid becomes more
omplex due to viscous dissipation. A number of new variables
ust be introduced, and the energy equation is shown below.

�HTF
DhHTF

Dt
=

Dp

Dt
+ kHTF�

2T + � �6�

he last term on the right hand side of the above equation in-
olves viscous stresses and is customarily called the dissipation
unction. By the governing assumptions, we obtain the following
or the dissipation function, �:

� = ��2� �u

�x
�2

+ 2� �v
�y
�2

+ 2� �w

�z
�2

+ � �v
�x

+
�u

�y
�2

+ � �w

�y
+

�v
�z
�2

+ � �u

�z
+

�w

�x
�2� �7�

his term, when inserted into the energy equation, becomes the
iscous stress term, which addresses the pressure energy trans-
ormed into heat due to the shear stress in the fluid.

Since the above equation now must be solved to include pres-
ure and velocity terms, many more equations must be introduced,
long with their boundary conditions, before transient solutions
an take place. First, the continuity equation must be fulfilled, and
ince the heat transfer fluid is assumed incompressible, the conti-
uity equation becomes

� · V� = 0 �8�

he above equation, put simply, ensures that the mass fluxes
cross adjacent cells are conserved. Next, the momentum equa-
ions, known as the Navier–Stokes equations, must also be con-

erved:
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�HTF
DV�

Dt
= − �p + ��2V� �9�

So, the momentum conservation equations depend primarily on
the velocity vectors and pressure differential within the velocity
field. The change in velocity at any point in the fluid depends on
the pressure gradient at that point, �p as well as the viscous
dampening effects, denoted by ��2v� .

Since there are some new equations introduced here with many
more variables, in order to fully solve for the flow fields there will
need to be a few more initial and boundary conditions. To begin
with, before the solution is initialized, the temperature of the heat
transfer fluid is patched into the HTF domain so that the HTF has
a temperature equal to its inlet temperature for ease of computa-
tions. The velocity of the heat transfer fluid is set to zero before
transient solutions but is instantaneously switched to a specified
velocity, uniform over the inlet, afterward. The flow direction is in
the z-direction so that V�t=0�=0 and Vin�t�0�=win. For the ge-
ometries that have a non-PCM bounded wall, for example, the
spherical and slab capsule geometries, there will be a boundary
type that can be set as a zero shear stress wall. This is done in
order to more precisely model a real-world scenario; there will be
an axis of symmetry between capsule bunches, and the following
attempts to model these:

dV�

dn�
�f� � Wns� = 0

The above equation is explained as such; for the wall facets, f�,
which are part of the “no shear” symmetric wall points, Wns, the
derivative of the velocity with respect to the vector normal to the
wall facet, n� , will be zero. This ensures that no viscous dissipation
is encountered in these zones and is an important proponent to the
solution if the flow fields are to be solved far away from the
capsule tank wall. Conversely, for the wall facets not on the no
shear facets �in other words, all other “real” walls�, there is a
no-slip condition

V� �f� � Wns� = 0

So, the velocity vectors on all wall facets not in the “no-slip”
regime are set to zero for all cases.

For the outflow zones, there is no need to define any conditions
at these boundaries since FLUENT extrapolates the required infor-
mation from the interior of the domain. There are, however, a few
aspects of this boundary condition type to note before proceeding;
first, FLUENT assumes a zero diffusion flux for all flow variables at
the outlet. In other words,

d�

dz
�f� � Wout� = 0

Here, the symbol � can be any of the velocity, temperature, or
temperature vectors, and the above equation simply states that the
flow is fully developed at the outlet in the z direction, which is
streamwise and normal to the outlet. The reader should note that
the accuracy of the above assumption is entirely dependent on the
far-field boundary condition and the placement of the outlet. This
is why there must be some consideration taken when building the
computational zones and placing the outlet boundaries, which will
be addressed when performing far-field boundary independence
tests in Sec. 2.2.

The second outlet consideration that must be highlighted is the
overall continuity correction. Since the continuity equation �8�
must be conserved, the mass flow inlet and mass flow outlet must

carry the same amount of mass:
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o, the density, which is constant, multiplied by the summation of
ll streamwise velocities at each facet k, multiplied by the area of
ach facet, will equal the mass flow rate at the inlet/outlet. These
wo values must be conserved to ensure that the continuity equa-
ion is fulfilled.

Now that the governing equations have been addressed, the
lgorithm is able to solve the temperatures, flow, and pressure
elds to within desired tolerances; in this case they are set to
.0�10−3 for continuity, as well as the x, y, and z velocities, and
.0�10−6 for energy.

2.2 Thermodynamic Analysis. In addition to the heat trans-
er and fluid flow computational analyses, the thermodynamic as-
ects of the solidification and melting processes must be exam-
ned. Thermodynamic analyses are very helpful in determining
ystem performance, including efficiency values and losses. There
re usually two bases to perform a thermodynamic analysis, and
hese are usually called the energy and exergy analyses, and will
e introduced and discussed next.

2.2.1 Energy Analysis. An energy balance on either the solidi-
cation or melting process results in the following:

	Esys = Ein − Eout �10�
n other words, the total energy change in the computational do-
ain during the entire process must balance the difference be-

ween the inlet and outlet energy flows. This is known as the
onservation of energy principle or the first law of thermodynam-
cs. By the assumptions of negligible kinetic and potential effects,
s well as constant densities, the flow energy difference can be
ewritten as follows:

Ein − Eout = Uin − Uout = Hin − Hout + V–�Pin − Pout� �11�

ere, U denotes the internal energy, H represents the enthalpy, V–
s the total volume of the heat transfer fluid used in the process,
nd P is the average total pressure of the heat transfer fluid.

The change in energy of the system is defined as the energy
hange in each of the components of the system:

	Esys = 	EHTF + 	EPCM + 	EPVC �12�

here 	EHTF=mHTFCHTF�	T̄HTF�, 	EPVC=mPVCCPVC�	T̄PVC�,
nd 	EPCM=mPCM�L+Cw�	T̄PCM,w�+Ci�	T̄PCM,i��.

Here, the HTF and PVC zones undergo a change in sensible
nthalpy only, while the PCM undergoes a change in sensible
nthalpy in both the solid and liquid phases, along with a change
n enthalpy associated with phase change. Now that the proper
nergy balance equations have been addressed, it is necessary to
ntroduce the energy efficiency; the ratio of the desired energy
utput to the total energy input is as follows:


 =
desired energy output

total energy input
=

Edes

Etot
�13�

ince the purpose of the discharging process is to obtain the cool
nergy back from the control volume, the desired energy output is
efined as the change in enthalpy for the flows between the inlet
nd outlet:

Edes = Hin − Hout = mPCM�L + Cw�T̄f ,PCM − Tsf� + Ci�Tsf − T̄ini,PCM��

+ V–�Pout − Pin� + mPVCCPVC�T̄f ,PVC − T̄ini,PVC�

+ mHTFCHTF�T̄ini,HTF − T̄f ,HTF� �14�

he above was arrived at by combining Eqs. �10�–�12� so that the
nthalpy difference could be rewritten in terms of the other vari-
bles for ease of calculations.
The total energy input is given by the required energy needed
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for a process to occur. Therefore, this will be equal to the amount
of cool energy stored in the control volume before the melting
process begins.

Etot = mPCM�L + Ci�Tsf − T̄ini,PCM� + Cw�T̄f ,PCM − Tsf��

+ mPVCCPVC�T̄f ,PVC − T̄ini,PVC� + mHTFCHTF�T̄ini,HTF − T̄f ,HTF�
�15�

Now that the proper required and desired energy contents have
been identified, the energy efficiencies for the charging and dis-
charging processes are easily calculated using Eq. �13�. After ana-
lyzing the systems, however, it became apparent that the energy
efficiencies were very high, all of which being over 99% efficient.
While this phenomenon will be addressed in the discussion of the
results, the normalized energy efficiency is introduced next in or-
der to inspect the efficiency differences in this last percentile.


̄ = �
 − 0.99

0.0001
� �16�

2.2.2 Exergy Analysis. An exergy balance on any system un-
dergoing any process is written as follows:

	�sys = �in − �out − �d �17�

The above exergy balance is quite similar to the energy case, but
it contains one extra term, the exergy destroyed �d. The exergy
destroyed results from irreversibilities within the system and rep-
resents the exergy which becomes unrecoverable during the
process.

As with the energy case, the exergy change in the system is a
result of the exergy changes associated with each material within
the system:

	�sys = 	�HTF + 	�PVC + 	�PCM �18�

where

	�HTF = mHTFCHTF�T̄f ,HTF − T̄ini,HTF − T� ln� T̄f ,HTF

T̄ini,HTF

��
and

	�PVC = mPVCCPVC�T̄f ,PVC − T̄ini,PVC − T� ln� T̄f ,PVC

T̄ini,PVC

��
In the above equations, the change in exergy for the HTF and the
PVC was obtained due to the incompressibility assumption. How-
ever, for the PCM, the exergy change is not as straightforward.
Since there is both a sensible and a latent exergy change within
the PCM, the total change in exergy will be the sum of the exergy
change in the water and ice states, which are evaluated similar to
the above, plus the exergy change due to the solidification of the
PCM. So, for the charging and discharging states, this becomes

	�PCM = mPCMCi�Tsf − T̄ini,PCM − T� ln� Tsf

T̄ini,PCM
��

+ mPCMCw�T̄f ,PCM − Tsf − T� ln�Tf ,PCM

Tsf
��

+ mPCML�1 − �T�

Tsf
�� �19�

In the above equations, the latent exergy term was arrived at by
noticing that, for any incompressible substance,

	� = 	E − T�	S

And, the change in entropy for the solidification process is deter-

mined by the entropy of fusion equation

AUGUST 2009, Vol. 131 / 082301-5
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	Sfus = mPCM
L

Tsf
�20�

ow that the system energy change over the process has been
valuated, the inlet, outlet, and destroyed exergy terms must be
ddressed. The simplest way to achieve this is to first observe or
alculate the exergy destruction in Eq. �17�. Once this term is
valuated, the exergy flow difference is easily solved.

The exergy destruction equation is written as follows:

�d = T�Sgen �21�
s mentioned earlier, this is a result of irreversibilities or losses
ithin the system. Since the exergy destruction depends on the

ntropy generation, an entropy balance must now be performed on
he system:

	Ssys = Sin − Sout + Sgen �22�

he entropy, S, is a measurement of the degree of randomness of
substance. It is always increasing due to irreversibilities in the

ystem. This is a corollary of the second law of thermodynamics.
owever, if the system is taken as the capsule region plus the total

mount of HTF, and since there is no heat loss to/from the system,
he generated entropy occurs as a result of two separate phenom-
na: viscous dissipation losses and entropy generation from heat
ransfer to the capsules.

Sgen = Sgen,diss + Sgen,trans �23�
he entropy generated from viscous dissipation �from Ref. �22��
ill depend on the bulk fluid temperature of the HTF, the total
ass of heat transfer fluid in the process, and the average pressure

rop within the HTF:

Sgen,diss =
MHTF�Pin − Pout�

�HTFT̄b,HTF

�24�

ere, the bulk heat transfer fluid temperature T̄b,HTF is the tem-
erature at which viscous heat is added to the flow. It is estimated
o be the average between the initial and final states. Since the
eat transfer fluid, on average, does not undergo a large tempera-
ure change, this assumption should be regarded as accurate to
ithin at least a few hundredths of a percentile:

T̄b,HTF =
T̄ini,HTF + T̄f ,HTF

2

n addition to the viscous dissipation, entropy is also generated
rom heat transfer to the capsules. The equation for this mode of
eneration is given by the summation of all entropy changes
ithin the insulated system, which arises as a result of pure heat

ransfer �and not viscous dissipation�:

Sgen,trans = MHTFCHTF ln�Tin + 	T

Tin
� + 	SPVC + 	SPCM �25�

here

	SPVC = mPVCCPVC ln� T̄f ,PVC

T̄ini,PVC

�
nd

	SPCM = mPCM�−
L

Tsf
+ Ci ln� T̄ini,PCM

Tsf
� + Cw ln� Tsf

T̄f ,PCM
��

ere, 	T is the change in temperature that is brought about by
eat transfer, which changes the total system energy:

	T =
	Esys

MHTFCHTF

o, the above equations, in conjunction with Eq. �20�, finally al-

ow the destroyed exergy to be calculated. However, in Eqs. �24�
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and �25�, the total mass of HTF must be evaluated. To do this, the
overall solidification time for each process 	t is multiplied by the
mass flow rate of the entering heat transfer fluid. Since the inlet
velocity of the fluid is specified, the total mass of heat transfer
fluid used in each trial is very easily calculated under the constant
density assumption:

MHTF = �HTFVinAcross	t �26�

where Across is the cross-sectional area of the inlet.
The exergy balance equation can now be solved in full. The

intention for the current analysis is to define the exergy efficiency,
which is similar to the energy case, in that it is simply the ration of
the desired to required exergy contents. It is given as follows, and
to avoid cumbersome equations it will depend on the terms al-
ready outlined in this section.

 =
desired exergy output

total exergy input
=

�des

�tot
�27�

where

�des = 	�HTF + 	�PCM,dis + 	�PVC − �d and �tot = 	�HTF

+ 	�PCM,dis + 	�PVC

Now that the thermodynamic analysis of the system has been
attended to, the charge for the remainder of the analysis is to see
what effect the inlet heat transfer velocity and temperature, cap-
sule geometry, as well as the dead-state temperature has on the
following system performance criteria:

• solidification and melting times
• energy efficiency
• exergy efficiency, and
• exergy destruction

However, before these criteria can be calculated, the various cases
studied must be outlined, including the domain descriptions and
grid structuring procedures for each.

2.3 Domain Description. The capsules that will be consid-
ered here will be of spherical, cylindrical, and slab shapes, and
each will contain an equal amount of phase change material. For
the cases investigated here, the PCM volume is set at 268.1 cm3,
a value that was chosen to be quite close to capsule sizes used in
the industry today �23�. In addition to this, each capsule will be
enclosed by a PVC shell with a wall thickness of 0.5 cm. This is
again chosen to be close to the industry standard, though most
companies keep shell material and dimensions a secret.

The capsules will then be tested according to geometry. The
spherical capsules will be compared with cylindrical and slab cap-
sules, each with an aspect ratio of 5, in order to determine the
dependence of geometry on performance. For the cylindrical cap-
sules, the aspect ratio is defined as the �streamwise� length to
diameter ratio. Likewise, for the slab capsule, the aspect ratio is
defined as the �streamwise� length to thickness ratio. For the slab
capsule, the cross-stream length is assumed to be equal to the
streamwise length, so the slab capsules are essentially a square-
topped capsule with side length equal to five times the inner cap-
sule height. Note that for all geometries, the aspect ratios are
defined according to the inner boundaries of the PVC, not the
outer. The dimensions of all capsules can be found in Table 2.

The spherical capsule domain, as seen in Fig. 2, will be defined
as a square cylinder, containing parts of four adjacent and touch-
ing PCM capsules. This is done to more correctly model the in-
teractions between spheres stacked in a large storage tank. The
eight corners of the square cylinder will be located at the centers
of eight far-field capsules to ensure that far-field considerations
are minimal. The velocity outlet is analogously defined.

The spherical domain was constructed using GAMBIT software,
and special consideration was taken when creating the grids. First,

since the gradients are usually strongest along the no-slip walls of
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surface, the heat transfer fluid grids were created first, with
pecial care taken on the boundaries of the outer PCM walls. A
etrahedral/hybrid element type was used for all elements in the
omain, including the heat transfer fluid due to the spherical na-
ure of the PCM capsules. The PCM and PVC zones were made
ith a much more even distribution of volumes due in part to the

able 2 Geometric dimensions of the capsules used in this
nalysis

Sphere
nner radius �Rinner� �cm� 4.0
uter radius �Ro� �cm� 4.5

Slab
ength �Les� �cm� 11.025
nner height �Hts,inner� �cm� 2.205
uter height �Hts,o� �cm� 3.205

Cylinder
ength �Lec� �cm� 20.435
nner diameter �Dinner� �cm� 4.087
uter diameter �Do� �cm� 5.087

Fig. 2 Auxiliary „a…, front „b…, and side
Fig. 3 Auxiliary „a…, front „b…, and side „c…

ournal of Heat Transfer
negating of convection within the PCM and to the unknown
liquid-solid interface location.

For the cylindrical capsules, the computational domain is simi-
larly defined. The domain is again a square cylinder, but in this
case it will contain one-quarter of four adjoining cylindrical cap-
sules. This is again done to more precisely model a packed bed of
touching cylindrical PCM capsules. The heat transfer fluid inlet
and outlet is then defined to be the area between capsules. The
geometric layouts for this domain can be seen in Fig. 3. Notice
that similar to the spherical capsule case, the inlet flow channel
has again been elongated in order to eliminate far-field boundary
effects.

The slab capsules were somewhat more difficult to envision
since there is no universally accepted gap thickness between cap-
sules for the HTF flow field. However, since thinner capsules will
need less heat flux through their surfaces to achieve solidification,
it was decided that the spacing should be proportional to the thick-
ness of the capsule itself. Therefore, the gap spacing is set to half
that of the outer capsule thickness for the main reason that it was
noticed that this thickness was large enough not to affect bound-
ary layer interaction between upper and lower slabs. For more of
a visual interpretation, the slab capsule domain is pictured in the
same way as was done for the other geometries in Fig. 4.

Once again, the grid construction procedures were done while

views of the spherical capsule domain
„c…
views of the cylindrical capsule domain

AUGUST 2009, Vol. 131 / 082301-7
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aking attention to the PVC walls surrounding the heat transfer
uid. As a result, the boundary layers were created with a signifi-
ant cell density in the boundary layer area of the flow field. The
eat transfer fluid grids were made with a hexahedron type cell, as
ere all other zones, due to their rectangular prism shape. The

nlet flow channel is somewhat differently sized than the cylindri-
al capsule domain, but far-field independence is nonetheless sat-
sfied and will be addressed in Sec. 2.4.

2.4 Model Independence Testing. As noted earlier, before
he results of the simulations can be taken seriously, a careful
nvestigation of the dynamics of the model must be undertaken.
ensitivity tests, including grid sensitivity, time step indepen-
ence, and far-field boundary independence tests, must be com-
leted and the model must perform in a satisfactory way for the
esults to be meaningful. However, due to the longevity of pro-
ucing these results, the reader is referred to Ref. �24� for further
etails, where a complete sensitivity analysis was completed on
he exact model used herein. The results of this test indicate al-
ost complete independence of grid size, orientation, time step,

nd far-field boundary conditions, which is why the geometries
ere constructed in this way initially. In summary, and to avoid

umbersome presentation of the many independence tests required
or a study of this magnitude, it can be said that the model be-
aves in an appropriate manner to be used in a numerical study of
his magnitude, and once again the much more detailed report in
ef. �24� should suffice in lieu of presenting the results here.
The solutions obtained in this study were done so using 20 hp

orkstation xw8000 computers in a computing laboratory at the
niversity of Ontario Institute of Technology. Each workstation

omputer featured one 3.20 GHz Intel Xeon processor, equipped
ith 4.0 Gbytes of PC2100 DDR SD RAM. Though these com-
uters are quite powerful, the computational times for the various
rials were considerable, and typical computational times for each
rial were between 3 h and 5 h, depending on the geometry and
TF characteristics.

Results and Discussion
Before charging into the results, a model validation must be

erformed to ensure that the model is a viable simulation of real-
orld processes. A similar experiment to the one here has been

Fig. 4 Auxiliary „a…, front „b…, and side „c… view
erformed by Ettouney et al. �25�. In this study, the process of
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both solidification and melting is observed in a small copper
sphere. The experiment was run with air as the HTF and paraffin
wax as the PCM. The properties of the paraffin wax given in this
study are outlined in Table 3. It should be noted that, since density
effects are assumed negligible, the average density was again
taken as the PCM density in the numerical solutions.

The experimental process in this study occurs as follows: The
air enters a cylindrical duct, initially at 296 K, which contains a
small copper sphere with an inner diameter of 3 cm. The capsule
has a wall thickness of 1.2 mm and contains the paraffin wax
PCM. The air has an inlet temperature of 333 K and an inlet
velocity of 10 m/s. Thermocouples are placed at different angles
with respect to the inlet flow direction along the inner diameter of
the sphere, and the transient temperature profiles are recorded. A
small opening is left on the top of the sphere to allow for PCM
expansion.

Once total melting of the PCM has occurred, and the tempera-
tures are close enough to the flow temperature �at t=1120 s�, the
inlet temperature is changed abruptly back to 296 K until com-
plete resolidification is observed. The results can be seen in Figs.
5–7 for angles of 0°, 90°, and 180°, respectively, for the experi-
mental and numerical solutions.

In viewing Figs. 5–7, it can be observed that the numerical and
experimental temperature profiles do not exactly match, and this
might be due to a number of factors, including contact resistance,
small effects produced by the thermocouples embedded in the
PCM, and possibly convection effects in the PCM. However, the

f the rectangular prism „slab… capsule domain

Table 3 Thermophysical properties of the paraffin used in the
model validation

Solidification temperature �K� 321.51
Latent heat L �kJ/kg� 210
Solid density � �kg /m3� 860
Liquid density � �kg /m3� 780
Solid specific heat C �kJ /kg K� 2.9
Liquid specific heat C �kJ /kg K� 2.1
Dynamic viscosity � �kg /m s� 0.15
Transactions of the ASME
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olidification and melting times, as well as the overall heat trans-
er rates, were of utmost importance to inspect, and the following
esults can be summarized.

• The time required for the PCM to completely melt was very
close in both the experimental and numerical cases. Com-
plete melting was reached in 600 s experimentally, while in
the numerical solutions complete melting was reached in
615 s, within 97.6% of the expected melting time.

• Once solidification was initiated in the experimental unit, an
additional 280 s was required to complete solidification.
This is again very close to the numerical value of 285 s, to
within 98.2%.

hese similarities between numerical and experimental results are
ncouraging since the purpose of this paper is not to inspect the
elt front but to simulate the heat transfer and viscous forces

etween the PCM capsule and the flowing HTF.
Because there are no experimental validations known to the

uthor that track the solidification and melting times in cylindrical

ig. 5 Numerical and experimental temperature profiles at the
ront of the sphere „�=0 deg…

ig. 6 Numerical and experimental temperature profiles at the
ide of the sphere „�=90 deg…

ig. 7 Numerical and experimental temperature profiles at the

ack of the sphere „�=180 deg…
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and rectangular capsules in a cross flow, the other geometries
cannot be similarly validated. However, since the numeric proce-
dures in all cases are identical, and since the experimental and
numerical solution temperatures, solidification times, and melting
times are very close, the model should be assumed accurate for all
geometries explored in this study. With this in mind, and now that
the model has been properly validated, the results of the solutions
for the discharging processes can now be examined in full.

For the discharging process in question, the algorithm was run
until the liquid fraction �=1 everywhere in the PCM. Note that
the reference temperature T� is set at 298 K to simulate cold
storage in a warmer region. While the reference temperature will
remain constant at this value for the bulk of the analysis, the effect
of varying this reference temperature on the performance of the
charging and discharging processes will be discussed in due time.

Three separate flow rates are used in this study:

• Q1=8.7�10−4 m3 /s
• Q2=1.74�10−3 m3 /s
• Q3=2.61�10−3 m3 /s

These flow rates were chosen to be small enough so that they
could easily be attained in a storage tank of like capsules. If the
algorithm flow rates were too high, they would not be a reason-
able estimate of the pumping requirements of a real-world storage
system. It is summarized that these three flow rates, when set into
rows of a hundred capsules or so, would generate a required
pumping flow rate of around 8.7–26.1 l/s, which is not unreason-
able for large pump flow rates with relatively small pressure
heads.

Aside from the flow rates, the inlet HTF temperatures are also
varied and were chosen to vary between 275 K and 279 K. Since
heat will be transferring to the capsules during this process, there
will inevitably be a large variation in the HTF temperature, and
the heat transfer fluid is likely to vary within these ranges at some
point in the storage tank. The temperatures used here are attempt-
ing to duplicate real scenarios; at the storage tank outlet, the HTF
temperature will most likely be much closer to the solidification
temperature of water due to the cooling effect of the capsules on
the HTF. Since the remainder of the inlet and boundary conditions
has been met, the results of the charging process for all flow rates,
inlet HTF temperatures, and geometries were simulated. With
three flow rates, three geometries, and five inlet temperatures, this
amounts to 45 total simulations.

3.1.1 Discharging Times. The easiest and most explainable
observations of the processes are the discharging times. For each
simulation, the total time taken for the liquid fraction to reach a
value of 1 was monitored, and the results are displayed in Table 4,
with the shortest and longest times highlighted.

Upon inspection of Table 4, three main findings can easily be
addressed. The first is the impact of inlet temperature on solidifi-
cation time; as the inlet temperature increases, the solidification
time decreases. This is due to the larger temperature gradients that
exist between the capsule and the HTF when the inlet temperature
is lowered. This is as expected since Newton’s law of cooling
states that the rate of heat transfer between an object and a con-
vective flow is proportional to the difference between the surface
temperature and the flow temperature. The second main finding is
the fact that the flow rate, Q, has little relative effect on the dis-
charging times. It was expected that, when increasing the flow
rate, the convective heat transfer coefficient between the HTF and
the ice capsules would greatly increase. However, even after dou-
bling and tripling the flow rate from Q1 to Q2 and Q3, the overall
charging times lowered, but not by any significant amount. The
effects of flow rate on other system properties, including effi-
ciency and destroyed exergy, will be more apparent, but will be
discussed in more detail with the results of the performance in-
vestigations. The last note to discuss when assessing the charging

times is the effect of geometry. It can be seen above that the
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astest solidification times occurred with the slab capsule, fol-
owed by the cylindrical and lastly the spherical capsule. This
ffect points out an important note about surface area when deal-
ng with convective heat transfer. The spherical capsule, which
as the least amount of surface area, has the least desirable heat
ransfer characteristics. Since the heat transfer between any two
odies depends on the temperature difference �addressed above�
nd the area connecting the two bodies, it is expected that these
henomena occur.

3.1.2 Energy Efficiency. One of the more important articles to
e addressed following numerical solutions is the overall energy
fficiency. However, before assessing the values, a few remarks
ust be made. First, it was noticed that the energy efficiencies are

xtremely high; all efficiency values, regardless of geometry, inlet
TF temperature, or flow rate, are well above 99%. Though these
alues are indeed quite high, they are certainly not unexpected.
he energy efficiency is, by definition, the ratio of the desired to

he required energy amounts. However, the difference between
hese two values is a sole result of the viscous dissipation in the

Table 4 Discharging times for all geometries
temperature

Geometry Flow rate 275

Spherical Q1 1782.5
Q2 1756.0
Q3 1724.0

Cylindrical Q1 1130.4
Q2 1076.4
Q3 1048.5

Slab Q1 899.0
Q2 882.5
Q3 874.5

Fig. 8 Normalized energy efficiency values „in
−3 3 −3
„b… Q2=1.74Ã10 m /s, and „c… Q3=2.61Ã10 m
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fluid. This value, which is analogous to a pressure loss within the
fluid, is important when designing systems like these; however, it
is quite insignificant when compared with the thermal energy
stored in the water and in the PCM, which explains the remark-
ably high efficiency values. The reason why the normalized en-
ergy efficiencies were adopted was so that a closer inspection of
the differences can be observed.

It is also important to note that real-world systems may have a
lower efficiency value due to heat leakage into the storage tank
from the ambient. However, the flow fields inside the system, and
the resulting head loss due to interior flows, are equally important
to designers. The comparisons are made in this study to determine
the best possible conditions for storage and retrieval of latent ther-
mal energy when the capsule tank is sufficiently insulated. The
energy efficiencies were then calculated according to the pre-
scribed equations and can be seen in Fig. 8 for the three flow
rates.

Other than the very high efficiencies resulting from these solu-
tions, it should be apparent that efficiency decreases when chang-

cording to geometry, flow rate, and inlet HTF

Inlet HTF temperature
�K�

76 277 278 279

12.0 1226.5 1116.0 1037.5
95.0 1215.0 1106.0 1028.5
84.5 1210.0 1102.0 1025.5

24.3 803.3 722.3 663.8
82.9 769.5 693.9 639.5
61.8 752.0 678.6 626.0

06.5 594.5 522.0 469.0
94.5 584.0 514.5 462.0
89.0 579.5 510.0 458.5

rcent… for flow rates of „a… Q1=8.7Ã10−4 m3/s,
3
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ng geometry from slab to sphere to cylinder, that efficiencies
ecrease along with increased HTF flow rate, and that they in-
rease when inlet HTF temperature is increased. All of these phe-
omena can be attributed to viscous heating effects since this is
he only energy loss occurring during the discharging process.

