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Abstract

Convective boiling of HCFC123 and FC72 in 0.19, 0.3 and 0.51 mm ID tubes is investigated. The ex-

perimental setup as well as the data reduction procedure has carefully been designed, so that the relative

uncertainty interval of the measured heat transfer coefficient in microtubes is kept within ±10%. Up to 70 K

liquid superheat over the saturation temperature is observed at low heat and mass fluxes. The onset of the
superheat is found to be dependent on the mass flux and the boiling number of the refrigerant examined. In

the saturated boiling regime, the heat transfer characteristics are much different from those in conventional-

size tubes. The heat transfer coefficient is monotonically decreased with increasing the vapor quality, and

becomes independent of the mass flux. Most empirical formulas are not in accordance with the present

experimental data. Since the prediction using the nucleate boiling term of Kandlikar�s empirical correla-

tions coincides with the present results, the convection effect should be minor in microtubes. On the other

hand, the pressure loss characteristics are qualitatively in accordance with the conventional correlation

formula while quantitatively much lower. These phenomena can be explained by the fact that the annular
flow prevails in microtubes.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Highly efficient heat exchangers have become even more important because of the rapid in-
crease of the heat dissipation rate in high-end electronic devices. Since Tuckerman and Pease
(1981) obtained large overall heat transfer coefficient in microchannels fabricated on a Si wafer,
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heat transfer research in microconduits for both single and multi-phase flows have attracted much
attention.

Paitoonsurikarn et al. (2000) proposed compact micro-bare-tube heat exchangers, in which a
tube bank of small diameter tubes was employed without any extended heat transfer surface. They
developed a new optimal design method based on simulated annealing, and found that the effi-
ciency is markedly improved over commercial louver-finned heat exchangers for both single and
two-phase flows. The optimum tube inner diameter is 0.3–0.5 mm, and the optimum heat and
mass fluxes are relatively small. In their optimal design procedure for evaporators, however, they
used empirical correlations of convective boiling in larger diameter tubes (>2 mm) for estimating
the heat transfer coefficient and pressure loss. Because the convective boiling characteristics in
microtubes are known to be much different from those in conventional (>3 mm) or small size (0.6–
3 mm) tubes (Kandlikar, 2002), the above optimization may lead to an inappropriate design.

In the last decade, peculiar heat transfer characteristics of convective boiling have been re-
ported in minitubes (0.6–3 mm) and microtubes (<0.6 mm, e.g., Kandlikar, 2002; Mehendale et al.,
2000). In minitubes, recent convective boiling experiments (Bao et al., 2000; Wambsganss et al.,
1993; Kew and Cornwell, 1997) show that the heat transfer coefficient weakly depends on the mass
flux and the vapor quality, while strongly on the heat flux and the system pressure. It is also found
that nucleate boiling is the dominant heat transfer mechanism whilst the contribution of the
convective boiling is minor. This fact indicates that the heat transfer mechanism in minitubes is
totally different from that in conventional tubes, in which the heat transfer coefficient is known to
be dependent on the vapor quality, and the mass and heat fluxes (e.g., Zurcher et al., 1999). On the
other hand, Hapke et al. (2000) carried out convective boiling experiments in a 1.5 mm ID tube
and found that the onset of boiling occurred at a higher liquid superheat temperature than that in
the conventional tubes.

In microtubes, high liquid superheat phenomena were also discovered. Peng and Wang (1993)
carried out convective subcooled boiling experiments in 200–600 lm ID microchannels and re-
ported that nucleation bubbles were hardly observed in the boiling regime. They called this
phenomenon �bubble extinction�. They also found that the nucleate boiling in their microchannels
started only when liquid superheat became sufficiently large. They proposed theoretical models,
which were based on the Clausius–Claypeyron equations and statistical thermal dynamics to
predict the measured superheat temperature. However, their model did not take into account the
effect of the surface chemistry or surface cavities, which had been proved as an important pa-
rameter in nucleate boiling (Carey, 1992).

Recently, such high liquid superheat was attributed to the lack of active nucleate sites. Zhang
et al. (2002) conducted a series of experiments in microchannels of 28–171 lm ID. They showed
that the wall superheat temperature before the onset of nucleate boiling was about 5 K lower on
surfaces with microcavities than that on smooth wall. Brereton et al. (1998) employed a hetero-
geneous nucleation theory with the empirical correlation of active nucleation sites in order to
predict the nucleation temperature inside capillary tubes. Two research groups above reported
that the reduction of active nucleation cavities and vapor nuclei in microconduits should be re-
sponsible for the unusually high liquid superheat. However, the dominant parameters for the
onset and the magnitude of the superheat are still unknown.

