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Abstract

We visualize unsteady temperature fields in the grooved channel with curved vanes using holographic interfero-

metry. The heat transfer performance of the investigated channel is compared with that of the basic grooved channel.

The addition of curved vanes above the downstream end of the heated block redirects the flow from the main channel

into the groove. Heat transfer shows an increase by a factor of 1.5–3.5, when compared to the basic grooved chan-

nel, mainly due to increased flow velocities in the groove region. Flow transition from steady to oscillatory occurs

around Re ¼ 450 and flow oscillations contribute to heat transfer enhancement. The pressure drop is 3–5 times higher

than in the basic grooved channel. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

A great deal of research has been done to understand

the subject of fluid flow and heat transfer in grooved

channels and related geometries, such as backward fac-

ing steps, channel expansions and cavities. Grooved

channels are frequently encountered in a whole range of

practical applications, including heat transfer surfaces of

heat exchangers, cooling of electronic equipment and

nuclear reactor cores, as well as biomedical and aero-

space applications. However, numerous questions, es-

pecially those regarding unsteady behavior and heat

transfer enhancement, still remain open. Previous stud-

ies of heat transfer in the grooved channel relevant for

the present study were reviewed by Herman and Kang

[11,13].

In a grooved channel the flow and thermal boundary

layers successively develop along the heated surfaces of

blocks protruding periodically into the main channel

flow (Fig. 1(b)). The flow separates at the trailing edge

of each block and then redevelops at the leading edge

of the downstream block. It is well known that such

periodic redevelopment of the thermal boundary layer

is accompanied by high heat transfer coefficients [21].

However, at the same time warm fluid is trapped in the

slow recirculating flow in the groove, where diffusion is

the dominant heat transfer mechanism through the free

shear layer spanning the groove [1,5–7,17]. Previous

studies have shown that heat transfer along a groove-

channel periodicity can be low due to this inefficient

groove region [4,11,15,21]. Since the walls forming the

groove represent a considerable portion of the total

wetted area of the heated block or surface, their con-

tribution to the overall heat transfer performance of the

system is significant. Therefore, finding means of im-

proving heat transfer from these walls is important when

attempting to enhance heat transfer in grooved chan-

nels. Various heat transfer enhancement schemes, both

active and passive, have been proposed in the literature

[21].

The results reported in the paper are a part of a more

comprehensive study of heat transfer and heat trans-

fer enhancement in grooved channels. Heat transfer

in the reference geometry, the asymmetrically heated

parallel plate channel was compared with that in the

basic grooved channel (BGC: heated blocks attached to

one wall of the parallel plate or rectangular channel,

[11]) and two enhanced configurations, the grooved

channel with cylindrical eddy promoters [13] and vanes

(displayed in Fig. 1(a) and reported in the present

paper). The investigated approaches to heat transfer
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enhancement focused on the modification of the surface

topography of the BGC, with the aim to trigger the early

onset (at a lower Reynolds number) and amplify the

amplitude of flow oscillations (in the BGC and the

grooved channel with cylinders, GCC) as well as to re-

direct the flow into regions characterized by low heat

transfer (grooved channel with vanes, GCV). The en-

hancement method considered in the present study falls

into the class of passive methods favored in practical

applications because of their simplicity, reliability and

relatively low cost.

2. Background

During the past two decades, considerable attention

has been devoted to the investigation of the role of flow

destabilization in heat transfer enhancement. Resonant

heat transfer enhancement was first introduced as ac-

tive flow modulation in [1,5–7,17], and was shown to

be effective in satisfying both heat transfer and pres-

sure drop requirements. Studies show [1,2,10–12,15] that

special periodic surface topographies, such as grooved,

communicating or wavy channels, support passive flow

modulation. The self-sustained oscillations that develop

in these geometries lead to heat transfer enhancement

without the need to apply active forcing. The magnitude

of enhancement reported in these studies varied in a

wide range, primarily depending on surface topography

and boundary conditions.

Herman [10] and Herman and Kang [12] identified

six characteristic regions in the grooved channel of in-

terest in heat transfer enhancement studies. They are

illustrated in Fig. 1(b), with the contours of the regions

superimposed to the temperature fields visualized in

the BGC and displayed as interference patterns (fringes

correspond to isotherms). Herman and Kang [11,13]

focused on resonant heat transfer enhancement in their

analysis of the BGC and the GCC. The self-sustained

oscillations improved heat transfer in regions II and

III of the BGC. Above the Reynolds number charac-

teristic for the onset of self-sustained oscillations, Rec
(BGC: Rec ¼ 1050 to 1300), heat transfer in the BGC

was higher than in the reference geometry, the asym-

metrically heated parallel plate channel. Considerable

enhancement was accomplished in the GCC in the ac-

celerating flow in region IV. The flow acceleration was

accomplished by the addition of cylinders above the

downstream edge of the heated blocks. Heat transfer

in the GCC showed an increase by a factor of 1.2–1.8

when compared to the BGC. However, self-sustained

oscillations did not lead to heat transfer enhancement in

Nomenclature

b parameter for holographic interferometry

A surface area, m2

cp specific heat at constant pressure, J/kg K

Cf friction coefficient, Cf � sw=12qu
2
m

Dh hydraulic diameter, Dh � 4WH=2ðW þ HÞ ¼
0:0444 m

f friction factor

h heat transfer coefficient, W=ðm2 KÞ
H full channel height, 0.025 m

k thermal conductivity, W/(m K)

L periodicity length, 0.050 m

l direction of the surface normal

_mm mass flow rate, kg/s

n refractive index

Nu Nusselt number

p pressure, Pa

Po Poiseuille number, Po � CfRe
q heat transfer rate, W

q00 heat flux, W=m2

Re Reynolds number for the grooved channel,

Re � ðumDhÞ=m
S fringe order

T temperature, �C
u velocity, m/s

W spanwise dimension of the channel, 0.2 m

x axial coordinate direction, m

X total length in streamwise direction, m

y heightwise coordinate, m

z spanwise coordinate, m

Greek symbols

D difference

k wavelength of laser light, m

n streamwise coordinate, m

m kinematic viscosity, m2=s
q fluid density, kg=m3

sw wall shear stress, N=m2

Subscripts

b refers to block, local value

ba refers to block-average

eff effective value

in refers to inlet

l laminar

m mean value

out refers to outlet

t turbulent

ts refers to test section

1 refers to reference state
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region V, and the enhancement accomplished in region

II was only moderate. These regions are targeted in the

present study.

