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Abstract

The characteristics of the two-phase flow heat transfer of R-134a in microtubes with inner diameters of 430 um and
792 um were experimentally investigated. The effect of the heat flux on the heat transfer coefficient for microtubes was
significant before the transition quality. The boiling number expressed the interrelation between the heat flux and the
mass about the heat transfer coefficients. The smaller microtube had greater heat transfer coefficients; the average heat
transfer coefficient for the tube A (D; =430 um) was 47.0% greater than that for the tube B (D; =792 um) at G =370
kg/m*s and ¢” = 20 kW-m> A new correlation for the evaporative heat transfer coefficients in microtubes was devel-
oped by considering the following factors: the laminar flow heat transfer coefficient of liquid-phase flow, the enhance-
ment factor of the convective heat transfer, and the nucleate boiling correction factor. The correlation developed in

present study predicted the experimental heat transfer coefficients within an absolute average deviation of 8.4%.
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1. Introduction

Many electronic devices have become smaller and
lighter so heat dissipation has been one of the main
considerations in designing these devices because
heat density, which is the heat generation per unit
volume, has continued to increase even if the total
heat generation itself has decreased thanks to the ad-
vances of the electronic circuit technology. Thus,
effectively removing and controlling the heat genera-
tion has been a challenging task and heat transfer
engineering is playing a key role in this field.

It is obvious that the restriction of the space of
smaller electronic devices requires cooling systems
equipped with microchannels in order to operate in
normal condition. Cooling systems can use single-
phase fluid or two-phase fluid as a coolant. For sin-
gle-phase flow, the flow rate should be increased or
the hydraulic diameter should be decreased in order to
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remove increased heat generation. Both methods are
susceptible to great pressure drop. However, the two-
phase flow under evaporation can give more uniform
surface temperature than the single-phase flow and
remove much more heat because the heat transfer
coefficient of the two-phase flow is much greater than
that of the single-phase flow. The flow boiling gives
greater heat transfer coefficients, and thus can make
possible smaller heat exchangers.

Many studies on the heat transfer in micro geome-
tries have been done until now (Tuckermann [1], Wu
and Little [2], Choi et al. [3], Peng and Wang [4],
Mudawar and Bowers [5], Peng et al. [6], Wang and
Peng [7], Peng and Petterson [8], Arlilic et al. [9],
Peng et al. [10], Ravigururajan [11], Adams et al.
[12], Zaho et al. [13]). The studies of Peng and Wang
[4], Mudawar and Bowers [5], Peng et al [10],
Ravigururajan [11], and Zaho et al. [13] were about
two-phase flow heat transfer and the others were
about single-phase flow heat transfer. Peng and Wang
[4] investigated the characteristics of the subcooled
boiling of liquid flowing through microchannels with
a cross-section of 0.6 x 0.7 mm, machined on the
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stainless steel plate of 2 mm thickness and found that
no apparent partial nucleate boiling existed for sub-
cooled flow boiling, and fully-developed boiling was
induced much earlier in microchannels. Mudawar and
Bowers [5] performed an experimental study on the
CHF in mini-channel (D; = 2.54 mm) and micro-
channel (D; = 510 um) and showed that the CHF
values could reach 200 W/cm® with the advantage of
both low flow rates and low pressure drops. Peng et
al. [10] analyzed the thermodynamic aspects of phase
transition in microchannels and theoretically derived
the nondimensional parameter that determined the
phase transition in microchannels. Raviguruajan [11]
tested the parallel pattern microchannel and the dia-
mond pattern microchannel. He showed that the heat
transfer coefficient decreased from 12 kW/m”K to 9
kW/m>K at 80°C when the wall superheat is in-
creased from 10 to 80°C. Zhao et al. [13] conducted
experiments on the flow boiling of CO, in micro-
channels at mass fluxes of 250 to 700 kg/ m*s and
heat fluxes of 8 to 25 kW/m”. They showed that the
heat transfer coefficient of CO, in microchannels is
almost independent of heat flux and mass flux, and
CO, offers outstanding heat transfer characteristics
compared to traditional refrigerants such as R-134a.