Since accurate measurement of temperature, pressure, heat flux and mass flow rate in a single
microtube is extremely difficult, detailed heat transfer data in microtubes of less than 1 mm ID are
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still lacking. Bowers and Mudawar (1994) measured CHF temperature and wall temperature in
their mini and micro channel test sections. Ravigururajan (1998) measured the average heat
transfer coefficient in parallel microchannels of 425 lm ID. To the authors� knowledge, only
Saitoh et al. (2000), who employed 1.12 and 0.51 mm ID tubes with R-134a refrigerant, offer the
local heat transfer coefficient data.

The objectives of the present study are, (1) to clarify the condition for the onset of liquid su-
perheat, which deteriorates heat transfer, and (2) to obtain local heat transfer coefficients and
pressure losses of convective boiling in microtubes. We carried out a series of experiments on
saturated convective boiling in microtubes of 0.19, 0.3 and 0.51 mm ID at low heat (1–13 kW/m2)
and mass (50–300 kg/m2 s) fluxes. These experimental conditions were chosen after the optimal
design of compact evaporators (Paitoonsurikarn et al., 2000).
2. Experimental apparatus and procedure

Figs. 1 and 2 show the flow loop and the test section used in the present experiments in mi-
crotubes. Two different refrigerants, i.e., HCFC123 and FC72, were employed as a working fluid.
A twin plunge pump (Moleh, MT-2221) was employed in most experiments carried out in order to
provide mass flux from 50 to 300 kg/m2 s. Unlike a single plunge pump, the twin plunge pump
keeps a constant flow rate without introducing unwanted bubbles into the test section. The un-
certainty interval of the flow rate is within ±1%. The working fluid was heated with a secondary
water loop at the inlet, and its temperature was kept at 10 K below the saturated temperature.

SUS304 stainless steel tubes, covered with glass cotton for thermal insulation, were employed as
a test section of 280 mm in length. The inner diameter was chosen as 0.19, 0.3 and 0.51 mm, while
the outer diameter is 0.41, 0.55 and 0.81 mm, respectively. The tolerance of the inner diameter of
the test section is ±20 lm, while that of the outer diameter is respectively ±10, ±10 and ±20 lm for
0.19, 0.3 and 0.51 mm ID tubes. Direct measurements of the outer diameters of the 0.19 and 0.51
mm microtubes show that their accuracy are all in the range of the tolerance. The error in the
length of the microtube is ±1 mm. The microtube and the inlet/outlet block were fixed by sol-
dering. Thus, there is a sudden contraction and expansion at the inlet and outlet of the test
section, respectively.
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Fig. 1. Experimental loop.
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The test section was heated by a direct current, and the heat loss to the environment was
compensated as described later. Twelve K-type thermocouples of 25 lm OD were glued onto the
tube outer wall with thermally conductive silicon (k ¼ 0:9 W/(mK), Shin-Etsu Silicones, KE3493).
A magnified view of a thermal couple and the test section without thermally conductive silicon is
shown in Fig. 3. One K-type thermocouple was inserted into the inlet manifold for the mea-
surement of the inlet fluid temperature. Cold junctions of the thermocouples were submerged into
a standard temperature bath (Komatsu Electronics, Model ZC-114), in which the temperature
was maintained at 0–0.02 �C. Calibration of the thermocouples was made between 20 and 85 �C.
Standard estimation errors of the thermocouples were within ±0.1 K.

In the case of 0.3 mm ID tube experiment, however, a syringe pump and thermocouples with an
accuracy of ±0.2 K were employed. Since the flow driven by the syringe pump was repeatedly
started with a duration of 150–600 s and made the heat transfer measurement somewhat unstable,
we mainly focus on the experimental data for 0.19 and 0.51 mm ID tubes.

The pressure loss of the test section was measured by a diaphragm pressure transducer (Sokken,
PZ-77-D) through the inlet and outlet pressure ports. The uncertainty of the pressure transducer is
within ±0.1 kPa. The absolute inlet pressure was also measured with the same pressure transducer
by opening one side of the diaphragm to the atmosphere through the valve shown in Fig. 1. We
Fig. 3. The connection of the thermocouple of 25 lm OD and the test section of 0.51 mm OD.