Heat transfer enhancement strategies for the grooved

channel were compared in terms of overall heat transfer

and pressure drop performance by Herman and Kang

[12]. Previous papers [11,13] as well as the present study

focus on the physical details responsible for the en-

hancement, and report local temperature distributions

and heat transfer rates in addition to the inlet–outlet

performance criteria, as discussed in [12]. The motiva-

tion for introducing curved vanes above the downstream

edge of the heated block was to increase heat transfer

along the downstream portion of the horizontal heated

wall (region IV) as well as from the upstream (region II)

and downstream (region V) vertical walls of the heated

block. The vane accelerates the flow and deflects it into

the groove, as illustrated in Fig. 1(a).

Vanes are commonly used to control the flow in

pumps and turbines [18]. In pipes and ducts, in appli-

cations similar to the present study, they reduce flow

separation and the associated flow losses. In grooved

channels flow deflection allows a more aggressive re-

moval of the hot fluid from the groove region. Anderson

and Moffat [3] used curved vanes (which they called

‘‘scoops’’) to improve the cooling of discrete electronic

components through increased thermal mixing in the

coolant flow. In order to reduce air temperatures near

electronic components, they installed small ‘‘scoops’’ on

the bottom of the groove, in the regions of high tem-

perature and low velocity. The ‘‘scoops’’ were oriented

such to direct the flow out of the groove (as opposed to

deflecting it into the groove, as in our study) with the

aim to enhance mixing and reduce temperature non-

uniformity. Anderson and Moffat [3] found that their

approach induces smaller pressure drop than conven-

tional turbulators for a given decrease of the operating

temperature.

Our earlier studies of complex, self-sustained oscil-

latory flows in grooved and communicating channels

Fig. 1. (a) Schematic of the investigated channel geometry. (b) Visualization of temperature fields in the BGC through the inter-

ferometric fringe pattern recorded at Re ¼ 530 with the six regions of interest for the characterization of heat transfer. (c) Fringes in the

GCV at Re ¼ 530 numbered as required in the reconstruction of temperature distributions from the interferometric fringe pattern.
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[2,10–12] demonstrated that holographic interferometry

(HI) is a tool suitable for the study of high-speed con-

vective heat transfer processes in transparent fluids.

In the present study we visualize unsteady temperature

fields in the grooved channel with curved vanes, GCV,

using real-time HI combined with high-speed cine-

matography to measure temperature distributions and

local heat transfer. At the same time we use temperature

as tracer to evaluate the complex flow structures [9].

We describe the experimental hardware and the mea-

surement technique in Section 4. Visualized and recon-

structed temperature fields are discussed in Sections

5.1 and 5.2. Local heat transfer data for the GCV are

compared with those for the BGC, and overall heat

transfer and pressure drop data are presented in Sections

5.3 and 5.4, respectively.

3. Channel geometry and physical situation

The investigated channel geometry and the physical

situation are presented schematically in Fig. 1(a). The

geometry of the basic grooved channel (without the

curved vanes), described in more detail by Herman and

Kang [11], was guided by the geometry analyzed by

Ghaddar et al. [5,6] and Patera and Mikic [17]. Key

physical dimensions are indicated in Fig. 1(a). The

curved vanes were manufactured by cutting a 13.5 mm

diameter garolite tube into quarters. The vertical offset

of the leading edge of the vane with respect to the hor-

izontal block surface is vv ¼ 5:2 mm and the horizontal

offset of the trailing edge of the vane with respect to the

vertical wall of the heated block is hv ¼ 3:3 mm (Fig.

1(a)). A jet-like flow, with a discharge-to-inlet ratio of

approximately 0.6, is formed between the heated block

and the vane. The addition of the vane causes acceler-

ation of the flow trapped by the vane and discharging

into the groove.

4. Method of study

4.1. Experimental setup

Visualization experiments using HI were carried out

in a wind tunnel that uses air as the working fluid. The

design of the wind tunnel was discussed in more detail

by Herman and Kang [11,12], and its photograph is

displayed in Fig. 2(a). The wind tunnel, positioned

horizontally, consists of the intake and exit nozzles and

the three tunnel sections visible in Fig. 2(a). The 549 mm

long upstream section, which is identical to the down-

stream section, allows a well-defined, reproducible ve-

locity profile (in form very close to the fully developed

profile) to develop by the time the flow reaches the test

section. The downstream section prevents the influence

of exit effects on the flow distribution in the test section.

The exit nozzle, attached to the downstream section,

converges to a hose with an inner diameter of 32 mm,

which is connected to a rotameter and a draw-through

blower. A control valve together with a bypass valve

allow the experimenter to adjust the flow rate.

The test section is 508 mm long, H ¼ 25 mm high and

W ¼ 200 mm wide. Ten equally spaced, electrically he-

ated copper blocks are mounted on its bottom wall. The

spanwise dimension of the test channel, W ¼ 200 mm,

was selected to yield approximately two-dimensional

flow and temperature fields in the Cartesian coordinate

system, which is a requirement for accurate measure-

ments and relatively easy reconstruction of tempera-

ture profiles from fringe patterns obtained by HI. The

spanwise dimension W also determines the number of

fringes developing between the heated block and the

adiabatic wall for a prescribed temperature difference

between the two.

The transparent acrylic side walls of the experimental

channel are inserted into grooves milled into the top and

bottom walls. A glass window is glued into each side wall

in the region of the ninth heated block, as required for

interferometric measurements. Eight of the ten vanes are

supported by the acrylic side walls. The vanes above

the eighth and ninth blocks (in the visualization re-

gion) were each supported by four stiff, 0.6 mm diameter

pins. Noise generation and vibration effects are always of

concern in practical applications of oscillating flows.