It is generally known that the effect of the surface
tension becomes greater as the channel gets smaller.
Greater surface tension in the microchannels in-
creases capillary force, which can result in the change
of the void fraction, liquid film distribution, etc. Cap-
illary bubble flows can arise for extremely small
tubes and the vapor bubble completely may fill the
cross section, leaving the wall at that location dry
(Carey [14]). Although the transport phenomena in
the microchannels may be different from that in the
conventional tubes, little has been known about the
pressure drop and the heat transfer under evaporation
in the microchannels.

The test sections used in the existing studies on the
two-phase flow heat transfer were mostly the multi-
microchannels. Even if the micro heat exchangers can
be manufactured with multichannels, the performance
of a single test tube needs to be investigated in order
to verify the characteristics of the heat transfer itself
because the test results in the mutli-microchannels
may include the effects of the diverse geometries on
the heat transfer. In addition, the test fluids adopted in
the existing studies were nitrogen, helium, de-ionized
water, methanol, R-113, etc., which are the gases or
the liquids which are all low in pressure. Therefore, in
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Fig. 1. Experimental test rig for the two-phase flow heat
transfer test (1: syringe pump 1, 2: syringe pump 2, 3: filter,
4: thermal mass flow meter, 5: subcooler, 6: preheater, 7: test
section, 8: condenser, 9: DC power supply for preheater, 10:
DC power supply for test section).

present study, the two-phase flow heat transfer in
single microtubes is experimentally investigated and
theoretically analyzed using R-134a as a test fluid.
Also, based on the measured experimental results, the
correlation to predict the two-phase flow heat transfer
coefficients in microtubes is proposed in the form of
the enhancement model.

2. Experiments

2.1 Experimental test rig

Fig. 1 shows the schematic diagram of the experi-
mental test rig built for the heat transfer test. It has
two syringe pumps, filter, mass flow meter, subcooler,
preheater, test section, and condenser. The syringe
pump 1 discharges the test fluid at a constant flow
rate. The thermal mass flow meter measures the mass
flow rate of the test fluid into the test section. The
subcooler and the preheater control the inlet quality of
the test fluid flowing into the test section. The DC
power supply (HP 6733A) is used to provide the ac-
curate amount of the electric power to the test fluid in
the preheater. The test fluid in saturation state flows
into the test section and experiences evaporation by
the electric heat provided by the DC power supply
(Agilent 6651A). The condenser makes the test fluid
exiting the test section back to the subcooled state,
and then it flows into the syringe pump 2, which
keeps the test system at constant pressure during the
heat transfer test by changing the cylinder volume

2.2 Test sections

Two kinds of microtubes are used to investigate the
heat transfer characteristics in the microtubes and
their diameters and lengths are listed in Table 1.
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Table 1. Specifications of the test sections for the two-phase
flow heat transfer test.

Test tube D; (pm) L (mm)

A 430 60

B 792 90
Absolute | Differential
pressure pressure
transducer transducer

©
-
I'hermocouple Tube fitting

DC power supply
L

Fig. 2. Detailed view of the test section.

The direct heating method is employed to provide
heat to the test fluid flowing in the test section. It has
an advantage to accurately adjust the voltage or the
current applied to the test section. Fig. 2 shows the
electric power supply system to the test section.

Thin thermocouples are used for temperature mea-
surement at the mid-point of the test section. A thin
layer of the Teflon tape was wound around the test
section in order to electrically insulate the thermo-
couple from the electric current in the test section.
Then, the thermocouples were placed onto the Teflon
layer. Two layers of ceramic fiber insulator and rub-
ber foaming insulator thermally insulate the test sec-
tion to prevent the heat transfer between the test fluid
in the test section and the ambient atmosphere.

The local pressure should be measured in order to
calculate the heat transfer coefficient because the
saturation temperature can be determined by the satu-
ration pressure of the test fluid during the two-phase
flow heat transfer test. As shown in Fig. 2, the abso-
lute pressure transducer installed at the inlet of the test
section measures the inlet pressure of the test fluid
and the differential pressure transducer measures the
pressure drop over the test section. The local pressure
is calculated with the inlet pressure and the pressure
drop (see Eq. (1)).
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Table 2. Test conditions for the two-phase flow heat transfer
test.

