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Abstract

This paper is the second of two papers that presents the results of an extensive study of turbulent heat transfer and
pressure drop in a horizontal tubes with strip-type inserts. Experimental data were taken for air for a class of strip
inserts (longitudinal strip and crossed-strip). The insert was characterized by the parameters of 1 <AR <5 and R*
(=0.5 and 1). Friction factor data (from Part I) and temperature measurements were used to understand the under-
lying physical phenomena responsible for the heat transfer enhancement for 6500 < Re < 19500. Nusselt numbers
were between four and two times the bare tube values at low Re and high Re, respectively. Performance evaluation
index R1 (constant pumping power) and R2 (constant heat duty) were made and an optimum condition would be thus

found.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The objective of the present two-part study is to ex-
perimentally investigate the heat transfer and friction
characteristics of air flowing through a horizontal cir-
cular tube with strip-type inserts. The first part of the
paper addresses flow characteristics, which is responsible
for heat transfer enhancement mechanism of the un-
derlying physical phenomena involved in this study.

The range of average temperature of the air used
before heated covered in this study varies from 25.5 to
26.5 °C approximately. Two different tube inserts in-
cluding longitudinal strip (LS) and crossed-strip (CS)
with two aspect ratios for LS (CS) were used and shown
in Fig. 1. Heat transfer and flow friction data were
generated for four different tube inserts under various
operating conditions. Relations between the heat trans-
fer capability and the fluid pumping power required are
finally presented and discussed.
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Part I of this study [1] addressed the fluid mechanics
aspects, which explains the underlying physical phe-
nomena responsible for heat transfer enhancement.
Flow mechanisms and pressure drop measurements were
used to propose friction factor correlation. It is shown in
this paper, Part 11, that the friction factor correlation of
these tubes with inserts can be used in conjunction with
heat transfer data to determine the net enhancement
effects of this kind of heat transfer device.

2. Experimental setup and procedure

Four tubes with inserts plus one bare tube as shown
in Fig. 1 were selected to achieve a wide variation in all
the relevant geometric variables. The tubes and geome-
tries dimensions treated here cover almost the same
range (four tubes with inserts in Part II) that was in-
cluded in Part I [1] for the friction factor and pressure
drop tests.

Fig. 2 shows a schematic of the test rig. The experi-
ments were performed in an open-loop air flow circuit
under the influence of a downstream blower. Air enters
the test duct after passing a straightener and flows
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Nomenclature

A cross-sectional area of bare tube (m?)

AR aspect ratio, L/H

A heat transfer area (m?)

C, specific heat at constant pressure (J/kg K)

D tube hydraulic diameter unless otherwise
stated (m)

f friction factor based on the hydraulic di-
ameter, (Ap/ (3 p,,2))(D/?)

g gravity

Gr* modified Grashof number, gfD*q" /v2k;

H height of insert (m)

h heat transfer coefficient (W/(m? K))

ke thermal conductivity of air at film tempera-
ture (W/mK)

L width of insert (m)

L length of the test tube (m)

Nu Nusselt number based on the hydraulic di-
ameter, hD/kf

Pr Prandtl number, v/a

0. conduction heat loss from test section to
laboratory environment (W)

Ohnet net convection heat flow rate (W)

O; radiation heat loss from test section to lab-
oratory environment (W)

O the total heat input to the test section (W)

q’ heat flux, 0/4 (W/m?)

R radius of inner tube (m)

R radius ratio of circumscribed circle of insert
to test tube, 0.5(L% + H*)'*/R

Re Reynolds number based on the hydraulic
diameter, VD/v

T temperature (K)

Tt dimensionless temperature, (7, — T)/(¢"/
pCyu*)

T* dimensionless temperature, (7 — Ti;)/(Onet/
Chy)

u velocity in x direction (m/s)

u* friction velocity (m/s)

vV nominal (bulk) average velocity (m/s)

X,y rectangular coordinates

x* dimensionless distance in the main flow di-

rection, (x/D)/(RePr)
dimensionless distance from wall in a tur-
bulent shear layer, yu*/v