Fig. 4. SEM image of inner wall of the test section (0.19 mm ID).
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define a steady state in such a way that the pressure fluctuation falls below ±0.1 and ±0.5 kPa for
0.19 and 0.51 mm ID tubes, respectively. It usually takes one hour to reach this state during each
run.

Since the present experimental setup is an open loop, the exit of the test section is maintained at
1atm. Thus, the total system pressure is determined by the pressure loss of the test section. It is
about 110–125 kPa at 0.51 mm and 135–145 kPa at 0.19 mm ID.

Fig. 4 shows an SEM image of the inner surface of the 0.19 mm ID tube. Grooves with 1–3 lm
width and cavities having diameters of about 3–4 lm are distributed. Similar surface structures
are also found in the 0.3 and 0.51 mm ID tubes.
3. Data reduction

The heat flux transferred to the working fluid q (W/m2) is calculated as
qðxÞ ¼ I2RðxÞ=pDi � qlossðxÞ; ð1Þ
where I2RðxÞ corresponds to the Joule heating. The local heat loss from the test section to the
environment qlossðxÞ, depends on the outer wall temperature Tw out and the environmental tem-
perature Tair, and is given by
qlossðxÞ ¼ hlossðTw outðxÞÞðTw outðxÞ � TairÞ: ð2Þ
Since Tair is almost constant, hloss is assumed to be a function of Tw out, and determined through a
preliminary heating experiment with keeping the test section empty. In the actual convective
boiling experiment, the maximum heat loss is less than 20% of the total heat generation.

The electric resistance of the test section per unit length RðxÞ should vary with the outer wall
temperature as
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RðxÞ ¼ R0ð1 þ aTw outÞ; ð3Þ

where a is TCR (temperature coefficient of resistance) of the test section. The measured value of
TCR is 8.35· 10�4 (1/K), and in good agreement with the TCR of the SUS304 stainless steel.

Since the axial heat conduction is negligible, the inner wall temperature Twin is calculated by
solving the one-dimensional heat conduction equation in the cylindrical coordinates. With the
boundary conditions at the outer wall, i.e.,
�k
oT
or

� �
r¼D0=2

¼ qloss ð4Þ
and
T jr¼D0=2 ¼ Tw out; ð5Þ
we obtain
Tw in ¼ Tw out þ
qðxÞpDi
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The heat transfer coefficient is calculated as
hðxÞ ¼ q
Tw inðxÞ � TrefðxÞ

; ð7Þ
where TrefðxÞ is the local bulk mean temperature of the refrigerant. When the fluid is in the sat-
urated region, the local bulk mean temperature is equal to the saturation temperature, and is
derived from the local pressure distribution PsatðxÞ described below.

The thermal entrance length (Kays and Crawford, 1993) is within 8 mm under all experimental
conditions. Therefore, the thermal entrance region only exists in the subcooled region and its
effect on the convective boiling can be neglected.

The total pressure loss DPtotal in the test section can be decomposed as
DPtotal ¼ DPsub þ DPsat þ DPsup; ð8Þ

where DPsub, DPsat, and DPsup are the pressure losses in the subcooled liquid, saturated boiling and
superheated vapor regions, respectively. The length of the subcooled region l and the pressure loss
DPsub are calculated as follows. We first assume an arbitrary value for l, and calculate DPsub as
DPsub ¼ f
1

2
qU 2 l

Di
; ð9Þ
where f , q and U are the friction factor of the laminar Poiseuille flow, the liquid density and the
bulk mean velocity, respectively. The saturation pressure at x ¼ l is given by
PsatðlÞ ¼ Pin � DPsub; ð10Þ

where Pin is the inlet pressure. Then, the saturation temperature Tsat is calculated from the satu-
ration table of the refrigerant (REFPROP). Finally, the new value of l is obtained from the energy
balance, i.e.,
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Z l

0

qðxÞpDi dx ¼ _MMCpðTsatðlÞ � TinÞ: ð11Þ
The iterative calculation using Eqs. (9)–(11) is repeated until the value of l converges.
The local vapor quality v in the saturated region is calculated as
vðxÞ ¼
R x
l qðxÞpDi dx

_MMhlv
: ð12Þ
The length of the saturated region s is determined from the above integration in such a way that
v ¼ 1 at x ¼ lþ s. The pressure loss in the superheat region DPsup (lþ s < x6 L) is determined by
the laminar flow solution for vapor using physical properties at the local pressure and tempera-
ture.