Test tube G (kg/m®s) q" (kW/m?)
A 110, 240, 370 5-40
B 240, 370, 640 15-40
Ap
D. =D +sz 9]

where p. is local pressure, p;;, is inlet pressure, 4p is
pressure drop, and L is the length of the test section.

2.3 Test condition

Table 2 shows the test conditions for the two-phase
flow heat transfer test. Two kinds of microtubes are
used as a test section for the two-phase flow heat
transfer test at various mass flux(G), heat flux(q"),
and the quality conditions. The heat flux is varied by
the DC power supply and the mass flux is varied by
the syringe pump 1 shown in Fig. 1.

3. Experimental results and discussion

3.1 Data reduction and verification

The evaporative heat transfer coefficient is defined
as the heat flux divided by the wall superheat.

q"
h= 2
T @

sat

where / is two-phase flow heat transfer coefficient, ¢”
is heat flux, 7; is inner wall temperature, and 7, is the
saturation temperature.

The heat flux is the heat divided by the inner sur-
face area of the test section. The supplied heat is as-
sumed to be the same as the electric energy and is
expressed as the product of the DC voltage and the
current. The inner wall temperature is calculated with
the measured outer wall temperature by using the one
dimensional heat conduction equation with heat gen-
eration inside the tube wall (see Eq. (3)).

* N2 2 * N2
T A P N 3)
D) 8 (D,

where T, is outer wall temperature, ¢ is heat genera-
tion per unit volume, D; is inner diameter, D, is outer
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diameter, and A is the thermal conductivity of the test
section.

In the evaporative heat transfer test, the saturation
pressure determines the saturation temperature. The
local saturation pressure is calculated with the pres-
sure at the inlet of the test section and the pressure
drop along the test section.

The quality is calculated from the energy balance
between the energy input by the electricity and the
energy absorbed by the test fluid, which is expressed
in Eq. (4). It is mass quality at the mid-point of the
test section like wall temperature measurement be-
cause the test section was uniformly heated through
direct heating method.

o (Vp.1p+Vt.1t/2)/m+if_p,in—zif‘,,in @

lfg»,t,in

where V, is voltage at the preheater, V;is voltage at the
test section, /,is current at the preheater, /;is current at
the test section, M is mass flow rate, iy, ,;, is satura-
tion liquid enthalpy at the preherater inlet, i, ,, is satu-
ration liquid enthalpy at the test section inlet, and iz,
is the enthalpy difference between saturation liquid
and saturation vapor at the test section inlet.

An energy balance was done in order to estimate
the accuracy of the heat transfer measurement. The
power input(E,..;) denoted by Eq. (5) is the product
of the voltage between both ends of the test section
and the electric current flowing through it. The en-
ergy(E,,) absorbed by the test fluid is calculated by
the following Eq. (6).

Eeus =V, -1, 5)
Ecal =nm- (it,nut - it,in) (6)

where i,;, and i,,,, are the enthalpies of test fluid enter-
ing and exiting the test section, respectively. The en-
thalpy is calculated by REFPROP (Lemmon et al
[15]) with the measured pressure and the temperature.
The absolute average deviation between the power
input and the energy gain was 4.9%.

An uncertainty analysis was done for the measure-
ment of the evaporative heat transfer coefficients
according to the procedures described by Coleman
and Steele [16], and the uncertainty of the evaporative
heat transfer coefficient ranged from 4.9 to 15.5% for
the test tube A (D; = 430 um) and from 2.7 to 17.9%
for the test tube B (D; =792 um).

3.2 Heat transfer characteristics

Fig. 3 shows the heat transfer coefficient for the test
tube A (D; = 430 um) versus quality at G = 240
kg/m”s. The variation of the heat flux has a signifi-
cant effect on the heat transfer coefficient before the
transition quality, which seems to be about 0.7. The
difference among the heat transfer coefficients is very
small beyond the transition quality. In general, the
nucleate boiling is enhanced when the heat flux is
great and the mass flux is small because the nucleate
boiling is not so well suppressed. The heat transfer
coefficient decreases with increasing quality and the
heat transfer beyond the transition quality is domi-
nated by the convective boiling. The nucleate boiling
is not so well-enhanced at ¢” = 15 kW/m” and ¢" = 20
kW/m” as that at ¢” = 30 kW/m".