Greek symbols

o thermal diffusivity
p thermal expansion coefficient; also contrac-
tion ratio
n insert affected coefficient (heat)
o density of working fluid
v kinematic viscosity
Subscripts
air air
bulk
fluid/fully developed
inlet
total

local and total

natural and local

wall

local position in the main flow direction
data from Dittus Boelter’s and outside

SCoxsgpgg o
Sl

average
Superscripts

+ dimensionless
- average

through a calibrated flowmeter. Air at room tempera-
ture is introduced into the straight horizontal test tube.
The test circular tube has inner diameter of 50 and 3000
mm in length. The test tube includes a heating part that
has a double-tube structure and is between the tube exit
and 3000 mm upstream from the exit. The air temper-
atures at the inlet and exit of the test section were
measured by calibrated thermocouples. Five thermo-
couples shown in Fig. 3 were used to determine the av-
erage air temperature at the inlet and outlet of the test
section.

The inner tube of the heating part which is the test
tube with inside diameter 50 mm is made of 4 mm-thick
aluminum plate. Heating element was filled into the gap
between the inner and outer tube with an isoflux con-
dition as desired. The wire (1.8 mm gauge) chosen as a

heating element was made of a nickel-chrome alloy. The
heating element is 18 mm in diameter. A detail of the
manifolds that illustrates the heating element is also
shown in Fig. 2. The test inserts were positioned as the
same as those in Part I of this paper. The test tube had a
fitting added to each end for attachment. The locations
of the thermocouples used to measure the test section
wall temperature distributions as well as flowing air
temperature inside the tube at particular positions are
shown in Fig. 3. Temperatures measured at these loca-
tions provided experimental confirmation of the estab-
lishment of fully developed flow. Fine gauge (I mm)
specially calibrated Cu-Cn thermocouples were em-
ployed with the intent of minimizing the disturbance of
the temperature field in the vicinity of the thermocouple
junctions. The thermocouples were installed in holes
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Fig. 1. Physical geometry (LS and CS) and dimensions of the inserts considered.
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Fig. 2. Schematic of experimental test rig and heating element.

mm of the surface. Five thermocouples, positioned just ing wire by one circuit. The

upstream/downstream of the tube inlet/outlet were used
to measure the entering/exiting bulk temperature.

resistance wire

(Ni-Cr wire)

quartz tube
glass fiber
insulation materials

Electric power was supplied to the test section heat-

source of power for this

circuit was an autotransformer, supplied from a standard
220V, 60 cycle a.c. wall outlet. These autotransformers
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Fig. 3. Thermocouple measuring position for temperature measurements.

were designed for a load voltage output of 0-220 V, with
a maximum current of 10 A.

Air flows were measured by an orifice type flowme-
ter (f = 0.5) with corrections applied for the tempera-
ture range covered during this study. This gives the
tube side Reynolds number from 6500 to 19500. The
pressure drop along the test section was measured by
means of static manometer. These were connected to
pressure taps at each specified downstream distance. The
pressure taps were perpendicular to the tube surface.
All measurements were made under steady-state condi-
tions. The fluid properties were calculated as the average
between the inlet and outlet bulk temperature. Gener-
ally, it usually took 30 min to reach steady state at
Re = 6500.

3. Data reduction

The primary goal of this experiment was the deter-
mination of fully developed Nusselt number for air
flowing in a horizontal tube with strip type inserts. In
addition, buoyancy effect as well as performance evalu-
ation of this type of heat exchanger was also extensively
studied. The independent parameters involved in Part II
of this paper were the Reynolds number, the Prandtl

number and Grashof number. The first parameter was
defined and described in Part I of the paper. The Prandtl
number of air is about 0.7. The Grashof number for
constant heat flux was defined as:

gﬁthq//
Gr' =
4 Vzkf

(1)

where ¢” is heat flux per unit surface area. The tube side
local heat transfer coefficient and Nusselt number due to
pure forced convection were calculated as