The viscous heating effect, or viscous dissipation, is a result of
hear stresses in the fluid domain. When there are velocity differ-
nces in a fluid, there will always be friction between adjacent
olecules traveling at different speeds, which give rise to heat

eneration. However, due to the first law of thermodynamics, heat
annot simply be generated without an energy transfer across sys-
em boundaries; it must be transferred from existing energy
ources. This is why the pressure decreases along any duct or pipe
ow.
For faster moving flows, this shear stress becomes much larger,

ust as brake pads on an automobile develop more frictional heat
uring high-speed stops. Geometry plays a factor as well; for
ucts or flow channels that are highly irregular and change the
omentum of a fluid considerably, such as pipe elbows or valves,

he velocity gradients and hence frictional heating can increase
ignificantly. However, it is the flow speed that gives rise to the
reatest efficiency changes, and inspection of Table 5 further
roves this argument.
It is quite apparent that the inlet HTF velocities increase with

ncreased flow rate and that they increase from the slab capsule to
he spherical to the cylindrical capsules. This shows why viscous
eating is greater �and why efficiencies are less� when changing
eometry and flow rate.
When comparing efficiency across HTF inlet temperatures, the

rends are similarly explained. From Eqs. �14� and �15�, it can be
ummarized that the greater the volume of HTF flow that is used
n the discharging process, the greater the viscous dissipation
erm. Therefore, the inlet HTF temperatures, which achieve com-
lete melting in the lowest times �see Table 4�, will realize the
owest amount of viscous dissipation. Therefore, the higher inlet
emperatures experience the highest energy efficiency values.

3.1.3 Exergy Efficiency. Exergy analyses can be more helpful
han energy in a number of ways since they assess both the quan-
ity and the usefulness of energy. Cold exergy is an excellent
xample since exergy analyses treat “cold” as a useful commodity
ue to the inclusion of ambient temperature effects.
The term “cold energy” seems somewhat contradictory. The

hange in energy from a solid to a liquid state in water is inher-
ntly negative, while the change in exergy �given a reference tem-
erature higher than the solidification temperature� is actually
ositive. This is due to the usefulness of the stored energy. If the
emperature of the thermal storage strays farther away from the
mbient, the change in exergy is positive since it becomes more
seful. Analogously, if its change in temperature moves toward
he ambient, the exergy change is deemed negative. This is an
nteresting and certainly useful impact of the exergy analysis. For
xample, a block of ice at 0°C, placed in a room at 20°C, cer-
ainly has cooling potential in both the energy and the exergy
ense. However, if the room temperature is reduced to 1°C, the
xergy content of the block of ice would greatly decrease since the
otential for the thermal storage has lessened. However, in the
nergy sense, the block of ice would have the exact same amount

able 5 Inlet velocities for the three geometries according to
ow rate

Q1 velocity
�m/s�

Q2 velocity
�m/s�

Q3 velocity
�m/s�

pherical 0.050 0.100 0.150
lab 0.049 0.098 0.148
ylindrical 0.157 0.313 0.470
f latent energy to receive from the ambient, which can be mis-

ournal of Heat Transfer
leading, since the cooling potential of the block of ice is only
useful in the 0–1°C temperature range. It is for this reason why
exergy analysis for cold TES is more useful. They can provide
much more insight into the actual performance of the system by
treating cold as a useful quantity. So, the exergy efficiencies, like
the energy efficiencies, were calculated for each flow rate, inlet
temperature, and geometry, and the results can be seen in Fig. 9,
once again grouped by flow rate.

When looking at Figs. 8 and 9, a number of differences can be
seen: The first major difference is the efficiency values; although
all energy efficiencies are well over 99%, the exergy efficiencies
attained are much lower, ranging from around 72% to just over
84%. The reasons for the much lower exergetic efficiency are
twofold: because of the decrease in storage quantity and because
of the increase in losses when compared with the analogous en-
ergy quantities.

Equation �19� can explain why the required content is much
less in the exergy sense than in the energy sense. For the discharg-
ing process, the required content is simply the cold energy �or
exergy� contained in the PCM and PVC, most of which is con-
tained in the cold ice region. From comparing Eqs. �19� and �12�,
it is most apparent that the exergetic content for the cold PCM is
much less due to the inclusion of the ambient temperature in the
equations. This inclusion allows for the thermal store to be evalu-
ated on both quantitative and qualitative bases. The losses in the
system are also much greater in an exergy sense than in an energy
one, and this can be proved by viewing Eqs. �21�–�25�. In the
energy sense, the only loss the system incurs is due to viscous
heating, as in the right hand side of Eq. �11�. However, in the
exergy analysis, there is another mode of loss—entropy genera-
tion due to heat transfer and phase change. Whenever exergy is
transferred from a high quality source to a lower one, exergy is
destroyed. This is due to the difference in exergy between the
initial and final states and, simply put, means that the ice store is
at a higher exergy state than the mass of heat transfer fluid and
capsule after discharging. It is analogous to the case where a cube
of ice is allowed to melt in a glass of lukewarm water. Although
the water is somewhat colder after melting, the overall exergy
content is less afterward, which can be linked to irreversibility.
These ice melting processes are not reversible in that the ice can-
not be recreated without the addition of work or a heat sink to the
glass. So, a loss of exergy is incurred, which cannot be explained
through energy analyses alone, and this is the main reason why
exergetic efficiencies for melting processes like this are much
lower than their energetic counterparts.

Other than the much lower exergy efficiencies, a few other
points can be inferred from Fig. 9, some of which are in stark
contrast to the energy efficiency results in Fig. 8. The first major
difference is that exergy efficiency decreases with increased inlet
HTF temperature, which is the opposite effect of that shown by
energy analyses in Fig. 8. The second is that efficiency values do
not vary in the same way when compared by geometry, and the
third note about Fig. 9 is that exergy efficiencies tend to decrease
with increased flow rate. All of the above are readily explained
once the exergy destroyed terms are inspected since the only
terms in Eq. �27�, which will change by any significant amount
when the above variables are changed, are the destroyed exergy
terms.

When inlet HTF temperature increases, the destroyed exergy is
decreased due to a significant decrease in entropy generation.
Since there are essentially two modes of entropy generation that
lead to destroyed exergy, one will undoubtedly be the dominant
term, and in this case it is always the entropy generated from heat
transfer and phase change. When the inlet HTF temperature is
lowered, Eq. �25� becomes much lower, meaning that these lower
inlet temperatures are able to extract more high quality exergy due
to the average change in temperature of the HTF, which increases
its quality. When the HTF inlet temperature is lowered closer to

that of the solidification temperature of water, more mass is re-
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uired to extract the cold exergy contained in the PCM, and the
uality of the HTF is increased as well due to the nature of Eq.
25�. Since the inlet temperature is lowered, the temperature dif-
erence of the HTF has more of an effect, which raises the exergy
ain of the HTF. In short, this result suggests that melting of a
olid in a superheated liquid is more efficient when the liquid
emperature is lower or closer to the solidification temperature.

When the HTF flow rate is increased, the exergy efficiency
ecreases as well due to the same reasons as discussed when
ddressing HTF temperature. The overall mass of HTF used in
q. �25� is greatly increased; however, the temperature difference
bserved by the HTF is decreased, and the exergy gain is not as
ffective. So, although the captured exergy by the HTF can seem
o be greater because of the increased mass of HTF, it is actually
ess because the HTF flow temperature difference is much lower.

Finally, when compared across geometry, it can be inferred that
he spherical capsules are the most efficient exergetically, fol-
owed by the cylindrical and lastly the slab capsules. Although the
xergy destroyed through viscous dissipation is much greater for
he spherical and cylindrical capsules than for the slab capsules,
his mode of loss is once again much less than the losses incurred
hrough entropy generation. By viewing Table 4, it is quite appar-
nt that the most desirable geometry in terms of charging times is
he slab capsule. However, due to the nature of Eq. �25�, in order
o capture as much exergy as possible from the capsule, either the
emperature difference of the HTF or the total mass of the HTF
ust be increased. By viewing the exergetic results of Fig. 9, it is

hown that the total mass of HTF is more dominant. For example,
he slab capsules have the lowest charging times, suggesting that
hey have the greatest HTF temperature difference, while for the
pherical capsules, which attain the highest charging times, the
TF temperature difference would be quite small comparatively.
ince the spherical capsules attain the highest exergy efficiency
alues, it is clear that it is more desirable to melt slower, which
essens the quality gain in the mass of HTF. This suggests that, at
east in this case, it is more desirable to melt ice using a larger

Fig. 9 Exergy efficiency values „in percent…
=1.74Ã10−3 m3/s, and „c… Q3=2.61Ã10−3 m3/s
ass of HTF than a smaller mass, which would achieve a greater

82301-12 / Vol. 131, AUGUST 2009
temperature difference.
Another important criterion, which must be taken into consid-

eration, is the variance in exergy efficiency when ambient condi-
tions change. Since ambient temperatures are intrinsic to the ex-
ergy analysis, it is always interesting to note how these values are
affected when the dead state or ambient temperature is changed.
So, as an example, the spherical capsules were chosen with flow
rate Q3, and the exergy efficiencies were monitored while the
ambient temperature was varied from 275 K to 320 K. The results
can be seen in Fig. 10. One immediately notices that the energy
efficiency remains unchanged when the ambient temperature is
changed, and this is a result of the independence of the energy
analyses on the ambient conditions. However, in cold TES exergy
analyses, the reference temperature is actually very important
since it governs the potential of thermal storage. Figure 10 accu-
rately reflects this, and as dead-state temperatures increase, the
exergy efficiencies increase along with it. This is due to the fact
that the stored exergy content becomes much larger for larger
dead-state temperatures, while the destroyed exergy content is

flow rates of „a… Q1=8.7Ã10−4 m3/s, „b… Q2

Fig. 10 Effect of dead-state temperature on exergy and nor-
malized energy efficiencies for the spherical geometry with a

−3 3
for
flow rate of Q3=2.61Ã10 m /s
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argely unaffected �see Fig. 11�.
At first glance, it may be compelling to dismiss the destroyed

xergy amounts as quite small since their values are only in the
rder of a few thousand joules. However, these losses can add up,
nd it helps to consider what kinds of losses can be expected in a
torage tank of a few thousand capsules for a modest daily cooling
oad. To illustrate this, the cylindrical geometry was chosen with a
ow rate of Q3, and destroyed exergy contents for storage tanks
ith capsules of either 1000 or 5000 are shown in Fig. 12. In

nspection of Fig. 12, it is quite apparent that the destroyed exergy
ontents do indeed become quite for larger storage tanks. It is for
his reason why exergy analyses should be implemented during
esign and before building systems since large system losses can
e avoided by choosing the correct inlet HTF temperatures, flow
ates, and capsule geometries.

In summary, the most important factor regarding exergy effi-
iency was found to be the inlet HTF temperature. By regulating
he temperature—and hence quality—of the entering HTF fluid,
arge gains in efficiency can be realized. In addition, it was also
ound that having a slower HTF flow rate also increased the effi-
iency in all cases, though the efficiency gains were not as large as
hen the inlet temperatures were varied. The spherical capsules
ere found to be the most efficient exergetically, and one final
ote should be made about this particular geometry. Spherical
apsules have been used in the encapsulated ice TES industry for
number of years and have many advantages in storage systems.
hey can be manufactured to be of any size, require no internal
tructure, and can be packed fairly efficiently at random. Even
hough energetically the slab capsules proved to be the most effi-
ient, the quality of the thermal storage is not taken into effect,
nd the spherical capsule geometries should remain most efficient
or discharging processes such as these.

Conclusions
In this paper, the process of melting in some common encapsu-

ated ice TES geometries has been modeled and simulated using

ig. 11 Exergy destruction with respect to the dead-state tem-
erature; the spherical geometry with a flow rate of Q3=2.61
10−3 m3/s is shown

ig. 12 Exergy destroyed contents for the cylindrical geom-
try, experiencing a flow rate of Q3=2.61Ã10−3 m3/s in a bed

f 1000 or 5000 capsules.

ournal of Heat Transfer
the commercially available FLUENT 6.0 software for computational
fluid mechanics and heat transfer. Spherical, slab �rectangular�,
and cylindrical capsules were investigated and modeled to be in a
packed bed of like capsules. The model was validated and found
to be in good agreement with experimental results. Following this
validation, simulations were performed while varying the inlet
HTF temperature, flow rate, and reference temperature. The inlet
HTF temperature was varied from 275 K to 279 K, the flow rate
was varied from 0.87 l/s to 2.61 l/s, and the reference temperature
was varied from 275 K to 320 K.

A detailed analysis was then performed after an adequate
amount of data was obtained to facilitate calculations. Perfor-
mance criteria that were observed include melting times, energy
efficiency, and exergy efficiency, and the following relationships
were concluded.

• Discharging times tended to decrease along with increased
inlet heat transfer fluid temperatures.

• The slab capsule, followed by the cylindrical and lastly the
spherical capsule, experienced the lowest discharging time.

• Flow rate has little effect on charging times when compared
with the effects seen by changing inlet HTF temperature, but
higher flow rates produced lower charging times.

• Increased heat transfer fluid temperatures corresponded to
increased energy efficiencies, but decreased exergy efficien-
cies.

• Increased flow rates correspond to decreased energy and ex-
ergy efficiencies.

• The slab capsule was most efficient energetically, followed
by the spherical and lastly the cylindrical capsule.

• Exergetically, the most efficient geometry was the sphere,
followed by the cylindrical and slab capsules.

• All energy efficiencies were over 99.98%, while exergy ef-
ficiencies varied from 72.75% to 84.45%.

• Energetically, the most efficient scenario was realized by the
slab capsule, with a flow rate of Q1 and an inlet HTF tem-
perature of 279 K, which produced an efficiency of well
over 99.99%.

• Exergetically, the best scenario was the spherical capsule,
with a flow rate of Q1 and an inlet HTF temperature of 275
K, which attained an efficiency of 84.45%.

• The least efficient capsule energetically was the cylindrical
capsule, with a flow rate of Q3 and an inlet HTF temperature
of 275 K, which attained a minimum efficiency value of just
over 99.98%. Exergetically, the least efficient capsule was
the slab capsule, with a flow rate of Q3 and an inlet HTF
temperature of 279 K, corresponding to a minimum exergy
efficiency of 72.75%.

• The destroyed exergy due to viscous dissipation was far less
than the exergy destroyed due to entropy generation result-
ing from heat transfer accompanying phase change.

Lastly, the effect of the dead-state �or reference� temperature is
very interesting to note. It was noticed that while the reference
temperature had absolutely no effect on the energy efficiency, the
exergy efficiency was drastically improved by increasing the
dead-state temperature. The opposite effect was also true; a low-
ering of the reference temperature produced much lower exergy
efficiencies. This is due to the quality of the latent storage. For
higher reference temperatures, the latent heat storage is much
higher, which produces much higher efficiencies since the exergy
destroyed term is largely unaffected by reference temperature in
comparison.

In summary, in any cold thermal energy storage analysis, it is
clearly more advantageous to consider exergy analysis to correctly
determine the system performance. Using energy analyses alone,
designers may not seek to improve design since all processes may
appear to be over 99.9% efficient. However, using exergy analysis
this has proved to be false and, in fact, a great deal of losses can

be observed by varying something as simple as the inlet flow rate

AUGUST 2009, Vol. 131 / 082301-13
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r temperature of the HTF. For these reasons, only when exergy
nd energy analyses are used together can a better picture of the
ystem dynamics be realized.
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omenclature
C � specific heat capacity �J /kg K�
D � diameter �m�
E � total energy �J�
f� � wall facet
h � sensible enthalpy �J/kg�
H � total specific enthalpy �J/kg�

Ht � height �m�
i� � unit normal vector in the x-direction
j� � unit normal vector in the y-direction
k � thermal conductivity �W /m K�
k� � unit normal vector in the z-direction
L � Latent heat �J/kg�

Le � length �m�
M � mass �kg�
n� � normal vector
p � static pressure �kg /m s2�

p� � guessed pressure field

P� � average pressure �kg /m s2�
P � total pressure �kg /m s2�
R � radius �m�
S � entropy �J/K�
t � time �s�
T � temperature �K�
T̄ � average temperature �K�
u � x-velocity �m/s�
U � internal energy �J/kg�
v � y-velocity �m/s�
V � velocity �m/s�
V– � volume �m3�
V� � velocity �m/s�
w � z-velocity �m/s�

reek Letters
� � liquid fraction
� � dummy variable
	 � “change in”

 � energy efficiency

̄ � normalized energy efficiency
� � dynamic viscosity �kg /m s�
� � total exergy �J�
� � density �kg /m3�

� � dissipation function
 � exergy efficiency
� � differential “del” operator
� � “is an element of”
� � “is not an element of”

ubscripts
� � dead-state
b � bulk
c � centroid
C � cylinder
ch � charging

cross � cross-sectional
cyl � cylinder
d � destroyed

82301-14 / Vol. 131, AUGUST 2009
D � diameter
des � desired
dis � discharging

diss � from viscous dissipation
f � final

gen � generated
HTF � heat transfer fluid

i � ice
in � inlet

ini � initial
inner � inner

l � latent portion
ns � no shear
O � reference environment

out � outlet
PCM � phase change material
PVC � polyvinyl chloride

S � slab
sf � solidification

slab � slab �rectangular capsule�
sys � system
tot � total

trans � from heat transfer
w � water

wa � wall
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Modeling Electron-Phonon
Nonequilibrium in Gold Films
Using Boltzmann Transport Model
Ultrashort-pulsed laser irradiation on metals creates a thermal nonequilibrium between
electrons and the phonons. Previous computational studies used the two-temperature
model and its variants to model this nonequilibrium. However, when the laser pulse
duration is smaller than the relaxation time of the energy carriers or when the carriers’
mean free path is larger than the material dimension, these macroscopic models fail to
capture the physics accurately. In this paper, the nonequilibrium between energy carriers
is modeled via a numerical solution of the Boltzmann transport model (BTM) for elec-
trons and phonons, which is applicable over a wide range of lengths and time scales. The
BTM is solved using the discontinuous Galerkin finite element method for spatial dis-
cretization and the three-step Runge–Kutta temporal discretization. Temperature depen-
dent electron-phonon coupling factor and electron heat capacity are used due to the
strong electron-phonon nonequilibrium considered in this study. The results from the
proposed model are compared with existing experimental studies on laser heating of
macroscale materials. The model is then used to study laser heating of gold films, by
varying parameters such as the film thickness, laser fluence, and pulse duration. It is
found that the temporal evolution of electron and phonon temperatures in nanometer size
gold films is very different from the macroscale films. For a given laser fluence and pulse
duration, the peak electron temperature increases with a decrease in the thickness of the
gold film. Both film thickness and laser fluence significantly affect the melting time. For
a fluence of 1000 J /m2, and a pulse duration of 75 fs, gold films of thickness smaller
than 100 nm melt before reaching electron-phonon equilibrium. However, for the film
thickness of 2000 nm, even with the highest laser fluence examined, the electrons and
phonons reach equilibrium and the gold film does not melt. �DOI: 10.1115/1.3111258�
Introduction
The physics of short-pulse laser heating of metallic films is very

omplex and has been the subject of many investigations �1–9�.
uring pulsed laser irradiation of metal films such as gold, the

lectron-photon interaction time is very short, on the order of
emtoseconds, compared with electron-phonon interaction time,
hich is on the order of picoseconds. Due to this, it has been

ssumed that the incident photon energy of the laser beam is ab-
orbed instantaneously by the free electrons of the metal and is
onfined close to the surface. Hence, a strong nonequilibrium be-
ween the energy carriers, namely, the electrons and phonons, is
reated in this process �1,4�. The thermal energy possessed by
hese “hot” electrons diffuses deeper into the film while colliding
ith the phonons and subsequently transferring a portion of their

nergy to the lattice through inelastic electron-phonon collisions.
owever, when the laser pulse duration is smaller than the relax-

tion time of the energy carriers or when the carriers’ mean free
ath �MFP� is larger than the material dimension, the macroscopic
odels fail to accurately capture the nonequilibrium between the

nergy carriers �1,2,10,11�. Kaganov et al. �12� was the first to
heoretically evaluate the thermal coupling between electrons and
honons by considering separate electron and lattice temperatures
n metals. A phenomenological parabolic two-step heat conduction
odel was pioneered by Anisimov et al. �13� and advanced later
y Fujimoto et al. �14�. The two-temperature model has been vali-
ated by experiments for gold films �3,14,15�. Qiu and Tien �1�
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derived a more rigorous hyperbolic two-step radiation heating
model based on quantum mechanics. But in this model, phonons
act only as a reservoir and do not transport energy. To incorporate
the contribution of phonons to thermal transport, Chen and Beraun
�6� extended the model of Qiu and Tien �1� to include the relax-
ation behavior of phonons by solving a hyperbolic conduction
equation for phonon transport. Although, this model incorporates
the contributions of both the charge carriers to heat transport, it
does not include the dynamics of interaction between the charge
carriers. Therefore, the phenomenological models based on either
the Fourier or Cattaneo equations cannot be used to describe heat
transfer in highly nonequilibrium situations, as seen in the case of
nanometer thin metallic films irradiated with laser pulse durations
comparable to the electron-phonon relaxation time. In order to
model this nonequilibrium accurately, the interaction between the
energy carriers have to be captured by solving the coupled Bolt-
zmann transport equations �BTEs� for the electrons and phonons
�10,11�. The BTE can be used to model heat transport over a wide
range of lengths and time scales. In most of the previous studies
of pulsed laser interactions with gold films, a constant value of
electron-phonon coupling factor has been used �2,4,6�. However,
recent numerical and experimental studies �9,16� suggest that the
applicability of the constant electron-phonon coupling may be
limited to low electron temperatures corresponding to low laser
fluences in noble metals. Lin et al. �16� also showed that in gold
for electron temperatures higher than 3000 K the electron heat
capacity does not follow a linear temperature dependence due to
the participation of d-band electrons. The increase in electron-
phonon coupling factor with temperature and the deviation of
electron heat capacity from the linear approximation for gold are
computed by Lin et al. �16�. The main objective of the present
study is to model the laser heating of gold films by solving

coupled BTEs describing the electron and phonon energy densi-
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ies. Emphasis is placed on studying strong nonequilibrium cre-
ted during the interaction of femtosecond pulse duration laser
ith nanometer size films. The temperature dependent electron
eat capacity and electron-phonon coupling factor of Lin et al.
16� are used. A parametric study is conducted for gold films to
tudy the effect of film thickness, laser pulse duration, and fluence
n the electron-phonon nonequilibrium characteristics.

Theory
In this section, the problem description, details of the Boltz-
ann transport model, calculation of electron and phonon thermal

roperties, and the computational methodology are discussed.

2.1 Problem Description. The electron-phonon interactions
re studied by applying a laser beam with a wide range of pulse
urations and fluences to a gold film with thicknesses in the range
f nano- to micrometers. The laser beam diameter is much larger
han the optical and electron penetration depths, and hence a one-
imensional model can describe the physical problem �1�. The
athematical expression for the laser heat source is given as �1,6�

S�x,t� =��

�

1 − R

tp�s
� . e−�x/�s�−���t − 2tp�/tp�2

�1�

here � is the fluence carried by the laser pulse, R is the reflec-
ivity, tp is the laser pulse duration defined as full width at half
aximum of the laser pulse shape, �s is the optical penetration
epth, x is the depth measured from the front surface, �=4 ln�2�.
or gold, the typical value of �s for visible light of wavelength
50 nm is 15.3 nm. The reflectivity of gold is dependent on the
lm thickness and is calculated from the expression for reflectiv-

ty of thin films given by Abelès �17�. From Eq. �1�, the peak of
he laser intensity occurs at time t=2tp.

Table 1 shows the characteristic length and time scales involved
n the problem. These are the physical scales that affect energy
ransfer between the carriers. For metal thicknesses less than the
honon wavelength �, wave effects may play a dominant role,
hich are neglected by the Boltzmann transport model. The re-
imes of heat transport can be classified based on the phonon
nudsen number Kn defined as the ratio of phonon mean free
ath to the metal film thickness. Thus, a Kn of 1 indicates nano-
cale regime while a Kn of 0.01 indicates the macroscale or Fou-
ier regime. The electron-electron collision time �e−e=40 fs �6� is
omparable with the femtosecond laser pulse duration. On the
ther hand, the phonon-phonon relaxation time �p−p=0.8 ps �6� is
omparable with the picosecond pulse duration. The cases with
arge Kn and femtosecond pulse duration represent strong non-
quilibrium between the energy carriers.

2.2 Boltzmann Transport Model. The electron-phonon in-
eraction in gold film is modeled via the Boltzmann transport
odel �BTM� consisting of two coupled BTEs, one each for elec-

rons and phonons. The BTEs are formulated in the relaxation
ime approximation to describe the energy densities of electrons
nd phonons denoted by ue and up, respectively. The electron or
honon energy density is defined as the flux of energy per unit
olume and per unit solid angle in the direction s. The electron

Table 1 Characteristic length and time scales

�
�nm�

�
�nm�

L
�nm� Kn

tp
�ps�

�e−e
�ps�

�p−p
�ps�

0.5 20 20–2000 1–0.01 0.05–10 0.04 0.8
nergy density ue is related to its distribution function, fe

82401-2 / Vol. 131, AUGUST 2009
ue�r,s,t� =� �E − Ef�fe�r,s,t�De�E�dE �2�

where r denotes the position vector, �E−Ef� is the electron band
energy relative to the Fermi energy, and De�E� is the electron
density of states per unit volume. The equilibrium distribution of
electrons is represented by the Fermi–Dirac distribution �18�.
Similarly, the phonon energy density up is related to its distribu-
tion function fp �19� as follows:

up�r,s,t� = �� ��fp�r,s,t�Dp���d� �3�

where � is the Planck’s constant divided by 2�, � is the phonon
frequency, Dp��� is the phonon density of states per unit volume
and the summation is over the three phonon polarization modes.
The equilibrium distribution of phonons is represented by the
Bose–Einstein distribution �20�.

The frequency independent BTM for coupled electron and pho-
non energy intensities can be expressed as �21,22�

�ue

�t
+ ve�	

�ue

�x
	 =

ueq�e� − ue

��e−e�
−

G�Te − Tp�
4�

+
S�x,t�
4�

�4�

�up

�t
+ vp�	

�up

�x
	 =

ueq�p� − up

��p−p�
+

G�Te − Tp�
4�

�5�

Here the subscript e and p denote the electron and phonon, re-
spectively. The equilibrium energies are given by

ueq�e� =
1

4�
�

−1

1 �
0

2�

ued
 and ueq�p� =
1

4�
�

−1

1 �
0

2�

upd


�6�

where 	 is the x-direction cosine. In Eqs. �4� and �5�, G is the
electron-phonon coupling parameter and represents the inelastic
scattering that drives the electrons and phonons to equilibrium. In
gold films, the value of G is nearly constant up to temperatures of
approximately 3000 K and significantly increases at higher tem-
peratures �16�. This is due to the participation of d-band electrons
in gold, which increases the number of carriers that can collide
with the lattice and transfer energy, thus increasing the electron-
phonon coupling factor at higher electron temperatures. The
electron-phonon coupling factor of gold as a function of tempera-
ture obtained from the electron density of states by Lin et al. �16�
is used in the present simulations to accurately model the cases
with strong electron-phonon interactions.

2.3 Electron and Phonon Properties. The solution to the
BTM requires knowledge of electron and phonon relaxation
times, group velocities, thermal conductivities, and heat capaci-
ties. For gold film, at high laser fluence, the electron temperature
can be of the order of its Fermi temperature of 64,200 K. At such
high electron temperatures, the assumption of linear dependence
of electron thermal conductivity on temperature does not hold
anymore. Therefore, a general expression to evaluate the electron
thermal conductivity Ke, which is valid over a wide range of elec-
tron temperatures, is considered here �23�

Ke = �
��e

2 + 0.16�5/4��e
2 + 0.44��e

��e
2 + 0.092�1/2��e

2 + �l�
�7�

where �e=�bTe /Ef, �l=�bTl /Ef, �=353 W m−1 K−1, and 
=0.16 for gold. For high electron temperatures �e�1, the above
equation results in the well-known dependence KeTe

5/2, which is
valid for low density plasma. In the low-temperature limit �e
�1, the equation for Ke reduces to the standard expression Ke
=315Te /Tl for gold. The temperature dependent electron heat ca-

pacity calculated by Lin et al. �16� is used instead of the linear
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elation Ce=70Te. The electron relaxation time is assumed to be
onstant and is given in Table 1. The electron velocity is calcu-
ated from the kinetic relation Ke=Ceve

2��e−e� /3. The values of
otal thermal conductivity for gold ranging from room temperature
o the melting temperature are obtained from Refs. �24,25�. The
emperature dependent phonon thermal conductivity is calculated
o be 1% of the total thermal conductivity and the phonon specific
eat is calculated based on the Debye model. The relaxation time
or phonons is given in Table 1. The phonon velocity is obtained
rom a similar kinetic relation expressed for electrons.

2.4 Computational Methodology. The coupled BTEs for
lectrons and phonons are solved numerically using the Runge–
utta discontinuous Galerkin �RKDG� method �26–28�. The
KDG method incorporates the local conservation property of the
nite volume schemes and the higher order accuracy of finite
lement methods �26�. The DG methods have some attractive
roperties that make them good alternatives to existing methods
or problems described using hyperbolic equations such as those
ncountered in fluid flows or thermal radiation. These properties
nclude high-order local approximation using polynomials, ease of
arallelization, elementwise conservation, and geometric flexibil-
ty of conventional finite elements. High resolution temporal dis-
retization is achieved using a four stage Runge–Kutta time step-
ing scheme that allows the RKDG method to be numerically
table �27�.