Fig. 4 shows the heat transfer coefficient for the test
tube B (D; = 792 um) versus quality at G = 110
kg/m*s. The trend of the heat transfer coefficient
versus the heat flux is similar to that for the test
tube A (D; = 430 um). The effect of the heat flux is
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Fig. 3. Evaporative heat transfer coefficients versus quality
with respect to the variation of the heat flux for the test tube
A (D, =430 um) at G = 240 kg/m*s.
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Fig. 4. Evaporative heat transfer coefficients versus quality
with respect to the variation of the heat flux for the test tube
B (D; =792 um) at G =110 kg/m’s.



Y. W. Hwang and M. S. Kim / Journal of Mechanical Science and Technology 23 (2009) 3095~3104

significant at the low quality region. Lee and Lee [17]
studied the two-phase flow heat transfer for the rec-
tangular channels using R-113. They found that the
heat flux has a minor effect on the boiling heat trans-
fer and the two-phase forced convection is considered
to be the predominant mechanism in the heat transfer.
It is true that the heat flux has a minor effect on the
heat transfer at the high quality region. However, they
did not show the variation of the heat transfer coeffi-
cient at the low quality region with respect to the heat
flux.

Fig. 5 shows the effect of the mass flux on the heat
transfer coefficient for the test tube A (D; = 430 pum)
versus the quality at ¢” =30 kW/m”. The mass flux
has little effect on the variation of the heat transfer
coefficient at the low quality region. The difference
between the heat transfer coefficients becomes wider
with increasing quality because the mean velocity of
the test fluid increases. As the phase-change contin-
ues, the mass fraction of the vapor phase increases, so
the average density of the two-phase flow decreases.

Fig. 6 shows the heat transfer coefficients versus
the quality for the test tube A (D; =430 um) when the
boiling numbers are similar to each other. When the
boiling numbers are 4.425x10™* and 4.344x10™, re-
spectively, the trends of the heat transfer coefficient
versus the quality are quite similar to each other even
if the magnitude of the heat transfer coefficient is
quite different. As seen in Fig. 7, the trends of the
heat transfer coefficient versus the quality for the test
tube B (D; = 792 um) are quite similar to each other.
Therefore, the boiling number is considered to be a
very important parameter to predict the trend of the
heat transfer coefficients versus the quality even if it
does not determine the magnitude of the heat transfer
coefficients.
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Fig. 5. Evaporative heat transfer coefficients versus quality at
g" =30 kW/m? with respect to the variation of the mass flux
for the test tube A (D; =430 pum).
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3.3 Effect of tube diameter

The heat transfer coefficients for the test tube with
an inner diameter of 7.75 mm by Choi et al. [18] were
compared with the experimental data results for the
test tube A (D; = 430 um) and the test tube B (D, =

20
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A
NE 0 A D A A A A
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A B; ¢"=30 kW/m?, G=370 kg/m?s
0 ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6. Evaporative heat transfer coefficients versus quality
for the test tube A (D; = 430 um) when the boiling numbers
are similar to each other (A: Bo=4.425x10*; B: Bo=4.344x10").
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Fig. 7. Evaporative heat transfer coefficients versus quality
for the test tube B (D; = 792 um) when the boiling numbers

are similar to each other (A: Bo=4.577x10" B:
Bo=4.488x107%).
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Fig. 8. Heat transfer coefficients with respect to the variation
of the tube diameter at ¢” = 20 kW/m® and G = 427 kg/m*s
for Choi et al. [18] and 370 kg/m”s for the test tube A (D; =
430 pm) and the test tube B (D; =792 um).
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Table 3. The difference between the heat transfer coefficients
for the test tube A (D;= 430 pum) and the test tube B (D; =
792 pm).

hya —hy,
G (kg/ms) q" (kW/mbd) 273 x100(%)
‘m,B
20 31.5
240
30 52.1
20 47.0
370
30 53.8

where A,, 4, and h,, 5 are average heat transfer coefficients for
the test section A and B, respectively.