Qnet = ths(wa - Thx)

D
ke

Nuy (2)
where k¢ is the thermal conductivity of air, 4; is the area
of the heated region of the air tubes (=nD,¢), and D, is
the tube outside diameter. The local net heat transfer
rate One was the electrical power generated from the
heater and deducted the heat loss to the outside of
the test channel including conduction (about 3% of the
input power) and radiation (about 5%) heat losses,
and buoyancy effect. T, was calculated based on the
average of several circumferential temperature readings.
The local values of the thermophysical properties of
air were obtained at the local film temperature (7p),
Tt = 0.5(Twx + Tix)- The effect of the inserts acting as fins
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and modifying the temperature profile of the air in the
tube was considered negligible since the plexiglas made
insert was chosen.

The determination of fully developed Nusselt number
from the experimental data (subtracted the buoyancy
effect) begins with the calculation of the overall bulk
temperature rise based on energy balance on the flowing
air. The energy balance examination was made based on
the calculated and measured local air bulk mean tem-
peratures at a particular downstream distance form the
inlet and it was found in good agreement within £5%.
The data set consisted of 1750 data points obtained from
five different tubes.

4. Experimental uncertainty

An error analysis using the method of Moffat [2] was
performed to determine the uncertainty in the experi-
mental data. The single largest contributor to uncer-
tainty in the Reynolds number was the measurement of
the volumetric flow rate. The resulting maximum un-
certainty in Re is 8.2%. The majority of the error in Nu
can be traced to the uncertainty in the convective heat
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transfer is due mainly to the simplified analysis for the
conduction loss correction. Although the conduction
loss through the insert can probably be estimated to
within 2-3% accuracy, these losses are so small that it
might be negligible. The estimated error in the temper-
ature difference 0.2 °C. The resulting maximum uncer-
tainty in Nu is 8%.

5. Results and discussion

Based on hydrodynamic considerations, the flow field
is significantly influenced by insert blockage and the
secondary flow circulation. The insert increases the
wetted perimeter and reduces the flow cross-sectional
area.

5.1. Temperature distributions

A representative dimensionless temperature distribu-
tion (Re = 16250, On = 1370 W) plot is shown in Fig.
4. In this figure, the ordinate variable is the nondime-
nionalized temperature difference ((7' — Ti;i)/(Onet/Ckt))-
The abscissa variable in Fig. 4 is known as the inverse
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Fig. 4. Local dimensionless wall and bulk temperature distribution at Q. = 1370 W, Re = 16250.



842

Graetz number and is a dimensionless representation of
the linear axial coordinate.

For the longitudinally constant heat flux boundary
condition of the present study, the thermally fully de-
veloped region is characterized by wall and bulk mean
air temperature that increased linearly as a function of
longitudinal downstream position. The most important
portion of the wall temperature distribution is the cen-
tral portion (x™ > 1.5 for all the cases considered)
through which a straight line has been fitted parallel to
the line representing the bulk temperature. The vertical
distance between this line segment and the bulk tem-
perature line indicates the wall-to-bulk temperature
difference used to calculate the fully developed heat
transfer coefficient.

From Fig. 4, one can see that the bare tube has the
biggest vertical distance, following by LS (AR =4), CS
(AR =5), CS (AR =4) and LS (AR =1). Keeping
the other parameters fixed, the smallest vertical distance
in Fig. 3 indicates the best heat transfer performance
one may obtain. This is partly because LS insert with
AR =1 provides a larger heat transfer area due to the
surface of the insert and partly because LS inserts with
AR =1 have a higher convective heat transfer due to a
higher average velocity as stated in Part I of this paper.
In fact, the ratios of surface area of the tubes with/
without inserts are 1.94 for LS (AR =1), 2.3 for CS
(AR =4), 1.8 for LS (AR =4), and 1.66 for CS
(AR =5), respectively. For instance, at Re = 19 500, the
increase in heat transfer coefficient due to heat transfer
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area is counterbalanced by the lower heat transport
capability due to a lower average velocity for CS insert
(uo = 28.6 m/s for AR =4) as stated in Part I of this
paper compared to the LS inserts (uy = 30.4 m/s for
AR = 1). At this stage, the present enhancement seems
strictly due to a combination of the higher heat transfer
area, higher heat transport capability (higher average
velocity), and a difference in flow patterns when tube
was inserted.

