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Abstract

Two-phase ¯ow pattern, friction, and heat transfer characteristics for R-22 inside a 6.5 mm smooth tube are reported in this

study. The range of mass ¯ux is between 50 and 700 kg/m2 s. The ¯ow pattern map proposed by Weisman et al. (Weisman, J., Dun-

can, D., Gibson, J., Crawford, T., 1979. E�ect of ¯uid properties and pipe diameter on two-phase ¯ow pattern in horizontal lines.

Int. J. Multiphase Flow 5, 437±462) gave a satisfactory ¯ow pattern prediction, and the Klimenko and Fyodorov (Klimenko, V.V.,

Fyodorov, M., 1990. Prediction of heat transfer for two-phase forced ¯ow in channels of di�erent orientation. In: Proceedings of the

Ninth International Heat Transfer Conference, vol. 6, pp. 65±70) criterion shows an excellent classi®cation of the strati®ed and un-

strati®ed ¯ow pattern. The two-phase multipliers are strongly related to the ¯ow pattern, and it is found that the two-phase mul-

tiplier is dependent upon mass velocities for strati®ed-wavy ¯ow pattern. In addition, the two-phase heat transfer coe�cient for

strati®ed-wavy ¯ow pattern is found to be insensitive to the change of vapor quality, and is approximately proportional to

q0:6±0:7. Ó 1998 Elsevier Science Inc. All rights reserved.
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Notation

Ao outside heat transfer area of the tube, m2

Ai nominal inside heat transfer area of the tube, m2

C constant in Chisholm correlation
Cp speci®c heat of water, J/kg K
dPf measured two-phase frictional pressure di�erence,

N/m2

dPf ;l frictional pressure di�erence for liquid ¯owing
alone, N/m2

dPf ;v frictional pressure di�erence for gas ¯owing alone,
N/m2

DPa pressure drop due to acceleration, N/m2

DPf frictional pressure drop, N/m2

Di inside diameter of the tube, m
F constant in Klimenko and Fyodorov criterion
fl friction factor for subcooled liquid
Fr Froude number
G mass ¯ux, kg/m2 s
g gravitation constant, N/m
hi inside heat transfer coe�cient, W/m2 K
ho heat transfer coe�cient on the annulus side,

W/m2 K
L e�ective heating length, m

LMTD log mean temperature di�erence, K
_mr average mass ¯ow rate of refrigerant, kg/s
_mwater average mass ¯ow rate of coolant water, kg/s

Pr reduced pressure
q average heat ¯ux, W/m2

Q average heat transfer rate, W
Rp surface roughness, lm
Rw wall resistance, W/m2 K
Twater;in inlet temperature of water at annulus side, K
Twater;out outlet temperature of water at annulus side, K
Tsat saturation temperature of the refrigerant, K
DT temperature rise on the water coolant, K
DT1 temperature di�erence, DT1 � Ts ÿ T1;K
DT2 temperature di�erence, DT2 � Ts ÿ T2, K
Uo overall heat transfer coe�cient, W/m2 K
x vapor quality
X Martinelli parameter
Dx di�erence of quality

Greek
q density of refrigerant, kg/m3

k latent heat of evaporating vapor, J/kg
/2

m two phase friction multiplier for vapor ¯owing
alone

l dynamic viscosity of refrigerant, N s/m2

m kinematic viscosity of refrigerant, m2/s
r surface tension of refrigerant, N/m* Corresponding author. E-mail: f781058@erlb.erl.itri.org.tw.

0142-727X/98/$19.00 Ó 1998 Elsevier Science Inc. All rights reserved.
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1. Introduction

In-tube evaporation heat transfer is very important for a
wide range of applications such as refrigeration and air-condi-
tioning systems, chemical process, nuclear and conventional
power plants. A better understanding of the heat transfer/fric-
tion mechanism may be valuable in the design of e�cient heat
exchangers. Over the past decade, there have been major ad-
vancements in the manufacturing technology of e�cient heat
exchangers. Consequently, this has allowed the use of smaller
and higher performance heat exchangers. For example, the use
of smaller diameter tubes is becoming popular in the design of
HVAC&R (Heating, ventilating, air-conditioning, and refrig-
eration) ®n-and-tube heat exchangers. Smaller tubes can not
only signi®cantly improve the air side performance, but also
reduce the refrigerant charge as well. Eventually, a consider-
able size-reduction of heat exchanger can be achieved.