Since the vane configuration considered in the paper

resembles louvered-fin geometries used to improve heat

transfer in heat exchangers, the issues and solutions to

noise and vibration problems in practical implementa-

tions of the investigated configuration are similar to

those for the well-established louvered fins. Optimization

of the vane geometry using numerical tools also offers

the possibility to minimize noise and vibration effects.

The structure of the electrically heated copper blocks

was described in previous publications of the authors

[11], and only key information is provided here because

of space limitations. Each block is a ¼ 9 mm high,

lb ¼ 32 mm long (in the streamwise direction) and W ¼
200 mm wide. Nine of the ten blocks are equipped with

two T-type thermocouples (one close to the upstream

edge and the other close to the downstream edge)

mounted immediately underneath the block surface to

measure surface temperatures. The ninth block, the

one visible in the interferometric image, holds six ther-

mocouples (immediately underneath the surface) that

provide accurate reference temperature data for inter-

ferometric measurements. A resistive electric heater foil

(R ¼ 33:7 X) is bonded with adhesive into the 2.5 mm

deep groove milled into the bottom surface of the block.

Since the groove is deeper than the foil thickness, a layer

of air separates the heater foil from the bottom wall of

the test section. The heated block is in direct thermal
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contact with the bottom plane wall only through the

narrow area around the groove, to minimize conductive

losses. Constant power, 4.1–5.4 W/block, is delivered

to the heater foil by an AC power supply. Average

block temperatures varied between 30 and 75 �C in our

experiments.

4.2. Boundary conditions

The top wall of the test section is manufactured of

acrylic and the bottom wall of garolite (withstands

higher temperatures), which are both low thermal con-

ductivity materials. Such selection of test section mate-

rials leads to approximately adiabatic thermal boundary

conditions on these walls. Losses through the side walls

were neglected. The thermal boundary condition on the

heated blocks is characterized by constant heat flux.

Actual local heat flux values along the surface of the

heated block were measured by HI (Sections 5.2 and 5.3).

Thermal losses in the test section were both measured

and estimated using a numerical model [11–13], and they

served as reference data. The effect of conduction losses

Fig. 2. (a) Photograph of the wind tunnel and the optical equipment assembled on the optical table. (b) Schematic of the optical

arrangement for holographic interferometry.
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from the heated blocks to the bottom wall was estimated

from the energy balance on the test section. The overall

heat transfer rate from all 10 blocks to the air by con-

vection, q, was found as

q ¼ _mmcpðTout � TinÞ: ð1Þ

The outlet and inlet temperatures, Tout and Tin in Eq. (1),

were measured by thermocouples, and the mass flow

rate, _mm, by rotameters. The energy delivered to the he-

ated blocks was monitored by measuring the potential

difference developing across the resistive heaters. More

details regarding the verification of the thermal bound-

ary conditions are available in [11–13].

Above a critical Reynolds number and at a sufficient

downstream distance, a periodic fully developed flow

regime is established in the test section, as shown by

Amon and coworkers [2,4,17]. This regime is the focus

of our visualization experiments, since the instantaneous

velocity and scaled temperature fields repeat periodi-

cally in space. We consider one channel geometric peri-

odicity length L, that consists of a one groove and block

unit (Fig. 1(a)), located in the region of the ninth heated

block.

4.3. Instrumentation

The temperatures of the channel ceiling and heated

blocks are monitored by T-type thermocouples. Sample

thermocouples were tested, and uncertainties in tem-

perature measurements were determined to be 	0.3 �C.
Inlet and outlet temperatures of the coolant are mea-

sured using batteries of six T-type thermocouples to

increase measurement accuracy.

Pressure taps at the inlet and outlet of the test section,

linked to a Hook Gage type manometer (uncertainties:

	0.06 Pa), are used for pressure drop measurements. A

second Hook Gage manometer and a pressure trans-

ducer were available to verify pressure drop data. Two

rotameters are used to measure volume flow rates in the

low (Re ¼ 200 to 2110) and high (Re ¼ 2110 to 6580)

Reynolds numbers regimes. The Reynolds number defi-

nition, Re � umDh=m, is based on the hydraulic diameter

Dh (defined for the cross-section H 
 W ), and the mean

velocity, um. The mean air flow velocity um is specified

over the free channel cross-section H 
 W . Based on

manufacturer specifications for rotameter uncertainty,

the uncertainties in the measured Reynolds numbers are

3.1% at Re ¼ 2110 and 2.0% at Re ¼ 6580 for the low-

and high-range rotameters, respectively. The reader is

referred to previous publications [11–13] for more details

regarding the instrumentation.

4.4. Experimental method

Real-time HI was used to visualize the unsteady

temperature fields in the GCV in the form of isotherms.

Interferometric fringe patterns were recorded by a ro-

tating prism high-speed film camera at rates between

1000 and 2000 picture frames per second. The optical

arrangement used in the interferometric measurements is

shown schematically in Fig. 2(b). The light source is a

0.8 W Argon–Ion laser. The laser beam is divided into

the reference beam (RB) and the object beam (OB) by

means of a beam splitter (BS). Both beams are then

expanded into parallel light bundles by the beam ex-

panders (BE). The object beam passes through the test

section (TS) with the phase object (generating the re-

fractive index field to be related to temperature in the

reconstruction phase, Section 5.2), and then falls on the

holographic plate HP. The reference beam falls directly

onto the holographic plate.

Visualization is carried out in two steps. The refer-

ence state (usually with the fluid in the measurement

volume at ambient temperature T ðx; yÞ ¼ T1 with the

corresponding refractive index n1) is recorded first.

Next, the holographic plate is processed, and then ac-

curately repositioned into the precision plate holder. In

the second step, the reference state of the investigated

object is reconstructed by illuminating the holographic

plate with the reference beam. At the same time, the

investigated physical process is activated, i.e., heating of

the blocks in the test section commences. The heating

changes the refractive index of the fluid in the test sec-

tion (n 6¼ n1), and, consequently the object wave expe-

riences a phase change on its way through the test

section. The difference between the reference state re-

corded earlier and the current state of the fluid in the

measurement volume, manifested as a phase shift in

the OB, is visualized in the form of an interference

fringe pattern (Figs. 1(b) and (c)). Interferometric im-

ages shown in this paper were all recorded using the

infinite fringe field alignment [8,9].