The departure of the wall temperature data from
straight line behavior at the upstream of the tubes in Fig.
4 was partly due to the absence of front-side heating at
this end and partly due to the flow development in the
entrance region and small extraneous conduction loss.
Nevertheless, the nature of the fully developed heat
transfer region can still be observed in the temperature
distribution for all the cases under study.

5.2. Law of the wall for thermal boundary layer

Correlation of the law of the wall was based on the
temperature distribution measurements in the fully de-
velopment regions for different values of Re as shown in
Fig. 5. Assume that, as stated earlier, the Prandtl num-
ber (Pr) is constant (taken as 0.7) for the present study, it
can be correlated in the form of

+

T+ =2.19In (%) +13.2Pr — 5.66 (3)

25 . —rT T r —
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Fig. 5. Law of the wall for temperature distribution in the fully developed region at Qne = 1370 W.
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when 7° is nondimensional temperature defined as
(Tw—T)/(q"/pCpu*) and 5 ( > 1), is the insert affected
coefficient that determines the shift in the smooth-wall
logarithmic temperature profile caused by the present
insert and is 1 for a smooth surface.

From Fig. 5 one can see that lines will shift down-
ward from the correlation obtained by Kays and
Crawford [3] and the present experiments for bare tube
(the deviation < 2% for A) with four tubes with inserts.
Again, the biggest shift happens for LS (AR =1,
R* =1) which is consistent with the previous findings
in Fig. 4. Naturally, as one would expect, CS (AR =5,
R*=0.5), LS (AR=4, R*=1) and CS (AR =4,
R* =1) are again located in between. The sequence is a
little bit different from the plot of law of the wall for
velocity profile in Part I of this paper. This may be
caused by temperature effect and consequently, it may
be due to buoyancy effect.

5.3. Heat transfer results

5.3.1. Local total Nusselt number (Nu,.) vs. Nu, and
buoyancy effect

Fig. 6 shows the buoyancy effect on the local total
(including buoyancy effect) Nusselt number in the en-
trance as well as fully developed region of a horizontal
tube with longitudinal/crossed-strip inserts. It is found
that buoyancy effects are practically important at
x/D < 20 especially for the bare tube at a higher heat flux
level (Qnet = 2055 W) and Re = 6500. In fact, it is found
that Gr*/Re? is about 2.24 at this stage. From then on
Nu decreases approximately uniformly as it behaves in
pure forced convection. Moreover, the buoyancy effects
become small when the tube was with insert as well as at
high Re and Nu, was calculated based on Dittus and
Boelter formula.

Nevertheless, the buoyancy effect shares its contri-
bution in the heat transfer mechanism and, conse-
quently, this also reflects the importance of buoyancy in
developing flow in horizontal tubes especially for tubes
without inserts.

Fig. 6(a) shows that the present bare tube heat
transfer result is almost the same as Dittus—Boelter’s
result (Nuyx/Nu, = 1). The deviation may be mainly
caused by buoyancy effect especially for Re = 6500. The
remainder of Fig. 6 does show the enhancement effect of
about 2-2.5 times the bare tube for CS and LS inserts.

In the present study different heat flux levels are used
to generate different buoyancy effects while keeping the
other parameters unchanged.

The measurements were performed at five different
Reynolds number for five tubes studied as shown in Fig.
7. In these figures the mean Nusselt number defined as

Wil == (7] @

is plotted against the quotient Gr*/Re* at a specific
Reynolds number where Q was considered only con-
duction and radiation heat losses deducted.