For HVAC&R applications, numerous investigators have
conducted experiments on in-tube evaporation and condensa-

tion heat transfer characteristics. However, the majority of the
studies focused upon heat transfer alone. The friction charac-
teristics were usually not presented. Both heat transfer and
friction characteristics are important in the two-phase ¯ow.
To correctly predict the thermal-¯uids behaviors, it is helpful
to identify the two-phase ¯ow pattern within the tube. Unfor-
tunately, most previous two-phase ¯ow pattern studies were
associated with diameters on the order of 9.5±75 mm and tes-
ted at mass velocities greater than 300 kg/m2 s as described by
Wambsganss et al. (1991). Generally, this corresponds to the
annular ¯ow pattern. However, in HVAC&R application,
tubes having a diameter less than 9.5 mm with mass velocities
less than 300 kg/m2 s are often encountered. Very few system-
atic studies addressed this region. Most of the correlations de-
veloped in the literature are for annular ¯ow situations.
Extrapolation of the correlation to other ¯ow patterns may
be uncertain. As suggested by Hosler (1968), knowing the ¯ow
pattern in two-phase ¯ow is analogous to the di�erences of
laminar or turbulent ¯ow in single-phase ¯ow. Accordingly,
the heat transfer/friction characteristics should be directly re-
lated to the ¯ow pattern. The purpose of this study is twofold:
®rstly, to present new heat transfer/friction data for a tube
having smaller tube diameter; secondly, to investigate the
two-phase ¯ow patterns inside the small tube, and seek a suit-
able ¯ow pattern map that can describe the present data.

2. Experimental apparatus

The schematic of the experimental apparatus is depicted in
Fig. 1. The test rig consists of two test sections, namely the
heat transfer measurement test section and the ¯ow pattern ob-
servation test section. The material of the test tube is copper,
and the e�ective length of the test tube is 1.3 m for heat trans-
fer measurement test section and 0.7 m for ¯ow pattern obser-

Fig. 1. Schematic diagram of test apparatus.

Subscript
L liquid phase
G gas phase
ave average value
1 inlet
2 outlet
i inside
in inlet
mod modi®ed value
o outside
out outlet
w wall
water water
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vation test section. The corresponding tube thickness of the
test tube is 0.71 mm. Detailed descriptions of the test section
can be found in the previous study of Kuo and Wang (1996)
and Wang et al. (1997). Experiments were conducted using a
commercially available 6.5 mm smooth tube. The heat transfer
tests were conducted at two evaporation temperatures, namely
2°C and 7°C. In this study, R-22 is used as the working ¯uid,
and its physical and transport properties are evaluated from
computer program REFPROP (1996). Uncertainties of the
heat transfer coe�cients and friction factors reported in the
present investigation, following the single-sample analysis pro-
posed by Mo�at (1988), are tabulated in Table 1.

3. Heat transfer data reduction

The heat duty for the test section was obtained from the
¯ow rate and temperature drop of the water on the annulus ac-
cording to the relation

_Q � _mwaterCpDT : �1�
The overall heat transfer coe�cient was then computed

from

Uo �
_Q

LMTD� Ao

; �2�
where

LMTD � DT1 ÿ DT2

ln DT1=DT2� � ; �3�

DT1 � Tsat ÿ Twater;out; �4�
DT2 � Tsat ÿ Twater;in; �5�
where Tsat is the saturation temperature of the refrigerant in
the test section while Twater;in and Twater;out denote the inlet
and outlet temperature of the water coolant on the annulus.
The in-tube heat transfer coe�cient was obtained from the
thermal resistance equation

1

UoAo

� 1

hoAo

� Rw � 1

hiAi

; �6�
where ho and hi represent the average outside and inside heat
transfer coe�cients, and Rw denotes wall resistance. In the
present calculation, the overall resistance is based on the outer
surface area, which is evaluated as pDoL, where Do is the out-
side diameter of the test tube and L is the e�ective heat transfer
length. The properties on the water side were calculated using
average inlet and outlet bulk ¯uid temperatures. The determi-
nation of the inside heat transfer coe�cient, hi, requires know-
ledge of the outside heat transfer coe�cient, ho. This was
accomplished by means of separate water-to-water tests on
the same apparatus, with subsequent Wilson-plot analyses
yielding the individual heat transfer coe�cient relationships.
The vapor quality entering the test section (xin) is calculated
from the energy balance on the preheater and the quality
change in each test section is given by the energy balance

Dx �
_Q

_mrk
�7�

and the average quality in each test section is given by

xave � xin � Dx
2
: �8�

The heat transfer coe�cient presented in this study is locally
averaged value, and the increased quality in the test section
is usually less than 0.13. The corresponding temperature rise
on the water side ranged from 1.0°C to 3.3°C.