The RKDG scheme using piecewise constant Legendre polyno-
ials as basis functions is developed by the authors for the BTEs

or electrons and phonons �21�. Two Legendre bases involving the
iecewise constant and piecewise linear functions are used for
igher order spatial discretization. The angular discretization of
he BTEs is achieved using the “finite volume” method extended
o the angular space �29�. This allows for exact analytical evalu-
tion of the integrals in the BTEs without the use of quadratures.

A detailed spatial, angular, and temporal resolution study has
een performed to test for grid independence of the solution �21�.
t is found that a spatial grid with 50 elements and an angular
ecomposition with 30 elements provide the best resolution of the
emperature profiles. A temporal resolution study has also been
erformed and a value of Courant number equal to 0.2 is found to
nsure accurate transient solution using the RK time stepping.

During the very short duration of laser heating, heat losses from
he front and back surfaces of the metal are found to be negligible
nd hence treated as adiabatic. These surfaces are modeled as
pecularly reflecting boundaries on which the following condi-
ions on electron and phonon thermal intensities are imposed:

ue�0,	,t� = ue�0,− 	,t�, ue�L,− 	,t� = ue�L,	,t� �8�

up�0,	,t� = up�0,− 	,t�, up�L,− 	,t� = up�L,	,t� �9�

here 	 is the x-direction cosine.
The initial energy densities for electrons and phonons are as-

umed to be constants and are calculated at T=300 K. The energy
ensities obtained from solving the BTEs are used to determine
he electron and phonon temperatures from

�
0

Te

CedT = ue�x,���
 �
0

Tp

CpdT = up�x,���
 �10�

here �
=4� sin � sin�0.5��� is the volume of the “finite
ngle.” The integrals in the equation above are evaluated using
rapezoidal rule and the temperatures are obtained iteratively us-
ng the bisection method. At nanoscales, the temperature, as such,
as no physical meaning except that it is an indicator of the local
nergy density of the system.

Results and Discussion
The BTM is verified with the experimental result of Qiu et al.
2�, involving a 20 nm thick gold film, heated with a 100 fs laser

ournal of Heat Transfer
pulse having a fluence of 13.4 J /m2. Figure 1 depicts the calcu-
lated electron temperature profiles at the front surface compared
with the experimental data for different values of electron-phonon
coupling parameter G. The electron temperature is nondimension-
alized with its maximum value. The commonly used value of G
=2.6�1016 W m−3 K−1 for bulk gold is compared with the value
of 4.0�1016 W m−3 K−1 and with the temperature dependent
value for G obtained from Ref. �16�. The best agreement of elec-
tron temperature profile with the experiment is obtained for the
value of G=4.0�1016 W m−3 K−1. A similar value of G has been
obtained experimentally for thin gold films �30�. Hence, for cases
with low laser fluences corresponding to electron temperatures
less than 3000 K, a constant coupling factor of 4.0
�1016 W m−3 K−1 is used while the temperature dependent value
of G from Ref. �16� is used for electron temperature above 3000
K.

The BTM is applied to the problem of laser heating of gold film
by varying different parameters and studying their impact on the
thermal transport in gold. The categories considered for the para-
metric study are summarized in Table 2. The values of film thick-
ness, laser fluence, and laser pulse duration have been chosen to
span a wide range of lengths and time scales over which BTM can
be applied. Three categories are considered. For each category
several simulations are performed. In Category 1, the effect of
film thickness in the range of 20–2000 nm is studied, keeping the
laser pulse duration and the fluence fixed at 75 fs and 1000 J /m2,
respectively. In Category 2, the effect of laser pulse duration in the
range of 0.05–10 ps is studied, keeping the thickness and the
fluence fixed at 20 nm and 1000 J /m2, respectively. The total
input energy obtained through the time integration of the laser
source in Eq. �1�, is the same for both Categories 1 and 2. In
Category 3, the laser fluence is varied while maintaining the film
thickness and pulse duration fixed at 20 nm and 75 fs, respec-
tively. The pulse duration of 75 fs is comparable to the electron-

t (ps)
0 1 2 3 4

0

0.2

0.4

0.6

0.8

1
Experiment [2]
G = 2.6 E+16 W/m3K
G = 4.0 E+16 W/m3K
G from [16]

Te
*

Fig. 1 Nondimensional electron temperature profiles at the
front surface of a gold film for L=20 nm and �=13.4 J/m2

Table 2 Summary of parameters

Category
L

�nm�
tp

�ps�
�

�J /m2� R

1 20–2000 0.075 1000 0.54–0.93
2 20 0.05–10 1000 0.54
3 20 0.075 10–1000 0.54
AUGUST 2009, Vol. 131 / 082401-3
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lectron collision time. The short-pulse duration and the high flu-
nce used in this study are chosen to create a strong
onequilibrium between the energy carriers. The values of reflec-
ivity R, shown in Table 2, obtained from the expression of Abelès
17�, is between 0.54 and 0.93 depending on the gold film thick-
ess. The value of R for a film of thickness of 20 nm is 0.54 as
ompared with 0.93 for L=2000 nm.

3.1 Temporal Characteristics of Electron-Phonon
onequilibrium. Figure 2 shows the temporal evolution of elec-

ron and phonon temperatures at the front surface of the gold film
or varying film thicknesses �Category 1 of Table 2�. It can be
bserved from Fig. 2�a� that due to the small heat capacity of
lectrons as compared with the phonons, peak temperatures of
everal thousand Kelvin is attained. For thicknesses smaller or
omparable to the electron mean free path of 20 nm, where diffu-
ion is negligible, the electron transport is almost entirely ballistic
nside the gold film. Also, for film thicknesses comparable to the
aser penetration depth of 15 nm, the entire film is heated up
niformly. Therefore, it is observed from Fig. 2�a� that the peak
lectron temperature approaches values in excess of 8000 K for
he smallest thickness and decreases with increasing film thick-

time (ps)
10-1 100 1010

2000

4000

6000

8000

10000

L = 20 nm
L = 100 nm
L = 200 nm
L = 2000 nm

Te (K)

time (ps)
0 5 10 15 20

400

600

800

1000

1200

1400

L = 20 nm
L = 100 nm
L = 200 nm
L = 2000 nm

Melting Temperature = 1337 K

Tp (K)

(a)

(b)

ig. 2 Temporal variation of temperature at the front surface
ith film thickness for „a… electrons and „b… phonons; tp
75 fs and �=1000 J/m2
ess. For the metal thicknesses less than 100 nm, the electron

82401-4 / Vol. 131, AUGUST 2009
temperature decays very slowly in time. This is primarily due to
the ballistic nature of electron transport. For these cases, the pho-
non temperature rises rapidly due to electron-phonon collisions
and approaches the melting temperature of 1337 K �4�, as seen in
Fig. 2�b�. Whereas, for thicknesses in the macroscale range, for
example, for L=2000 nm, the electron temperature approaches
the phonon temperature without the melting of the gold film. This
may be attributed to the faster rate of energy exchange due to
electron-electron collisions when the diffusion effects are domi-
nant. Figure 2�b� shows that phonon temperature increases very
rapidly for thin films. The kink in the phonon temperature profile
for L=20 nm case may be attributed to enhanced electron-phonon
interactions thereby increasing the slope of the phonon tempera-
ture before melting.

Figure 3, corresponding to Category 2 in Table 2, shows the
effect of varying the laser pulse duration on electron and phonon
temperatures when irradiated with a fluence of 1000 J /m2. In all
these simulations, the metal thickness is kept constant at 20 nm.
For pulse durations shorter than the electron-phonon relaxation
time and comparable to the electron-electron relaxation time, a
strong nonequilibrium is created between the electrons and

time (ps)
10-2 10-1 100 101

2000

4000

6000

8000

10000

tp = 0.05 ps
tp = 0.1 ps
tp = 1 ps
tp = 5 ps
tp = 10 ps

Te (K)

(a)

time (ps)
10-1 100 101

400

600

800

1000

1200

1400

tp = 0.05 ps
tp= 0.1 ps
tp = 1 ps
tp = 5 ps
tp = 10 ps

Melting Temperature = 1337 K

Tp (K)

(b)

Fig. 3 Temporal variation of temperature at the front surface
with pulse duration for „a… electrons and „b… phonons; L
=20 nm and �=1000 J/m2
phonons. Thus, for laser pulse durations shorter than or equal to 1
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s, the electron temperature plotted in Fig. 3�a� decays slowly
efore melting. The electron-phonon collisions significantly in-
rease for simulations with tp longer than 1 ps. This causes hot
lectrons to transfer their energy directly to the phonons, which
eads to the melting of the film. From Fig. 3�b�, it is seen that
ncreasing the pulse duration delays the increase in phonon tem-
erature similar to that observed for the electron temperature in
ig. 3�a�. The high phonon temperatures obtained with the laser
uence of 1000 J /m2 leads to the melting of the gold film for all
alues of laser pulse durations.
The effect of varying the laser intensity on the electron and

honon temperatures, Category 3 in Table 2, is shown in Fig. 4.
arger values of fluence imply higher total energy input and there-

ore contribute to higher electron temperatures as seen in Fig.
�a�. This figure shows that for fluence of 1000 J /m2 the maxi-
um electron temperature increases beyond 8000 K, whereas for
low fluence of 10 J /m2 the maximum temperature only reaches
000 K. Also, for laser fluences less than 500 J /m2, the electron
emperature reaches equilibrium with the phonon temperatures
ithout the melting of the gold film. From Fig. 4�b�, it is seen that

he phonon temperature increases with the laser fluence due to the

time (ps)
10-1 100 101

2000

4000

6000

8000

10000

φ = 10 J/m2

φ = 50 J/m2

φ = 100 J/m2

φ = 500 J/m2

φ = 1000 J/m2

Te (K)

time (ps)
0 5 10 15

400

600

800

1000

1200

1400

φ = 10 J/m2

φ = 50 J/m2

φ = 100 J/m2

φ = 500 J/m2

φ = 1000 J/m2

Melting Temperature = 1337 K

Tp (K)

(b)

(a)

ig. 4 Temporal variation of temperature at the front surface
ith laser fluence for „a… electrons and „b… phonons; L
20 nm and tp=75 fs
oupling with electron temperature. The kinks in the phonon tem-

ournal of Heat Transfer
perature, similar to that seen in Fig. 2�b� is observed for fluences
higher than 100 J /m2, whereas they are absent for the low fluence
cases. From this figure, it can be seen that the 20 nm thick gold
film melts when irradiated with a femtosecond pulse duration la-
ser of fluence greater than or equal to 500 J /m2.

The maximum electron temperature Temax
is plotted as a func-

tion of the thickness as well as the laser fluence in Fig. 5. The
maximum electron temperature varies between 800 K to 9000 K
depending on the thickness and the fluence. Increasing the metal
thickness, while keeping the fluence fixed at 1000 J /m2 causes
Temax

to decrease. For a thickness of 20 nm, the effect of increas-
ing fluence is to increase the maximum electron temperature.

For thicknesses less than 100 nm, tp=75 fs and �
=1000 J /m2, the gold film melts before reaching electron-phonon
equilibrium. However, for thicker films the electron and phonon
temperatures reach a constant value at equilibrium. The phonon
Knudsen number for a thickness of 2000 nm is 0.01, which cor-
responds to the Fourier heat conduction regime. The equilibrium
time teq is defined as the time when the relative difference be-
tween the electron and phonon temperatures becomes less than
1%. For L=2000 nm, it is found that the smallest values of teq are
achieved for the short-pulse duration and low fluence cases.

3.2 Spatial Characteristics of Electron-Phonon
Nonequilibrium. Figure 6 shows the spatial variation of electron
and phonon temperatures at time instants corresponding to the
initial transient and the time before melting. The temperatures are
compared for film thicknesses of 20 nm and 200 nm, respectively,
irradiated with a 75 fs laser pulse at a fluence of 1000 J /m2. The
time instant of 200 fs is the same for both film thicknesses, while
the time instants 1 ps and 9 ps are for thicknesses corresponding
to 20 nm and 200 nm, respectively. For the 20 nm film, at both
time instants, the electron and phonon temperatures show a
smaller variation inside the film when compared with the 200 nm
film. For film thicknesses comparable or smaller than the laser
penetration depth, the laser energy is deposited uniformly inside
the gold film as seen from Eq. �1�. Also, for film thickness of 20
nm, which is comparable or smaller than the mean free path of the
charge carriers, the heat transport occurs ballistically. However,
for the 200 nm thick gold film, both ballistic and diffusive effects
contribute to the heat transport. At a time instant of 0.2 ps, hot
electrons dominate near the front surface of the 200 nm thick film.

L (nm)

(J/m2)

10 60 110 160

0 200 400 600 800 1000

0

2000

4000

6000

8000

10000

12000

= 1000 J / m2

L = 20 nm
φ

T e max

(K)

φ

Fig. 5 Variation of maximum electron temperature with laser
fluence and film thickness for a pulse duration of 75 fs
Since the film thickness is much larger than the laser penetration
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epth, the electron temperature at the rear surface is not affected
y the laser. At this time, the phonon temperature is close to 300
. From Fig. 6�a�, it is observed that for L=200 nm, at a time

nstant of 9 ps, the electron temperature shows a kink near the
ondimensional location of 0.2, corresponding to 40 nm. For axial
ocations less than 40 nm the ballistic effects are dominant. How-
ver, for axial locations larger than 40 nm, the energy of the hot
lectrons is depleted due to diffusion and hence less of it is trans-
erred to the phonons resulting in a slower rate of decrease in the
honon temperature as seen in Fig. 6�b�. At this time, the electrons
hermalize rapidly resulting in a near uniform electron tempera-
ure inside the gold film. For the 20 nm film shown in Fig. 6,
elting occurs before the electrons and phonons reach equilib-

ium.

3.3 Melting Threshold Fluence. For laser microstructuring
pplications that require high precision, determination of the melt-
ng threshold fluence �m is of importance. For that reason, the
ependence of the absorbed threshold fluence on the film thick-
ess and laser pulse duration is shown in Fig. 7. The melting
hreshold fluence is defined as the value of laser fluence at which
he phonon temperature reaches the melting temperature of gold.
igure 7�a� shows the variation in melting threshold fluence with
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ig. 6 Spatial variation of „a… electron temperature and „b…
honon temperature for tp=75 fs and �=1000 J/m2
he film thickness and the pulse duration for a laser pulse width of
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0.6 ps and film thickness of 200 nm, respectively. The melting
threshold fluence calculated using the BTM is in good agreement
with the experimental data of Stuart et al. �8�. From Fig. 7, it is
observed that the value of laser fluence required to melt the gold
film decreases with decreasing thickness. Unlike the strong varia-
tion of melting threshold with metal thickness, the variation with
pulse duration is relatively small. This behavior can be explained
from Fig. 3, where it was observed that irrespective of the laser
pulse durations used, the gold film melts for the fluence of
1000 J /m2. Figure 7�b� shows the plot of melting threshold for
highly nonequilibrium cases. The variation of melting threshold
with metal thickness and pulse duration is plotted for a pulse
width of 75 fs and for a film size of 20 nm, respectively. It is seen
from Fig. 7�b� that for the film thickness of 20 nm the melting
threshold values are smaller than the values of 200 nm film thick-
ness shown in Fig. 7�a�. This may be due to an increase in the
electron-phonon nonequilibrium that causes the gold film to melt
at smaller values of �m. Unlike for the 200 nm thick film case, the
20 nm case shows a slight increase in melting threshold with
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Fig. 7 „a… Comparison of melting fluence threshold with ex-
periments; „b… melting threshold fluences for tp=75 fs and L
=20 nm
increasing laser pulse duration.
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Conclusions
The electron-phonon nonequilibrium due to laser heating of
etal films has been previously studied using the “two-

emperature” model and its variants. However, when the laser
ulse duration is smaller than the relaxation time of the energy
arriers or when the carriers’ mean free path is larger than the
aterial dimension, these macroscopic models fail to capture the

hysics accurately. In this study, the BTM has been introduced to
tudy the electron-phonon nonequilibrium due to short pulsed la-
er interaction with thin gold films. The BTM results are com-
ared with the previous experimental results of Qiu and Tien �1�
orresponding to a laser fluence of 13.4 J /m2 and the best agree-
ent is obtained for a constant electron-phonon coupling factor of
�1016. Thus for electron temperatures less than 3000 K, this
alue of the coupling factor is used with the BTM while at higher
emperatures, the temperature dependent coupling factor calcu-
ated by Lin et al. �16� is used. The BTM is then applied to
erform a parametric study of the effect of the gold film thickness,
aser pulse duration, and fluence on the nonequilibrium between
he energy carriers. The film thickness is varied between 20 nm
nd 2000 nm, and the laser pulse duration and fluence are varied
etween 50 fs to 10 ps and 10–1000 J /m2, respectively. The
mallest film thicknesses considered are comparable to the laser
enetration depth of 15.3 nm for gold and the phonon mean free
ath of 20 nm. Thickness dependent reflectivity from the expres-
ion of Abelès �17� is used in the laser source term. The pulse
uration of the order of femtoseconds is comparable to the
lectron-electron relaxation time of 40 fs. The parametric study
eveals that the temporal evolution of electron and phonon tem-
eratures in nanometer size gold films is very different from the
acroscale films. The maximum electron temperature increases
ith a decrease in the thickness of the gold film. With the laser
uence of 1000 J /m2 and pulse duration of 75 fs, for gold films

hinner than 100 nm, the phonon temperature reaches the melting
alue of 1337 K. However, for the film thicknesses above 100 nm,
ith the highest laser fluence examined, the electrons and
honons reach equilibrium and the gold film does not melt. The
elting threshold fluence calculated using the BTM for the case

f 200 nm gold film irradiated by picosecond pulse width laser are
ound to compare well with the experimental data of Stuart et al.
8�. The threshold fluence values required to melt a 20 nm gold
lm are found to be smaller than that required to melt a 200 nm
lm. It is found that for the 20 nm thick film with tp smaller than
ps, the electron temperature attains its peak before melting oc-

urs. Both the metal thickness and fluence are found to strongly
ffect the melting time in gold films.

omenclature
Ce � electron volumetric heat capacity �J /m3 K�
Cp � phonon volumetric heat capacity �J /m3 K�
De � electron density of states per unit volume

�m−3�
Dp � phonon density of states per unit volume �m−3�
E � electron band energy �J�

Ef � electron Fermi energy �J�
fe � Fermi–Dirac distribution function
fp � Bose–Einstein distribution function
G � electron-phonon coupling parameter

�W m−3 K−1�
�b � Boltzmann constant �J/K�
Ke � electron thermal conductivity �W/m K�
Kp � phonon thermal conductivity �W/m K�
Kn � Knudsen number �� /L�

L � film thickness �nm�
m � mass of free electron �kg�
n � number density of free electron �m−3�

p � phonon polarization mode

ournal of Heat Transfer
R � reflectivity
r � position vector
s � direction vector
S � laser energy source �Wm−3�

Te � electron temperature �K�
Temax � maximum electron temperature �K�

Te
� � nondimensional electron temperature,

�Te−300� / �Temax
−300�

Tp � phonon temperature �K�
t � time

teq � equilibrium time
tm � melting time
tp � laser pulse duration
ue � electron energy density per unit solid angle

�J m−3 sr−1�
up � phonon energy density per unit solid angle

�J m−3 sr−1�
ueq�e� � electron equilibrium energy density �J m−3�
ueq�p� � phonon equilibrium energy density �J m−3�

ve � average electron group velocity �m/s�
vp � average phonon group velocity �m/s�
x � coordinate

x� � nondimensional x-coordinate �x /L�
�s � optical penetration depth
� � polar angle �rad�
� � phonon mean free path
� � phonon wavelength
	 � x-directional cosine

��e−e� � electron relaxation time
��p−p� � phonon relaxation time

� � laser fluence �J m−2�
�m � melting fluence �J m−2�

� � phonon frequency �Hz�

 � solid angle �sr�
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Natural Convection Heat Transfer
From Horizontal Rectangular
Inverted Notched Fin Arrays
The variables for natural convection cooling with the help of finned surfaces are orien-
tation and geometry. In lengthwise short array �L /H�5�, where single chimney flow
pattern is present, a stagnant zone is created at the central bottom portion of fin array
channel and hence it does not contribute much in heat dissipation. Hence it is removed in
the form of inverted notch at the central bottom portion of fin to modify its geometry for
enhancement of heat transfer. An experimental setup is developed for studying the inves-
tigation on normal and inverted notched fin arrays (INFAs). Fin spacing, heater input,
and percentage of area removed in the form of inverted notch are the parameters. For few
spacing, it is verified by computational fluid dynamics analysis (Course Notes on Intro-
duction to Commercial CFD of Tridiagonal Solutions, Pune), and the results are well
matching. It is found that the average heat transfer coefficient for INFAs is nearly 30–
40% higher as compared with normal array. �DOI: 10.1115/1.3109993�

Keywords: heat transfer enhancement, natural convection, inverted notched fins, single
chimney flow
Introduction

The current trend in industry is microminiaturization of elec-
ronic packages. The thermal design problem is recognized as one
f the factors limiting achievement of higher packaging densities.
ecause of reduction in surface area available for heat dissipation,
ptimization of fin surface area and geometry becomes very im-
ortant in natural convection heat transfer. In lengthwise short
rray �L /H�5�, where the single chimney flow pattern is present,
s shown in Fig. 1, near the central bottom portion of the fin
hannel, the stagnant zone that is created becomes ineffective be-
ause no air stream passes over this part. In this central portion, a
ectangular notch is cut, as shown in Fig. 2, and its effect on heat
ransfer characteristics and flow is studied.

The problem of natural convection heat transfer from fin arrays
as been studied both experimentally and theoretically by a num-
er of investigators. It was investigated experimentally by Starner
nd McManus �1�, Harahap and McManus �2�, Jones and Smith
3�, and Mannan �4�. Sane and Sukhatme �5� considered the situ-
tion of an isothermal rectangular fin array on a horizontal sur-
ace. For the first time, governing differential equations were
olved by finite difference method. They obtained good agreement
ith experimental data. In addition, flow visualization study was

arried out by Schlieren shadowgraph in order to depict the zone
n which the single chimney flow pattern occurs, which was very
ffective in natural convection heat transfer viewpoint. Horizontal
ase fin array with notch was investigated experimentally by Sane
t al. �6,7�.

A systematic theoretical investigation of the effects of fin spac-
ng, fin height, fin length, and temperature difference between fin
nd surroundings on the free convection heat transfer from hori-
ontal fin arrays was carried out by Baskaya et al. �8�. It has been
oncluded that it is not possible to obtain optimum performance in
erms of overall heat transfer by concentrating only on one or two

1Corresponding author.
Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received July 26, 2008; final manuscript received

anuary 24, 2009; published online June 3, 2009. Review conducted by Ali Ebadian.

ournal of Heat Transfer Copyright © 20
parameters. The interactions among all the design parameters
must be considered. The results are presented in a graphical form
together with optimum values and correlation.

The present work is an experimental investigation of effects of
various parameters such as fin spacing, heater input, and percent-
age of area removal in the form of inverted notch, on heat transfer
characteristics. The experimental results are validated by compu-
tational fluid dynamics �CFD� analysis.

2 Experimentation
For experimental setup, fin flats and spacers are cut from 3 mm

and 1 mm thick rolled aluminum sheet and assembled together to
form the required fin array. Figure 3 shows the arrangement of
assembled horizontal fin array. Four cartridge heaters are placed in
the base portion of the fin array. An assembled array is placed in
an insulating brick cavity up to base portion to minimize heat loss
by conduction through base and sides of the fin array. The array is
placed in a sufficiently large enclosure to provide natural convec-
tion condition. Calibrated thermocouples with temperature indica-
tor are used to measure temperatures at various locations of fin
array. A calibrated wattmeter is connected to measure heater input.

3 Methodology
Experiments are performed and steady-state observations are

recorded. Fin spacing, heater input, and percentage of area re-
moved are the parameters of experimental study. Table 1 summa-
rizes the parameters included in the experimentation. Radiation
loss is accounted suitably by the predetermined values of emissiv-
ity, which are 0.5 for nonblackened and 1 for black array.

4 Numerical Model
The natural convection flow under investigation is modeled by

a set of elliptic partial differential equations describing the con-
servation of mass, momentum, and energy in three rectangular
Cartesian coordinates. The numerical model is based on control
volume finite difference formulation. The set of equations are in-
tegrated over each control volume to obtain discretized linear al-
gebraic equations, termed as finite volume equations. These equa-

tions are solved by commercial CFD package, like FLUENT �9�.
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The infinite number of fins with negligible thickness is as-
umed. The fin surfaces with base are assumed as a source and
eld at uniform temperature. Laminar natural convection is the
echanism for heat transfer from the fin array. Radiation heat loss

Table 1 Parameter

Length of fin array, L �mm� 150
Height, H �mm� 75
Spacing, S �mm� 4
No. of fins 15
Notched portion �%� 10
Heater input �W� 50

Fig. 1 Single chimney flow pattern for normal fin

Fig. 2 Single chimney flow pattern for INFA

Fig. 3 Experimental setup
Lamp black coating on fin surface �9 mm and 13 mm spacing�

82501-2 / Vol. 131, AUGUST 2009
is not considered. The schematic drawing of fin array under in-
vestigation with isothermal fin surface with base is shown in Fig.
4, with an actual simulated part of one fin. As shown in Fig. 5, the
computational domain is reduced to one-quarter of fin channel.
Table 2 summarizes the parameters for numerical analysis. The
temperature differences are up to 130°C; hence the Boussinesq
approximation is not employed.

4.1 Validation. The computer code used in the present CFD
analysis is validated for a 2D problem of isothermal heated verti-
cal plate and the local heat transfer coefficients are in agreement
with correlation values �10� within 8%.

4.2 Boundary Conditions. In natural convection flows, there
is no information regarding the velocity and temperature fields
before the start of calculations. Since governing equations are
invariably coupled, the temperature field causes the velocity field

or experimentation

5 6 9 13
13 12 9 7
20 30 40
100 150 200

th thermocouple locations

Fig. 4 Quarter channel of fin array under investigation
s f
wi
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o develop and in turn the velocity field affects the temperature
eld, with the promotion of convective heat transfer. Because of
ymmetry only one-quarter of fin channel is investigated. It is
ealistic to extend computational domain beyond actual dimen-
ions of the fin array in order to meet ambient condition.

The imposed boundary conditions are as shown in Fig. 5. The
n surface and base are held at a constant temperature Ts �ABEFA
nd BCDEB surfaces�. The symmetry boundary conditions are
pplied at AFEMHJKA, BCLKAB, EDNME, and LCDNGIL sur-
aces. All the remaining boundaries are assigned as pressure out-
ets where air enters or leaves the channel at the ambient tempera-
ure T� and corresponding density �0. Here the ambient pressure
s used as stagnation boundary condition with the incoming mass
aving the ambient temperature.
The static pressure is assumed equal to the pressure of sur-

ounding atmosphere. Molecular �laminar� transport boundary
onditions are applied to the fin walls to simulate the effects of
aminar friction and heat transfer, known as no-slip boundary con-
itions.

4.3 Convergence. In iterative process, convergence is used as
he monitor of achievement of the final solution. The criterion of
onvergence of numerical solution is based on the absolute nor-
alized residuals of the equations that are summed for all cells in

he computational domain.
There are five residuals to be monitored in natural convection

roblem that is continuity, x, y, and z velocities, and energy. The
efault convergence criteria are 1�10−03 for all four of the above,
.e., continuity and velocities and 1�10−06 for energy. Same val-
es are used for the first order scheme. Once solution is converged
n first order, during second order the convergence criteria are

Table 2 Parameters

Length of fin array, L �mm� 150
Height, H �mm� 75
Spacing, S �mm� -
No. of fins -
Notched portion �%� 10
Heater input �W� 50

ig. 5 Computational domain with extended boundaries and
eat source
ournal of Heat Transfer
shifted to 1�10−05 for three velocities and the remaining are the
same. Iterative convergence is also checked by terminating the
solution only when progressive single cell values showed little
change per iteration as the calculation progressed.

4.4 Grid Independency. Grid independency checks are made
and final simulations are achieved with cell count ranging from
80,000 to 110,000 over entire computational domain.

4.5 Domain Size Independency. For natural convection
problem, domain is extended from actual size of experimental
model for ensuring ambient conditions. Domain size is varied
from 2H to 25H in the Y direction and from 1H to 5H in the X
direction, where H is the height of fin. Finally, 8H is the domain
height and 3H is the domain width, since negligible change in
results is recorded by further extension. The results obtained from
numerical analysis are given in Sec. 5.2.

5 Results and Discussion

5.1 Experimental Investigation. The results are obtained in
terms of ha, hb, Nua, Nub, and GrH. Figure 6 shows the effect of
fin spacing on ha with heater input as the parameter for normal
and 40% INFAs. From the figure, it is clear that as the fin spacing
increases, ha increases asymptotically as expected. The increasing
trend is to steep up spacing to about 9 mm; after that there is a
gradual rise. This may be attributed to choking of flow at smaller
fin spacing and wider spacing causes less lateral boundary layer
interference. The notched configurations yield 50–55% higher val-
ues compared with the unnotched fin. This is mainly because of
the removal of surface area from the stagnant zone of fin channel,
thus indicating superiority of INFAs. It is also observed that the
values of ha are higher at higher heater input as expected.