From Fig. 7, buoyancy effects are clearly noted at
Re <6500 for bare tube and tube with inserts of CS
(AR =5, R* =0.5) where there is a positive effect of
buoyancy on heat transfer and a big Gr*/Re* (=£1) for
bare tube. Strictly speaking, even at Re = 19500,
Gr*/Ré* is for bare tube still higher (220.1-0.3) where
mixed convection holds. Since the air is uniformly cir-
cumferentially heated in the tube, the fluid near the
outer wall is warmer than the bulk fluid in the core. This
is because for CS inserts (AR =5, R* = 0.5), four up-
ward currents flow along half the side walls and have a
relative high buoyancy as compared to the rest of tubes
with inserts.

5.3.2. Local Nusselt number (Nu,) vs. Nu,

Fig. 8 shows the pure forced convection results along

the downstream distance for all the tubes under study.
The forced convection data were obtained from the
following relation [4,5]:
Nuy = (Nitl, — Nitd )} (5)
The natural convection results were secured when short
off the power of supply for driven motor. The decrease
in Nusselt numbers along downstream direction in
the entrance region of the passage shown in Fig. 8 could
be considered as the entrance effect, where thermal
boundary layer and the turbulence induced by the in-
serts or the combination of the inserts has not yet been
fully developed. The heat transfer enhancement effect
was clearly noted for the tubes with inserts. It was found
that LS (AR =1, R* = 1) has the best heat transfer
performance. The onset of fully developed value could
also be determined from this plot as ranging from 4D to
16D depending on the tube inside geometry (see Fig. 8
for details). The sequence is similar to that of hydro-
dynamic entrance length reported in Part I of this paper.
Generally, Nuy/Nu, keeps above a value of 1.5 for all the
tubes with the inserts for the entire length of the tube.
Again, the present inserts contribute to continuous in-
terruption (starting right at the inlet of the tube) of the
development of boundary layer (LS) as well as to gen-
erate the secondary flow (CS) and increased mixing
(both types of inserts) resulting in higher heat transfer
coefficients as compared to the tubes without inserts.

5.3.3. Developing Nusselt number and Reynolds number
dependence

To examine the enhancement provided by the tubes
with inserts, comparisons of the present fully devel-
oped Nusselt numbers with those for bare tube were
also made in Fig. 9. The comparison, shown in Fig. 9
demonstrates the level of heat transfer enhancement
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Fig. 6. Nusselt number ratio distribution along downstream direction for different Reynolds numbers and heat input.

associated with the tubes with inserts. This is because the
tube with insert provides more heat transport opportu-
nity for a given flow cross-section and a higher local
average velocity. The enhancement factor ranges from a
minimum of 2.5 at Re = 19500 to a maximum 3.5 at
Re = 6500 for LS (AR = 1, R* = 1) which happens to be
having the best heat transfer performance. Generally,
the enhancement decreases with an increase in Reynolds
number for all the tubes with inserts. As stated earlier,
fluid flow in tubes with CS inserts provides more heat
transport opportunity. However, it is found that the
increase in heat transfer coefficient due to heat transfer

area is sometimes counterbalanced by the lower local
average velocity, compared to CS inserts. Therefore,
only AR =1 with LS insert, could this effect be ob-
served.

Five sets of data were obtained, each set consisting of
five data runs at varying Reynolds numbers but at
nearly equal Prandtl numbers. A composite power law
curve fit was performed to establish a Nusselt—Reynolds
relation for each data set. The Nusselt number depen-
dence on Prandtl number was assumed to be the same as
for bare tube. A general correlation for Nu of Re, D/,
and AR (aspect ratio) was developed for inserted tubes.
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Fig. 7. Buoyancy effect on heat transfer in a horizontal circular tube with different strip inserts.