4. Flow visulation

As shown in Fig. 1, a sight glass is located at the end of the
horizontal test section. The sight glass has a length of 100 mm
having an internal diameter of 6.5 mm. Flow patterns are ob-
tained from direct visual observations made from a micro-
camera.

Considerable di�erences exist in the de®nitions of two-
phase ¯ow patterns. Since the ¯ow pattern identi®cation by
visual observation is subjective, it is essential that the ¯ow pat-
terns be de®ned in detail. Following the classi®cation by Taitel
(1990), the basic ¯ow patterns inside a horizontal tube are di-
vided into four main classes:
1. Strati®ed ¯ow: The liquids ¯ows at the bottom of the pipe

with gas at the top. This ¯ow pattern can be subdivided into
strati®ed smooth (strati®ed) and strati®ed wavy (wavy) ¯ow
pattern.

2. Intermittent ¯ow: The ¯ow is in the form of liquid slugs
which ®ll the pipe and are separated by gas zones in the
form of elongated bubbles which contain a strati®ed liquid
layer ¯owing along the bottom of the pipe. This ¯ow pat-
tern can be subdivided into plug and slug ¯ow.

3. Annular ¯ow: A liquid ®lm ¯ows adjacent to the pipe wall
and the gas ¯ows in the center core.

4. Bubble ¯ow: Small discrete bubbles are distributed in a con-
tinuous liquid phase.

5. Pressure drop data reduction

The pressure drop data were analyzed using the concept of
the two-phase multiplier. Tests were conducted adiabatically in
the ¯ow pattern observation test section. Because the acceler-
ation pressure gradient, DPa, can be neglected in the adiabatic
experiments, a more accurate calculation of the frictional mul-
tiplier can be obtained. The multiplier is de®ned by:

/2
m �

dPf=dz
dPf ;G=dz

; �9�
where dPf is the measured two-phase frictional pressure gradi-
ent and dPf ;m is the frictional pressure gradients corresponding
to the cases of vapor ¯owing alone in the channel. The multi-
plier was typically plotted versus vapor quality x or the Marti-
nelli parameter X, where

Table 1

Summary of estimated uncertainties

Primary measurements Derived quantities

Parameter Uncertainty Parameter Uncertainty G� 100 kg/m2 s, q� 5 kW/m2 Uncertainty G� 400 kg/m2 s, q� 5 kW/m2

_mr 0.3±1% G 1.1% 0.5%

_mwater 0.5% Rei 0.6% 0.6%

DP 0.5% /2
m �8.3% �2.6%

T 0.05°C h �9.4% �12.4%
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X �
���������������������
dPf ;L=dz� �
dpf ;G=dz� �

s
: �10�

To verify the instrumentation and the measurement results, sin-
gle-phase pressure drop data for R-22 give excellent agreement
with the Blasius correlation for ReDi > 8000 (0.079 Reÿ0:25

Di ).

6. Results and discussion

Flow visualization tests were conducted for G� 50±700 kg/
m2 s. Photographs that are representative of the observed ¯ow
patterns and that correspond to mass ¯ow velocities of 50, 200,
300, and 700 kg/m2 s are given in Fig. 2(a)±(d), respectively, to
show the progression from one ¯ow pattern to the next. The
main liquid±vapor interface is the white line. The ¯ow patterns
for G� 50 kg/m2 s includes the plug, slug, and strati®ed ¯ow
pattern (strati®ed smooth and strati®ed wavy). Note that in
this study the annular ¯ow pattern is not seen for a mass veloc-

ity less than 100 kg/m2 s. Further increasing of mass velocities
to G� 200 kg/m2 s results in plug/slug, strati®ed, wavy, and
annular. Meanwhile, the liquid entrainment is clearly seen
for the wavy and annular ¯ow pattern for G P 200 kg/m2 s
which were not seen for the wavy ¯ow pattern for G� 50
and 100 kg/m2 s. The liquid entrainment becomes smaller as
vapor quality further increases. For a mass ¯ux of 300 kg/m2

s, it can be observed that the plug/slug/wavy ¯ow patterns
are accompanied by the small vapor bubbles, and the bubble
density increases with further increasing of mass ¯ux. The ¯ow
patterns for G� 700 kg/m2 s include the slug, wavy/annular,
and annular ¯ow pattern. As seen, the annular ¯ow pattern be-
comes the dominant ¯ow pattern as mass ¯ux increases.