792 pm) at almost the same test condition. Fig. 8
clearly shows that the smaller the tube, the greater the
heat transfer coefficients even though the heat flux is
almost the same but the mass flux is a little different
among them. The average heat transfer coefficients
for the test tube A (D; =430 um) and the test tube B
(D; = 792 um) are about 171.8% and 84.9% greater
than that for the test tube by Choi et al. [18].

Table 3 lists the difference between the average
heat transfer coefficients for the test tube A (D; = 430
pm) and the test tube B (D; = 792 um). It changes
from 32.5% to 52.1% when the heat flux is varied
from 20 kW/m® to 30 kW/m® at G = 240 kg/m’s.
Also, the difference between the average heat transfer
coefficients changes from 47.0% to 53.8% at G = 370
kg/m’s.

The fluid flow in the smaller tubes has a thinner
thermal boundary layer because the thermal boundary
layer is the distance between the tube surface and the
center of the tube. Therefore, the fluid flow in the
smaller tubes can have greater heat transfer coeffi-
cients as obtained in this study. The nucleation in the
smaller tubes can be enhanced because the bubble
occupies larger volume or cross sectional area of the
flow area, so the bubble actively agitates the move-
ment of the superheated liquid during the growth and
the detachment of the bubble. The heat transfer is
enhanced from the viewpoint of the convection and
the nucleation. Also, Fig. 8 shows that the transition
quality(x,) becomes high as the tube diameter de-
creases, which means that the nucleation effect on the
two-phase heat transfer extends to the high quality
region due to smaller Reynolds number and convec-
tion effect.

4. Heat transfer correlation

The experimental heat transfer coefficients were

Table 4. The deviations between the experimental heat trans-
fer coefficients for the test tube A (D; =430 um) and the test
tube B (D; = 792 um) and the predicted heat transfer coeffi-
cients with the existing correlations.

. Test tube A Test tube B
Correlation
O—u O—ua O_u o_[lu
Gungor and Winterton 282 282 | <174 | 209
[19]
Jung et al. [20] -45.1 451 | 332 | 337
Tran et al. [21] -76.9 769 | -56.7 | 56.7
Lee and Lee [17] 1622 | 1622 | 174.1 | 174.1
Kandlikar [22] -33.6 33.6 | -26.0 | 26.0
Kandlikar a}nd Balasubra- 629 629 | -540 | 540
manian [23]

where o, and o, are average deviation and absolute aver-
age deviation, respectively.

compared with the six existing correlations. Table 4
shows the comparisons between the experimental
heat transfer coefficients for the test tube A (D; = 430
um) and the predicted heat transfer coefficients. The
Gungor and Winterton [19] correlation predicts the
heat transfer coefficients better than other correlations
even if all correlations underpredict the two-phase
flow heat transfer coefficients in the microtubes. Al-
though the Lee and Lee [17] correlation was devel-
oped with the microchannels having a low aspect
ratio, its absolute average deviation is up to 162.2%.
It is because they ignored the effect of the heat flux
on the heat transfer, which was found not negligible
in this study, and the test conditions are different from
each other. Their tests were conducted at the test con-
ditions of the low mass flux and the low heat flux.
The mass flux and the heat flux in the micro geome-
tries are considered to be comparable to or somewhat
greater than those in the conventional-sized flow
channels. On the contrary, Tran et al. [21] ignored the
effect of the mass flux on the heat transfer, which was
found to be significant in the microtubes. Its absolute
average deviation is up to 76.9%. The Kandlikar [22]
correlation using the all-liquid flow heat transfer coef-
ficient, 4,0, by Dittus-Boelter [24] underpredicted the
experimental heat transfer coefficients by 33.6% be-
cause it was developed with conventional-sized tubes
and did not consider laminar flow regime in micro-
channels. The Kandlikar and Balasubramanian [23]
correlation, which extended the Kandlikar [22] corre-
lation to laminar flow in microchannels, also under-
predicted the experimental heat transfer coefficients
by 62.9%. It failed to predict the experimental heat
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transfer coefficients because the Kandlikar and Bala-
subramanian [23] correlation was not developed with
experimental data for micro geometries and just sub-
stituted all-liquid flow heat transfer coefficient, /;,,
with single-phase laminar flow heat transfer coeffi-
cients. Figs. 9 and 10 show the comparison of the
Kandlikar [22] correlation using single-phase laminar
heat transfer coefficients, which are calculated from
constant Nusselt number of laminar flow, with ex-
perimental heat transfer data. In Fig. 9, the Kandlikar
[22] correlation with single-phase flow heat transfer
coefficients expected that 4/ /;, changed little with
increasing quality and has little dependence on varia-
tion of heat flux. However, experimental A/ h;o de-
creases as heat flux increases and is greatly enhanced
at high heat flux condition. Fig. 10 also shows that the
Kandlikar [22] correlation failed to expect the in-
creasing trend of 4/ ;o versus quality at high quality
region.