Finally, the pressure loss in the saturated boiling region, DPsup, is determined by Eq. (9). The
local pressure PsatðxÞ in the saturated boiling region is assumed to be linearly distributed along the
tube, and given by
PsatðxÞ ¼ PsatðlÞ � DPsat

x� l
s

: ð13Þ
After the pressure loss of the test section reaches the steady state as defined in Section 2, the
wall temperature shows some quasi-periodic variation in the saturated boiling conditions. The
period is about 20 s and the amplitude is 0.3 and 0.8 K in 0.19 and 0.51 mm ID tubes, respectively.
Such temperature variation may be due to the bubble generation inside the tube. The average wall
temperature is obtained by ensemble averaging over 30 min.

The propagation of the componential uncertainties through data reduction is estimated by
ANSI/ASME PTC 19.1. The uncertainty interval of the inner wall temperature at 95% coverage is
about 0.13 �C. Those of the heat flux and the heat transfer coefficient are within ±5% and ±10%,
respectively.
4. Experimental results

4.1. Single-phase heat transfer and pressure loss

In order to assess the present pressure and heat transfer measurements, a single-phase flow
experiment was made. As shown in Fig. 5, the friction factor presently measured in microtubes is
in good agreement with its analytical laminar flow value in the Reynolds number range examined.
Fig. 6 shows the distribution of the Nusselt number along the tube length. There is a small scatter,
but the data are also in reasonable agreement with the analytical value for laminar heat transfer
with constant wall heat flux. Note that the heat flux in the convective boiling experiment described
later is much larger than that used in the single-phase flow measurement. Therefore, the error in
the heat loss compensation is smaller, so that the data scatter should be much less in the flow
boiling cases.
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4.2. Wall temperature

Fig. 7 shows the distribution of the absolute wall temperature in the 0.19 mm ID tube at
_mm ¼ 145 kg/m2 s. When q ¼ 5:5 kW/m2, the wall temperature measured is in accordance with the
saturated temperature between x ¼ 0:04 and 0.20 m. It decreases with increasing x due to
the pressure drop in the test section. Thus, conventional saturated boiling should occur under
this heat flux condition. On the other hand, the wall temperature for a smaller heat flux
(q ¼ 2:4 kW/m2) monotonically increases with the axial distance, and reaches 110 �C at x ¼ 0:27 m.

Fig. 8 shows the temperature distribution in the 0.51 mm ID tube. When q ¼ 2:8 kW/m2, the
wall temperature increases with x and reaches a maximum value of 45 �C at x ¼ 0:15 m. Then, it
suddenly drops to the saturated temperature downstream, and saturated boiling occurs at
x > 0:15 m. On the other hand, normal saturated boiling is observed with a higher heat flux of
q ¼ 12:6 kW/m2.

Fig. 9 shows the Nusselt number distribution in the 0.51 mm ID tube when the wall temper-
ature exceeds the saturation temperature. The Nusselt number is in accordance with the laminar
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flow value with the constant heat flux (Nu ¼ 4:316) at x < 0:15 m. The pressure drop is also in
good agreement with the estimates based on the single-phase laminar flow (not shown here).
These facts indicate that liquid superheat phenomena, which is also observed for a stagnant fluid
in capillaries by Brereton et al. (1998), should also occur in the present experiment. The Nusselt
number in Fig. 9 starts to deviate from the theoretical value at x > 0:15 m. This is probably
because the physical properties of the fluid are not the same as those of the saturated liquid.
4.3. Dominant parameters for the superheat phenomena

Fig. 10 shows the condition map for the superheat phenomena as a function of the boiling
number Bo and the mass flux _mm. When _mm is fixed, the superheat occurs at small Bo. On the other
hand, when the mass flux increases, the critical Bo for the onset of boiling decreases and seems to
be independent of the tube inner diameter. Fig. 11 shows the map for FC72 and HCFC123 in the
0.19 mm ID tube. The superheat regime is almost the same for the two different refrigerants,
which have different latent heats, but similar surface tension.