Figure 7 shows the variation of ha against the percentage of
area removed for 6 mm fin spacing with heater input as a param-

numerical analysis

- - 9 13
- - 9 7

20 30 40
100 150 200

Fig. 6 Variation of ha with fin spacing
for
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ter. It is concluded that values of ha for INFAs are more than
ormal arrays as expected. It is also concluded that ha increases as
he percentage of area removed increases. At higher heater input,
he values of ha are higher.

Figure 8 shows the effect of fin spacing on Nub for normal and
0% INFAs. The values of Nub increases as fin spacing decreases.
t reaches a maximum value at fin spacing of about 6 mm, indi-
ating optimum zone. This can be attributed to choking of flow at
ery low fin spacing. Beyond the optimum zone, the total surface
rea is reduced and Nub shows a decreasing trend.

Figure 9 shows the variation of heater input against �T with
ercentage of area removed as the parameter for normal and IN-
As. From the figure, it is clear that for particular temperature
ifference �T the heat transfer rate of INFAs is higher than that of
ormal fin arrays. It is also concluded that 40% INFA gives higher
eat transfer rate for particular temperature difference. From the
gure, it is observed that to dissipate 200 W, �T for 40% INFA is
01.88°C and 107.10°C for normal array indicating the superior-
ty of INFAs.

Figure 10 shows the effect of Nub for different fin configura-

ig. 7 Variation of ha with different percentage of area re-
oved for 6 mm spacing
Fig. 8 Variation of Nub with fin spacing

82501-4 / Vol. 131, AUGUST 2009
tions. The values of Nub are higher for higher heater input. It is
observed that values of Nub are higher for INFAs and highest for
40% INFA.

5.2 Numerical Analysis. Figure 11 shows the variation of
heat flux �q /A� against the percentage of area removed for 9 mm
fin spacing with heater input as a parameter. From the figure, it is
observed that experimental and CFD results are well matching,
and the variation is within 7% for experimental investigation of
relatively polished surface of normal and INFAs. For blackened
normal and INFAs, the variation is around �9% in reference with
CFD results. It is also concluded that as the percentage of area
removed increases, heat dissipation rate increases, which is the
outcome of experimental investigation.

6 Correlation
Finally, an attempt is made to correlate the results obtained in

the present study. The correlation curve is proposed in Fig. 12.
The average Nusselt number �Nua� is correlated with the other

Fig. 9 Effect of inverted notch on surface temperature
Fig. 10 Variation of Nub for different configurations

Transactions of the ASME
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elevant governing parameters of fin array, namely, the Grashof
umber GrH, the spacing to height ratio �S /H�, and the ratio of
xposed area of normal to INFA �Ae /An�.

The following correlation is obtained:

Nua = 17.49 ln�GrH�S/H��Ae/An�� − 188.8

he correlation is only valid for Pr=0.7, 200 W heater input, for
alues of S /H and �Ae /An� are less than 0.1733 and 1.4, respec-
ively. The value of correlation coefficient, R2, is 89%. Same cor-
elation can be obtained for remaining heater input.

Flow Visualization
Figure 13 shows the photographs of flow visualization by

imple smoke technique using for normal and 30% INFAs. From
hotographs, it is concluded that coalescing of two streams at less
eight from fin bottom in normal fin array whereas it is at more
eight in INFAs, giving wider chimney and enhancing the heat
ransfer rate.

Conclusion
The values of ha are 50–55% higher for INFAs giving better

erformance. For smaller spacing, increment in ha is small due to
he flow constriction effect. The value of ha increases with spacing

ig. 11 Comparison of experimental and CFD results for 9 mm
n spacing; effect of percentage area removed on qconvection
Fig. 12 The proposed horizontally oriented INFAs correlation

ournal of Heat Transfer
giving an optimum value at about S=6 mm. This is in agreement
in other investigators. Single chimney flow pattern is retained in
INFAs also with a wider chimney zone, which is the possible
reason for heat transfer enhancement. When single chimney flow
pattern is present, in midchannel stagnant bottom portion becomes
ineffective. The modified array is designed in inverted notched
form and that has proved to be successful retaining single chim-
ney together with the removal of ineffective fin flat portion. This
is the main contribution of present paper. Limited CFD solutions
obtained are in good agreement with experimental work. Radia-
tion contribution is also important and needs further investigation.
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Nomenclature
A � area, m2

GrH � g����T�H3 /�2, Grashof number
ha � �qconvection /Ae��T�, average heat transfer co-

efficient, W m−2 K−1

hb � �qconvection /Ab��T�, base heat transfer coeffi-
cient, W m−2 K−1

H � height of fin array, mm
K � thermal conductivity, W m−2 K−1

L � length of fin array, mm
Nua � ha�L /K, average Nusselt number
Nub � hb�L /K, base Nusselt number

q � heater input, W
qconvection � q− �qconduction+qradiation�, W
qconduction � heat loss by conduction, from fin array, W

qradiation � heat loss by radiation, from fin array, W
Pr � Prandtl number
S � fin spacing, mm
T � thickness of the fin, mm

u, v, w � velocity components, m s−1

X, Y, Z � Cartesian coordinates

Greek Symbols
� � density, kg m−3

� � coefficient of thermal expansion, K−1

� � kinematic viscosity, m2 s−1

�T � temperature difference, °C

Subscripts
a � average
b � base
e � total exposed area for convective heat transfer

Fig. 13 Photographs showing flow visualization by simple
smoke technique
for normal fin array
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s � surface average
� � ambient
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Flow and Heat Transfer of Natural
Convection in Horizontal Annulus
With a Heating Element on Inner
Cylinder
Experiments have been performed to study natural convection flow and heat transfer in a
horizontal annulus when a square heating element is positioned at different locations on
the inner insulated cylinder. The annulus is filled with water and has cylinder to cylinder
diameter ratio of 3. The square heating element is small and has the width to annulus gap
width ratio of 1/6. The range of Rayleigh number studied is approximately from 1.9
�106 to 3.3�107. It has been found that the flow pattern, the temperature distribution
around the inner cylinder wall, and the local heat transfer rate around the outer cylinder
are very sensitive to the location of the heating element. The heating element Nusselt
numbers at various locations on the inner cylinder are obtained and well correlated
against the Rayleigh number to the 1/3 powers. A maximum in the correlation parameter
C is obtained when the heating element is placed 90 deg from the bottom.
�DOI: 10.1115/1.3109995�

Keywords: natural convection in annulus, natural convection heat transfer, localized
heating, avionics cooling
Introduction
The study of natural convection heat transfer and fluid flow in

nclosures has received considerable attention because of the fun-
amental importance in practical applications �1–5�. Natural con-
ection between annulus has been studied extensively in the past
6–10�. It has been well recognized that in a horizontal annulus
he heat transfer and fluid motion are determined and correlated
rimarily by the Rayleigh number and the Prandtl number �11,12�.
However, much of the attention has been concentrated on ec-

entricity of the inner cylinder on the natural convection flow and
eat transfer process. Both numerical and experimental studies
13,14� have indicated that the position or the eccentricity of the
nner cylinder can have a significant effect on the natural convec-
ion heat transfer and fluid motion. The downward positioning of
he inner cylinder results in an increase in heat transfer because of
he augmentation in the convection and the increase in the con-
uction of heat. The eccentricity effects on the local heat transfer
round the inner cylinder and the outer cylinder were also pre-
ented. Chao et al. �15� indicated that the horizontal eccentricity
f the inner cylinder causes a decrease in the heat transfer because
f the suppression of natural convection. Sparrow et al. �16� stud-
ed natural convection heat transfer in a relatively large cylinder
ith an inner cylinder having cylinder to outer cylinder diameter

atio of 0.2, and indicated that inner body Nusselt number is in-
ependent of the position of the inner body and even the orienta-
ion of the outer cylinder. Both the inner and the outer cylinders
ave a length-diameter ratio of unity. For a wider eccentricity
ange �0�e�1�, the flow and thermal fields in eccentric cylin-
ers �Ro /Ri=2.36� was studied numerically and compared with
he experimental results �17�.

For narrow gap annulus with outer cylinder to inner cylinder
iameter ratio of 1.05–1.2, the natural convection flow may be-

1Corresponding author.
Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received August 15, 2008; final manuscript re-
eived December 3, 2008; published online June 4, 2009. Review conducted by

iulio Lorenzini.

ournal of Heat Transfer Copyright © 20
come three dimensional due to the flow instability or end wall
effects at relatively low Rayleigh number range �1500–3000�
�18–20�. Three-dimensional supercritical states occur and the ex-
istence of four such states is established. These four states are
characterized by the orientations and directions of rotation of
counter-rotating rolls that form in the upper part of the annulus
owing to thermal instability, and exhibit �i� transverse rolls, �ii�
transverse rolls with reversed directions of rotation, �iii� longitu-
dinal rolls in combination with transverse rolls, and �iv� longitu-
dinal rolls with reversed directions of rotation in combination with
transverse rolls, respectively. The occurrence of different flow pat-
terns leads to significant difference in the heat transfer process.
With the presence of a porous geometric perturbation in the an-
nulus, the heat transfer can be either significantly enhanced or
retarded �21� depending on the ratio of the conductivity of the
porous material to that of the fluid.

The present study was motivated by the practical interest to
determine the location where the electronic module �or the heating
element� should be placed on the plastic �or the adiabatic� inner
wall of the horizontal annulus in order to have a maximum cool-
ing rate, due to the internal natural convection heat transfer, to
avoid the overheating of the electronics. The geometry has a prac-
tical application in the cooling of avionics in a flight vehicle. The
heating element is used to simulate a module. The findings up to
the present could not provide a physical explanation and the cor-
relation of the natural convection heat transfer in a horizontal
annulus when a heating element is attached at different positions
around the inner insulated cylinder. No relevant work has been
found in the literature. Therefore, experiments with flow visual-
ization, temperature distribution, and heat transfer measurements
were conducted and used to provide a physical understanding and
heat transfer data for the configuration of interest.

2 Experiments

2.1 Aparatus. A horizontal annulus having a gap of 6 cm and
a length of 30 cm was made, as shown in Fig. 1, with the inner
wall being insulated and the outer wall serving as a heat sink. The

inner cylinder having an outside diameter of 6 cm was made of 5

AUGUST 2009, Vol. 131 / 082502-109 by ASME



m
r
w
c
w
b
t
�
a
a
e
t
v

h
l
o
c
r
a
d
h
e
i
t
f
n

0
c
h
o
c
o
f
w
m
c
t
t
t
w
w
h
c

F
c
c

0

m thick plexiglass. Therefore, the current annulus has a diameter
atio of 3. The outer cylinder having an inside diameter of 18 cm
as made of 5 mm thick aluminum plate. Around the outside

ylinder wall, a small copper tube was wrapped tightly through
hich coolant was circulated inside with a constant temperature
ath and was used to control the outer cylinder surface tempera-
ure. A square heating element having a cross section of 1

1 cm2 �i.e., the ratio of the width of the heating element to the
nnulus gap is 1/6�, and a length of 30 cm was made of aluminum
nd was epoxied axially on the plexiglass wall. The Nichrome
lectric resistance was wired inside the element uniformly along
he axial direction and was used with a dc power supply to pro-
ide a uniform and desired heat flux.
The horizontal annulus was situated inside a plexiglass box that

ad inside dimensions of 25�25 cm2 in cross section, 30 cm in
ength, and a wall thickness of 10 mm. The cylinders were bolted
n both the end walls of the box. On the top of the aluminum
ylinder, two holes having a diameter of 5 mm were drilled sepa-
ately near the end walls to allow water to be siphoned into the
nnulus. The remaining space inside the box and the inner cylin-
er was filled with insulation. The inner cylinder together with the
eating element was allowed to rotate with a 30 deg increment for
ach experiment. The selection of thin plexiglass inner cylinder as
nsulated wall was due to the fact that it has the thermal conduc-
ivity a factor of 1/3 less than that of water. Therefore, the circum-
erential heat conduction along the inner cylinder wall may be
egligible small.
A total of 67 K-type thermocouples having a wire diameter of

.5 mm were used to measure all the temperature. On the outer
ylinder wall near the central region, 12 equally spaced holes
aving a diameter of 1.5 mm were drilled circumferentially, while
n the inner cylinder six holes were drilled. A total of 18 thermo-
ouples were inserted individually into each hole and the centers
f the thermocouple beads were positioned 2 mm above the sur-
ace. It has been found �13,22,23� that the temperature distribution
ithin 1/30 of the gap thickness, which in our case is within 2
m, is nearly linear for Rayleigh number up to 108 and outer

ylinder to inner cylinder diameter ratio of 2–3. Therefore, with
he given temperature on the wall, the local temperature gradient,
he heat flux, and the local heat transfer coefficient on the wall of
he outer cylinder can be readily calculated. The wall temperatures
ere measured and averaged with a total of 42 thermocouples that
ere embedded closed to the surface. The temperatures on the
eating element were measured with seven thermocouples. A

ig. 1 Schematic of test apparatus: „1… outer cylinder, „2… inner
ylinder, „3… heating element, „4… cooling coil, „5… thermo-
ouples, „6… insulation, and „7… plexiglass box
loser space was arranged for the thermocouples near the end

82502-2 / Vol. 131, AUGUST 2009
walls to estimate the heat loss from the end walls to the outside
environment. During the experiment 10 mm thick pieces of insu-
lation were attached to both the end walls to reduce the heat loss.
The axial �or circumferential� temperature distribution along the
outer cylinder wall, the inner cylinder, and heating element were
found to be very uniform. The heat loss to the environment was
evaluated from the axial temperature gradient of the heating ele-
ment at the ends, and was found within 5% of the total power
input. A two dimensional heat transfer process in the annulus was,
therefore, expected.

2.2 Experimental Procedure and Data Reduction. Before
the experiments, a small amount of fish scales was mixed into the
water to trace the fluid motion. In the front of the test cell, a
filament lamp was used for illumination. The fluid was kept stag-
nant initially. Once the uniform temperature in the water was
reached, both the coolant circulation around the outer cylinder and
the power supplied to the heating element were switched on. Usu-
ally it takes 4–6 h to reach steady state. The temperature measure-
ments were calibrated within �0.05°C and the results were re-
corded. During fluid visualization experiment, the insulations
attached to the end wails were removed. Both photographs were
taken and fluid motion was traced with a pencil. For heating ele-
ment at different positions on the inner cylinder wall, each experi-
ment was restarted from the same initial state when fluid was
stagnant and temperature in the fluid was uniform.

With the power supply calculated from the measured electric
voltage and current across the Nichrome thin resistance and sub-
tracted by the heat loss from the ends, the average heat transfer
coefficient and Nusselt number from the heating element to the
outer cylinder are evaluated with

h = Q/Ah�Th ⇀ To�, Nu = hLc/k �1�
The Nusselt number is correlated against the Rayleigh number
with the relationship that Nu=C Ran. Within the range of Ray-
leigh number studied, the value of n is found very close to 1/3 and
is insensitive to the positions of the heating element. The local
heat flux q� on the outer cylinder was calculated by the tempera-
ture difference, which was between the outer cylinder wall and the
thermocouple, which was 2 mm above the cylinder wall, divided
by the distance 2 mm and multiplied by the thermal conductivity
of water. Therefore, the local heat transfer coefficient and local
Nusselt number are evaluated from

h� = q�/�Th ⇀ To�, Nu� = h�Lc/k �2�
The accuracy of the local heat flux measurements depends on the
accuracy of the temperature measurements around the outer cyl-
inder wall and the ones 2 mm above, and is estimated within
�2%. For a given wall temperature, the local heat transfer rate or
the local heat transfer coefficient is actually proportional to the
water temperature measured 2 mm above the wall. The accuracy
of the current measurement can be checked by integrating the
local heat flux measured around the outer cylinder and seeing if
the total heat transfer from the heating element to the bulk fluid is
equal to the total heat transfer from the bulk flow into the outer
cylinder. It is found that the total heat transfer from the bulk flow
to the outer cylinder is approximately 5% less than the total heat
transfer from the heating element to the bulk fluid. This is attrib-
uted to the heat loss from the bulk fluid to the ambient through the
end walls. The error analysis for the Nusselt number is performed
by following the procedures described in Ref. �24�. The maximum
uncertainty for the heating element Nusselt number is 5.6%, and
for the local Nusselt number around the outer cylinder is 7.5%.

3 Results and Discussion

3.1 Flow Visualization. Experiments were performed to visu-
alize the fluid motion and flow structures with the heating element
being placed at different positions. Different flow structures were

visualized and photographed for the heating element at different
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ositions on the inner cylinder. Unfortunately, the photograph
uality has been very poor; thus only the flow patterns traced with
encil are shown in Figs. 2�a�–2�e�. In general, the flow velocity
n the upper region of the annulus is relatively high and fluid
otion was readily traced, while in the lower region the flow
otion is small and in some situations the flow motion is so slow

hat the particle tracing became very difficult especially for flow
ear the edge of the stagnant region.
When the heating element is at the bottom on the inner cylinder,

he heated flow around the heating element due to buoyancy force
scends along the inner cylinder wall. However, the heated flow
lose to the inner cylinder do not separate from the wall at the top
f cylinder �as for the case with heated inner cylinder� but sepa-
ated at an earlier stage, as shown in Fig. 2�a�, when the separa-
ion angle is �=150 deg and �=210 deg. The heated flow on
ither side of inner cylinder symmetrically impinges on the outer

Fig. 2 Flow pattern with heating element
�h=60 deg, „c… �h=90 deg, „d… �h=120 d
ylinder wall and forms two flow streams. The two upward flow

ournal of Heat Transfer
streams meet at the central top of the cylinder and formed two
small circulation cells, while downward flow streams moving
along the outer cylinder wall gradually slow down and turn back
toward the central region, and finally form two symmetric large
circulation cells. The flow motion in the circulation core is rela-
tively slow.

As the heating element is located at 60 deg from the bottom or
above, only two unsymmetric circulation cells appear. The one on
the heating element side shrinks and is smaller than the one on the
other side. As the heating element is positioned further upward,
both the circulation cells in the lower region shrink, and a nearly
stagnant region near the bottom of the annulus can be observed
and grow in size. Fluid stratification can be expected and cause
the shrinking of the convection cell. When the heating element is
located at �h�120 deg, a rise of the convection cell, on the heat-
ing element side, with the upward positioning of the heating ele-

sitioned at different angles: „a… �h=0, „b…
and „e… �h=180 deg for Ra=1.113Ã106
po
eg,
ment can be expected. When the heating element is at the top of

AUGUST 2009, Vol. 131 / 082502-3
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he inner cylinder, the convection cells become symmetric and
ppear only in the upper region. The rising flow is only in the
entral region. The stagnant fluid in the lower region has the larg-
st area and is so stable that it is not affected at all by the upper
irculation flow.

3.2 Temperature Distribution and Local Heat Transfer.
ignificant difference in flow structure causing difference in tem-
erature distribution and local heat transfer rate can be expected.
owever, the buoyancy induced flow causes in general that the
uid temperature in the upper region is higher than in the lower
egion. As a result, a higher heat transfer rate or a higher local
usselt number around the outer cylinder, as shown in Fig. 3,
ccurs in the upper region. The maxima in local Nusselt number
re found at the place where the hot steam impinges the wall. As
he hot stream gradually moves downward along the outer cylin-
er, it reduces in temperature gradually due to the heat transfer to
he outer cylinder. As a result, the local heat transfer rate or the
ocal Nusselt number around the outer cylinder is reduced. Near
he bottom region, the heat transfer is smaller when natural con-
ection does not occur or when conduction of heat is dominant in
he annulus. Similar findings were reported for natural convection
n a horizontal annulus �11�.

When the heating element is at the bottom, the local Nusselt
umber is distributed symmetrically and has a local minimum, as
hown in Fig. 3, in the upper part of the Nu curves. The relative
inimum is caused by the flow separation from the top of the

uter annulus wall. As the heating element is positioned upward,
he local Nusselt number distribution become unsymmetric and is
aused by the unsymmetric convection cells. The maximum heat
ransfer rate having the largest value, as shown in Fig. 3, which
ccurs and remains at �=150 deg, is caused by impingement by
he relatively hot stream �Figs. 2�b� and 2�c�� that rises from the
egion near the heating element. As the heating element moves
pward with �h�120 deg, the maximum Nusselt number having
higher value moves upward and toward the top of the cylinder

ue to the rise of the convection cell on the heating element side.
hen the heating element is at 180 deg from the bottom, the hot

treams from both convection cells merge and impinge the top of
he wall and cause a bell-like maximum in Nusselt number, as
hown in Fig. 3. Near the bottom region, the local Nusselt number
istribution along the wall reduces gradually and is nearly linear
s the case when the heating element is at 60 deg from the bottom.
he fluid stratification in the lower region may be deduced as we

ig. 3 Local Nusselt number around the outer cylinder with
eating element positioned at different angles
ave observed.

82502-4 / Vol. 131, AUGUST 2009
The temperature distribution around the inner cylinder wall, as
shown in Fig. 4, is very uniform, when the heating element is at
the bottom. The finding implies that the heat transfer rate from the
hot stream to the heating element or even the central core region is
negligible because of the very narrow size of hot stream, which
behaves like a plume. As the heating element moves upward, a
peak in temperature is found, as shown in Fig. 4, and is caused by
the hot stream moving along the inner cylinder wall. A decrease in
temperature occurs when the hot stream separates from the inner
cylinder wall and moves toward the outer cylinder. On the oppo-
site side of the heating element as the flow stream along the inner
cylinder moves upward, a moderate increase in flow stream tem-
perature can be observed. The increase in temperature is due to
the fact that the temperature in the upper region of the bulk fluid
is, in general, higher than in the lower region. This is a clear effect
of fluid stratification. As the heating element moves further up-
ward, the peak in temperature also moves upward and eventually
becomes symmetric when the heating element is at the top. No
significant increase in temperature is found around the inner cyl-
inder for � within 120 deg and between 240 deg and 360 deg
since the fluid in the region below is stagnant.

3.3 Heat Transfer From the Heating Element. The average
heat transfer coefficient from the heating element, positioned at
each specific location, to the outer cylinder was well correlated.
The typical result for the average Nusselt number against the Ray-
leigh number for the heating element positioned at �h=120 deg is
presented in Fig. 5. A total of 19 data points have been fitted with
a least-squares method with n=1 /3. For heating element at differ-
ent locations, a general correlation equation can be obtained as
follows:

Nu = C Ra1/3 �3�

where C is a correlation parameter, which depends on the angular
location of the heater, and is 0.102 for �h=120 deg with a maxi-
mum deviation of �4.24% for Rayleigh number in the range from
106 to 108. Different values of the correlation parameter C for the
heating element at different locations are summarized in Table 1.
A maximum in C is obtained and is about 20% higher when the
heating element is at 90 deg from the bottom. Figure 6 shows that
when �h�60 deg the Nusselt number is insensitive to the posi-
tion of the heating element. The heat transfer rate increases for
�h�60 deg and reaches a maximum at �h=90 deg. Further in-

Fig. 4 Temperature distribution around the inner cylinder with
heating element positioned at different angles
crease in the heater’s angle �h causes a gradual reduction in the
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eat transfer. The finding is surprisingly different from that of
parrow el at �16� in a somewhat different configuration that with-
ut an insulated inner cylinder, the heating body Nusselt number
n a horizontal cylinder is insensitive to the position of the heating
ody. Even the orientation of the outer cylinder does not affect the
eating body Nusselt number. With the flow visualization experi-
ent, the variation in the heating element Nusselt number may be

xplained by the fact that the total heat transfer rate depends on
he ability of the hot stream to bring heat from the heating element
o the outer cylinder. This has been determined by the length the
ot stream travels around the outer cylinder and the local heat
ransfer rate of the hot stream. However, the local heat transfer
nd the hot stream path around the outer cylinder are significantly
ffected by the flow structures �Figs. 2 and 3� and therefore by the
osition of the heat element. An integration of the local heat trans-
er rate around the outer cylinder indicates that a maximum total
eat transfer rate is indeed found when the heating element is at

ig. 5 Nusselt number results and correlation against Ray-
eigh number with heating element at �h=120 deg

Table 1 Data correlated with Nu=C Ra1/3

�h Ra No.a C �%�

0 1.926�106–2.758�107 18 0.096 5.87
60 2.228�106–3.331�107 18 0.094 5.52
90 2.228�106–1.665�107 18 0.119 7.40
20 2.825�106–3.093�107 19 0.102 4.24
80 4.006�106–2.837�107 18 0.088 10.91

“No.” represents the number of data points.

ig. 6 Effect of the heating element position on the heat trans-

er correlation parameter C

ournal of Heat Transfer
90 deg from the bottom. An optimal in hot stream travel length
and its local heat transfer rate may have been achieved when the
heating element is at 90 deg. Further upward positioning of the
heating element reduces the size of convection cells or alterna-
tively the length that the hot stream travels around the cylinder
wall. As a result a reduction in the heat transfer from the heating
element to the outer cylinder wall is obtained. For �h�120 deg,
the heating element Nusselt number is almost insensitive to the
position of the heating element. The lowest heat transfer rate is
found when the heating element is at the top.

The Rayleigh number defined above is based on the tempera-
ture difference between the heating element and the outer cylin-
der. The Rayleigh number can also be defined based on the heat
flux generated in the heating element. In this case, the Nusselt
number can also be correlated with this modified Rayleigh num-
ber. One can obtain a similar kind of correlation as Eq. �3� except
that the power of the modified Rayleigh number, n, is 1/4. The
correlation parameter C obtained is summarized in Table 2.

4 Conclusion
Flow visualization experiments have provided detailed flow in-

formation that has been used to explain the results from the tem-
perature distribution and local heat transfer measurements. Differ-
ent flow patterns have been observed for the heating element at
different positions. Four symmetric cells with two large and two
small ones have been found when the heating element is at the
bottom. As the heating element is positioned upward, only two
unsymmetric cells appear and gradually shrink in the lower region
where a stagnant and stratified region gradually forms at the
bottom.

Significant difference in flow structure causes difference in tem-
perature distribution and local heat transfer rate. The maximum in
local heat transfer occurs at the place where the hot stream im-
pinges the cylinder wall. The hot stream passing through the inner
cylinder wall can cause a higher wall temperature. However, the
locations for the maximum heat transfer, the values of the heat
transfer rate, and the occurrence of a high temperature distribution
around the inner cylinder are significantly affected by the position
of the heating element.

The heating element average Nusselt number has been well
correlated against the Rayleigh number to the 1/3 powers or the
modified Rayleigh number to the 1/4 powers, for the heating ele-
ment at different angles. Due to the differences in flow structures
and resulting difference in local heat transfer along the outer cyl-
inder, the maximum in the heating element Nusselt number is
found when the heating element is at 90 deg from the bottom. The
Nusselt number is almost insensitive to the positions of the heat-
ing element when �h is less than 60 deg or greater than 120 deg.

Nomenclature
Ah � surface area of the heating element exposed to

the fluid
C � heat transfer correlation parameter
D � diameter of cylinder

Table 2 Data correlated with Nu=C Ra�1/4

�h Ra� No.a C �%�

0 2.151�107–7.972�108 18 0.172 5.68
60 2.666�107–1.001�109 18 0.170 5.45
90 3.528�107–5.027�108 18 0.202 7.12
120 3.815�107–9.866�108 19 0.180 3.41
180 5.565�107–7.640�108 18 0.162 10.68

a“No.” represents the number of data points.
g � acceleration of gravity
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h � average heating element heat transfer
coefficient

k � thermal conductivity
Lc � characteristic length, �Do−Di� /2

Nu � heating element Nusselt number
Nu� � local Nusselt number on the outer cylinder

Pr � Prandtl number
q � heat flux generated on the heating element

q� � local heat flux on the outer cylinder
Q � total heat transfer

Ra � Rayleigh number, g	�Th−T�Lc
3 /
�

Ra� � modified Rayleigh number, g	qLc
4 /
�

Th � temperature on the heating element
To � temperature on the outer cylinder wall
T� � dimensionless temperature, �T−To� / �Th−To�

reek Symbols
� � thermal diffusivity
	 � coefficient of thermal expansion
� � density

 � kinematic viscosity

�h � circumferential position of heating element
� � circumferential coordinate
 � standard deviation

ubscripts
i � inner cylinder
o � outer cylinder
h � heating element
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Effect of Wick Characteristics on
the Thermal Performance of the
Miniature Loop Heat Pipe
Two phase heat transfer devices based on the miniature version of loop heat pipe (LHP)
can provide very promising cooling solutions for the compact electronic devices due to
their high heat flux management capability and long distance heat transfer with minimal
temperature losses. This paper discusses the effect of the wick properties on the heat
transfer characteristics of the miniature LHP. The miniature model of the LHP with
disk-shaped evaporator, 10 mm thick and 30 mm disk diameter, was designed using
copper containment vessel and water as the working fluid, which is the most acceptable
combination in electronic cooling applications. In the investigation, wick structures with
different physical properties including thermal conductivity, pore radius, porosity, and
permeability and with different structural topology including monoporous or biporous
evaporating face were used. It was experimentally observed that copper wicks are able to
provide superior thermal performance than nickel wicks, particularly for low to moderate
heat loads due to their low heat conducting resistance. With monoporous copper wick,
maximum evaporator heat transfer coefficient �hev� of 26,270 W /m2 K and evaporator
thermal resistance �Rev� of 0.06–0.10°C /W were achieved. For monoporous nickel wick,
the corresponding values were 20,700 W /m2 K for hev and 0.08–0.21°C /W for Rev.
Capillary structure with smaller pore size, high porosity, and high permeability showed
better heat transfer characteristics due to sufficient capillary pumping capability, low
heat leaks from evaporator to compensation chamber and larger surface area to volume
ratio for heat exchange. In addition to this, biporous copper wick structure showed much
higher heat transfer coefficient of 83,787 W /m2 K than monoporous copper wick due to
improved evaporative heat transfer at wick wall interface and separated liquid and vapor
flow pores. The present work was able to classify the importance of the wick properties in
the improvement of the thermal characteristics for miniature loop heat pipes.
�DOI: 10.1115/1.3109994�

Keywords: miniature loop heat pipe, pore size, permeability, porosity, effective thermal
conductivity, biporous wick, monoporous wick
Introduction
Thermal control of the electronic devices has achieved signifi-

ant improvement with the development in the heat pipes based
n two phase cooling technology. Heat pipe is an efficient two
hase heat transfer device �1� that utilizes latent heat of vaporiza-
ion of working fluid pumping under capillary pressure to trans-
ort waste heat from the hot source to the remotely located heat
ink. However, the applications of conventional heat pipes in elec-
ronic cooling are mainly limited to transfer heat over relatively
horter distances with the evaporator and condenser mostly at
ame horizontal levels. These drawbacks on the part of the heat
ipe are mainly related to the major pressure losses associated
ith liquid flow through the porous wick structure, present along

he entire length of the heat pipe, and viscous interaction between
he vapor and liquid phases, also called entrainment losses �2�.