25 I I I
q" (kW/m’)
20 o 15/ Exp 15 / Kandlikar [22]
- O 20/Exp. — = - -~ 20/ Kandlikar [22]7]
A 30/ Exp. ==-===--- 30/ Kandlikar [22]
o 151 4 _
.:J A N
~ \m iy
= 1oL o &% % pon & bo”
5+ _
0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Quality

Fig. 9. Comparison of experimental heat transfer coefficients
for the test tube A (D; = 430 um) at G = 240 kg/m*s with
Kandlikar [22] correlation using single-phase laminar heat
transfer coefficients.
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Fig. 10. Comparison of experimental heat transfer coeffi-
cients for the test tube B (D; = 792 pm) at G = 110 kg/m*s
with Kandlikar [22] correlation using single-phase laminar
heat transfer coefficients.

Table 4 also shows the comparisons between the
experimental heat transfer coefficients for the test
tube B (D; = 792 pum) and the predicted heat transfer
coefficients. It is clear that the existing correlations
predict the heat transfer coefficients for the test tube B
(D; =792 um) better than those for the test tube A (D;
= 430 um). The change of the tube diameter is re-
flected only in the convection heat transfer term of the
existing correlations. As described in foregoing sec-
tion, the change of the tube diameter can have an
effect on the nucleate boiling heat transfer term. It is
generally known that the surface tension effect be-
comes big as the flow channel dimension decreases.
Therefore, the relative effect of surface tension on the
change of the tube diameter, which can be expressed
by confinement number, N, should be included in
the newly-developed correlation.

The experimental results showed that the heat
transfer at the nucleation-dominating region is strong-
ly affected by the heat flux, and the mass flux has a
negligible effect on the heat transfer. On the other
hand, the heat transfer at the convection-dominating
region is strongly affected by the mass flux and the
flux has a negligible effect on the heat transfer. There-
fore, the correlation for the two-phase flow heat trans-
fer in micro tubes is modeled as shown in Eq. (7).

h=Max {h,.hy,} =Max{F-h.S-h,,,} 7

heo 1s the convective heat transfer coefficient and
can be expressed as the product of the heat transfer
coefficient of the liquid-phase (%;) and the enhance-
ment factor(F). The existing correlations were devel-
oped mostly for the larger-sized tubes. In addition, the
flow regime of the liquid flow was assumed to be
turbulent, so they used Dittus-Boelter [24] correlation
or Gnielinski [25] correlation to obtain the heat trans-
fer coefficient of the liquid-phase (%;). The flow re-
gimes in micro geometries are laminar due to the
small flow passage. From the heat transfer theory for
fully-developed laminar flow, the Nusselt number is
4.36 for constant heat flux boundary condition and
3.66 for the constant wall temperature heat flux con-
dition. However, the heat exchangers equipped with
the microchannels mostly have multichannels and
each flow channel can be short because a long chan-
nel is subject to high pressure drop. It is possible that
the thermal boundary is developing, not fully-
developed in the micro heat exchangers. Therefore,
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the heat transfer coefficient of the liquid-phase needs
to be calculated with the equation for the laminar-
flow. The theoretical relation by Kays and Crawford
[26] was used to obtain the heat transfer coefficient of
the liquid-phase. The necessary eigenvalues and con-
stants are given in Table 5.