The fact that the superheat only occurs at low Bo implies that there exists some threshold of the
heat flux for making the nucleation cavities in microtubes active. The radius rc of active cavity
(Hsu, 1969) is given by
Fig. 1

boilin
rc ¼
d

2C1

1

�24 � DTsat

DTw

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � DTsat

DTw

� �2

� 4AC2

dDTw

s 3
5; ð14Þ
where d is the thermal layer thickness. Quantities C1 and C2 are constant values, which are de-
pendent on the contact angle of the refrigerant, and A is the physical parameter representing
2rTsat=hlgqg. Temperature differences DTsat and DTw are defined as
DTsat ¼ Tref � Tsat ð15Þ
and
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DTw ¼ Tw in � Tref : ð16Þ
By assuming that rc and d are respectively equal to the radius of cavities shown in Fig. 3 (�3
lm) and the radius of the 0.19 mm ID tube, DTw should be larger than 2.5 K to activate the
nucleation site. On the other hand, when Bo ¼ 0:00035 and _mm ¼ 70 kg/m2 s, of which condition is
close to the boundary between the superheat and saturated boiling regions shown in Fig. 9, DTw

determined from the heat flux and the Nusselt number for the laminar flow is 2.5–4.8 K and in
accordance with the Hsu�s classical theory. However, the classical active nucleation theory is not
sufficient to explore the superheat mechanism, since Eq. (15) does not include the mass flux, which
also affects the onset of the superheat and thus changes DTw in the present experiment.

Fig. 12 shows the maximum superheat temperature for different tube diameters at various heat
and mass fluxes. Although the superheat temperature varies in a wide range, its maximum value is
100 and 45 �C for the 0.19 and 0.51 mm ID tubes, respectively. Fig. 13 shows the wall temperature
distribution for different heat fluxes in the same experimental run. The superheat temperature
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increases with the heat flux, but the saturated boiling begins at the same axial position. Thus, once
the nucleate boiling starts, it occurs at the same axial position of the test section, i.e., probably at
the same nucleate site. The location of nucleation site often changes when the working fluid flow
stops and restarts between successive runs. From this observation, it is conjectured that the size of
the active cavity and the presence of entrapped gas in the cavity should be crucial for determining
the maximum superheat temperature and this is the cause of large scatter of the superheat tem-
perature shown in Fig. 13.

Brereton et al. (1998) employed a heterogeneous boiling theory together with empirical cor-
relations for the number density of the active sites in pool boiling, and proposed a formula for
predicting the nucleation temperature in microcapillaries. In their final form, the growth rate of
the vapor embryos per unit area J is given by
J ¼ a
ravg

rcrit

� �b

nsurface

ffiffiffiffiffiffiffi
3r
pm

r
expf�Wmax=ðkTsupÞg; ð17Þ
where ravg is the average cavity radius, rcrit is the critical radius for a nucleate bubble to grow, and
r is the surface tension of the liquid. The quantities m, Wmax and Tsup are the molecular weight, the
work required for a bubble to grow to the critical radius, and the liquid superheat temperature,
respectively. The factor of aðravg

rcrit
Þb is the empirical function, which is derived form pool boiling

experiments, representing the number density of active nucleate sites. The number of molecules on
the wall nsurface can be given by
nsurface ¼
pDi

sm

; ð18Þ
where sm is the mean distance between molecules. The threshold of J for the nucleate boiling is
1018–1020 (1/m2 s). Fig. 14 shows Tsup given by Eq. (17) versus Di. The maximum superheat
temperature presently observed is in accordance with the prediction when Di is small, while it
deviates for larger Di. This fact indicates that the maximum superheat temperature increases with
decreasing the tube diameter, because the confined space limits the number of active sites. Note
that the spinodal superheat limit becomes higher than Tsup given by Eq. (17) at Di < 0:1 mm.
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Figs. 15 and 16 show the superheat temperature as functions of the mass and heat fluxes in the
0.3 mm ID tube, respectively. It is found that the superheat temperature is almost independent of
the mass and heat fluxes, and this is in accordance with the Brereton�s theoretical formula given by
Eq. (17).