The observed ¯ow patterns have been compared with sever-
al popular ¯ow pattern maps, namely Baker (1954), Mandhane
et al. (1974), and the VDI Heat Atlas (1993). The VDI ¯ow
pattern map is a modi®ed ¯ow pattern map of the well known
semi-empirical ¯ow pattern map proposed by Taitel and Duk-
ler (1976). In summary, the Baker map gives the highest pre-

Fig. 2. Flow pattern for: (a) G� 50 kg/m2 s; (b) G� 200 kg/m2 s; (c) G� 300 kg/m2 s; (d) G� 700 kg/m2 s.
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dictability (64%), the VDI map shows only 42% while the
Mandhane one shows the poorest predictions (13%). The devi-
ations between the above-mentioned ¯ow pattern maps and
the present data increase with the decrease of mass velocities.
In the present study, we found that the line of transition to an-
nular ¯ow had shifted to lower gas super®cial velocity. Lin and
Hanratty (1987) reported a decrease of tube diameter will
cause transition to annular at lower gas velocity.

Weisman et al. (1979) present extensive new data on the
transitions between two-phase ¯ow patterns during co-current
gas liquid ¯ow in horizontal lines. Systematic studies on the ef-
fects of liquid viscosity, liquid density, surface tension, gas
density, and tube diameter were reported in this study. They

proposed revised dimensionless correlations which ®t their
own data and previously available data with success. Their
correlations can be summarized as follows:

Strati®ed-intermittent transition:

uGS������
gD
p � 0:25

uGS

uLS

� �1:1

: �11�

Strati®ed-wavy transition:

r
gD qL ÿ qG� �
� �0:2 DuGSqG

lG

� �0:45

� 8
uGS

uLS

� �0:16

: �12�

Transition to annular ¯ow pattern:

Fig. 2 (continued)
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1:9
uGS

uLS

� �1
8

� uGSq0:5
G

gD qL ÿ qG� �r� �1=4

" #0:2

u2
GS

gD

� �0:18

: �13�

Transition to dispersed ¯ow pattern:

dP=dx� �L
g qL ÿ qG� �
� �0:5 r

g2D qL ÿ qG� �
� �ÿ0:25

� 9:7: �14�

Fig. 3 shows the present data with the Weisman et al. (1979)
¯ow pattern map. It is shown that this ¯ow pattern map gives
very good agreements with the present test results, especially
for the annular and intermittent ¯ow pattern. Actually, 86%
of the experimental data can be predicted by this map.

Klimenko and Fyodorov (1990) developed a mechanistic
criterion for determining the transition from strati®ed to un-
strati®ed ¯ow. They de®ned unstrati®ed ¯ow as all ¯ow re-
gimes with continuous wetting of the entire tube
circumference. In this study, unstrati®ed ¯ow is annular ¯ow.
Based on a two-phase data bank, Klimenko and Fyodorov
(1990) arrived at the following semi-empirical expression:

F � 0:074
Di

b

� �0:67

FrG � 8 1ÿ qG

qL

� �0:1
" #2

FrL: �15�

For F > 1, unstrati®ed ¯ow exists, and for F < 1, strati®ed
¯ow exists. They de®ned the Froude number for liquid and va-
por phase using the super®cial velocity,

FrL � qLu2
LS

qL ÿ qG� �gDi� � ; �16�

FrG � qGu2
GS

qL ÿ qG� �gDi� � ; �17�
and b is given as

b � rL

g qL ÿ qG� �
� �0:5

: �18�
The criterion was transformed by Klimenko and Fyodorov
(1990) to become a modi®ed liquid and vapor Froude number,
which is given by

Fig. 2 (continued)
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FrL;mod � Fr0:5
L 1ÿ qG

qL

� �0:1
" #

; �19�

FrG;mod � Fr0:5
G

Di

b

� �0:33

: �20�

Fig. 4 shows the present R-22 data plotted as modi®ed Fro-
ude numbers. As seen from this ®gure, the simple criterion pro-
posed by Klimenko and Fyodorov (1990) gives excellent
classi®cation of the present strati®ed and unstrati®ed data.