Loop heat pipe �LHP� is an improved version of a heat pipe
3,4� that addresses these limitations of the conventional heat pipe
y completely separating the liquid and vapor phases from each
ther and localizing the capillary structure in the evaporator sec-
ion only. LHPs possess all the main advantages of conventional
eat pipes and are additionally capable of transferring large heat
oads for distances up to several meters in any orientation in the

Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received August 4, 2008; final manuscript re-
eived February 14, 2009; published online June 4, 2009. Review conducted by

ouis C. Chow.

ournal of Heat Transfer Copyright © 20
gravity field. These devices are one of the most promising thermal
control technologies for ground based �5� as well as space appli-
cations �6�. In the electronics cooling, LHPs can be considered as
potential alternatives �7–10� to the convectional heat pipes due to
the high heat transport capacity of their evaporator and wickless
transportation lines that can be easily bent for installation inside
device cabinet.

The evaporator is the most critical and main structural element
of the loop heat pipe. It consists of the evaporation section and the
integrated liquid reservoir �also known as compensation cham-
ber�, which are hydraulically and thermally connected via wick
structure. The wick is an integral part of the loop heat pipe evapo-
rator and provides the necessary capillary forces to the working
fluid for its continuous circulation in the loop. As a connecting
link between the evaporator and compensation chamber, the wick
is also expected to perform as a thermal and hydraulic barrier to
minimize back flow of heat and vapor from the evaporation zone
to the compensation chamber. Use of fine pore wicks in LHPs
helps to provide the necessary high capillary pressure to inhibit
the migration of vapor from the evaporation zone to the compen-
sation chamber. The problem of back conduction of heat through
liquid saturated wick is very critical in the proper functioning of
the loop evaporator and to a large extent dictates the thermal
behavior of the LHP. Unlike conventional heat pipes, the wick
structure used in the LHPs should not have excessively high ef-
fective thermal conductivity to avoid heat leaks to the liquid

present in the compensation chamber. It should be noted that there

AUGUST 2009, Vol. 131 / 082601-109 by ASME
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s a need for compromise between back conduction problem and
he desire for good thermal conductivity of wick to promote effi-
ient heat exchange in the evaporating zone.

Miniature designs of the loop heat pipes have been investigated
y different researchers �11–15� for the cooling of compact elec-
ronic equipment like laptops. The main restriction in the devel-
pment of the small scale loop heat pipes is imposed on the down
caling of evaporator thickness, which is the diameter for the cy-
indrical evaporators and overall thickness for the flat evaporators.
his is directly related to the heat leakage issue that is more domi-
ating in the miniature loop heat pipes �mLHPs� due to the
maller wick thickness �16�. As a result, the thermal performance
f the miniature LHPs is lower than the larger size loop systems,
hich have wick structures of considerable thickness.
Within the framework of the evaporator, there is considerable

cope to address the thermal performance issues for miniature
HP by optimizing the structure topology, geometric parameters,
nd thermal characteristics of the wick. The choice of wick mate-
ial and its physical properties like pore size, porosity, and perme-
bility has considerable effect on the operational characteristics of
he loop system. The capillary structure can be made from plastic
r metal. Plastic wicks made from thermoplastic polymeric like
olypropylene �17�, Teflon �18�, and polyethylene �19� have been
uccessfully used as capillary pumps in LHPs. These plastic wicks
resent very low thermal conductivity, which is desirable for the
fficient LHP operation, but there exists a limit on the maximum
alue of the porosity of these wicks. In most cases, the porosity of
hese wicks is less than 50%, which imposes a limit on the maxi-
um heat transfer capacity of the LHPs. A comprehensive study

one by Singh et al. �20� on the determination of the physical
roperties of polyethylene wicks shows that such wicks generally
xhibit a porosity value of less than 38% for a pore size in the
ange of 8–20 �m. Also, the permeability for these wicks, of the
rder 10−14 m2, is quite low that increases the pressure drop
hrough the porous structure. In addition to this, operational re-
ime of the plastic wicks is limited by their maximum allowed
peration temperature. For example, maximum permissible tem-
erature for polyethylene is 120°C and for Teflon is 250°C.
Contrary to this, sintered metal wicks can be easily obtained

ith an effective pore radius as small as 2 �m, high porosity of
5–75%, and permeability in the range of 10−12–10−13 m2 by
sing developed techniques �21,22�. In the category of sintered
etal wicks, nickel wicks �23� are widely used in LHPs due to

heir low thermal conductivity and ability to be formed in fine
ore sizes with high porosity. Titanium �24,25�, stainless steel
26�, and copper �8� are the other frequently used LHP wick ma-
erials with desirable properties as a capillary structure. The wick
tructures as discussed above showed quite efficient performance
n loop heat pipes and are mostly used as monoporous wicks, i.e.,
heir pore size distribution is similar to the Poisson distribution
nd they are characterized by single average pore size. To improve
he performance of the evaporator at very high heat fluxes, a po-
ous medium with two characteristic capillary pore radii known as
iporous structure has been proposed �27�. In the biporous capil-
ary structure, the size of the large pores is an order of magnitude
reater than in monoporous ones. Thus a biporous wick includes
idispersed media that are made from large porous particles,
hich have small pores in/on them. Chernysheva et al. �28� pro-
osed a mathematical model to predict the intensity of heat ex-
hange process inside the LHP evaporation zone. It was con-
luded that the character and intensity of heat exchange depend
onsiderably on the structural characteristics of capillary porous
aterial. Tests conducted by Yeh et al. �29� on miniature LHP

howed a low total thermal resistance of 0.31°C /W at 200 W
ith biporous wick as compared with 0.53°C /W at 125 W for
onoporous wick. Maydanik et al. �30� utilized the concept of

idisperse wicks and organized an efficient three step vapor re-
oval channel inside the LHP evaporator. It was confirmed
hrough experimentation that use of biporous layer was able to

82601-2 / Vol. 131, AUGUST 2009
improve the heat transfer characteristics in the LHP evaporator
irrespective of the device orientation in the gravity field.

Considering the possible options, appropriate choice of the ther-
mal conductivity and the flow properties of the wick structure can
help in the design of a suitable wick configuration that can im-
prove heat transfer efficiency of the miniature LHP. In the present
investigation, different types and grades of wick structures were
developed and tested in the designed prototype of miniature loop
heat pipe with an intention to classify the effect of the wick struc-
ture on the mLHP performance and to improve the acceptability of
the mLHP for electronic cooling. Wick structures made from cop-
per or nickel material and different physical properties were used
in the present research.

2 Experimental Prototype
In order to investigate the effect of the wick characteristics on

the LHPs, a miniature scale prototype of LHP, as shown in Fig. 1,
with the flat disk shaped evaporator, 30 mm in diameter and 10
mm in total thickness, was designed. LHPs for cooling compact
electronic equipment like notebooks need to be extremely com-
pact and easy to install inside the object to be cooled. In this
regard, flat evaporator can be considered as an optimum choice
due to ease of interfacing with heat source and integration inside
the cabinet enclosure. The thickness of the evaporator consists of
the vapor removal channels, wick structure, and the compensation
chamber, as presented in Fig. 1�a�. Unlike the conventional heat
pipe, the evaporation section in the LHP is arranged quite differ-
ently with respect to the location of the vapor flow passage and
evaporation zone. In the present design, 15 longitudinal grooves
with an individual cross section of 0.9 mm width�1 mm depth

Fig. 1 Schematics of the mLHP experimental prototype and
details of the test setup showing the temperature measurement
points and locations of condenser fan and heater
were machined on the inside of the active heating zone, which
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ehaves as vapor removal channels and also provides heat to the
ick structure through conduction process. In the LHP evaporator,

he evaporation zone is formed at the interface of the wick with
he internal wall of the heating zone. In principle, the capillary
tructure of a LHP is localized in the heat supply zone. On one
and, this approach helps to minimize the length of the liquid flow
ath through the porous structure, while on the other hand, it
nables the use of fine pore wicks with high capillary pressure to
nable the operation of the device at adverse tilt angles. The upper
ace of the capillary wick is the absorbing one, while the bottom
ace serves as the evaporating surface. For capillary pumping of
orking fluid, different types of wick structures made by sintering

opper or nickel powder of different grades �i.e., powder size and
hape� were used. It should be noted that the thickness of the wick
tructure, which was 3 mm, was the same for all the wick con-
gurations. The compensation chamber was 4 mm thick and ba-
ically covered the entire liquid absorbing face of the wick, which
uarantees continual wetting of the wick. As shown in Fig. 1�a�,
n LHP the compensation chamber is colocated with the evapora-
or and helps to accommodate the displaced liquid from the loop
omponents during loop startup and variation in heat loads.
ence, optimum sizing of the compensation chamber is a very

mportant consideration in the design of the loop heat pipe. If the
iquid chamber is oversized, it will increase the system thermal
ass and thus response time to changing heat loads, whereas be-

ng undersized it will not be able to perform its intended functions
f liquid storage and continual wetting of the wick. In the de-
igned mLHP, the compensation chamber was large enough to
ontain all the liquid charge. For dissipating heat transferred from
he evaporator section, remotely located fin-and-tube type con-
enser with the total length of 50 mm and fin cross section of
0�20 mm2 was used. The heat transport zone �i.e., vapor line�
f the mLHP was 150 mm in length and 2 mm in internal diam-
ter. For the return of the condensate to the evaporator, a liquid
eturn line with the total length of 290 mm and internal diameter
f 2 mm was used. mLHP body was made from high conductive
opper material. The evaporator structure was hermitically sealed
y using an O-ring seal between the sealing flanges fastened by
ut and screw arrangement. Rubber packing was also provided
round the wick periphery to avoid any vapor bypass to the com-
ensation chamber and to apply uniform pressure on the wick for
roper thermal contact with the vapor channels top.
Proper care was taken to clean the mLHP before it was charged

ith the working fluid. First the LHP components were heated in
furnace at a temperature of around 150°C for 30 min to remove

ny organic as well as inorganic impurities from the process of
anufacturing. Then cleaning using acetic acid was performed,

ollowed by rinsing in boiling water, and then cleaning using com-
ressed air. This process was repeated three to four times to re-
ove any residual cleaning agent. Wettability test was performed

n each wick sample before it was installed inside the evaporator.
n the case of poor wetting with the working fluid or evidence of
ontamination/oxidation based on visual inspection, the wick
tructure was resintered at low temperature in reduced atmo-
phere. In all the tests, the loop was charged with distilled, deion-
zed, and degassed water equal to 70% of its internal volume �31�.

Test Procedure
The thermal characteristics of the designed miniature LHP were

tudied by applying uniform heat load to the evaporator active
ace using a heater with a thermal footprint of 25�15 mm2, as
hown in Fig. 1. In this case, the heat load simulator was in the
orm of a copper block with two embedded cylindrical cartridge
eaters. For testing, the heater block was attached symmetrically
o the center of the evaporator active zone. A digital wattmeter
ith a precision of �0.1 W was used to measure and control the

nput heat load to the heat simulator. During testing, the input
ower to the heat simulator was increased in a step of 5 W. Con-

enser cooling was accomplished by forced convection provided

ournal of Heat Transfer
by a centrifugal fan using ambient air with a controlled tempera-
ture of 24�2°C. The maximum flow rate of the fan was
0.1 m3 /min under 5 V and 0.1 A power supply. In order to mea-
sure the temperature at different locations, T-type thermocouples
were used. Figures 1�b� and 1�c� show the placement of the ther-
mocouples on the mLHP prototype. The thermocouples were cali-
brated in a narrow range by using precise temperature bath with
an accuracy of �0.2°C. Data from thermocouples were acquired
and recorded every 10 s using a Keyence data acquisition system.

For the applied heat load, the steady state heat transfer effec-
tiveness of each wick configurations used in the mLHP was mea-
sured on the basis of the saturation vapor temperature �Tv�, evapo-
rator thermal resistance �Rev�, and evaporator heat transfer
coefficient �hev�. Equations �1� and �2� were used to calculate
these parameters.

Evaporator thermal resistance

Rev =
�Tew − Tv�

Qa
• �1�

Evaporator heat transfer coefficient

hev =
Qa

•

Aew�Tew − Tv�
�2�

In the above equations, Tew is the external temperature of the
evaporator active zone, which was measured by averaging the
temperatures of the thermocouples fixed on the evaporator heating
face �i.e., Tew1, Tew2, Tew3, and Tew4�. The vapor temperature �Tv�
was taken to be equal to the temperature at the evaporator outlet
�Teo�, as indicated in Fig. 1�b�. It should be noted that the Teo
provides quite accurate prediction of the true vapor temperature
inside the evaporation zone. In order to confirm that Teo is not
biased by the conduction heat transfer along the vapor line, it was
compared with the condenser inlet temperature �Tci�, which due to
the thermal insulation of the vapor line was very close to the
evaporator outlet temperature �Teo�. In this case, temperature dif-
ference of less than 0.5°C was noted between Teo and Tci, which
was predominately due to the pressure drop along the vapor line.
The maximum uncertainties in the calculation of hev and Rev were
12.5% and 6.5%, respectively.

4 Wick Analysis
The necessary hydraulic and thermal analysis was performed on

the wick samples to measure their physical properties, which
helped to confirm their suitability to perform as a capillary pump
for the designed mLHP and further provided grounds to explain
the outcomes of the experiment.

4.1 Capillary Structure Types. In the experiment, four types
of porous structures, which differed with respect to the material
�nickel or copper�, powder size �mesh size of 100–200 or –200�,
and powder type �monoporous or biporous�, were used. It should
be noted that mesh size specifies the range of the granule sizes
that are contained in the given powder sample. For example, 100–
200 mesh size powder means that granules with size in the range
of 100–200 mesh number are contained in the given sample. The
–200 mesh size means that powders with granule sizes less than

Table 1 Description of the powder used for each wick sample

Sample Material Powder size �mesh size� Powder type

Sample A Nickel –200 Monoporous
Sample B Copper –200 Monoporous
Sample C Copper 100–200 Monoporous
Sample D Copper –200 �monoporous� Monoporous �first layer�

50–140 �biporous� Biporous �second layer�
200 mesh number are present in the sample. Table 1 gives the

AUGUST 2009, Vol. 131 / 082601-3
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etails of the powder used for each wick sample. The first three
amples were single layered monoporous wicks, whereas the
ourth sample was double layered combined wick with a monopo-
ous and a biporous layer, as shown in Fig. 2. It should be noted
hat the dimensions of each sample were the same, i.e., 28 mm
iameter and 3 mm thickness. The magnified structural detail of
he monoporous and biporous copper wicks used in the current
esting is shown in Fig. 3.

4.2 Flow Property Measurement. In order to predict the
hermal performance of the loop heat pipes with different wick
tructures, information on the flow properties of the porous struc-
ure including permeability, porosity, and pore radius is required.
he following simple laboratory techniques were developed to
stablish these properties. Reference �14� covers these techniques
n more detail.

4.2.1 Permeability. The permeability of the porous structure
etermines their ability to transport liquid under applied pressure
ead. In order to measure the permeability, a constant hydrostatic
ead was maintained across the wick specimen by using a liquid

ig. 2 Combined copper wick sample showing the „a… mo-
oporous layer as a liquid absorbing face, „b… biporous layer as
n evaporating face, and „c… side view showing the layers

Fig. 3 Structure of the „a… monoporous copper sample ma

sample made from –200 mesh size powder, and „c… biporous c

82601-4 / Vol. 131, AUGUST 2009
reservoir with an overflow arrangement. At steady flow conditions
under constant pressure head, the mass of water flowing through
the porous matrix in a given time internal was measured by using
weighing technique. This information is used with Darcy law �32�
to calculate the specific permeability at different pressures as
given by Eq. �3�. The maximum uncertainty in the measurement
of permeability was �6.17%.

kp =
Vl

•�ltw
Aw�Pw

�3�

4.2.2 Porosity. Porosity is defined as the ratio of the porous
volume to the total volume of the wick structure. Two methods
were used to measure the porosity of the wick structures. In the
first approach, known as density method, the porosity was calcu-
lated from the measured density ��w� of the wick, which was
determined from the volume and weighing of the dry sample. As
the density ��wm� of the wick material �copper or nickel� is known
in the nonporous state, porosity ��w� of the specimen can be cal-
culated as follows:

��w = 1 −
�w

�wm
�4�

The second method, known as the soaking method, measures the
quantity of the liquid absorbed by the dry wick sample to estimate
its porous volume. Out of the two methods, the density method
gave accurate results when compared with the manufacturer’s
specifications due to problems of closed spaces and improper wet-
ting of the wick substrate by the working fluid in the soaking
method. In the present study, results from the density method were
used, which were subjected to a maximum error of �2.12%.

4.2.3 Pore Radius. The pore radius of the wick structure was
obtained by using U-tube bubble point method, as explained in
Ref. �20�. The uncertainty in the determination of the pore radius
was �2.5%. It should be noted that the bubble point approach
gave the estimation on the largest pore size in the given porous
specimen, which is very important for validating the successful
operation of the loop heat pipe. Unlike convectional heat pipes,
the capillary pressure generating capacity of the LHP wicks
should be accessed on the basis of the largest pore size in the wick
structure and not from the mean pore radius. It is expected that the
dryout of the largest pore will supersede the smaller pores due to
its low capillary pumping limit. Local dryout of the porous struc-
ture will create bypass for vapor flow to the compensation cham-
ber, thereby hampering the performance of the complete system.
On this basis, it can be argued that the capillary limit of the cap-
illary evaporator calculated from the mean pore radius will over-
estimate the thermal capacity of the LHP, which can be a serious
design issue in electronic cooling.

from 100–200 mesh size powder, „b… monoporous copper
de

opper sample at Ã300 magnification
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4.3 Wick Effective Thermal Conductivity. The effective
hermal conductivity of the wick is a very important parameter to
e considered during the selection of the wick material and design
f the capillary evaporator. A simple experiment based on the
ne-dimensional conduction heat transfer was developed to deter-
ine the effective thermal conductivity of the sintered copper
ick saturated with water. The test setup consisted of a sealed

ectangular copper container with water saturated sintered copper
ick, 43% porous, and made from 100–200 mesh size powder,

uch that the bottom face of the sample is provided with uniform
eat flux, while the top face is cooled using fin heat exchanger
ith air flow arrangement. Experimental data were substituted in
q. �5� to calculate the effective thermal conductivity of the wick.
he experimental uncertainty for effective thermal conductivity
ke� was 5.7%.

ke =
Qs

•ts
�Tbf − Ttf�As

�5�

he experimentally determined ke was compared with prediction
ade on the basis of different correlations available in the litera-

ure as given below.
Dunn and Reay �1� proposed the following correlation to cal-

ulate the effective thermal conductivity ke of the isotropic wick
tructure,

ke = kw�2 + �kl/kw� − 2��1 − �kl/kw��
2 + �kl/kw� + ��1 − �kl/kw�� � �6�

ffective thermal conductivity of the wick can also be obtained by
olume averaging technique �1� as stated below:

ke = kw�1 − �� + �kl �7�
lexander �33� derived a correlation for calculating the effective

onductivity of the homogeneous wick structure as

ke = kl� kl

kw
�−�1 − ���

�8�

here � is a constant equal to 0.59.
Table 2 lists the values for ke obtained from the experiment and

heoretical correlations discussed above. It can be seen from com-
arison that correlations largely overpredict the value of ke. The
ffective thermal conductivity obtained from the Dunn and Reay
orrelations and volume averaging technique is more than 5.8
nd 7 times of the experimental value of 32 W /m K, respec-
ively. However, the ke value predicted by Alexander’s equation
�65 W /m K� was better than other correlations. The difference
n experimental conditions and setup as compared with those used
hile deriving the correlations, experimental uncertainties in po-

osity ��2.1%� and effective thermal conductivity ��5.7%�, pos-
ible imperfections in test sample like improper thermal contact
etween container wall and wick, and incomplete wetting of wick
re some of the sources that can account for discrepancies be-
ween measured and predicted results.

4.4 Pressure Criterion. The main condition that needs to be
atisfied for the proper operation of the LHP is the same as for any

able 2 Experimental and predicted values for effective ther-
al conductivity of water saturated wick „powder: monopo-

ous, copper, 100–200 mesh size…

ethod
ke

�W /m K�

xperimental value 31.77–32.54 ��32�
unn and Reay �1� 188.09
olume averaging technique �1� 228.27
lexander correlation �33� 65
ther heat pipe and relates to the balance of the capillary pressure

ournal of Heat Transfer
generated by the porous structure on the working fluid and the
total pressure drop in the loop. In other words, the wick structures
used in the present experiments must be able to generate enough
capillary pressure to keep the working fluid in continuous circu-
lation. This criterion can be stated mathematically as follows:

�Pcap � �Pv + �Pl + �Pg = �Pt �9�

where �Pcap is the generated capillary pressure and �Pt is the
total pressure drop in the loop, which includes pressure loss due to
to vapor flow ��Pv�, pressure loss incurred due to the liquid flow
��Pl�, and hydrostatic pressure loss due to the unfavorable slopes
of the device in the gravity field ��Pg�.

The maximum capillary pressure, which depends on the surface
tension coefficient �	l� of the liquid working fluid and pore radius
�rm� of the porous structure, is given by the Young–Laplace equa-
tion �1� as

�Pcap =
2	l

rm
�10�

The pressure drop due to friction losses in liquid and vapor flows
through the loop �for laminar or turbulent flows, circular or non-
circular pipes, and smooth or rough surfaces� is given by the
Darcy–Weisbach equation �34� as

�P = f
L

Dh

�U2

2
�11�

where f , Darcy friction factor, is a dimensionless quantity and
function of Reynolds number For perfectly smooth pipes/
channels, the friction factor �f� is given by

f =
64

Re
Re 
 2300 �laminar flow� �12�

f =
0.316

Re0.25 Re � 2300 �turbulent flow� �13�

A suitable wick structure must satisfy the pressure criterion for the
successful operation of the loop as expressed below:

�Pcap � �Pt �14�
Table 3 presents data on the capillary pressure generated by dif-
ferent wick structures as calculated on the basis of largest pore
size and the associated total pressure drop inside the mLHP for
each case. These results are reported at the maximum heat load
applied in the experiments. It is evident that the capillary pressure
provided by each wick structure was quite large as compared with
the pressure losses. In other words, the capillary limit was not
reached in any of the test run.

5 Results and Discussion
The results of the experimentation on the mLHP prototype us-

ing different types of wicks are now presented.

5.1 Effect of Wick Material. Sintered metal wicks made
from nickel and copper were used to study the effect of the ther-
mal conductivity on the mLHP performance. For the two wick
types, the physical characteristics were approximately the same

Table 3 Results of the pressure analysis on each wick sample

Sample
Capillary pressure

�Pa�
Pressure drop �at Tv and 60 W input�

�Pa�

A 8163.18 503.22
B 8081.98 444.91
C 3231.56 386.87
D 8362.4 647.91
with the maximum pore radius of less than 15 �m and a porous
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olume of 45–50%. The thermal conductivities of the copper ma-
erial and nickel material used to fabricate these samples were
00 W /m K and 90 W /m K, respectively, which correspond to
he effective thermal conductivities of 55.68 W /m K and
6.9 W /m K, respectively, as calculated from Eq. �8�. The thick-
ess of the wick structure was restricted to 3 mm with an absorb-
ng face area of 616 mm2. Figure 4�a� shows the heat load de-
endence of the vapor temperature with two types of wick
aterial.
It can be seen from the graph that for a heat load of less than 45
, the evaporator saturation temperature for the mLHP with cop-

er wick is lower than with the nickel wick. This is the result of
he efficient heat exchange in the evaporation zone with the cop-
er wick, as shown in Fig. 4�b�. With the copper wick overall heat
ransfer coefficient from the evaporator wall to the vapor was as
igh as 26,270 W /m2 K. These higher values of the heat transfer
oefficient were obtained because of the high thermal conductivity
f copper, which helped to transfer heat efficiently to the evapo-
ating menisci in the capillary structure by conduction through the
ick skeleton. An abrupt decrease in the heat transfer coefficient
ith the copper wick was experienced at approximately 30 W,

Fig. 4 Heat load dependence of „a… v
difference between evaporator and
and „b… heat transfer coefficient „h
„Rev… for wick samples A and B
ossibly due to the formation of dissociated pores near the heating

82601-6 / Vol. 131, AUGUST 2009
wall as the heat load increases. Here, the desiccated or dried out
pores introduced additional thermal resistance in the evaporation
zone, as is clearly shown in Fig. 4�b� for heat loads greater than
30 W. In the case of nickel wick, the maximum heat transfer
coefficient value achieved was 20,700 W /m2 K.

For the copper wick mLHP, as shown in Fig. 4�b�, low values
of 0.06–0.10°C /W for evaporator thermal resistance �Rev� from
the evaporator wall to the evaporator outlet were achieved over
the range of applied heat load. Rev with nickel wick was found to
be between 0.08°C /W and 0.21°C /W. For the copper wick, the
lowest value of Rev is achieved at low heat load, whereas with
nickel wick Rev is lowest at maximum applied heat load, i.e., 60
W. This fact helps to differentiate the operational regime and heat
transfer characteristics of copper and nickel wicks. The high ther-
mal conductivity of copper wick is an advantage in organizing
efficient heat exchange between heated wall and working fluid
inside the evaporation zone. In this case, heat transfer augmenta-
tion is performed by copper wick by improving conduction heat
flow along the evaporating face of the porous structure via highly
conductive wick matrix. Positively, this helps to address the cold

or temperature „Tv… and temperature
mpensation chamber wall „Tew-Tcc…

and evaporator thermal resistance
ap
co

ev…
state startup problems faced by the mLHPs at low heat loads �35�.
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owever, high conductance of copper also increases the thermal
iffusion in the wick thickness that increases the heat leaks from
he evaporation zone to the compensation chamber particularly at
igh heat loads. As a result, the saturation temperature for the
LHP with copper wick was slightly higher than that of the nickel
ick mLHP beyond 45 W. Figure 4�a� also plots the temperature
ifference across the capillary structure calculated by deducting
he average evaporator wall temperature from the mean compen-
ation chamber wall temperature. A low temperature difference
ignifies lower thermal resistance and thus high rate of heat flow
cross the wick. It is evident from the graph that heat leaks with
opper wick are higher than nickel wick. As a result, nickel wick
erforms better at high heat loads but worst at low input powers
ue to its 4.4 times lower thermal conductivity than copper.
At high heat loads �above 35 W�, it is noted that the same

ncremental rise in the input load produced higher increase in
vaporator temperature for both wick structures. Such behavior is
ery typical for LHPs and depicts the constant conductance mode
f loop operation in contrast to the variable conductance mode
hat is presented at low heat loads. The variable mode of operation
s characterized by auto regulation of the evaporator temperature
ithin certain range and is associated with the filling of the com-
ensation chamber by displaced liquid from condenser with the
rogressive increase in the input power. In the present case, vari-
ble mode is presented below 35 W heat load. Once the compen-
ation chamber is fully occupied with liquid, the constant conduc-
ance mode commences in which the operational characteristics of
HP are similar to the conventional heat pipe. As an outcome of

his experiment, it can be concluded that capillary structures made

able 4 Measured flow properties of the monoporous copper
icks

roperty
Measurement

method/principle Sample B Sample C

aximum pore
adius ��m� Bubble point testing 12–15 30–37
orosity �%� Density method 44–46 40–43
ermeability �m2� Darcy law 7.21�10−12 1.79�10−11

Fig. 5 Heat load dependence of va
difference between evaporator and c

wick samples B and C

ournal of Heat Transfer
from a highly conductive material like copper can be effectively
used in a miniature LHP for thermal control of electronic equip-
ment without any major performance degradation. This is made
possible by the use of a fine pore wick with a highly conductive
porous matrix that is occupied by working fluid with relatively
low thermal conductivity.