It is now clear that there are two parameter groups contributing to the superheat phenomena
presently observed. The maximum superheat temperature depends on the tube diameter and the
cavity distribution on the tube wall, while the onset of superheat for a specified tube diameter is
ruled by the boiling number and the mass flux.
4.4. Heat transfer characteristics for saturated boiling

The heat transfer characteristics in the case of conventional saturated boiling are discussed in
this section. Typical distributions of the heat transfer coefficient against the vapor quality are
shown in Fig. 17. The heat transfer coefficient h decreases from 8000 to 4000 W/m2 K as the vapor
quality v is increased to v ¼ 0:3, then remains constant at 2000–4000 W/m2 K toward v ¼ 1. Such
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variation of the heat transfer coefficient is completely different from those in small or traditional-
size tubes, where the convective boiling effect is dominant and the heat transfer coefficient in-
creases with increasing v at v < 0:9.

Ravigururajan (1998) also reported similar experimental results in the microchannels of a
hydraulic diameter of 425 lm at similar mass fluxes as shown in Fig. 17. Saitoh et al. (2000) also
found that the heat transfer coefficient decreases with increasing v in their 0.51 mm ID tube.

Heat transfer coefficients at different heat fluxes in the 0.51 mm ID tube are shown in Fig. 18.
Again, h for all the experimental condition decreases with increasing v at v < 0:3, and remains a
constant for larger v. When the heat flux q is increased, h is decreased for q < 14:9 kW/m2 and
then approaches an asymptotic curve. This phenomenon is opposite to that observed in tradi-
tional or small-size tubes, where h is increased with increasing q. Fig. 19 shows the heat transfer
coefficient for different mass fluxes _mm. Since h is independent of _mm, the convective boiling effect
should be minor.
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Fig. 19. Heat transfer coefficient versus quality at different mass flux in 0.51 mm ID tube at q ¼ 12 kW/m2 s.
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It is conjectured that the heat transfer characteristics presently obtained in microtubes is caused
by the size of nucleate bubble limited in the confined space. When bubbles grow, they immediately
attach to the surrounding wall of the microtube. Thus, the heat transfer coefficient is suppressed
under higher heat flux or mass flux conditions because of the limited evaporating space.

Fig. 20 shows comparison of our experimental results with empirical correlations by Liu and
Winterton (1991), Shah (1976), Bjorge et al. (1982), Kandlikar (1990), Schrock and Grossman
(1959) and Chen (1966), which were designed for larger tubes. It is found that most empirical
correlations underpredict/overpredict the present data by more than an order of magnitude, ex-
cept some nucleate boiling terms from Kandlikar�s and Liu and Winterton�s empirical correla-
tions.

Kandlikar (1990) proposed an empirical correlation for microtubes given by
h ¼ hl½C1CoC2ð25FrÞC5 þ C3BoC4Fk�; ð19Þ



Fig. 20. Comparison of the experimental results of HCFC123 in 0.19 and 0.51 mm tubes with empirical correlations.

Black lines represent the coincidence between the experimental data and the empirical function.
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where hl represents the single-phase heat transfer coefficient under the same heat and mass flux
conditions, Fr is the Froude number, and Co is the convection number representing the effect of
vapor quality and its relevant flow pattern defined by
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Co ¼ 1 � x
x

� �0:8 qv

ql

� �0:5

: ð20Þ
The quantity of Fk in Eq. (19) is a parameter dependent on physical properties of the working
fluid. Since Fk for HCFC123 is unavailable in the literature, we employ that of R-22, which has
similar physical properties except vapor density and liquid viscosity. The numerical constants C1–
C5 are functions of Co. The second term of Eq. (19) represents the nucleate boiling effect.

Fig. 21 shows the heat transfer coefficient given by the second term of Eq. (20) in comparison
with the present experimental data. The Kandlikar�s empirical correlation overpredicts the data
especially for large v. On the other hand, the nucleate boiling term in Eq. (19) is in accordance
with the present data. Therefore, the convective boiling term, where the Froude number is the
dominant parameter, has minor contribution in microtubes. The prediction with the nucleate
boiling term is closer to the experimental results for the 0.19 mm ID tube than for the 0.51 mm ID
tube, as the contribution of the nucleate boiling prevails as the inner diameter of microtube de-
creases.