For smooth, circular tubes, one may correlate the friction
data using /2

m � /2
m�X �. As proposed by Chisholm (1973),

/2
m � 1� CX � X 2; �21�

where X is the Martinelli parameter, and is given by Eq. (10).
For smooth tubes, the constant C ranges from 5 to 20, depend-
ing on whether the liquid and vapor phases are laminar or tur-
bulent. In particular, the C factor can be adjusted to give a best
®t to a given set of data. Fig. 5 shows the measured data plot-

ted in the form /2
m vs. X and values predicted by Eq. (21) for

C� 5 and 20. Actually, C is strongly related to the observed
¯ow pattern. A comparison between the observed ¯ow pattern
and the calculated two-phase multipliers shows that a constant
of C� 5 may be more appropriate for the intermittent ¯ow
pattern. This is true even if the Reynolds number of both va-
por and liquid phase are turbulent. For instance, for G� 700
kg/m2 s, x� 0.048, the Reynolds numbers for liquid phase
and vapor phase are 23990 and 17200, respectively, which
are in the so-called turbulent±turbulent range. In the original
Lockhard and Martinelli (1949) correlation, C� 20 is suggest-
ed. However, a considerable over-prediction is observed if
C� 20 is used. In fact, a constant of 20 can describe the exper-
imental data for X < 0.2 and G P 200 kg/m2 s, which corre-
sponds to the annular ¯ow pattern. For a mass velocity
greater than 200 kg/m2 s, it is shown that the two-phase mul-
tipliers were insensitive to the change of mass velocity. How-
ever, for a mass velocity of 50 and 100 kg/m2 s, the
experimental data show a pronounced e�ect of mass velocity.
This may be explained from wavy ¯ow pattern in Fig. 2(a).

Fig. 2 (continued)
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For G� 50 and 100 kg/m2 s, the shear force at the vapor±liquid
interface is not large enough, therefore, the amplitudes of the
wave cannot reach top of the tube. This implies a partially
wet phenomenon. Therefore, the friction characteristics may
depend on the wetted perimeter which is a�ected by the mass
velocity. Hence, a mass ¯ux dependence was obtained. For
G > 200 kg/m2 s, the amplitude of the observed wavy ¯ow pat-

tern becomes high enough to reach the top (see the liquid
streaks at the upper side of the wavy ¯ow pattern). As a result,
although the main ¯ow pattern is wavy ¯ow, the two-phase
¯ow characteristics can be considered as ``fully wet''. Then,
the e�ect of mass ¯ux on two-phase multipliers may diminish.

Using a multi-regression process, the multiplier for G P 200
kg/m2 s are correlated as

/2
m � 1� 9:73X 0:65 � 0:487X 2:5: �22�

Note that Eq. (22) can correlate 91% of the data having mass
velocities higher than 200 kg/m2 s within �20%. Also shown in
the ®gure are data at mass velocities of 50 and 100 kg/m2 s, the

Fig. 3. Comparison with the present ¯ow pattern with Weisman et al.

(1979) ¯ow pattern map.

Fig. 4. Comparison with the present ¯ow pattern data with Klimenko

and Fyodorov (1990) criterion.

Fig. 5. Frictional multiplier vs. Martinelli parameter for the experi-

mental data.

Fig. 6. E�ect of heat ¯ux on the evaporating heat transfer coe�cient

for G� 400 kg/m2 s.
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two-phase multipliers are quite di�erent from the prediction by
Eq. (22). The mass ¯ux shows a considerable e�ect on the two-
phase multiplier. Therefore, the test results suggest that the C
factor is not a constant but a function of Martinelli parameter
and mass ¯ux. Wambsganss et al. (1992) and Kuo and Wang
(1996) also indicated this phenomenon. They proposed a mod-
i®cation on the C factor in the Chisholm (1973) correlation
and the modi®ed expression of C is given by

C � C�X ;ReLO� � aX b: �23�
Therefore, using a multi-regression process, C can be correlat-
ed as