In the reconstruction process interferometric images

were scanned, digitized with resolutions of 600 pixels

250 pixels, and evaluated quantitatively using digital

image processing tools [13]. Since the spatial resolution

of the film material is very high, the scanning resolution

can be increased easily, if required. Locations of inter-

ferometric fringes (light intensity minima and maxima in

the fringe pattern) were measured at consecutive cross-

sections in the ninth block-groove region. The orienta-

tion of the fringes in the groove can be both horizontal

and vertical, and this requires the measurement of both

horizontal and vertical cross-sections to accurately de-

tect fringe locations. One vertical cross-section in the

region of the groove is illustrated in Fig. 1(c). Each

fringe is assigned a number S ¼ Sðx; yÞ, called the fringe

order (Fig. 1(c)). The number S ¼ 0 is assigned to the

bright fringe at the reference temperature Tb (measured

by the thermocouples immediately beneath the surface

in the middle of the block, Section 4.1). The fringe la-

beled ‘‘0’’ is visible in region II, it bends around the
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block and follows the horizontal surface (region I) to

blend into the block near its middle, where Tb is mea-

sured. The bright fringes are numbered S ¼ 1; 2; 3 . . . ;
whereas the dark fringes are assigned the orders

S ¼ 0:5; 1:5; 2:5; . . . ; as illustrated in Fig. 1(c). Increas-

ing fringe orders correspond to decreasing tempera-

tures. The equation of ideal interferometry, Sðx; yÞ � k ¼
½nðx; yÞ � n1� � W describes the phase shift of laser light

of wavelength k (514.5 nm) along the optical path of

length W caused by the change of the refractive index

from n1 (for ambient conditions at the time of holo-

graphic exposure) to nðx; yÞ (during the measurement).

The temperature distribution is recovered as

T ðx; yÞ ¼ Tb
1þ bðT1ÞSðx; yÞ with

bðT1Þ � k
W ðn1 � 1Þ : ð2Þ

The parameter b accounts for the complex influence of

fluid pressure, temperature and fluid properties at ref-

erence conditions as well as the properties of the light

source as discussed in [8,20].

Additional temperatures, indicated by thermocouples

flush-mounted in the ceiling of the test section, com-

plement the block thermocouple data, and they allow

the estimation of the uncertainties of temperature mea-

surements by HI. The temperature measurement un-

certainty in the investigated channel is estimated to be

around 3%, mainly caused by uncertainties in the ref-

erence temperature measurement with a modest contri-

bution due to the reconstruction method. More details

regarding the uncertainties of temperature measure-

ments in the grooved channel are available in previous

publications of the authors [11–13]. General informa-

tion regarding HI [8,20] and specific information on the

optical setup used in our experiments is also available

in the literature [8,9].

5. Results and discussion

5.1. Visualized temperature fields

Temperature fields were visualized for Reynolds

numbers in the range Re ¼ 200 to 2370. Instantaneous

temperature fields in the BGC and the GCV, visualized

by HI in the form of fringe patterns at Re ¼ 530, 1580

and 2370, are displayed in Fig. 3. The temperature dif-

ference for a pair of fringes is approximately 2.8 K.

We found that the transition from steady to oscil-

latory flow occurs around Rec ¼ 450 in the GCV,

contrasted to Rec ¼ 1050 to 1300 for the BGC. The

oscillations in the GCV are accompanied by traveling

waves in the main channel flow at low to intermediate

Reynolds numbers (Fig. 4(e)); the waves cannot be dis-

cerned at higher Re (Fig. 3(c)). The traveling waves are

more pronounced in the GCV than in the BGC [11]; they

are illustrated for Re ¼ 530 in Fig. 4(e) and contrasted

to the steady state situation in the BGC at the same

Reynolds number in Fig. 4(d). It has been shown that

the wave structures in the BGC are characteristic of the

Tollmien–Schlichting waves, which are activated by the

Kelvin–Helmholtz instabilities of the free shear layer

spanning the groove [2,5,6,11]. The flow oscillations in

the GCV are mainly caused by flow separation from the

tips of the vanes. The traveling waves in the main

channel cause a periodic local compression and expan-

sion of the thermal boundary layer on the top surface of

the heated block (regions I, III and IV in the BGC and

regions I and III in the GCV) that we call the ‘‘mas-

saging’’ effect. The subtle local variations of the tem-

perature gradient induced by the waves contribute

somewhat to the heat transfer enhancement in the GCV,

and were found to be the key mechanism of enhance-

ment in the BGC [11]. Oscillations contributing to heat

transfer enhancement were also detected in region II in

the BGC. Such oscillations do not develop in the in-

vestigated geometry, the GCV.

Although the flow situation changes with increasing

Re, certain characteristic phenomena are present in all

images in Fig. 3, and these are discussed first. The key

feature observed in the fringe patterns in the BGC (top

image of the pairs in Fig. 3) is the redevelopment of the

thermal boundary layer in regions I–III. It is accompa-

nied by high fringe density (Figs. 1(b) and 3), which

indicates high temperature gradients and heat trans-

fer rates. This redevelopment of the thermal boundary

layer is observed at all Reynolds numbers. As expected,

the thermal boundary layer thickness decreases, i.e., the

fringe density and the heat transfer rate increase, with

increasing Re. As the flow moves along the top surface

of the heated block from region I to III and IV, the

thermal boundary layer thickness increases in the BGC,

which leads to decreasing heat transfer rates. Fringes

emerging from the horizontal surface of the heated

block in both channel geometries indicate nonuniform

(increasing) temperatures along the block surface, which

is consistent with the constant heat flux boundary con-

dition. The fringe density in the BGC is low on the

vertical walls of the block in regions II and V. The wide

isotherms in the groove in regions V and VI form as the

result of the slow, recirculating flow in the groove and

they show little dependence on Re. The images in Fig. 3

indicate that HI is suitable for visualization of flow

structures (by means of isotherms) in the main channel

[9], as the scaled velocity and temperature profiles are

similar in regions I, III and IV. However, due to loss of

similarity, isotherms do not reflect the flow structure in

the recirculation regions (region VI in the BGC and

region I in the GCV) as the temperature profile shows a

monotous decrease from groove wall temperature to test
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section ceiling temperature, whereas the shape of the

velocity profile is much more complex and can include a

change of sign in case of flow reversal.