5.2 Effect of Wick Flow Properties. Apart from the material
characteristics like thermal conductivity, physical properties of the
wick structure like porosity, permeability, and pore configuration
also play an important role in determining its operational charac-
teristics. In order to study the effect of the physical properties on
the mLHP operation, two samples of the monoporous copper wick
with different physical properties were tested as capillary pump in
the designed mLHP. The first sample was sintered from copper
powder with –200 mesh size, while in the second sample copper
powder 100–200 mesh size was used. The geometrical properties
of these samples, as measured experimentally using approach out-
lined in Sec. 4.2, are presented in Table 4.

The results of the experiment are presented in Fig. 5 as a heat
load dependence of the evaporator saturation temperature for the
two samples. It is evident from the graph that the performance of
the mLHP with sample B is much superior to sample C. The
physical properties of sample B are optimum to provide necessary
vapor and heat flow barrier from the evaporation zone to the com-
pensation chamber. The maximum capillary pressure provided by
the wick structure is decided on the basis of the effective radius of
the largest through-pore, which is much higher in the case of
sample C ��37 �m�. At higher heat loads a pore can dryout,
thereby permitting vapor flow from the evaporating surface of the
wick to the compensation chamber. For sample B, the value of the
maximum pore radius ��15� was low enough to guarantee vapor
locking in the given range of heat load, as verified by the loop
pressure analysis given in Table 3. With both wick samples, the
evaporator did not show any symptoms of capillary structure dry-
out like vapor back flow or sudden elevation in evaporator tem-
perature. Although the pressure analysis for both samples supports
sufficient pumping capability of the wicks in the range of applied
heat load, chances of local dryout for sample C at high heat loads
are more than for sample B due to large pore sizes. Such a dryout
can be recoverable but manifests itself by displaying relative rise

r temperature „Tv… and temperature
pensation chamber wall „Tew-Tcc… for
po
om
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n evaporator temperature.
The porosity of the wick affect the parasitic heat leaks from the

vaporator zone to the compensation chamber and thus take part
n providing thermal barrier. From Table 4, it is evident that the
orosity of sample B �46%� is larger than sample C �43%�. As the
ffective thermal conductivity of the wick structure has strong
nverse dependence on the porosity of the capillary structure, back
eat conduction through sample C was higher than sample B,
hich is evident from the higher evaporator saturation tempera-

ure with sample C, as presented in Fig. 5. The effective thermal
onductivities for samples B and C as calculated by Eq. �8� were
5.68 W /m2 K and 64.4 W /m2 K, respectively, that supports the
bserved temperature trend. It should be noted that due to larger
ore size in sample C, the measured permeability of the sample is
igher than sample B which results in lower liquid pressure losses
hrough sample C as confirmed by pressure drop values in Table
. In the context of LHP, the wick must possess sufficient perme-
bility such that its capillary pumping limit is not compromised
ue to the liquid pressure losses through it, which is true for both
he samples.

Sample B was sintered from powder with low mesh size as
ompared with sample C. The powder size affects the surface area
o volume ratio of the wick sample, which is higher for specimen
abricated from powder with smaller size granular. As a result,
vaporating heat transfer area for sample B was larger than
ample C, which provides better thermal performance for sample
.

5.3 Effect of Wick Structure. In this experiment, two
amples of a sintered copper wick, one based on the principle of
ingle pore distribution �monoporous structure� and another based
n the double pore distribution �biporous structure�, respectively,
ere made. Sample B was the same as in previous case, i.e.,
onoporous copper wick made from –200 mesh size powder and

6% porous. For the second sample, as shown in Fig. 2, a double
ayered wick structure with a combination of a monoporous and a
iporous layer was used. The biporous copper layer has a high
orosity of 65% and was made from biporous copper powder with
granular of 50–140 mesh size. Due to the possibility of vapor

reaking through the large pores of the biporous media into the
ompensation chamber, an additional backing layer of a monopo-
ous material �the same as that used in sample B� was sintered

Fig. 6 Heat load dependence of v
thermal resistance „Rev…
ttached to it. The biporous portion of the wick formed the evapo-

82601-8 / Vol. 131, AUGUST 2009
rating face, while the monoporous portion acted as an absorbing
face �Fig. 2�. The total thickness of both samples was the same at
3 mm.

Figure 6 presents the relation between saturation vapor tem-
perature and applied heat load for mLHP testing with the monopo-
rous and combined wick structure. It is noted from the graph that
the combined wick structure presented superior thermal perfor-
mance to that of the monoporous wick, particularly at high heat
loads. This can be explained by looking into the details of the heat
transfer processes in the evaporation zone with two types of wick
configuration. In the wick with a monoporous distribution, the
vapor phase in the capillary structure volume along the heating
wall is absent at low to moderate heat loads. This is because the
liquid superheat is not sufficient to boil the working fluid in the
pores. It should be noted that the presence of vapor phase inside
the porous matrix along the heated wall is beneficial in providing
large surface area for evaporation. For the biporous capillary
structure due to the presence of two characteristic pore sizes, the
value of superheat at which one can observe liquid boiling in large
pores is smaller than in monoporous wicks. In this case, the com-
bination of randomly distributed large and small pores provides
sufficient nucleation sites as well as necessary temperature differ-
ence to initiate boiling and thus clearing of liquid from larger
pores. The resultant outcome is the availability of the larger sur-
face area for evaporative heat transfer. Therefore in the bidis-
persed wick portion, heat transfer is enhanced in the nucleate
boiling regime by the increasing surface area from which thin film
evaporation can take place. The biporous wick also allows the
liquid and vapor phases to have separate flow paths, the liquid
through the small pores and the vapor through the large pores.
Unlike the monoporous wick, this helps to avoid any vapor blan-
ket formation at the heating wall due to desiccation of the pores at
high heat fluxes, which can introduce additional thermal
resistance.

For low heat loads �
30 W� in Fig. 6, there is no clear dis-
tinction between the performance of the two wick types due to the
absence of vapor phase inside the porous structure along the
heated wall. In this case, for both wicks, the bulk of the porous
structure is saturated with the liquid, which provides approxi-
mately equivalent evaporating face area and thus comparable
performance. However, biporous wick is able to provide much

r temperature „Tv… and evaporator
apo
better performance than monoporous wicks at high heat fluxes.
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LHP with biporous wick presented low rate of increase in vapor
aturation temperature with applied heat load due to the high
vaporator heat transfer coefficient. In the range of applied power,
aximum heat transfer coefficient values of 83,787 W /m2 K and
6,270 W /m2 K were achieved with biporous wick and monopo-
ous wick, respectively. Figure 6 also presents the evaporator ther-
al resistance of two wick types. The evaporator thermal resis-

ance using biporous wick was within 0.019–0.04°C /W as
ompared with 0.06–0.10°C /W for monoporous wick.

For the sake of comparison, Fig. 7 presents the vapor saturation
emperature versus heat load trend for each wick configuration.
ut of the tested configuration, biporous wick showed best ther-
al performance with more than 12% improvement over monopo-

ous wick in the mLHP operating temperature.

Conclusions
The outcomes of this paper can be summarized as follows.

• The thermal characteristics of the miniature loop heat pipe
evaporator with capillary structures of different materials,
flow properties, and porous structures have been studied to
improve the efficiency of the heat exchange process inside
the evaporation zone.

• It was experimentally demonstrated that high conductive
copper wick showed superior performance than nickel wick
and provided heat transfer coefficient �hev� of
26,270 W /m2 K and evaporator thermal resistance �Rev� of
0.06–0.10°C /W as compared to hev of 20,700 W /m2 K
and Rev of 0.08–0.21°C /W for nickel wick. However, the
heat leaks from the evaporator to the compensation chamber
due to heat conduction through porous matrix are larger for
copper wick.

• The flow properties of the wick are very detrimental in the
proper functioning and acceptable heat transfer performance
of the capillary evaporator. High porosity is required to
minimize the parasitic heat leaks from the evaporator zone
to the compensation chamber. High permeability of the wick
helps to reduce the pressure losses through the porous me-
dia. Apart from this, the wick should be able to generate
sufficient capillary head, as calculated on the basis of the
largest pore size, to keep the fluid in continuous circulation.

• Heat transfer characteristics of the biporous wick were bet-

Fig. 7 Relation between vapor tem
the four wick samples tested in mLH
ter than monoporous wicks tested in the experiment. In the

ournal of Heat Transfer
biporous wick, the presence of the two characteristic pore
sizes �i.e., large pores and small pores� increases evapora-
tive heat transfer from the wick wall interface and at the
same time provides separate flow paths for the liquid
�through small pores� and vapor �through large pores�.
Maximum heat transfer coefficient of 83,787 W /m2 K for
biporous wick and of 26,270 W /m2 K for monoporous
wick was attained.

Nomenclature
A  area, m2

D  diameter, m
f  friction factor
h  heat transfer coefficient, W /m2 K
k  thermal conductivity, W /m K

kp  specific permeability of the porous structure,
m2

L  length, m
�P  pressure difference/pressure drop, Pa
Q•  heat load, W
R  thermal resistance, °C /W or K/W
r  pore radius, m

Re  Reynolds number
t  thickness, m

T  temperature, °C or K
U  flow velocity, m/s
V•  volumetric flow rate, m3 /s

Greeks Symbols
�  density, kg /m3

�  porosity, %
	  surface tension, N/m
�  viscosity, Pa s

Constants
�  0.59 �as per Eq. �8��

Subscripts
a  applied

bf  bottom face
cap  capillary
cc  compensation chamber

ature „Tv… and applied heat load for
per
cci  compensation chamber inlet
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R

0

cf  condenser fin
ci  condenser inlet
co  condenser outlet
e  effective

eo  evaporator outlet
ev  evaporator
ew  evaporator wall

g  gravity
h  hydraulic
l  liquid

m  maximum
s  specimen
t  total

tf  top face
v  vapor
w  wick

wm  wick material
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Experimental Determination and
Modeling of the Radiative
Properties of Silica Nanoporous
Matrices
Superinsulating materials are currently of interest because the heating and cooling of
houses and offices are responsible for an important part of CO2 emissions. In this study,
we aim at modeling the radiative transfer in nanoporous silica matrices that are the
principal components of nanoporous superinsulating materials. We first elaborate
samples from different pyrogenic amorphous silica powders that slightly differ one from
another in terms of specific surface, nanoparticle diameter, and composition. The various
samples are optically characterized using two spectrometers operating on the wavelength
range (250 nm; 20 �m). Once the hemispherical transmittance and reflectance spectra
are measured, we deduce the radiative properties using a parameter identification tech-
nique. Then, as the considered media are made of packed quasispherical nanoparticles,
we try to model their radiative properties using the original Mie theory. To obtain a good
agreement between experiment and theory on a large part of the wavelength range, we
have to consider scatterers that are up to five times larger than the primary nanopar-
ticles; this is attributed to the fact that the scatterers are not the nanoparticles but
aggregates of nanoparticles that are constituted during the fabrication process of the
powders. Nevertheless, in the small wavelength range (� smaller than 1 �m), we can
never get a satisfactory agreement using the Mie theory. This disagreement is attributed
to the fact that the original Mie theory does not take into account the nanostructure of the
aggregates. So we have developed a code based on the discrete dipole approximation that
improves the modeling results in the small wavelength range, basing our computations on
aggregates generated using the diffusion-limited cluster-cluster aggregation algorithm in
order to ensure a fractal dimension close to what is usually found with aggregates of
silica nanoparticles. �DOI: 10.1115/1.3109999�
Introduction
Nanoporous superinsulating materials are currently the subject

f much attention because of their awesome thermal insulation
roperties: up to five times better than air, generally regarded as
n excellent thermal insulator, when they are placed under pri-
ary vacuum. These materials are essentially made of a nano-

orous matrix of amorphous silica nanoparticles �more than 90%
f the solid volume fraction� that provides the main thermal prop-
rties to these superinsulating materials. In addition to the matrix,
e typically find two other types of components:

• micrometric scale fibers that are expected to provide me-
chanical reinforcement;

• micrometric particles that improve opaqueness in the infra-
red wavelength region.

The porosity of these superinsulating materials is close to 90%.
more detailed description of their microstructure can be found

n Ref. �1�.
Several studies have focused on the thermal properties of these
aterials. Since the middle of the 1980s, the interest for vacuum

nsulating materials �among which the silica aerogels� has been
ncreasing �2–4�. Most of the earlier studies concerning these ma-
erials deal with combined conductive and radiative heat transfers.
s far as the solid conductivity is concerned, Kamiuto �3� treated
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ebruary 9, 2009; published online June 1, 2009. Review conducted by He-Ping Tan.

ournal of Heat Transfer Copyright © 20
it as an effective thermal conductivity that only depends on the
porosity. Heinemann et al. �4� corrected the conductivity of solid
materials �SiO2� with a geometrical factor evaluated from the
measured heat transfer coefficient at low temperature. Concerning
the radiative transfer, it is computed from the Mie theory or ex-
perimentally determined. In the latest years, as the knowledge of
the nanostructure of the material increases, the studies aim at tak-
ing it into account and uncouple the radiative and conductive
transfers. Recently, Rochais et al. �5� developed a model enabling
to study the transient or steady-state conductive heat transfer
through a fractal representation of a nanoporous material in order
to compute the thermal conductivity of these materials. At the
same time, Enguehard �1� modeled the radiative heat transfer in
these highly porous materials using the Rosseland approximation
and the Mie theory. Coquard and Quenard �6� proposed a model
for steady-state heat transfer that combines conductive and radia-
tive transfers: The conduction is treated with Fourier’s law on a
theoretical representation of the network formed by the nanopar-
ticles, and the radiative transfer is computed with the Rayleigh
scattering theory. As far as the order of magnitude of the thermal
conductivity in superinsulating materials is concerned, Caps and
Fricke �7� measured effective conductivities close to
3–4 mW m−1 K−1 on silica matrices with opacifiers at room tem-
perature. They evaluated the value of the solid thermal conductiv-
ity at �2 mW m−1 K−1. This value is consistent with the compu-
tations of Rochais et al. �5� that indicate a thermal conductivity of
the solid phase of 2.5 mW m−1 K−1 on 3D fractal structures that
are representative of the nanostructure of the material. Lastly, En-
guehard �1� evaluated the radiative conductivity at 300 K between

−1 −1 −1 −1
0.7 mW m K and 1.7 mW m K , depending on the opaci-
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ers �composition and size of the microparticles�, whereas the
alue of the radiative conductivity without any opacifiers was
ound to be close to 6.6 mW m−1 K−1. It is worthy to note that if
e add the values of the solid �5� and the radiative �1� conduc-

ivities for silica nanoporous matrices with opacifiers, we retrieve
he effective conductivity value indicated in Ref. �7�. These results
rove that even at 300 K, the radiative transfer is far from being
egligible in superinsulating materials, since the radiative conduc-
ivity is of the order of 30% of the effective thermal conductivity.
t is therefore of great interest to study and model the radiative
ransfer in such nanostructures, in order to better understand the
adiative transfer phenomena and optimize such materials.

We aim at determining experimentally and modeling the radia-
ive properties of such nanoporous materials, which are semitrans-
arent media in the considered wavelength range. The matrix be-
ng the most influential ingredient on the thermal properties of
hese materials, we only consider the nanoporous matrix in the
urrent approach. In order to study the influence of the matrix on
he thermal radiative properties, nanoporous superinsulating ma-
erials are especially elaborated without the two other components
fibers and micrometric particles�.

We first present the characteristics of the samples and the way
e used to get their optical properties. Then, after a brief review
f the radiative transfer equation �RTE� and of the parameter iden-
ification technique that we have used, we discuss the radiative
roperty spectra obtained from transmittance and reflectance
emispherical measurements. These experimental spectra are
ompared with the predictions of the original Mie theory includ-
ng dependent scattering in a first step. Because of discrepancies
bserved in the short wavelength region between the Mie and
xperimental spectra that are attributed to limitations inherent in
he original Mie theory, we use in a second step the discrete dipole
pproximation. This modeling technique leads to a better agree-
ent between the computed spectra and the experimental ones.

Experimental Determination of the Radiative Prop-
rties of the Nanoporous Matrices

2.1 Characteristics of the Studied Silica Powders. The
tudied materials are silica nanoporous matrices obtained by pack-
ng hydrophilic pyrogenic silica nanoparticles. Different silica
owders from three different manufacturers were used to elabo-
ate our samples �see Table 1�. The silica nanoparticles are pre-
ised to be hydrophilic: Their surface chemistry mainly depends
n the presence of silanol groups Si–OH. The concentration of
ilanols at the silica nanoparticle surface governs its moisture ad-
orption capacity. If the samples are subject to a moist atmo-
phere, the equilibrium between the samples and the atmosphere
s reached within a few minutes; so adsorption is a very fast pro-
ess. If we wanted to cast off the presence of water in our
amples, we should dry them at temperatures higher than 200°C.
evertheless, after the drying process, we would have to work
nder controlled atmosphere to prevent the samples from rehy-
rating; such conditions are inconceivable. So in the results pre-
ented below, we will work with hydrated samples. Table 1 pre-
ents the properties of the different powders we used to make our

Table 1 Properties of the silica

Wacker HDK-T3

Composition �% in weight� �99.8% SiO2

B.E.T. specific surface 300 m2 g−1

Characteristic aggregate length 120 nm
Diameter of nanoparticles 9 nm
Silanol surface density 2 nm−2

Water contents �2%
amples. Apart from the nanoparticle diameter that was computed

82701-2 / Vol. 131, AUGUST 2009
from the specific surface and the density of the bulk material
�dp=6 / �Sspe���, all these data are stemmed from the suppliers’s
booklets �8–10�. Here it is important to underline that isolated
primary nanoparticles do not exist in the powders. During the
fabrication process of these powders, nanoparticles fuse together
to form larger units called aggregates. This aggregate structure can
be observed on the electron micrograph of Figs. 1 and 2. With
transmission electron microscopy �TEM� images, we checked that
the observed diameter of the primary nanoparticles was consistent
with the specific surface values announced by the various suppli-
ers. The nanoporous matrix samples were made by isostatic com-

ders used to make the samples

Cabot Cab-O-Sil
EH5 Degussa Aerosil COK84

�99.8% SiO2 84% SiO2 and 16% Al2O3

380 m2 g−1 180 m2 g−1

200–300 nm
7 nm 13.5 nm

3.5–4.5 nm−2

�8% �3.5%

Fig. 1 Figure stemmed from Ref. †43‡: Electron micrograph of
the Cab-O-Sil fumed silica, which has been shadowed with va-
porized gold to highlight the three dimensional random branch-
ing of the aggregates. Final magnification 50,000Ã.
pow

0

Fig. 2 TEM micrograph of the Wacker HDK-T30 powder

Transactions of the ASME



p
s
r

s
t
a
s
�
T
r
e
r
t
fl

t
p
f
q
q
t
z
a

F
s
s

F
s
s

J

ression of the silica powders at a pressure close to 60 bars. The
amples are highly porous ��90%� and have different thicknesses
anging between 2.0 and 10.5 mm.

2.2 Transmittance and Reflectance Measurements. The
amples are then optically characterized using two different spec-
rometers covering an overall spectral band of �250 nm; 20 �m�:

Varian Cary grating spectrometer on the �250 nm; 2.5 �m�
pectral band and a Brucker IFS66V Fourier transform infrared
FTIR� spectrometer on the wavelength range �1.6 �m; 20 �m�.
he measured quantities are the hemispherical transmittance and

eflectance properties: For these measurements, the two spectrom-
ters are equipped with integrating spheres made of polytetrafluo-
oethylene �PTFE� for the Varian Cary and of gold for the Brucker
hat collect hemispherically the radiation traveling through or re-
ected by the samples.
Figures 3 and 4 show the spectra obtained for two samples of

hicknesses 2.0 mm and 5.0 mm made of the Wacker HDK-T30
owder. These spectra are in accordance with what we expect. As
ar as the transmittance is concerned, we can point out that this
uantity decreases as the sample thickness increases, which is
uite consistent. In the neighborhood of the 3 �m wavelength,
he transmittance almost vanishes: This large absorption spectral
one is attributed to the presence of water within the pores and/or
t the surface of the silica nanoparticles. Above 8 �m, the trans-

ig. 3 Hemispherical transmittance spectra obtained for two
amples „S1 and S2… of different thicknesses t made of the
ame HDK-T30 powder

ig. 4 Hemispherical reflectance spectra obtained for two
amples „S1 and S2… of different thicknesses t made of the

ame HDK-T30 powder

ournal of Heat Transfer
mittance is nil because of the bulk absorption of silica that
strongly increases in this wavelength range. With regard to the
reflectance, we note that this quantity increases with the sample
thickness: This behavior is consistent and finds its explanation in
the fact that the quantity of backscattered photons increases with
the sample thickness. Above 8 �m, the reflectance does not de-
pend anymore on the sample thickness: silica being very absorb-
ing in this wavelength range, even the thinnest sample can be
considered as optically thick.

2.3 RTE Solution Model and Parameter Identification. In
this part we aim at identifying the radiative properties of the
samples from the experimental data derived from optical measure-
ments using a parameter identification technique.

To compute the theoretical data used in the parameter identifi-
cation process, we have to solve the RTE. The assumptions of our
model are as follows:

• one-dimensional radiative transfer within a homogeneous
semitransparent absorbing and scattering medium;

• azimuthal isotropy;
• the self-emission term is neglected.

Under these conditions, the RTE can be written as follows

�

��

�I��z,��
�z

+ I� =
��

2 �
−1

1

I��z,��������,��d�� �1�

where I� is the space and direction dependent intensity field, z is
the spatial coordinate �lying between 0 and the thickness t of the
sample�, � is the cosine of the polar angle of the scattering direc-
tion, and �� is the cosine of the polar angle of the incident direc-
tion. �� is the extinction coefficient, �� is the scattering albedo,
and �� is the phase function. These properties are the effective
radiative properties of the studied sample, i.e., the properties of
the equivalent homogeneous medium in terms of radiative
transport.

As we have only two experimental data for each wavelength
�hemispherical transmittance and reflectance�, we can determine
the values of only two physical quantities using the parameter
identification. As the data that we are interested in are the extinc-
tion coefficient and the albedo, we choose the phase function as
isotropic, i.e., ∀� , ∀� , ∀�� ,���� ,���=1. Doing so, the data we
determine with the parameter identification technique are not the
real extinction coefficient �� and albedo �� of the medium, but
the radiative properties ��

� and ��
� of an equivalent medium that

scatters radiation isotropically. This procedure is known as the
isotropic scaling �11� or the transport approximation �12,13�. The
isotropic scaling data ��

� and ��
� are related to the real data �� and

�� according to

��
� = ���1 − ��g�� �2�

��
� =

���1 − g��
�1 − ��g��

�3�

where g� is the asymmetry factor of the medium. The two mod-
eling techniques we use hereafter �the original Mie theory and the
discrete dipole approximation� permit us to compute ��, ��, and
g�. So in order to be able to compare these values with the ex-
perimental radiative properties, the computed data are corrected
using the isotropic scaling technique. Consequently, until the end
of the current paper, when we consider extinction coefficients or
albedos, we will actually deal with the isotropic scaling proper-
ties, i.e., the radiative properties of the equivalent homogeneous
medium that scatters radiation isotropically.

Our samples being very porous ��90%�, the refraction index
contrast at their boundaries is very weak. So, there are no reflec-
tions at the interfaces and we can use the following boundary

conditions:

AUGUST 2009, Vol. 131 / 082701-3
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I��z = 0,�� = ������ when �0 	 � 	 1

0 when 0 	 � 	 �0
� �4�

I��z = t,�� = 0 at � 	 0 �5�

here �� is the direction and wavelength dependent illumination
unction. The value �0 is close to 1 and indicates a directional
llumination. As the thickness t of the sample is known, the phase
unction �� is assumed to be isotropic ���	1�, and the boundary
onditions are clearly expressed; if we know �� and ��, we can
olve the RTE �1� and compute the intensity field, I�, using the
iscrete ordinates method �14�. From that field, the hemispherical
ransmittance and reflectance can be quantified from the expres-
ions

T�
h =

�
0

1

I�t,���d�

�
�0

1

������d�

, R�
h =

−�
−1

0

I�0,���d�

�
�0

1

������d�

�6�

he whole procedure described above, which allows the evalua-
ion of the hemispherical transmittance and reflectance of our
amples from the knowledge of their radiative properties, must be
egarded as the direct problem; the inverse problem is numerically
olved using a method based on the Newton–Raphson algorithm.

The radiative property spectra obtained that way for the
amples made of the HDK-T30 powder are shown in Figs. 5 and
. Here, we can point out the importance of the water contribution
n the extinction coefficient spectra. The extinction peaks at
.4 �m, 1.95 �m, 2.9 �m, and 6.0 �m are attributed to the
ater molecule �15�. Above 7 �m, since the silica is very absorb-

ng �16�, the transmittance is too weak so that we use these spectra
n the parameter identification procedure. Hence, we do not
resent the results of the radiative property spectra above 7 �m.
he two last peaks at 2.2 �m and 5.3 �m are, respectively, as-
ociated with Si–OH �15� and Si–H �17� bonds.

Modeling of the Radiative Properties of the Silica
anoporous Matrices
One of the main goals of this work is to be able to predict the

adiative behavior of our silica nanoporous matrix materials on
he basis of their morphological descriptions. As our samples are
ade of packed quasispherical nanoparticles, the first idea that

omes in mind is to compare the experimentally determined ra-
iative properties to the ones computed with the well-known Mie

ig. 5 Extinction coefficient spectra obtained by parameter
dentification for two samples of different thicknesses t made
f the same HDK-T30 powder
heory �18�. In a second step, we propose working on an alterna-

82701-4 / Vol. 131, AUGUST 2009
tive modeling technique based on the discrete dipole approxima-
tion �DDA� that takes finely into account the nanostructures of our
media and the dependent scattering effects between the nanopar-
ticles.

3.1 Comparison Between the Experimental Results and
the Original Mie Theory

3.1.1 Using the Standard Mie Theory Including Dependent
Scattering. As the studied materials are made of packed quasi-
spherical nanoparticles, we first try to use the Mie theory �18� to
predict the radiative properties of our samples. This very classical
modeling tool allows the computation of the interaction �scatter-
ing and absorption� between an electromagnetic wave and a
sphere �or a spherical particle cloud� �19�.

In this section, we take into account the water contribution
using the Maxwell–Garnett mixing rule. The water mass fraction
is chosen so that we respect the data indicated by the various
suppliers: �2% for the HDK-T30, �8% for the EH5, and �3.5%
for the COK84.

We have first computed the radiative properties of our media
neglecting the dependent scattering effects that may occur. The
results presented in Figs. 7 and 8 concern the HDK-T30 powder;
if we assume that the size of the scatterer is the same as the one of

Fig. 6 Albedo spectra computed by parameter identification
for two samples of different thicknesses t made of the same
HDK-T30 powder

Fig. 7 Comparison of the HDK-T30 powder of an experimental
extinction coefficient spectrum „S1… with those obtained using
the Mie theory for 9 nm diameter scatterers. Various correla-
tions are applied to the Mie theory in order to account for de-

pendent scattering effects.
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he primary nanoparticle ��9 nm�, we see that the radiative prop-
rties we obtain are far from the experimentally determined ones
hatever the quantity we consider: The Mie albedo spectrum is
ery distant from the experimental one on the whole wavelength
ange; as far as the extinction coefficient is considered, the agree-
ent between the Mie and experimental ones is satisfactory for
avelengths above 2.5 �m, whereas below this value, the diver-
ence between the Mie results and the experimental ones can
each more than one order of magnitude.

Due to the observed discrepancies, we have decided to inquire
bout the influence of the dependent scattering. First, if we locate
ur problem on the well-known scattering regime map of size
arameter versus volume fraction published by Tien and Drolen
20�, we see that we clearly lie in the dependent scattering regime
fv�0.13; size parameter 	0.11�. In order to determine if the
bserved discrepancies might be attributed to dependent scattering
ffects alone, we have tried various correlations. As we aim at
etermining the radiative properties over a wide range of size
arameter �1.4
10−3	x	0.11�, we have first made sure that we
ie in the Rayleigh scattering regime over the whole wavelength
ange, computing the relative error between the Rayleigh formulas
nd the general Mie formulas results: We have concluded that the
aximum relative error is below 1% over the wavelength range
hatever the cross section �absorption or scattering� we look at.
o to take into account the correlated radiative transfer in our
edia, we have used the correlations developed in Refs. �21–23�

hat apply to Rayleigh sized particles. These models account for
he interparticle effects on the radiative characteristics of densely
acked systems.

• The correlation developed in Ref. �21� is based on the as-
sumption of a Percus–Yevick pair distribution function to
describe the spatial organization of the particles. This corre-
lation depends on the volume fraction alone. It is important
to notice that the use of this model is suggested for volume
fractions 	0.1.