Fig. 10 presents the present Nu correlated with the rel-
evant parameters such as Re, D/¢, and Ar. The influences
on Nu with Re, D/¢ and Ar are quite significant as one
noted the magnitude of the power dependence. The in-
crease in Re and D/¢ would result in a Nu increase.
However, Nu decreases as AR increases. An overall
Reynolds number dependence of 0.742 was finally de-

termined. The value (=0.742) of the Reynolds number
exponent appears low when compared to the 0.8 expo-
nent for a standard turbulent duct flow situation. This
finding is expected, however, since the flow in tubes
with inserts contains certain zones of recirculation not
present in conventional duct flows. In spite of this,
the present bare tube result with a Reynolds number
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Fig. 8. Local Nusselt number ratio distribution along downstream direction for different strips.
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Fig. 9. Nu vs. Re for different strips.
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Fig. 10. A correlation of Nusselt number for four different inserted tubes and comparision of Nusselt number correlation for bare

tube.

dependence of 0.799 shows an excellent agreement with
that of Dittus—Boelter (see Fig. 9 for details). Further
examining the effect of D/, the present insert length has
an opposite effect on Nu. The reasons are the same as
previously stated for a lower Reynolds number depen-
dency (=0.742). The longer insert results in more zones
of recirculation.

5.4. Overall tube performance

Bergles et al. [6] suggested several criteria for the
performance evaluation of enhanced tubes. The perfor-
mance of the insert with the present geometry configu-
rations has been evaluated on the basis of two important
criteria, R1 (pumping power fixed — increase of heat
transfer) and R2 (heat duty fixed — reduced pumping
power) where Rl > 1 and R2 < 1 represent enhanced
performance. The R1 and R2 are defined in the following:

R — % (7)

where the subscripts “in”” and “BR” in Egs. (6) and (7)
stand for insert and bare tube, respectively. The detailed
evaluating procedure can be referred to Hsieh and Kuo
[7]. Fig. 11 shows the variation of the performance ratios
of R1 and R2, respectively, with equivalent bare tube
Reynolds number Re. The relationship between f and Re
can be obtained from Part I of this paper. Amongst of
tubes, LS (AR =1, R* = 1) shows an improvement of

340% in heat transfer coefficient at lower values of Re
(<9750), compared to 280% only at higher Re values
(= 16250), while CS (AR = 5, R* = 0.5) gives the least
improvement of 50-60% over the entire range of Re.
Moreover, for all the tubes with inserts studied, per-
formance ratio of R1 was generally found to decrease
with an increase in Re. This trend was also observed by
Uttarwar and Rao [8]. Also shown in Fig. 11 is the
performance ratio of R2. The results indicate that a re-
duction as high as 60-90% can be obtained in heat
transfer area using LS (AR =1, R* = 1) and CS (AR =
4, R* = 1), while the reduction is only about 30% for CS
(AR =5, R* =0.5). In general, R2 increases as Re in-
creases in the present study. Additionally, it is interest-
ing that the performance between LS (AR = 1) and CS
(AR = 4) are so close to each other but so much higher
than LS (AR = 4) and CS (AR = 5).

Based on RI and R2, it is suggested that tubes with
LS perform better than the tubes with CS especially at
lower Re values.

6. Conclusion

Experimental measurements for a developing turbu-
lent convection in an axially/circumferentially uniformly
heated horizontal tube with different longitudinal inserts
for a Pr of 0.7 was conducted. The investigation of the
effects of various parameters, such as Reynolds number
(Re), Grashof number (Gr), aspect ratio (AR) and radius
ratio (R*) of the insert on heat transfer and thermally
entrance length in the developing and fully developed
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Fig. 11. Thermal performance of four different tube with inserts compared with bare tube based on criterion 1 and criterion 2.

regions were extensively studied. Most salient features
were drawn in the following:

1. The thermally entrance length and buoyancy effects
becomes smaller for tubes with inserts.

Law of the wall for temperature profile was first made
for this type of enhancement device for 6500 < Re <
19500.

. The heat transfer enhancement of the tubes with in-
serts is about four to two times that of bare tubes
for Re = 6500 to 19 500.

Overall performance was evaluated based on R1 (con-
stant pumping power) and R2 (constant heat duty).
Both show that the tubes with inserts are beneficial
as far as economics is concerned. As a result, an op-
timum operating condition could be thus obtained.

2.
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