To remedy the problem of poor heat transfer from

the vertical walls of groove (regions II and especially V),

curved vanes were mounted above the trailing edge

(region IV) of the block (Fig. 1(a), Section 3). As a

result, we observe a dramatic compression of isotherms

in regions IV, V and VI (Figs. 4(a) and (b)) in the GCV

when compared to the BGC. The shape of the isotherms

in region II changes too (Fig. 3(a)), due to the change of

the flow structure in the groove region (recirculating

flow in the BGC versus the jet-like flow formed between

the vane and the heated block in the GCV). Conversely

to the BGC, the temperature gradients in regions II, V

and VI in the GCV exhibit a strong dependence on Re

(Fig. 3). Increased fringe density, leading to increased

temperature gradients, is also visible in region IV,

caused by the flow accelerating under the vane (Fig. 3).

This enhancement is also present at higher Reynolds

numbers. Another apparent difference between the two

channels is observed in region I (Fig. 4(c)), where the

thickness of the thermal boundary layer increases in the

GCV (in particular at higher Re), a feature that suggests

the presence of a separation bubble (barely visible at

Re ¼ 530, Fig. 3(a), and prominent at Re ¼ 1580, Fig.

3(b), as well as at Re ¼ 2370 in Figs. 3(c) and 4(c)). The

jet from underneath the vane discharges onto the leading

vertical wall of the heated block and the resulting

boundary layer formed in region II is unable to remain

Fig. 3. Visualized temperature fields in the form of interferometric images for the BGC and the GCV at (a) Re ¼ 530, (b) 1580 and (c)

2370.
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attached on the block surface as the air flows around

the sharp corner of the block. Separation along blunt

objects, such as in region I indicated by the encir-

cled portion in Fig. 4(c) (top) and the magnification in

Fig. 4(c) (bottom), is manifested as the local widening of

the thermal boundary layer (that can be visualized in the

interferometric image) in the region of flow separation

(recirculation bubble). This widening is caused by the

lowering of temperature gradients in the fluid in the

vicinity of the surface caused by the lower flow veloci-

ties. This widening of the isotherms in the developing

boundary layer was shown to be indicative of flow

Fig. 4. Characteristic features of the interferometric images in the GCV: (a) waves propagating in the main channel; (b) high tem-

perature gradients in the groove region; (c) flow separation at the leading edge of the block; (d) steady flow in the BGC with low

isotherm density along the vertical walls contrasted to the (e) time evolution of unsteady temperature fields in the GCV for Re ¼ 530.
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separation in other forced convection situations as well

[9]. The shape of the isotherms indicates that in the in-

vestigated channel geometry, the GCV, the temperature

gradients are high and of similar magnitude along the

entire wetted surface of the heated block – with excep-

tion of region I – and their magnitude exhibits only

a weak time dependence. Therefore, the mixing of the

warm groove fluid with the bulk flow is essentially con-

tinuous GCV as opposed to periodic and strongly in-

fluenced by the self-sustained oscillations in the BGC. In

the BGC the high isotherm density is mainly limited to

regions I and III.

5.2. Reconstructed temperature fields

With HI it is possible to quantitatively reconstruct the

two-dimensional temperature fields from the instan-

taneous isotherm distributions captured on film during

experimentation (Figs. 3 and 4) using the approach

described in Section 4.4. Reconstructed temperature

fields in the BGC and GCV for Re ¼ 530 and 1580 are

shown in Fig. 5. The temperature fields for the BGC

quantitatively mirror the behavior patterns described

when discussing the fringe pattern (Section 5.1), such as

the redevelopment of the thermal boundary layer as

well as increasing thermal boundary layer thickness and

block surface temperature with increasing streamwise

distance from the leading edge of the block (Figs. 5(a)

and (c)).

The addition of the curved vanes causes a number

of changes in the temperature fields (Figs. 5(b) and (d)).

The difference is most pronounced in regions II and V,

where the temperature gradients increase considerably.

As a consequence, the temperature in region VI is lower

in the GCV than in the BCG for a particular Re. The

thermal boundary layers are thinner in the GCV (espe-

cially in region IV), with the exception of region I (where

the recirculation bubble forms at higher Re, Fig. 4(c)).

For the same Re, the region of the main channel flow

with lower fluid temperatures is wider in the GCV than

in the BGC.

Reconstructed temperature profiles at characteristic

cross-sections along the surface of the heated block in

the BGC and the GCV are shown in Fig. 6 for Re ¼ 530.

The temperature profiles in Fig. 6(a) are representative

of vertical cross-sections in the main channel (regions I,

III, and IV). Temperature gradients in region I (Fig.

6(a)) are larger in the BGC than in the GCV, indicative

of higher heat transfer rates from the block surface to

the bulk flow in the redeveloping thermal boundary

layer. Another indication of boundary layer devel-

opment in the BGC is the decreasing slope of the tem-

perature profiles accompanied by increasing surface

temperature with increasing downstream distance (re-

gions I, III and IV). The lower temperature gradient at

the leading edge of the block (region I) in the GCV is

a consequence of low flow velocities in the recirculating

flow in the separation bubble.