• In Ref. �22�, the authors derived their model for various
distribution functions: the gas model �especially adapted for
volume fractions 	0.1�, the packed-sphere model �espe-
cially adapted for volume fractions �0.1�, and the liquid
model that incorporates the gas and the packed-sphere
model.

• Prasher �23� derived the effective field approximation �EFA�
and the quasicrystalline approximation �QCA� for the Ray-
leigh regime. The EFA assumes independent scattering, so it
only takes into account the multiple scattering, whereas the
QCA accounts for the multiple scattering effects and for the

Fig. 8 Same as Fig. 1, but for albedo spectra
dependent scattering.

ournal of Heat Transfer
Figures 7 and 8 show the results we get with the three following
dependent scattering correlations: the relation of Ref. �21� �even if
the solid volume fractions of our samples are quite slightly than
0.1� and the packed-sphere and the liquid models presented in
Ref. �22�. The radiative property spectra computed with the gas
model are not presented because this model yields negative scat-
tering efficiencies, which is quite unphysical. Figures 9 and 10
show the radiative property spectra we compute using the EFA
and the QCA.

As we can see, whatever the model we consider, the use of
these correlations does not improve the agreement between the
Mie results and the experimental ones. Focusing on the albedo
spectra, we see that the dependent scattering tends to decrease the
scattering and so the albedo, while the experimental albedo spec-
trum is already superior to the one computed with the Mie theory
without taking into account dependent scattering. If we now con-
sider the extinction coefficient spectra, we observe a decrease in
this coefficient for wavelengths below 800 nm when we wish an
increase in this extinction coefficient in order to bring the Mie
results including dependent scattering closer to the experimental
ones. The only correlation that improves the agreement in the
small wavelength region is the model developed in Ref. �21�, but
as it multiplies almost the whole extinction coefficient spectrum
by a constant value, this model severely decreases the concor-
dance between computed and experimental results for wave-

Fig. 9 Comparison of the HDK-T30 powder of an experimental
extinction coefficient spectrum with those obtained using the
Mie theory for 9 nm diameter scatterers. The results obtained
using the correlations developed in Ref. †23‡ are presented to
appreciate the impact of multiple and dependent scattering.
Fig. 10 Same as Fig. 9, but for albedo spectra

AUGUST 2009, Vol. 131 / 082701-5
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engths above 2 �m.
None of the correlations we tried brought the Mie radiative

roperty spectra closer to the experimental ones in a convincing
ay, so the differences observed between the radiative property

pectra computed with the Mie theory and the experimental ones
annot be imputed to the dependent scattering alone.

3.1.2 Application of the Coated Sphere Model. To reduce the
iscrepancies observed above, we thought about using a model
hat is more realistic with regard to the water adsorption by the
ilica nanoparticles. The Maxwell–Garnett mixing rule consists in
omogenizing the water and the silica, building an effective ma-
erial in which water is homogeneously mixed with silica. Actu-
lly the water molecules are located at the surface of the nanopar-
icle and are not dispersed in the volume, so we tried the coated
phere model described in Ref. �19� to represent the geometry of
he nanoparticle more realistically. We chose a coating thickness
hat respects the water mass fraction that is indicated by the vari-
us suppliers.
Assuming 9 nm diameter scatterers �the same diameter as the

ne of the nanoparticles�, the radiative property spectra we obtain
ith the coated sphere model �Figs. 11 and 12� superimpose per-

ig. 11 Comparison of the HDK-T30 powder of two experimen-
al extinction coefficient spectra with those obtained using the
ie theory for three different scatterer diameters. The model
e use to include the contribution of water is the coated sphere
odel.

ig. 12 Comparison of the HDK-T30 powder of two experimen-
al albedo spectra with those obtained using the Mie theory

ith the same parameters as in Fig. 11
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fectly with the results we obtain with the Maxwell–Garnett mix-
ing rule and so, do not improve the agreement between the Mie
results and experimental ones.

3.1.3 Introduction of the Notion of Representative Scatterer.
Having failed to model the radiative properties of our media with
the Mie theory using a scatterer diameter equal to the diameter of
the nanoparticles, we decided to try to determine an effective di-
ameter of a representative scatterer that yields the best agreement
between the Mie results and the experimental radiative property
spectra. A straightforward way to shift to higher wavelengths the
transition between the scattering regime and the absorptive regime
in order to improve the agreement between the experimental re-
sults and those obtained using the Mie theory is to increase the
diameter of the scatterer in the Mie calculations. It turns out that,
if we choose a diameter of the scatterers of 25 nm, it improves the
agreement not only for the albedo as expected, but also for the
extinction coefficient. We keep on increasing the scatterer diam-
eter until we obtain satisfactory agreement between the albedos. It
is interesting to notice that the agreement of the extinction coef-
ficient improves the same way. The best agreement is found for a
scatterer diameter of 40 nm. Although this value is significantly
different from the one of the diameter of the primary particles, it
makes sense: Indeed, during the silica powder fabrication process,
the primary nanoparticles of 9 nm diameter fuse together to form
aggregates of approximately 120 nm hydrodynamic equivalent-
sphere diameter �8�. If we assume that the porosity of these ag-
gregates is close to the one of the nanoporous matrix, the volume
of silica contained in such an aggregate is equivalent to the vol-
ume of a dense silica sphere of 50 nm diameter.

We have checked that our analysis regarding the HDK-T30
powder remained valid with the other two pyrogenic silica pow-
ders that we have used to make the various samples. In the case of
the Cab-O-Sil EH5 powder, to get a good agreement between the
experimentally determined radiative properties and the ones pre-
dicted by the Mie theory, we had to increase the diameter up to 40
nm. The same observation was made with the Aerosil COK84
samples: A satisfactory agreement between the experimental ra-
diative properties and the Mie ones was obtained with 65 nm
diameter scatterers.

Hence, we observe that the nanoporous matrix scatters radiation
as a cloud of scatterers, which are not the primary nanoparticles
but aggregates obtained by collision of primary nanoparticles dur-
ing the production process of the pyrogenic silica powder. For
each type of powder considered, as we have a nice agreement of
the experimentally determined radiative properties between the
various samples, the size of the representative scatterer deter-
mined with the procedure described above seems to depend only
on the nature of the powder used. This is an information of great
interest: Fitting the experimental spectra �especially the albedo
one� permits us to determine the volume of silica contained in the
representative aggregate for each type of pyrogenic silica powder.
This way, the Mie theory appears to be quite predictive on a wide
part of the spectrum. Nevertheless, in the wavelength range �250
nm; 1 �m�, we still observe a behavior of the slope of the experi-
mental extinction coefficient spectrum that is significantly differ-
ent from the predicted one. This slope observed difference may be
interpreted as nanostructure effects and tends to show the limit of
the original Mie theory: As long as the wavelength is superior to
1 �m, the interaction between the wave and the scatterer is not
sensitive to the shape of the scatterer because the latter is signifi-
cantly smaller than the wavelength; on the contrary, when the
wavelength is below 1 �m, the wavelength and the size of the
aggregate are of the same order of magnitude, so the scattering
properties become aggregate shape sensitive. The original Mie
theory cannot take into account the nanostructure of these aggre-
gates; nevertheless the general Mie theory �24� is successfully
applied to calculations for very complex particles. To model more
accurately the radiative properties of the aggregates, we have cho-

sen to use a modeling approach called the discrete dipole approxi-
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ation. In Sec. 3.2, we present an overview of this method and
he way we applied it to our silica nanoporous matrices.

3.2 Application of the DDA to Silica Nanoporous Matrices

3.2.1 The Discrete Dipole Approximation: Overview of the
ethod. The DDA, initially proposed in Ref. �25�, is a flexible
ethod that allows computation of the absorption and scattering

roperties of irregular targets �particles of complex shapes and
lusters of spheres� approximated by arrays of point dipoles. The
DA calculations require a detailed description of the scatterer:

he locations rj of the dipoles in space and the evaluation of their
olarizabilities �we discuss the choice of a polarizability prescrip-
ion in Sec. 3.2.2�. As we only deal with isotropic materials, the
olarizability, a tensor in the most general case, reduces to a scalar
uantity � j. Each dipole j has a dipole moment Pj expressed as
26,27�

Pj = � jEloc,j �7�

here Eloc,j is the local electric field at rj due to the incident wave
inc,j and to the contributions of the �N−1� neighboring dipoles

k,j. So we can write N simultaneous complex vector equations of
he form

Pj = � j�Einc,j + 

k�j

Ek,j� �8�

he electric field Ek,j at rj due to the presence of the oscillating
ipole Pk at rk can be expressed as �28�

Ek,j =
exp�ikrjk�
4�0rjk

3 �k2rjk
2 ��n 
 Pk� 
 n�

+ �1 − ikrjk��3�n · Pk�n − Pk�� �9�

here k=2� /�, rjk= rj−rk, and n= �rj−rk� /rjk. We can rewrite
q. �9� under a matrix form

Ek,j = − Ak,jPk =
exp�ikrjk�
4�0rjk

3 ��k2rjk
2 + ikrjk − 1��1 0 0

0 1 0

0 0 1
�

+ �3 − 3ikrjk − k2rjk
2 �� nx

2 nxny nxnz

nxny ny
2 nynz

nxnz nynz nz
2 ���Pkx

Pky

Pkz

� �10�

njecting the expression of Ek,j in Eq. �8�, we obtain

Pj = � j�Einc,j − 

k�j

Ak,jPk� �11�

oting Ajj= �1 /� j�Id, where Id is the 3
3 identity matrix, we
an transform Eq. �11� to



k=1

N

Ak,jPk = Einc,j �12�

e can reduce these N vector equations to a single vector equa-

ion of size 3N : ÃP̃= Ẽ. The unknown vector P̃ is solved numeri-
ally using a conjugate gradient technique. Once the dipole mo-
ent vectors Pj are known for one polarization, we can compute

he extinction, scattering, and absorption cross sections of the
catterer with the following formulas �26,27�:

Cext =
k

0E0
2


j=1

N

Im�Einc,j
� · Pj� �13�

Csca =
k4

�4�0�2E0
2� �


j=1

N

n 
 Pj exp�− ikn · rj��2

d� �14�

4�

ournal of Heat Transfer
Cabs =
k

0E0
2


j=1

N �Im��� j
��−1� −

k3

6�0
�Pj · Pj

� �15�

When working with unpolarized light �which is the case in this
survey�, we have to solve the problem for two orthogonal polar-
izations of the incident wave and then to calculate the arithmetic
average of the cross sections computed for these two polarization
states. Noting m the complex index of refraction, the validity cri-
terion that is commonly used �26,27� for the discrete dipole ap-
proximation technique is

mkd 	 1 �16�

Relation �16� expresses the fact that the electric field must be
constant in terms of amplitude and phase over the whole volume
element associated with the dipole of characteristic length d. It
implies that the characteristic length d must be small compared
with the wavelength and to the attenuation length within the ma-
terial.

3.2.2 Choice of a Polarizability Prescription. As far as the
polarizability is concerned, it depends on the problem we are deal-
ing with. In literature, it is almost always made use of the lattice
dispersion relation �relation developed in Ref. �29� so that an in-
finite lattice of polarizable points has the same dispersion relation
as a continuous medium of the same refractive index�, referenced
to as the LDR hereafter, unless they have to compute the scatter-
ing properties of clusters of spheres that are small compared with
the wavelength. In this particular case, some authors �30–32� used
what is commonly named the a1-term method. The expression of
this polarizability depends on a1, the first term of the Mie series;
i, which is equal to �−1; and k, the wave number �2� /��.

� = i
3a1

2k3 �17�

Initially introduced in Ref. �33�, this method allows treating each
particle as a single dipole. Okamoto �31� compared the LDR and
the a1-term prescription for the same target �two touching spheres,
each sphere being replaced with a single dipole� with a refractive
index m=1.33+0.01i. His survey points out that the a1-term pre-
scription is always superior to the LDR and yields errors within
10% for sphere size parameters up to 1.4 and while the errors with
the LDR become larger than 100% for a sphere size parameter
larger than 1.2. The limiting cases of this polarizability expression
are a size parameter of the aggregate of the order of 100 and a size
parameter of the particles making up the aggregate close to 1.

In our survey, as we deal with media made of packed particles
of diameter smaller than 20 nm, and as the wavelengths of interest
are greater than 250 nm, we are clearly in the domain of applica-
bility of the a1-term prescription. This is the polarizability expres-
sion that we use afterwards.

3.2.3 Modeling of the Nanostructure. As explained above, the
DDA requires a detailed geometrical description of the scatterer.
So we have to generate material structures on which the DDA
calculations are performed, and these material structures must be
representative of our nanoporous matrix in terms of porosity
��90%�, specific surface �between 170 m2 g−1 and 300 m2 g−1�
and fractal dimension ��1.8 according to literature� �34�.

To this end, we have generated numerical structures with the
help of the diffusion-limited cluster-cluster aggregation �DLCCA�
algorithm �35,36�, which is known to produce clusters of fractal
dimensions close to 1.8. We have integrated the water contribution
�and the alumina contribution for the samples made of the De-
gussa Aerosil COK84 powder� in the relative dielectric permittiv-
ity function and hence in the polarizability function of the par-
ticles with the help of the Maxwell–Garnett mixing rule.

Knowing the volume of silica contained in the representative
aggregate, thanks to the procedure explained in Sec. 3.1.3 and the

diameter of the primary nanoparticles, we deduce the number of
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articles forming the representative scatterer for the various pow-
ers we used. This scatterer is found to be made up of 87 particles
or the HDK-T30 powder, 186 for the Cab-O-Sil EH5 powder,
nd 88 for the Aerosil COK84 powder. A typical aggregate repre-
entative of the HDK-T30 powder is presented in Fig. 13.

3.2.4 Comparison of the DDA and Mie Results to the Experi-
ental Ones. The DDA computations are based on the aggregates
btained using the procedure explained above, and are achieved
ver a hundred directions of the incident beam covering 2� sr. As
he DDA radiative property spectra depend on the incidence of the
llumination, we present the arithmetic mean and the extreme
maximum and minimum� value spectra. With regard to the al-
edo spectra, we only show the mean values because the albedo
as found to be quasi-insensitive to the incidence of the illumi-
ation in our computations.
The radiative property spectra derived from our DDA compu-

ations are shown in Fig. 14 �extinction coefficient� and Fig. 15
albedo� with regard to the HDK-T30 powder based nanoporous
atrix. Figures 16 and 17 on the one hand, and Figures 18 and 19

n the other hand deal, respectively, with the EH5 and the COK84

ig. 13 Example of aggregate generated using the DLCCA al-
orithm and made of 87 nanoparticles of 9 nm diameter; this
ggregate is representative of our HDK-T30 powder samples

ig. 14 Comparison of the HDK-T30 powder of an experimen-
al extinction coefficient spectrum to the spectra obtained us-
ng the Mie theory on the one hand and using the DDA on the
ggregate of Fig. 13 on the other hand. Concerning the DDA
esults, we present the minimum, the arithmetic mean, and the
aximum values yielded by the computations over 100 target
rientations.

82701-8 / Vol. 131, AUGUST 2009
powder based nanoporous matrices.
For the discussion of these figures, we will split the wavelength

range in two parts: the wavelength range �250 nm; 1 �m� and the
one beyond 1 �m.

If we first focus on the wavelength range beyond 1 �m, what-
ever the pyrogenic silica we consider �Figs. 14–19�, the computed
radiative properties using the DDA and those obtained with the
Mie theory stack to perfection in this wavelength range. This
means that the radiative properties are insensitive to the structure
of the aggregate in this region. This is a consistent result, because
in this region the wavelength is clearly larger than the size of the
aggregate, so the wave perceives it as a pointlike obstacle.

This result being expected, the interest of the DDA lies in the
�250 nm; 1 �m� wavelength range over which the wavelength is
of the same order of magnitude as the diameter of the aggregate.
We first focus on the HDK-T30 silica �Figs. 14 and 15�. In Fig.
15, which shows the albedo spectra, we see that the results are
very slightly influenced by the computation technique. This seems

Fig. 15 Comparison of the HDK-T30 powder of an experimen-
tal albedo spectrum to the spectra obtained using the Mie
theory on the one hand and using the DDA on the aggregate of
Fig. 13 on the other hand. Concerning the DDA results, we
present the minimum, the arithmetic mean, and the maximum
values yielded by the computations over 100 target
orientations.

Fig. 16 Comparison of the EH5 powder of an experimental ex-
tinction coefficient spectrum to the spectra obtained using the
Mie theory on the one hand and using the DDA on a DLCCA
representative aggregate on the other hand. For the results ob-
tained with the DDA, we present the minimum, the arithmetic
mean, and the maximum values of the computations over 100

target orientations.
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o mean that the albedo does not depend on the structure of the
catterer. On the other hand, the extinction coefficient spectrum
Fig. 14� does. Whatever the results �extreme or mean values of
he extinction coefficients computed using the DDA� we examine,
he DDA results are in better agreement with the experimental
nes than the Mie results, even in the least favorable case. More-
ver, in the most favorable case �the minimum values of the ex-
inction coefficient�, the results almost stack with the experimental
ata. Consequently, it is shown quite clearly here that the DDA
pproach leads to an improved ability of prediction of the radia-
ive properties of nanostructures in the small wavelength range as
ompared with the Mie theory applied to aggregates: The DDA
eproduces in a much better way the slope shown by the experi-
ental extinction coefficient spectrum for wavelengths below
�m than the Mie theory.
The observations we have made above with the HDK-T30 py-

ogenic silica sample also apply to the other two silica powders

ig. 17 Comparison of the EH5 powder of an experimental al-
edo spectrum to the spectra obtained using the Mie theory on

he one hand and using the DDA on a DLCCA representative
ggregate on the other hand. For the results obtained with the
DA, we present the minimum, the arithmetic mean, and the
aximum values of the computations over 100 target

rientations.

ig. 18 Comparison of the COK84 powder of an experimental
xtinction coefficient spectrum to the spectra obtained using
he Mie theory on the one hand and using the DDA on a DLCCA
epresentative aggregate on the other hand. For the results ob-
ained with the DDA, we present the minimum, the arithmetic

ean, and the maximum values of the computations over 100

arget orientations.

ournal of Heat Transfer
�Figs. 16 and 17 for the EH5 and Figs. 18 and 19 for the COK84�.
We always observe that the DDA improves the agreement of the
computed results with the experiment.

Although the DDA results agree fairly well with the experimen-
tal ones, there are still two issues that we cannot answer yet. First,
what about the validity of the complex index of refraction of
silica? The index we have used is taken from Ref. �16�; it has been
experimentally determined on amorphous bulk silica, and we may
reasonably wonder if the refraction index is the same for 10 nm
diameter particles as for bulk materials. In Ref. �37�, the phonon
mean free path is estimated to be 6 Å, which tends to prove that
the size effects can be neglected. Moreover, in the various figures,
we see that in the wavelength range neighboring 2 �m, the agree-
ment between the experimental results and the computed ones is
not very good. In this region, the complex index of refraction is
known to depend on the type of silica: The presence of silanol
groups, which is a powder dependent parameter, affects the refrac-
tion index �38,13�. Our silica powders presenting many silanol
groups at the nanoparticle surfaces, this may explain the poor
agreement for wavelengths close to 2 �m. Finally, what might be
the influence of the nanostructure? Until now we have based our
computations on aggregates that are presumed to be representa-
tive. Nevertheless, if we take the liberty to generate an aggregate
ignoring the very little we know about the real medium, we can
get DDA results that superimpose perfectly over the whole wave-
length range with the experimental results. This point implies that
the radiative properties of our particulate media are very much
dependent on the spatial organization of the nanoparticles within
them, especially at wavelengths “probing” this spatial arrange-
ment. We hope in the near future to be able to perform microto-
mography on our samples in order to refine the representations
that we have proposed for our media.

3.3 Parameter Sensitivity. It is well founded to worry about
the sensitivity of the results to some of the parameters we use,
namely, the size of the representative scatterer determined using
the Mie theory �that will imply a variation in the number of nano-
particles making the aggregate�, the size of the primary nanopar-
ticles, and the spatial organization of these nanoparticles.

First, as far as the diameter of the representative scatterer is
considered, we focus on Fig. 20 that shows the experimental al-
bedo spectra we obtain for the samples made of the HDK-T30
powder and the ones that we compute with the Mie theory for

Fig. 19 Comparison of the COK84 powder of an experimental
albedo spectrum to the spectra obtained using the Mie theory
on the one hand and using the DDA on a DLCCA representative
aggregate on the other hand. For the results obtained with the
DDA, we present the minimum, the arithmetic mean, and the
maximum values of the computations over 100 target
orientations.
various diameters of the scatterer: 36 nm, 38 nm, 40 nm, 42 nm,
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nd 44 nm. We recall that the criterion that seems to be the most
uitable for the evaluation of the scatterer diameter is the transi-
ion between the scattering regime and the absorptive regime; in
ur experiments, this transition occurs at wavelengths around
.3 �m. Considering this criterion, we see that the two extreme
alues are not acceptable. Regarding the three others, each value
s appropriate, the three spectra lying in the zone defined by the
wo experimental albedo spectra. Consequently, this figure allows
s to say that the determination of the diameter of the equivalent
catterer from the albedo spectrum is quite precise, since we are
ble to determine this diameter with an error of 1 nm or 2 nm,
hich is a relative error below 5%.
The second parameter we use is the diameter of the nanopar-

icles. As written earlier, it is deduced from the values of the
pecific surface and the density of the powder used to make the
amples. Moreover, we consider a uniform distribution of the par-
icle diameters; but we clearly observe the following on the TEM
icrograph of Fig. 2.

• The nanoparticles do not look perfectly spherical.
• The diameters of the nanoparticles seem to vary between

typically 9 nm and 15 nm. If we were dealing with dense
smooth nanoparticles, the specific surface should be smaller
than the experimental one indicated by powders suppliers.
So, we explain the high value of the specific surface with the
surface roughness of the nanoparticles and decide to keep on
working with smooth nanoparticles.

The geometrical shape of the nanoparticles is not expected to
ffect the radiative properties because the wavelength is much
arger than the diameter of the nanoparticles. Concerning the di-
meter of the nanoparticles, which is considered as uniform in our
omputations, its influence on the radiative properties is not very
angible. So we have computed for HDK-T30 samples the radia-
ive property spectra for aggregates made of, respectively, 5 nm, 7
m, 9 nm, 11 nm, 13 nm, and 15 nm diameter particles, keeping
he volume of silica making the aggregates constants �so the ex-
mined aggregates were, respectively, made of 512, 187, 87, 48,
9, and 19 nanoparticles�. Figure 21 shows the extinction coeffi-
ient spectra obtained for three different nanoparticle diameters �5
m, 9 nm, and 15 nm� on the wavelength range �250 nm; 3 �m�.
e can observe that for wavelengths above 800 nm, the size of

he nanoparticles does not impact the radiative properties; that is
hy we only show the spectra below 3 �m. Below the value of
00 nm, the smaller the nanoparticle diameter, the lower the ex-
inction coefficient. The relative deviation between the two ex-

ig. 20 Comparison of the HDK-T30 powder of two experimen-
al albedo spectra with those obtained using the Mie theory for
niform distributions of scatterer diameters equal to 36 nm, 38
m, 40 nm, 42 nm, and 44 nm
reme values can reach more than 100% of the smallest value

82701-10 / Vol. 131, AUGUST 2009
�obtained for the cluster made of the smallest particles�. So the
impact of the diameter of the nanoparticles can be significant and
it might be interesting to use a distribution of the diameters; nev-
ertheless, as the nanoparticles are fused to each other, we cannot
obtain this real distribution from classical granulometry measure-
ments. TEM images might be exploited, but it would be a very
laborious work because of the trouble to define the diameter for a
nonperfectly spherical particle and of the difficulty to define the
edge of each nanoparticle.

The last questionable point is the use of the DLCCA algorithm
to generate the nanostructures on which the DDA computations
are performed. This algorithm has been chosen because the fractal
dimension of the resulting structure is very close to the fractal
dimensions that are reported in literature on silica aggregates
�39,40,34�, even if other values lying between 1.5 and 2.6 can also
be found �41,34�. Nevertheless, it must not be lost of sight that the
correlation length of the fractal dimension is only a few nanopar-
ticle diameters �41�, so we can raise doubts about the legitimacy
of this model to generate representative nanostructures. Thus we
have tried to model the nanostructure with another well-known
algorithm: the diffusion-limited aggregation �DLA� algorithm
�42�, in which freely moving particles are added, one at a time.
The resultant fractal dimension of DLA aggregates is close to 2.5.
The aggregates we obtain this way look quite different from those
we obtain with the DLCCA algorithm. Nonetheless, the variations
in terms of radiative properties seem to be negligible in our pre-
liminary computations. The results obtained on a DLA aggregate
are plotted in Fig. 22. These results must be compared with those
of Fig. 16 �DLCCA aggregate�. Comparing these results, we see
that the impact of the choice of the algorithm that is used to
generate the aggregates on the mean radiative properties is quite
minor. The influence of the algorithm is more conspicuous as far
as the extreme values of the DDA extinction coefficient spectra in
the short wavelength region �below 400 nm in the case of the EH5
powder that is presented here� are considered. Because of the
anisotropy of the cluster that is more pronounced in the case of the
DLA algorithm than in the case of the DLCCA one, the extreme
values of the extinction coefficient spectrum are slightly more
spread when the DDA computations are performed on the DLA
aggregate.

4 Conclusion
We have determined the spectral radiative properties of silica

nanoporous matrices from reflectance and transmittance measure-
ments using a parameter identification technique based on the ra-
diative transfer equation inversion. The experimental radiative

Fig. 21 Evolution of the DDA extinction coefficient spectrum
in relation to the diameter of the nanoparticles constituting the
DLCCA representative aggregate
properties have been compared with their counterparts derived
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rom the Mie theory assuming a uniform diameter distribution of
pheres having the same diameter as the nanoparticles. The results
eing unsatisfactory at wavelengths below 2 �m on the one hand,
nd the experimental albedo spectra presenting quite elevated
cattering to absorption transition wavelengths on the other hand,
e have looked for scatterer apparent diameters yielding good

greements between the experimental values and the Mie theory.
evertheless, the correspondence of the extinction coefficient

pectra at low wavelengths remained unsatisfactory. So we have
roposed the interpretation that the nanoporous matrix scatters
adiation as a cloud of representative scatterers, the representative
catterer being here the aggregate obtained during the powder
roduction process; and the poor agreement below 1 �m has
een attributed to the impact of the spatial distribution of matter
ithin these aggregates. In order to confirm this hypothesis, we
ave developed a code based on the discrete dipole approxima-
ion. The simulations are performed on computer generated struc-
ures that have fractal dimensions close to what is usually found in
iterature for aggregates of silica nanoparticles. The satisfactory
orrespondence between the experimental and simulated radiative
roperty spectra using the DDA is quite encouraging, and is a first
tep toward a reasonable representation of the material organiza-
ion within our nanoporous matrices. Besides, the very good
greement between the results of the Mie theory on the one hand
nd of the DDA on the other hand for wavelengths above 2 �m at
mbient temperature allows us to affirm that it is possible with the
ie theory to study the impact of the composition of the matrix

n the radiative transfer within the nanoporous superinsulating
aterials as long as the size of the nanoparticles and the size of

he aggregates of nanoparticles are significantly smaller than the
avelength. This is of interest because, the opacifier micropar-

icles being in very low volume fraction, assuming that the two
opulations of particles scatter independently, the Mie theory can
e up to get the order of magnitude of the performance of nano-
orous superinsulating materials of various compositions.

omenclature
C � optical cross section

Df � mass fractal dimension
E � electric field
I � intensity of radiation

P � dipole moment
R � reflectance

Sspe � specific surface
T � transmittance

a1 � first term of the Mie series
d � characteristic length associated with a dipole

ig. 22 Same as Fig. 16, but here the DDA computations are
erformed on an aggregate generated using the DLA algorithm
dp � primary particle diameter

ournal of Heat Transfer
fv � volume fraction
g � asymmetry factor
i � �−1
k � wave number

m � complex refractive index, m=n+ i�
x � size parameter, x=�dp /�

Greek Symbols
� � polarizability
� � extinction coefficient

�� � weighted extinction coefficient
� � scattering phase function
� � wavelength
� � cosine of the polar angle
� � density
� � scattering albedo

�� � weighted scattering albedo

Subscripts and Superscripts
abs � absorption
ext � extinction
inc � incident
sca � scattering

h � hemispherical �transmittance or reflectance�
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Correlations of Wave
Characteristics for a Liquid Film
Falling Down Along a Vertical
Wall
The behavior of a liquid film that flows down countercurrently along the inner surface of
a circular pipe was examined. In the experiments of the present study, silicone oils of 500
cS, 1000 cS, and 3000 cS, as well as water, were used as the liquid phase. The gas phase
was air. The vertically oriented test section was a circular pipe of 30 mm in inner
diameter and 5.4 m in length. The substrate thickness of the silicone films, the film
Reynolds numbers of which were quite low, was close to the mean film thickness, while
the water film substrate was much thinner than the mean film thickness. Waves were
observed on the substrate. Waves of a certain amplitude were confirmed to exist, even on
the silicone films near the flooding occurrence, where the film Reynolds number was quite
low. The mean film thicknesses of the silicone films, as well as that of the water film, were
well expressed by applying the universal velocity profile to the film flow. When the film
Reynolds number was lower than 600, the wave velocity was well predicted as the
velocity of small perturbation waves on a laminar film. As the film Reynolds number
became large, the wave velocity became slower than the small perturbation wave veloc-
ity. The correlation for the wavelength was developed based on the present experimental
results. Combining this correlation with the Nosoko correlations and modifying the con-
stants and exponents of the parameters in the equations, new correlations for the wave
velocity and maximum film thickness were proposed. These new correlations were used to
predict the wave velocity and the maximum film thickness to an accuracy of within
15%. �DOI: 10.1115/1.3084133�

Keywords: falling film, film thickness, waves, wave height, wave velocity, wavelength
Introduction
When the critical heat flux or the dry-out of a falling film on a

eated wall is considered, the characteristics of waves on the film
urface become important. Koizumi et al. �1� visually observed a
lm flow on a heated wall. Near the critical heat flux condition,

hey noticed bubble bursting in the film flow at many locations.
ry areas or dry patches were left at some locations after bubble
ursting. While the dry patches were rewetted by the successive
lm flow, the wall temperature did not increase and the critical
ondition was not reached. When the dry patches were not erased
y the film flow, the number of dry patches gradually increased
ntil the dry area covered a substantial portion of the wall. The
all temperature then began to increase until the critical heat flux

ondition was reached. Based on this observation, they developed
he correlation for the critical heat flux by considering whether the
ry patch that remained after bubble bursting was eliminated by
he film flow. The proposed correlation predicted well the critical
eat flux data. This suggests that the interaction between the film
ow and the dry patch is important when considering the critical
eat flux.
The criteria as to whether the dry patch created in the film flow

n the wall remains is known as the minimum wetting rate of the
lm flow. The minimum wetting rate has been investigated exten-
ively, as reviewed by Hewitt and Hall-Taylor �2� and Ueda �3�.