4.5. Pressure losses

Fig. 22 shows the pressure loss in the saturated boiling region DPsat versus the mass flux. The
heat flux is chosen sufficiently large to keep the exit quality being unity. Fig. 23 shows the rela-
tionship between the exit vapor quality and the saturated pressure loss in the 0.51 mm ID tube.
Tran et al. (2000) proposed an empirical function based on their experimental data for 2.46 and
2.92 mm ID tubes. In their formula, the pressure drop is given by
DP ¼ �//2
fl  DPfl; ð21Þ
where DPfl is the single phase pressure loss, and �//2
fl is
/2
fl ¼ 1 þ ðCC2 � 1Þ½Nconfv

0:875ð1 � vÞ0:875 þ v1:75�: ð22Þ
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In Eq. (22), C2 is the ratio of pressure losses for gas and liquid single phase flows. The quantity
Nconf is the confined number proposed by Kew and Cornwell (1997) to describe characteristics in
minitubes of ID from 1 to 3 mm, and given by
Nconf ¼
r

gðqL�qGÞ

h i0:5

Di
: ð23Þ
It is found that Eq. (21) predicts the present data qualitatively well, although it is quantitatively
much larger than the present data.

When each experimental run reaches it steady state, the pressure fluctuation in 0.19 mm tube is
around 400 Pa, which is about 3–5% of the total pressure loss. On the other hand, that in 0.51 mm
tube is about 1960 Pa, which is about 7–12% of the total pressure loss. Therefore, the pressure
fluctuation increases as the inner diameter increases. The time period of the fluctuation is about
50–100 s for both cases.
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Hetsroni et al. (2003) also measured the pressure fluctuations in their experiments of 210–300
lm triangular microchannels. In their experiments, the pressure fluctuation is about 1500 Pa with
a period of 2.5 s. Their pressure fluctuation is about 25–30% of the total pressure loss due to the
interaction between parallel microchannels. It is conjectured that the pressure loss fluctuations in
a single microtube are much smaller than their device with multiple parallel microchannels.
5. Discussion on heat transfer and pressure loss characteristics in microtubes

It is now clear that the heat transfer characteristics in microtubes are significantly modified,
whereas the pressure loss characteristics remain unchanged with considerably lower value. This
contradicting fact should be related to the flow patterns in microtubes, and needs to be further
discussed.
Fig. 24. Schematic of heat transfer coefficient and its relevant flow pattern in conventional tubes and microtubes. (a)

Heat transfer coefficient in conventional tubes. (b) Flow patterns in conventional tubes. (c) Flow patterns in microtubes.
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Fig. 24(a) and (b) shows the typical distribution of heat transfer coefficient and the associated
flow pattern in conventional tubes, deduced from the work of Steiner and Taborek (1992). In
conventional tubes, the nucleate boiling effect dominates when the vapor quality is less than 0.5.
On the other hand, when the vapor quality exceeds 0.5, the convective boiling effect becomes
dominant and the nucleate boiling effect diminishes. As shown in Fig. 22(b), the relevant flow
patterns for the nucleate dominant region are the bubbly flow, the churn flow and upstream re-
gion of the annular flow, while that for the convective boiling are the downstream region of the
annular flow and the mist flow.

In microtubes, however, only annular flow as well as short slug flow regions are discovered
(Koo et al., 2000) as shown in Fig. 24(c). As discussed in the previous chapter, the convective
boiling effect also diminishes in microtubes. Suppression of both nucleate and convective boiling
results in deterioration of the coefficients, which decrease with increasing the vapor quality. In
addition, the annular flow remains as a dominant flow pattern and largely contributes to the
pressure loss. Therefore, the pressure loss characteristics are qualitatively unchanged in mi-
crotubes while their values are much smaller than that predicted by the empirical correlations of
Tran et al. (2000).
6. Conclusions

Convective boiling of HCFC123 and FC72 in 0.19, 0.3 and 0.51 mm ID tubes is investigated.
The carefully designed temperature measurement and the heat loss compensation make the un-
certainty interval of the heat transfer coefficient in the microtubes as low as ±10%. The following
conclusions can be derived.

1. Liquid superheat up to 70 K over the saturation temperature is observed at low heat and mass
fluxes. The onset of the superheat is found to be dependent on the mass flux and the boiling
number for the two different refrigerants examined.

2. In the saturated boiling regime, the heat transfer coefficient is monotonically decreased with in-
creasing the vapor quality, but independent of the mass flux. Most empirical formulas fail to
reproduce the present experimental data. The effect of nucleate boiling is found to be dominant,
whereas that of the convection boiling should be minor in microtubes.

3. The pressure loss characteristics are found to be qualitatively in accordance with the conven-
tional correlation formula.

4. These contradicting results between the heat transfer and pressure loss characteristics can be
explained by the fact that the annular flow prevails in microtubes.
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