In Fig. 6(b), temperature profiles measured at three

horizontal cross-sections along the upstream vertical

wall (regions II and V of the upstream groove) are

plotted. The temperature profiles were obtained for

the entire length of the upstream groove. The shapes of

the profiles exhibit similarities for the two geometries,

characterized by higher temperature gradients at both

walls and a relatively flat minimum in the middle of the

Fig. 5. Temperature fields reconstructed from the interferometric images displayed in Fig. 3 at Re ¼ 530 (a) in the BGC and (b) GCV

as well as at Re ¼ 1580 (c) in the BGC and (d) GCV.
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groove. The lower temperature region in the middle of

the groove is wider and flatter in the GCV. Temperature

gradients are higher at the portion of the wall close to

the main channel in both channel geometries. At the

same cross-section and Re, the temperature gradients at

the walls are higher for the GCV, due to the higher flow

velocities in the portion of the flow redirected into the

groove by the vane, which then forms a boundary layer

along region II. The temperature gradients in the BGC

are higher in region II than in region V, due to the

vertical velocity components caused by the flow oscil-

lations in the upper portion of region II [11].

In Fig. 6(c) temperature profiles measured at three

horizontal cross-sections along the downstream vertical

wall, in region V, are displayed. Because of the limita-

tions of viewing region in the interferometric visualiza-

tion experiments, temperature profiles were obtained for

a portion of the downstream groove only. The shapes of

Fig. 6. Reconstructed temperature profiles at representative cross-sections for Re ¼ 530 in the BGC (left) and GCV (right) along the

(a) top horizontal surface, (b) upstream and (c) downstream vertical wall of the ninth heated block.
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the profiles and the results are similar to those discussed

for Fig. 6(b), region V. The average temperature level

in the downstream groove is higher in both channels

because of the temperature rise in the fluid along block

nine.

From the temperature data recovered from inter-

ferometric fringe patterns, temperature gradients along

the surfaces of the heated block and local heat fluxes are

determined. These heat fluxes serve as base for the local

heat transfer analysis, rather than the heat flux data

derived from the electric power measurements (corrected

by estimating the thermal losses in the test section) that

serve as reference values only.

5.3. Heat transfer

The heat transfer characteristics of the GCV were

quantified and compared with those of the BGC and the

asymmetrically heated parallel plate channel, by con-

sidering the Nusselt number behavior. The block-aver-

age heat transfer coefficient, hba, was determined first as

hba �
qba

AbðTba � TmÞ
ð3Þ

and it is based on the heat flux q00ba ¼ qba=Ab from the

wetted surface area of the heated block to the cooling

air. Ab is comprised of the upper horizontal surface and

the vertical side walls. In the experiments discussed in

the paper, the heat fluxes from the block to the cool-

ing air were q00ba ¼ 170 and 194 W=m2 for the BGC and

the GCV at Re ¼ 530, respectively, and at Re ¼ 1580

they were q00ba ¼ 241 and 335 W=m2. The block-average

temperature Tba is determined as the average of the up-

stream and downstream block thermocouple readings,

and it is a time-averaged value. The bulk air temperature

above each block Tm was calculated assuming a linear

temperature rise along the test section, and it is based on

the inlet and outlet temperature readings Tin and Tout.
This definition of the mean temperature Tm was chosen

rather than the commonly used mixing cup temperature

because of the practical difficulties in determining the

mixing cup temperature in the unsteady flow rich in

recirculating regions. The assumptions regarding Tm, qba,
heat losses and thermal boundary conditions were dis-

cussed and justified in previous publications of the au-

thors [11–13].

With hba found using Eq. (3), the block-average

Nusselt number Nuba is determined as

Nuba �
hbaDh

k
: ð4Þ

The measured values of Nuba for the BGC, GCV and the

computed results for the parallel plate channel are pre-

sented in Fig. 7(a) for Re ¼ 530, 790, 1580 and 2370 as

a function of the streamwise distance n. n is measured

from test section inlet, from a location 9 mm upstream

of the first heated block. The parallel plate channel val-

ues were computed assuming fluiddynamically fully de-

veloped and thermally developing laminar flow and

using the approach described by Shah and London [19].

The thermal boundary condition on the heated wall of

the parallel plate channel was specified by constant heat

flux, same as in the grooved channels, and the opposite

wall was adiabatic. The surface areas of the parallel

plates in the analysis were identical to the total wetted

area of the heated blocks in the grooved channel. Con-

sequently, the size of the area subjected to the constant

heat flux boundary condition was the same for all three

channel configurations. The Nuba values displayed in

Fig. 7(a) were obtained by averaging experimental data

from a series of experiments. The estimated average

experimental uncertainty in the determination of the

Fig. 7. (a) Measured block-average Nusselt numbers Nuba along the grooved channels with and without vanes and the computed local

Nusselt number Nu along the parallel plate channel versus axial distance n for Re ¼ 530, 790, 1580 and 2370. (b) Measured channel-

average Nusselt numbers Num for the two investigated surface topographies of the grooved channel and computed values for the

parallel plate channel as function of the Reynolds number, Re.
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block-average Nusselt number Nuba is 6%, a function of

the uncertainties in measurement of the block and air

temperatures.

The solid lines in Fig. 7(a) illustrate the Nusselt

number behavior along the parallel plate channel.

Boundary layer development, characterized by high

Nusselt numbers, is recognized at the test section inlet.

This feature is less pronounced for the BGC. The ap-

parent difference between the BGC, parallel plate chan-

nel and the GCV is the low Nuba on the first block of the

GCV caused by the flow separation in region I. A com-

parison of the parallel plate channel values with data for

the BGC indicates that the measured Nuba at Reynolds

numbers below the onset of self-sustained oscillations

(BGC: Rec ¼ 1050 to 1300) are low and the flat plate

has superior heat transfer performance over the entire

channel length [11]. Heat transfer rates are moderately

higher in the BGC than in the parallel plate channel for

Re ¼ 1580 and considerably higher at Re ¼ 2370. Nus-

selt numbers downstream of the second heated block in

the GCV are higher than in the parallel plate channel for

all Re considered in Fig. 7(a). Heat transfer enhancement

in the GCV is present at low Re and in the absence of

oscillations (GCV: Rec ¼ 450 to 530) as the increased

temperature gradients on the vertical surfaces of the

block are not caused by flow oscillations. At Re ¼ 1580

and 2370, the experimentally determined Nusselt num-

bers for the GCV are roughly 2.5–3.5 times the magni-

tude of those determined for BGC at the same Re. In

both grooved channel configurations, the block-average

Nusselt numbers are higher at the last block than

upstream of this location, because the air immediately

downstream of the last block is heated by one block only,

which results in better heat removal. Results presented in

Fig. 7(a) indicate that Nuba typically reaches a constant

value by the location of the third block, which verifies

that thermally fully developed conditions were achieved

in the viewing region (on the ninth block), as required by

the visualization part of our study.