1Corresponding author.
Contributed by the Heat Transfer Division of ASME for publication in the JOUR-

AL OF HEAT TRANSFER. Manuscript received January 13, 2008; final manuscript re-
eived January 11, 2009; published online June 5, 2009. Review conducted by Louis
. Chow. Paper presented at the 2005 ASME International Mechanical Engineering

ongress �IMECE2005�, Orlando, FL, November 5–11, 2005.

ournal of Heat Transfer Copyright © 20
For example, in the adiabatic condition, decreasing the flow rate
of the film flow, the film flow eventually reaches a limiting state,
in which dry patches generated on the wall can exist stably or the
film disintegrates into rivulets. The minimum film flow rate at
which the liquid film can flow on the wall as a continuum film is
called the minimum wetting rate. Hartley and Murgatroyd �4� as-
sumed that the dynamic pressure of the film balanced the upward
component of the surface tension at the front edge of the perma-
nent dry patch, and they then derived the correlation for the mini-
mum wetting rate. However, the minimum wetting rate calculated
with the correlation was considerably larger than the measured
values.

Koizumi et al. �5� carefully conducted minimum wetting rate
experiments on an adiabatic falling film flow. They confirmed that
the wave motion on the falling film is key in the formation of a
stable dry patch. The contact angle of the film at the top edge of
the stable dry patch varied periodically in a range synchronous
with the arrival of the waves. When the contact angle exceeded
the maximum advancing contact angle at the arrival of the large
wave, the top edge of the dry patch began to move downward, i.e.,
rewetting of the dry patch was initiated. When this wave motion
effect was incorporated into the Hartley and Murgatroyd model,
the overprediction of the model was resolved and the minimum
wetting rate was expressed well by the modified model.

The wave characteristics, such as wave height, wave velocity,
wave frequency, and wavelength, are essential when considering
the critical heat flux condition of the film flow, including the an-
nular flow of the forced convection flow boiling. The present pa-
per is an attempt to provide fundamental information about wave
characteristics on the falling liquid film.
In the falling-film-heated system, the countercurrent flow con-
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ition, in which generated vapor flows upward countercurrently to
he falling film, is quite usual. In this system, countercurrent flow
imiting �CCFL� or flooding is critical to safe operation. The char-
cteristics of waves on the film surface are essential in examining
he occurrence of the flooding.

In the advanced waste furnace, ash is melted to avoid dioxin
roduction. Ash is also melted in the coal gasification system.
olten ash is highly viscous; the viscosity is 1000 to 3000 times

igher than that of water. In these molten ash systems, some
ccidents/problems have been reported by Inumaru et al. �6�. En-
rained droplets of molten ash deposited on the wall, interfering
ith the smooth flow of gas, and the flow path was choked in

ome cases. The entrained mechanism is closely related to the
haracteristics of the waves on the film flow. In order to address
hese problems, the characteristics of waves on a film of highly
iscous fluid must be clarified.
The characteristics of waves on a falling film have been inves-

igated extensively. However, most of these studies examined the
aves of water or of fluids that have physical properties similar to
ater. In the present paper, the behavior of falling liquid films of
ater and highly viscous fluids in the countercurrent flow condi-

ion is examined.
The characteristics of waves on a thin film that flowed down

long a vertical pipe were studied by Telles and Dukler �7�, and
he statistical aspects of waves on the film were discussed.

Takahama and Kato �8� examined the flow characteristics of the
ater film falling down along the outer wall of a circular tube
ithout concurrent gas flow. The wave motion on the film was
easured using needles and the electric capacitance method. They

eported data on the wave velocity and the wave peak height.
Karapantsios et al. �9� studied the characteristics of water films

owing down inside a vertical pipe. They focused on very high
eynolds number film flow and reported mean film thickness data
nd wave amplitudes.

Nosoko et al. �10� conducted falling-film experiments produc-
ng well regulated waves on a water film that flowed down along
flat plate. They proposed correlations for the wave velocity and

he peak wave height. Since the wave separation was artificially
ontrolled, the wavelength information is required in their corre-
ations.

Takamasa et al. �11,12� measured the characteristics of waves
f a water film that flowed down along the inner wall of a vertical
ipe by a sophisticated method using a laser focus displacement
eter. Data of the wave velocities and the maximum, minimum,

nd average film thicknesses were reported.
Koizumi et al. �5,13,14� investigated falling films of water and

-113 along the outer wall of vertical pipes. Wave motion was
easured using the visual technique and the electric capacitance
ethod. The wave velocity, the minimum, maximum, and mean
lm thicknesses, and the wavelength were reported.
In the present paper, the behavior of a film that falls down along

he inner surface of a vertical pipe in the countercurrent flow
ondition is examined. Water and highly viscous fluids of silicone
ils of 500 cS, 1000 cS, and 3000 cS, are used as the liquid phase.
he gas phase is air. Considering that the characteristics of waves
n the film should be determined by only the superficial condi-
ions, such as the mass flow rate of liquid and the flow path
imension, new general correlations that cover a wide range of
uid property conditions from water to highly viscous fluid are
roposed for wavelength, wave velocity, and maximum film thick-
ess.

Experiments

2.1 Experimental Apparatus and Procedures. The experi-
ental apparatus used in the present study is shown schematically

n Fig. 1. Air was used as the gas phase. Silicone oils of 500 cS,
000 cS, and 3000 cS were used as the liquid phase. For compari-

on, water was also used as the liquid phase. The experiments

82901-2 / Vol. 131, AUGUST 2009
were conducted at room temperature and atmospheric pressure.
The test section was a 5.4-m-long vertical circular Plexiglas

pipe with an inner diameter of 30 mm. The wall thickness was 5
mm. Liquid was supplied through a rotameter to the liquid inlet
section by a circulation pump. The liquid then flowed into the test
section through a 200 � sintered metal mesh. The length, inner
diameter, and outer diameter of the sintered metal were 80 mm, 30
mm, and 40 mm, respectively. Liquid flowed down gravitationally
along the inner wall of the test section as a film. A vacuum was
connected to the top of the test flow channel. Air was sucked from
the bottom of the test flow channel. The bottom entrance of the
test flow channel had a bell mouth configuration to allow for
smooth inflow of air into the test flow channel.

The flow rate of water for the air-water experiments was mea-
sured by the rotameters, which were calibrated prior to experi-
ments. In the air-silicone experiments, the pressure drop of the
silicone flow along a horizontal circular pipe was measured using
a Hg manometer, and the flow rate of the silicone was then de-
rived from the measured pressure drop using the Hagen–Poiseuille
law. Details are provided in the Appendix. The draining liquid
flow rate from the test pipe was obtained by measuring the liquid
level variation in a draining liquid catch tank. The air flow rate to
the test flow channel was measured using rotameters between the
outlet of the test flow channel and the vacuum.

The rotameters were calibrated prior to the experiments. The
uncertainty of the rotameters was 0.1%. The uncertainty of the
silicone flow rate measurement was also confirmed prior to the
experiments. In the confirmation experiments, the volume flow
rate of silicone was obtained by catching a certain amount of flow
with a graduated cylinder during a certain period of time. The
measured volumetric flow rate was compared with the flow rate
derived from the pressure-drop measurement and the Hagen–
Poiseuille law method. The uncertainty was less than 1%. The
drainage flow rate from the bottom of the test pipe was not used in
the present study but was recorded for use in flooding experi-
ments; the results of which will be reported elsewhere.

Experiments were performed for the film Reynolds number of
Ref =6�10−2–9�103 using the 3000 cS, 1000 cS, and 500 cS
silicone oils and water. The upward air flow rate was from 0 m/s
through the flooding initiation velocity. The flooding initiation
was the condition whereby part of the liquid film flow began to

Fig. 1 Experimental apparatus
flow upward.
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2.2 Measurements of Wave Properties

2.2.1 Film Thickness. The countercurrent flow of the falling
lm and the upward air flow were formed in the test flow channel.
luorescent dye �Rhodamine B� was dissolved into liquid in the
xperiments. An Ar laser ray sheet of 5 W was emitted toward the
ow so as to be parallel to and toward the centerline of the test
ipe, as shown in Fig. 2, at 2400 mm below the liquid inlet point.
he dye in the liquid then fluoresced along the laser ray. Images
ere captured by a charge coupled device �CCD� video camera

nd a high-speed video camera with a frame rate of 500 frame/s.
he luminous plane in the image corresponded to the film on the
all.
Images recorded with the high-speed video camera were used

o derive the variation in the film thickness with time. The film
hickness at a fixed position on an image that was enlarged on a
onitor was measured frame by frame.
Images recorded with the CCD video camera were used to ob-

ain the average, minimum, and maximum film thicknesses. The
mage of one frame was divided into ten sections in the axial
irection. The heights of the film at these divided ten locations
ere measured on the image. The average, the minimum, and
aximum heights were obtained for the frame. Scores of continu-

us frames were randomly selected from the recorded images for
easurement. The average of the average film thicknesses, the
inimum among the minimum film thicknesses, and the maxi-
um among the maximum film thicknesses of the selected frames
ere determined as the average, minimum, and maximum film

hicknesses for the test condition.
A water jacket that had flat outer surfaces and that was filled

ith water was attached to the emitting location of the laser ray
heet in order to minimize the effect of refraction. The refraction
as also corrected for the recorded images. The thickness of the

aser ray sheet was 0.5 mm. The laser ray sheet was emitted to-
ard the pipe center and was perpendicular to the outer wall of

he water jacket. Thus, the reflection effect was negligible. The
ncertainty of the film thickness measurement was less than 0.1
m.

2.2.2 Wave Velocity. One frame of the video captured by the
CD video camera that contained a wave peak was selected.
hen, several frames were sent from that frame. The distance

raveled by the peak of the wave while the frames were passed
as measured on the images. The velocity of the wave was deter-
ined from the distance and the time interval between the frames.
his procedure was performed for a number of frames that were
elected randomly. The average of the values derived in this man-
er was defined as the wave velocity for this experimental condi-
ion. The uncertainty of the measured wave velocity was less than
pproximately 0.001 m/s.

Fig. 2 Measurement of film thickness
2.2.3 Wavelength. As in the wave velocity derivation, a frame

ournal of Heat Transfer
of a video that contained a wave peak was selected. When two
peaks were in the frame, the distance between the peaks was
measured as the wavelength. When two peaks were not captured
in the same frame, frames were passed until the next peak ap-
peared on the frame. The wavelength was then calculated using
the velocity of the peak, which was obtained in a manner similar
to that described in Sec. 2.2.2, and the time interval until the next
peak appeared. More than 50 data were obtained. The average of
the values derived in this manner was defined as the wavelength
for this experimental condition. The uncertainty of the wavelength
was less than 0.01 m.

3 Experimental Results and Discussions

3.1 Wave Profile. The film thicknesses measured in the
present experiments are presented in Figs. 3 and 4. The air veloc-
ity is zero in these cases. Figure 3 shows the data for water, and
Fig. 4 shows the data for 500 cS silicone. The film thicknesses are
plotted with respect to time in Figs. 3�a� and 4�a�. In Figs. 3�b�
and 4�b�, the horizontal axes are converted into the axial length
using the wave velocity. The dotted lines in the figures denote the
mean film thickness.

The film thickness varies with periodically time in Fig. 3. Large
waves are found to occur on the thin substrate.

Periodical variations are also observed in Fig. 4. However, the
number of large waves is less than for water. The thickness of the
substrate is approximately equal to the mean film thickness. There
are a few small waves between the large waves, and the wave
surface is smooth.

3.2 Film Thickness. The mean, maximum, and minimum
film thicknesses of water and silicone films are plotted with re-
spect to the film Reynolds number:

Ref =
4�

�
�1�

in Figs. 5 and 6. Here, � is the film flow rate per unit width, and
� is the viscosity of the liquid. The air velocity is zero in Fig. 5.
The condition of Fig. 6 is near the onset of flooding.

In the countercurrent flow condition, the upward air flow rate
was increased stepwise, while maintaining the liquid flow rate
constant. As the air flow rate was increased, part of liquid that
flowed into the test pipe through the sintered metal section was
suddenly initiated to flow upward above the liquid inlet and out
from the top of the test pipe. In the present study, the initiation of
this upward flow of liquid from the liquid inlet was defined as the
initiation of flooding. The air flow rate at the flooding initiation
took a different value, depending on the test condition of the liq-
uid flow rate. The film thicknesses presented in Fig. 6 were mea-
sured just before the initiation of flooding.

The dashed lines in Figs. 5 and 6 are the values of the Nusselt
film thickness correlation for the laminar falling film �3,15�:

yiN
� = �3/4�1/3Ref

1/3, yiN
� = yiN�g/�2�1/3 �2�

where yiN is the Nusselt film thickness, g is the gravitational ac-
celeration, and � is the kinematic viscosity. In addition, yi

� is the
nondimensional film thicknes=yi�g /�2�1/3. In deriving Eq. �2�, the
interfacial shear stress was set to zero.

The solid lines in Figs. 5 and 6 denote the film thicknesses
calculated by the following equations:

Ref = 2�yi
+�2, yi

+ � 5

Ref = 50 − 32.2yi
+ + 20yi

+ ln yi
+, yi

+ � 30

Ref = − 256 + 12yi
+ + 10yi ln yi

+, yi
+ � 30, �3�

where yi
+= �yi /����w /� and yi is the film thickness. The symbol

�w is the wall shear stress, and � is the liquid density. Equation �3�

is derived by applying the Karman universal velocity profile for a

AUGUST 2009, Vol. 131 / 082901-3
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ingle-phase flow to the falling-film flow �3,15,16�. When the film
hickness is thinner than the viscous sublayer thickness, the first
quation of Eq. �3� is applied. When the film thickness is in the
egion of the buffer layer or the turbulent region, the second or
hird equation, respectively, is applied. If the shear stress at the
all �w=�gyi is assumed in the falling film, then yi

+ is related to

i
� as �yi

+�2= �yi
��3. The dashed lines in Figs. 5 and 6 were calcu-

ated in this manner.

Fig. 3 Variation in film thickness „water film…
The mean film thicknesses are well expressed by Eqs. �2� and

82901-4 / Vol. 131, AUGUST 2009
�3� in Figs. 5 and 6, although Eq. �3� gives slightly better results.
Note that the agreement between the measured and predicted film
thicknesses is not affected by the existence of the air flow until the
occurrence of flooding. This suggests that the upward air flow has
little effect on the film thickness before the initiation of flooding.

When there is no air flow, Fig. 5, the maximum film thicknesses
of the water film and the 500 cS and 1000 cS silicone films are
much larger, 1.5–3 times larger than the mean film thicknesses.
This suggests that there are large waves on the film. However, in
the case of 3000 cS silicone, there are no waves on the film.

At the condition just before flooding initiation shown in Fig. 6,
the amplitudes of the waves of water and the 500 cS and 1000 cS
silicone films are slightly larger than those in Fig. 5 of no air flow
case, but the differences are no too much. Note that waves appear
even in the case of the 3000 cS silicone film, which proves that
the flooding is triggered by the interaction between the upward air
flow and the wave motion on the film.

3.3 Wave Velocity. If a laminar falling film with a smooth-

Fig. 4 Variation in film thickness „silicone 500 cS film…
flat surface on a vertical wall is assumed, the velocity profile in

Transactions of the ASME
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he film is derived from Newton’s law. This is the Nusselt falling
lm, the film thickness yiN of which is given in nondimensional
orm by Eq. �2�. The film velocity uiN at the surface yiN and the
ean film velocity umN, respectively, are expressed as follows:

uiN =
1

2

�g

�
yiN

2 �4�

umN = 2
3uiN �5�

hen small perturbation waves on the film surface are consid-
red, the velocity of the small perturbation waves uspw �17� is

uspw = 2uiN = 3umN �6�

ere, � is the viscosity of the film.
Considering the nondimensional form of the wave velocity uw,

uw
=uw / �g��1/3. Thus, the expression for the surface velocity of

he Nusselt film is

�Nuw
�iN = �1

2
��3

4
�2/3

Ref
2/3 �7�

nd the expression for the velocity of the small perturbation waves
n the Nusselt film is

Fig. 5 Film thickness „Ug=0…
Fig. 6 Film thickness „Ug: near onset of flooding…
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�Nuw
�spw = 2�Nuw

�iN �8�

The wave velocities obtained in the present experiments are
shown in nondimensional form in Fig. 7. The values calculated by
Eqs. �7� and �8� are included in the figure for comparison. The
data of Koizumi et al. �5,14� for the film on the outer wall of the
vertical pipes for water and R-113, the data of Takahama and Kato
�8� for the water film on the outer wall of a vertical pipe, and the
data of Takamasa et al. �11,12� for the water film on the inner wall
of a vertical pipe are also plotted in the figure.

When the film Reynolds number is low, Ref �600, the wave
velocities of either water or R-113 are well expressed by Eq. �8�
for the small perturbation waves on the smooth film �the Nusselt
film�. It is suggested that the waves are on the laminar falling film
of the smooth surface of the Nusselt film and behave like small
perturbation waves of sine-wave form.

When the film Reynolds number is large, i.e., Ref �600, the
wave velocity becomes slower than the Nusselt film surface ve-
locity. As discussed in Fig. 3, large waves existed on the substrate
of the film. The substrate is much thinner than the Nusselt film.
The film velocity at the substrate thickness is much slower than
the Nusselt film surface velocity. Thus, it is natural that the wave
velocity on the substrate is slower than the Nusselt film surface
velocity.

3.4 Wavelength. The wavelengths for water and silicone
measured in the present experiments are plotted with respect to
the film Reynolds number in Fig. 8. It is difficult to say that the
wavelength is a function only for the film Reynolds number.

Dimensional analysis revealed that the wavelength is expressed

Fig. 7 Wave velocity
Fig. 8 Wavelength

AUGUST 2009, Vol. 131 / 082901-5



b

a
m
l

i
a
a
p

a
m
t

0

y the following nondimensional parameters.
For nondimensional wavelength,

N	� =
	

h
�9�

For Froude number,

Fr =
uw

�gh
�10�

nd the film Reynolds number �given in Eq. �1��, where h is the
ean film thickness, uw is the wave velocity, and 	 is the wave-

ength. For the present experimental results,

N	� = 14.9 Fr1.29 Ref
−0.133 �11�

s obtained as the best fit form. The values predicted by Eq. �11�
re compared with the experimental results in Fig. 9, and good
greement is observed between the experimental results and the
redicted values.

3.5 Correlations of Wave Properties. When nondimensional
nalysis of the wave properties of the wave velocity uw and the
aximum film thickness hp is performed using the Buckingham 


heorem, five nondimensional parameters are derived.

a. Nondimensional velocity

Nuw
=

uw

��g�1/3 �12�

b. Nondimensional maximum film thickness

Nhp
= hp� g

�2�1/3

�13�

c. Nondimensional wavelength

N	 = 	� g

�2�1/3

�14�

d. Morton number

KF =
�3�4g

�3 �15�

e. Film Reynolds number �given in Eq. �1��, where � is the

Fig. 9 Correlation of wavelength
surface tension.

82901-6 / Vol. 131, AUGUST 2009
3.5.1 Comparison With the Nosoko Correlations. Nosoko et
al. �10� proposed the following correlations for the wave velocity
and the maximum film thickness based on the nondimensional
parameters:

Nuw
= 0.68KF

0.02N	
0.31 Ref

0.37 �16�

Nhp
= 0.26KF

0.044N	
0.39 Ref

0.46 �17�

The data of the present study are compared with the Nosoko
correlations, Eqs. �16� and �17�, in Figs. 10 and 11. For compari-
son, the data of Takahama and Kato �8� for a falling film on the
outer wall of a vertical pipe and the data of Koizumi et al. �5,14�
for falling films of water and R-113 on the outer wall of a vertical
pipe are also presented in the figures. Measured wavelengths were
used in the calculation of the correlations.

In Fig. 10, The Nosoko correlation predicted the wave velocity
slightly faster at the low film Ref region of the silicone films
�please refer to Fig. 7 for the film Ref.�. In the intermediate Ref
region, where the correlation was developed, good agreement is

Fig. 10 Nosoko correlation of wave velocity
Fig. 11 Nosoko correlation of maximum film thickness
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bserved between the prediction and obtained data. At high Ref,
pproximately Ref �600, the data plots start to deviate from the
osoko line. Koizumi et al. �5,14� reported that the film becomes
isturbed and takes on the appearance of a turbulent flow when
ef �600. This region is outside of the Nosoko experimental

ange.
The maximum film thickness is well predicted by the Nosoko

orrelation in Fig. 11 when Ref 600. Again, the data plots in the
gure begin to deviate from the Nosoko line when the film begins

o take on the characteristics of a turbulent flow at Ref �600.

3.5.2 Development of New Correlations. The Nosoko correla-
ions require knowledge of the wavelength. The correlations are
ot closed in this context. Actually, there is no way to predict the
ave velocity and the maximum film thickness using the Nosoko

orrelations. It is desirable that the wave velocity and the maxi-
um film thickness be evaluated only from the film flow rate and

he physical dimensions. Therefore, in the present study, new cor-
elations were derived. The proposed correlations require only the
lm flow rate that is given at the boundary, the physical dimen-
ions, and the physical parameters.

The wavelength correlation was developed in Sec. 3.4 using the
resent results, as shown in Fig. 9. An attempt was made to in-
orporate the wavelength correlation into the Nosoko correlations.
hen Eq. �11� was substituted into Eqs. �16� and �17�, some

catterings of the data plots were observed. Then, the constants
nd exponents were adjusted to provide better results. The final
orms were obtained as follows:

Nuw
= 0.88KF

0.008 Fr0.977 Ref
0.214 �18�

Nhp
= 1.09KF

0.021 Fr0.316 Ref
0.424 �19�

Figures 12 and 13 provide a comparison of Eqs. �18� and �19�
ith experimental values. In these figures, the data of Takahama

nd Kato �8� for water films, the data of Nosoko et al. �10� for
ater films, the data of Takamasa et al. �11,12� for a water film,

nd the data of Koizumi et al. �5,14� for water and R-113 films are
lso shown. The correlations could predict the experimental val-
es to an accuracy of within 20%.
In Sec. 3.5.1, it was mentioned that the films of Figs. 10 and 11

end to show different behaviors when the film Reynolds number
ef exceeded 600. Thus, it is physically better to develop corre-

ations for each region separately. Therefore, the following corre-
ations were derived for each region:

Nu = 0.86KF
0.013 Fr0.582 Ref

0.429 �Ref � 600� �20�

Fig. 12 New correlation of wave velocity
w

ournal of Heat Transfer
Nhp
= 1.11KF

0.019 Fr0.693 Ref
0.229 �Ref � 600� �21�

Nuw
= 3.97KF

0.008 Fr0.348 Ref
0.255 �Ref � 600� �22�

Nhp
= 0.18KF

0.031 Fr1.15 Ref
0.381 �Ref � 600� �23�

The values predicted by these correlations are compared with
measured values in Figs. 14–17. The results are slightly better
than Eqs. �18� and �19�. Note that the data of Takamasa et al.
�11,12� show a different trend from the other data. The reason for

Fig. 13 New correlation of maximum film thickness

Fig. 14 New correlation of wave velocity „Ref�600…

Fig. 15 New correlation of maximum film thickness

„Ref�600…
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his is not clear. They adopted the laser focus displacement
ethod to obtain the wave characteristics. In this method, most of

he waves, including small ripples on the surface, were detected.
n other studies, the wave characteristics were mainly obtained
isually. Naturally, the small ripples were excluded in the visual
ata acquisition process. This may be the reason for the discrep-
ncy in the figures. Finally, note that large waves are important
hen phenomena such as the critical heat flux are considered.

Conclusions
The behavior of the liquid film flowing down along the inner

urface of a vertical pipe of 30 mm inner diameter �ID� was ex-
mined. In the experiments of the present study, highly viscous
uids of silicone oils of 500 cS, 1000 cS, and 3000 cS, as well as
ater, were used as the liquid phase. The gas phase was air. The

ollowing conclusions were obtained.

1. The substrate thickness of the silicone film, where the film
Reynolds number was quite low, was close to the mean film
thickness, while the water film substrate was much thinner

Fig. 16 New correlation of wave velocity „Ref>600…

ig. 17 New correlation of maximum film thickness

Ref>600…

82901-8 / Vol. 131, AUGUST 2009
than the mean film thickness. The wave surface on the sili-
cone film was smooth. However, there were several small
ripples on the wave surface of the water film.

2. The mean film thicknesses of the silicone films, as well as
the water film, were well expressed by applying the univer-
sal velocity profile to the film flow. Waves of a certain height
were confirmed to exist, even on the silicone films, where
the film Reynolds number was quite low near the flooding
occurrence.

3. When the film Reynolds number was lower than 600, the
wave velocity was well predicted as the velocity of small
perturbation waves on the laminar film. As the film Rey-
nolds number became large, the wave velocity became
slower than the small perturbation wave velocity.

4. Nosoko correlations for the wave velocity and the maximum
film thickness were compared with the present experimental
results. The correlations provided reasonable prediction for
the present experimental results, although some deviations
were observed. However, the correlations require knowledge
of the wavelength and are not closed.

5. The correlation for the wavelength was developed based on
the present experimental results. Combining this correlation
with the Nosoko correlations and modifying the constants
and exponents of the parameters in the equations, new cor-
relations for the wave velocity and maximum film thickness
were proposed. The correlations could be used to predict the
wave velocity and maximum film thickness to an accuracy
of within 15%.

Nomenclature
Fr � Froude number=uw /�gh
g � gravitational acceleration �m /s2�
h � mean film thickness �m�

hp � maximum film thickness �m�
KF � Morton number=�3�4g /�3

Nhp � nondimensional maximum film
thickness=hp�g /�2�1/3

Nuw � nondimensional wave velocity=uw / ��g�1/3

N	 � nondimensional wavelength=	�g /�2�1/3

N	� � nondimensional wavelength=	 /h
Ref � film Reynolds number=4� /�

y � distance from wall surface �m�
yi

� � nondimensional film thickness=yi�g /�2�1/3

y+
� nondimensional distance= �y /����w /�

Ug � upward superficial air velocity �m/s�
u � velocity �m/s�

Greek Symbols
� � film flow rate per unit width �kg/ms�
	 � wavelength �m�
� � liquid viscosity �Pa s�
� � kinematic viscosity �m2 /s�
� � liquid density �kg /m3�
� � surface tension �N/m�

�w � wall shear stress �N /m2�

Subscripts
i � falling-film surface

m � mean value
N � Nusselt film

spw � small perturbation wave
w � wave

Appendix: Silicone Flow Rate Measurement
The pressure drop �P of the flow in a circular pipe of length L
is expressed as follows:
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�P =
1

2
	

L

D
�u2 �A1�

here D is the pipe inside diameter and u is the average velocity
n the pipe. Greek symbols 	 and � are the friction factor defined
ased on the pipe inside diameter and the fluid density, respec-
ively. When the flow is laminar, the friction factor is

	 =
64

Re
�A2�

ere, Re is the Reynolds number that is expressed as

Re =
uD

�
�A3�

here � is the kinematic viscosity.
Combining Eqs. �A1�–�A3�, the following equation is obtained:

u =
1

32

D2

��L2�P �A4�

hen, the volumetric flow rate V in the pipe is based on the ve-
ocity u in the pipe

V =



4
D2u �A5�

t was also confirmed that when silicone oil was used as the test
uid in the present experiments, the flow in the flow rate measure-
ent pipe was laminar.
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