-1
L 1eep(—e)
Nu, = Nu,, E; Ayt ®

where Nu, is local Nusselt number, Nu ., is Nusselt
number of fully-developed laminar flow under con-
stant heat flux, and y,, and 4,, are coefficients.

Chen [27] developed a two-phase flow heat transfer
correlation based on the superposition model. He later
showed that the multiplier, F, can be expressed as the
functional form of the two-phase frictional multipliers
based on the pressure gradient for liquid-phase flow.
Therefore, the enhancement factor, which was called
as the multiplier by Chen [27], is correlated with the
two-phase frictional multipliers based on the pressure
gradient for liquid-phase flow. The two-phase fric-
tional multipliers were calculated by using the ex-
perimental correlation, which was given by Hwang
and Kim [28].

F=Cx(¢2)" )

hyg is the nucleate boiling heat transfer coefficient
and can be expressed as the product of the pool boil-
ing heat transfer coefficient (/,,,) and the nucleate
boiling correction factor (S). The Cooper [29] correla-
tion for pool boiling heat transfer is used to obtain the
nucleate boiling heat transfer coefficient. The nucle-
ate boiling correction factor, S, accounts for the dif-
ference between the pool boiling and the flow boiling.
It can include the effects of the heat flux, mass flux,
thermophysical properties, tube diameter, quality, and
so on. Therefore, the nucleate boiling correction fac-
tor can be expressed in the following form shown in
Eq. (10).

S=C,x(Bo)" x(N,,,

) xx (10)
The boiling number, Bo, includes the effects of the
heat flux and the mass flux. The confinement number,
N, can reflect the relative effect of surface tension
to the change of the tube diameter, and the Martinelli
parameter reflects the change of the quality.

Table 5. The coefficients of the proposed correlation for the
two-phase flow heat transfer coefficients in this study.

Test tube G (kg/m’s) q" (kW/m?)
A 110, 240, 370 5-40
B 240, 370, 640 15-40
G: 110 ~ 640 kg/m®s, ¢ 5 ~ 40 kW/m?
20 ‘ ‘
20% % s ©
~ 15L =
g o ae
E 20%
1oL _
<
= E 50 |
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Fig. 11. Comparison of the calculated two-phase flow heat
transfer coefficients with the experimental two-phase flow
heat transfer coefficients.

A regression analysis for 191 experimental data
calculates Cy, C;, C,, C;, C,, and Cs, which are listed
in Table 6. The experimental heat transfer coefficients
are compared with the newly-developed heat transfer
correlation in Fig. 11. The average deviation, absolute
average deviation, and the RMS deviation of the
measured heat transfer coefficients from the heat
transfer coefficients calculated with the new correla-
tion in this study are -2.6%, 8.4%, and 10.7%, respec-
tively.

5. Conclusions

The characteristics of the two-phase flow heat
transfer in microtubes have been experimentally in-
vestigated and theoretically analyzed. The effect of
the heat flux on the heat transfer coefficient for the
test tubes was significant before the transition quality.
The difference between the heat transfer coefficients
was very small beyond the transition quality and the
heat transfer was dominated by convection. The boil-
ing number expressed the interrelation between the
heat flux and the mass flux about the heat transfer
coefficients. When the boiling numbers were similar
to each other, the trends of the heat transfer coeffi-
cient versus the quality were quite similar to each
other. The smaller microtube had greater heat transfer
coefficients; the average heat transfer coefficient for
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the tube A (D, =430 um) was 47.0% greater than that
for the tube B (D; = 792 um) at G = 370 kg/m’s and
¢" =20 kW/m’. A new correlation for the evaporative
heat transfer coefficients in micro tubes was devel-
oped by considering the following factors: the lami-
nar flow heat transfer coefficient of liquid-phase flow,
the enhancement factor of the convective heat transfer,
and the nucleate boiling correction factor. The corre-
lation developed in this study predicted the experi-
mental heat transfer coefficients for microtubes with-
in an absolute average deviation of 8.4%.
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