To further clarify the differences in thermal perfor-

mance between the three geometries and explore the

role of flow velocity in heat transfer enhancement, heat

transfer rates were recast in terms of the mean Nusselt

number for the entire test section Num. The mean Nus-

selt number for a given Reynolds number is determined

as

Num ¼ 1

Xts

Z Xts

0

NubaðnÞdn: ð5Þ

Xts in Eq. (5) refers to the length of the test section.

Num is plotted as function of the Reynolds number in

Fig. 7(b). Experimental values for the BGC and GCV

are compared with computed data for the parallel

plate channel. The measured data for the BGC dis-

played in Fig. 7(b) intersect the parallel plate line around

Re � 1200, and this value coincides roughly with the

onset of flow oscillations in the BGC. This observation

is consistent with the block-average Nusselt number

behavior illustrated in Fig. 7(a). The line representing

data for the GCV intersects the parallel plate line at a

significantly lower Reynolds number, Re � 400, which

also matches the results presented in Fig. 7(a).

After evaluating the overall heat transfer perfor-

mance of the investigated channel geometries, we ex-

plore the mechanisms responsible for heat transfer

enhancement by analyzing the local Nusselt number

behavior. The local Nusselt number is defined as

Nu � Dh � ðdT=dlÞ
Tb � Tm

: ð6Þ

In Eq. (6), the l direction is normal to the heated sur-

face of the block and the local temperature gradient

dT=dl is measured by HI. Tb in Eq. (6) is the local

surface temperature of the block determined from in-

terferometric temperature data. The mean tempera-

ture of the air Tm at the vertical cross-section for which

the local Nusselt number is determined was used as

the reference value in Eq. (6). Two mean temperatures

Tm, corresponding to the locations of the upstream and

downstream vertical walls, respectively, were used in

the determination of Nu for the two sets of horizontal

cross-sections [13].

Images obtained by HI at Re ¼ 530 and Re ¼ 1580

were evaluated for both the BGC and the GCV, and the

measured local Nusselt number data are contrasted in

Fig. 8. 89 cross-sections (normal to the wetted surfaces

of the ninth heated block) were analyzed for each image.

At each cross-section, the temperature gradient at the

block surface, dT=dl (required in Eq. (6)) was deter-

mined using a least squares polynomial fit applied to the

temperature data points near the wall. The data are

available in the measured temperature profiles, such as

those shown in Figs. 5 and 6. More details on the steps

in the determination of Nu and measurement uncer-

tainties are available in previous publications of the

authors [11,13]. To allow for easier interpretation of

measurement data, the results shown in Fig. 8 are pre-

sented in a geometry specific coordinate system, where

the wetted surfaces of the block are ‘‘unwrapped’’ along

the x-axis. The coordinate x ¼ �9 mm indicates the

point where the downstream wall of the block meets the

floor of the channel (bottom of the downstream groove).

The location x ¼ 0 mm corresponds to the trailing edge

of the horizontal top surface that extends up to the

leading edge at x ¼ 32 mm. At this point, the upstream

vertical wall of the block begins, and it ends at x ¼
41 mm, on the floor (bottom) of the channel in the up-

stream groove.

In the BGC the temperature gradients along region V

are small and relatively independent of the Reynolds
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number, which is reflected in the values of the local

Nusselt number. Along regions I and II, 24 mm < x <
36 mm (top of the upstream vertical wall and the leading

edge portion of the horizontal surface), the local Nusselt

number is larger than along any other portion of the

block of the BGC. This is due to the redevelopment of

the thermal boundary layer (region I) and the vertical

velocity components induced by flow oscillations (region

II). Heat transfer rates in region I of the GCV are lower

because of the separation bubble. Since the separation

region covers a relatively small portion of the wetted

surface area, its effect on the block-averaged Nusselt

number is not significant. In the GCV, the combination

of the traveling waves in the main channel (region III)

massaging the thermal boundary layer and flow ac-

celeration in region IV (at approximately 0 mm <
x < 6 mmÞ result in higher local Nusselt numbers, as

illustrated in Fig. 8. Towards the bottom of the up-

stream vertical wall ð36 mm < x < 41 mmÞ the benefits

of flow deflection prevail in the GCV, especially at high

Re. Overall, Nu increases with increasing flow velocities

in the GCV. The improvements achieved on the vertical

walls are dominant for the overall enhancement in the

GCV, whereas the massaging of the thermal boundary

layer is less significant.

The uncertainties in the measurement of Nu can be

related to two sources. One of the sources is the fitting of

the polynomial to temperature data points close to the

heated surface. This allows the determination of the

temperature gradient dT=dl as well as the local tem-

perature of the block surface Tb (by extrapolation), both

required in Eq. (6). Errors were reduced by fitting

a second-order polynomial with increasing number of

data points first, then comparing these results, and se-

lecting the fit that minimizes the influence of the number

of data points. The second source of uncertainties is

associated with the measurement of Tm. The estimated

uncertainty in the measurement of Nu, obtained using a

standard approach for the propagation of errors, is 7–

9% [13].

The measured local Nusselt number profiles shown in

Fig. 8 were integrated along the wetted surface of the

block to determine their average value Nu. For the BGC

the values of Nu (determined using HI) were found to be

11.5 and 13.3 at Re ¼ 530 and 1580, respectively. For the

GCV these values were 14.9 and 27.1, respectively, at

the same Reynolds numbers. The differences between

the optically determined Nu and the non-optical values

Nuba displayed in Fig. 7(a) can be attributed to several

factors. First, when determining Nuba (Fig. 7(a)), the

mean temperature of the block Tba in Eq. (3) was the

arithmetic average of the thermocouple readings re-

corded by the six thermocouples imbedded in the ninth

heated block. Thermocouples in this setting deliver the

time-averaged value of the copper block temperature,

and Tba is the spatially averaged value assumed to be

representative of the entire block. For Nu block tem-

peratures Tb and the temperature gradients dT=dl were
unique at each point along the block surface. These

temperature data are representative of the time instant

when the interferogram was recorded. In the non-optical

Nusselt number measurement, the temperature of the air

at the cross-section above the centerline of the block was

taken as the representative value for Tm in Eq. (3). As

previously discussed, values of Tm used in the determi-

nation of Nu (Eq. (6)) over the horizontal block top

surface are representative of the individual cross-section

considered. From the discussion it follows that the

spatially averaged Nusselt number value Nu – deter-

mined by spatial integration of Nu for a particular time

instant – is not necessarily identical to the time-averaged

value of the Nusselt number Nuba averaged for the same

spatial domain. Therefore, their direct comparison is not

an adequate measure of the experimental uncertainty in

Fig. 8. Measured local Nusselt numbers Nu along the exposed surfaces of the ninth heated block shown as function of the geometry

specific coordinate x at (a) Re ¼ 530 and (b) 1580 for the BGC and the GCV.
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the determination of either Nusselt number [13] and can

only serve as general reference.

5.4. Pressure drop

The pressure drop accompanying the heat transfer

enhancement caused by the modification of the channel

geometry is a key criterion when evaluating the overall

performance of the system. Pressure drops Dp in the

BGC and the GCV were measured along the test section

and compared with predictions for a channel with rect-

angular cross-section characterized by an aspect ratio

H : W ¼ 0:125. Friction factors for the rectangular

channel in the laminar regime [16] fl were found as

fl ¼
82:34

Re
: ð7Þ

Friction factors for the rectangular channel in the tur-

bulent regime ft were found implicitly using the Cole-

brook equation [14]

1ffiffiffiffi
ft

p ¼ 2 log10ðReeff
ffiffiffiffi
ft

p
Þ � 0:8: ð8Þ

In order to find Reeff we take advantage of values of

the Poiseuille number, defined as

Po � CfRe ð9Þ

reported in the literature. For the aspect ratio H=W
characterizing the cross-section of the experimental

channel the value of the Po ¼ 20:6 and for the circular

channel it is Po ¼ 16 [22]. By substituting these two

values into Eq. (9), we find Deff , required to determine

the modified Reynolds number Reeff � umDeff=m for

Eq. (8), following the approach described in [22].

To evaluate the relative pressure drop performance

of the three channel geometries, the ratio of the mea-

sured pressure drop for the two grooved channels to the

pressure drop in the rectangular channel is presented in

Fig. 9(a). The measured pressure drop in the BGC and

GCV, is up to 8 and 38 times higher, respectively, than

in the rectangular channel. The pressure drop in GCV is

approximately 3–5 times higher than in the BGC for

the investigated range of flow velocities. The values

presented in Fig. 9(a) suggest that below a certain Rey-

nolds number, for Re < 1000, the pressure drop pen-

alty in the GCV is only moderately higher than for the

BGC. Thus we conclude that operating regimes in this

lower Reynolds number range are favorable for the

GCV.

Friction factors for the investigated grooved channels

were determined from the pressure drop measurements

Dp as

f � Dp
ðXts=DhÞðqu2m=2Þ

: ð10Þ

The measured friction factors as function of Re are

presented in Fig. 9(b). Fig. 9(b) indicates that the GCV

has the least favorable pressure drop (as well as the most

favorable heat transfer) performance of the three in-

vestigated channel geometries.

5.5. Overall performance

We use the ratio of the measured channel-average

Nusselt number Num (relative to the corresponding value

for the PPC) and the friction factor (again relative to the

corresponding value for the PPC) for the investigated

grooved channels

NumðBGC or GCVÞ=NuðPPCÞ
f ðBGC or GCVÞ=f ðPPCÞ ð11Þ

to provide insight into the overall performance of the

BGC and the GCV. In Fig. 10, the ratio described by

Eq. (11) is displayed as function of the Reynolds num-

ber. The results suggest that the performance of the

Fig. 9. (a) Ratio of the measured pressure drops for the grooved channels with and without vanes to the computed pressure drops

for the parallel plate channel and (b) measured and computed friction factors for the three situations considered as function of the

Reynolds number.
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GCV is superior in the low Reynolds number range,

Re < 500. According to this comprehensive criterion, the

BGC outperforms the GCV at higher Re, whereas the

heat transfer performance alone of the GCV is always

superior. Both performance curves exhibit a minimum in

the region 600 < Re < 1600. A performance evaluation

and comparison of three channel geometries, the BGC,

GCV and the same groove configuration equipped with

cylinders in place of vanes, in terms of heat transfer

(expressed through the Colburn factor) to pressure drop

(expressed through the friction factor) ratio is discussed

in a separate paper [12]. The analysis leads to similar

conclusions for the BGC and the GCV.

6. Conclusions and outlook

The heat transfer enhancement technique considered

in the paper, the strategic placement of curved vanes in

the grooved channel, is suitable for improving the per-

formance of single-phase convective cooling systems in

situations where a moderate amount of enhancement is

satisfactory. Heat transfer rates comparable to those in

turbulent flow were achieved at lower Reynolds num-

bers; however, the associated pressure drop penalty is

considerable. Heat transfer enhancement was mainly

caused by the acceleration of the flow between the vane

and the heated block and the elimination of the large

recirculation region in the groove. Flow oscillations

developing in the GCV contributed to heat transfer en-

hancement. Pressure drop data suggest that below a

certain Reynolds number, for Re < 1000, the pressure

drop penalty in the GCV is only moderately higher than

for the BGC, therefore operating regimes in the lower

Reynolds number range are favorable. Future experi-

mental and computational studies focusing on optimiz-

ing the shape and placement of the vane are needed to

devise solutions that reduce the pressure drop penalty.
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