C � 0:00016121Xÿ0:31Re1:23
LO : �24�

Eq. (24) can describe 90% of the present data within �20%.
Fig. 6 shows the variation of heat transfer coe�cient versus

quality with a ®xed mass ¯ux and varying heat ¯ux (G� 400
kg/m2 s, Tsat� 2°C, q� 5, 10, 15, and 20 kW/m2, respectively).
As expected, the heat transfer coe�cients increase with the
quality. This may be explained from the visual observation
of ¯ow patterns, for G� 400 kg/m2 s, changes from intermit-
tent ¯ow (x < 0.1) to strati®ed wavy (x < 0.23), and then ®-
nally annular ¯ow pattern (x > 0.6). Therefore, as the heat
¯ux increases, the heat transfer coe�cient increases in the
low quality region owing to the nucleate boiling contribution,
and eventually merges at higher qualities due to the suppres-
sion of the nucleate boiling component by the thinning of
the annular liquid ®lm. The present test results were compared
with the correlation of Kandlikar (1990). Comparing with the
measured data, the original Kandlikar (1990) correlation gives
35±80% overprediction. It appears the ¯uid dependent param-
eter in the Kandlikar correlation was obtained from a limited
data source. Based on the present data, the ¯uid dependent pa-
rameter is approximately 1.43.

For a lower mass ¯ux, G� 100 kg/m2 s, the ¯ow patterns
are intermittent ¯ow and strati®ed ¯ow. The e�ect of heat ¯ux
on the heat transfer coe�cient is shown in Fig. 7. As seen, the
e�ect of heat ¯ux is more pronounced as compared with the re-
sults for G� 400/kg m2 s. Also, the heat transfer coe�cients do
not increase with increase of vapor quality. This indicates that

the thinning of wavy liquid ®lm does not e�ectively increase
the heat transfer coe�cient as compared to the annular ¯ow
pattern. The results may imply the major heat transfer mecha-
nism for the partially wet strati®ed-wavy ¯ow pattern may be
due to nucleate boiling. This is di�erent from the wavy ¯ow
pattern for G� 400 kg/m2 s. As explained earlier, the ampli-
tude of the wave may reach the top of the tube. Therefore,
the liquid streaks on the upper side of the tube increase the
contribution of convective evaporation. A close examination
of the present experimental data indicates that the two-phase
heat transfer coe�cient is proportional to q0:6±0:7. The experi-
mental data of Wattelet et al. (1994) and Ha and Bergles
(1994) for a strati®ed-wavy ¯ow pattern (G� 50 kg/m2 s) also
show a heat ¯ux dependence of 0.6±0.7. It is noted that for in-
complete wetting the perimeter-averaged heat transfer coe�-
cient shows a ¯at trend characteristics vs. vapor quality, and
this phenomenon may become more pronounced as heat ¯ux
increases. The reported phenomenon is similar to those report-
ed by the VDI Heat Atlas (1993). The correlation by Kandli-
kar (1990) suggests a smaller contribution of the heat ¯ux.
However, unlike the increasing heat transfer characteristics
vs. quality, the Kandlikar (1990) correlation shows a ¯at trend
characteristics which is similar to the present data. Kandlikar
(1991) described this phenomenon in detail.

Fig. 8 shows the e�ect of mass ¯ux at a ®xed heat ¯ux on
the tube performance. For a prescribed heat ¯ux (Tsat� 7°C
and q� 5 kW/m), the heat transfer coe�cients increase with
mass ¯ux. However, the e�ect of mass ¯ux is somewhat smaller
for G lower than 200 kg/m2 s. Doubling the mass ¯ux from
G� 100 to 200 kg/m2 s, the heat transfer coe�cients increase
with only 10±15% depends on the quality. The closing of heat
transfer coe�cients at low quality (x < 0.25) for G� 100, 200,
and 400 kg/m2 s is due to intermittent ¯ow as observed from
the pictures. For the intermittent ¯ow pattern, the major heat
transfer mechanism may be nucleate boiling. Further increase
of mass ¯ux from 200 to 400 kg/m2 s shows a profound e�ect
of mass ¯ux. The average increase of heat transfer coe�cient is
about 55%. This may be due to the contribution of convective
evaporation. The experimental data of Ha and Bergles (1994)
show a similar result.

Fig. 7. E�ect of heat ¯ux on the evaporating heat transfer coe�cient for G� 100 kg/m2 s.
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Fig. 9 shows the comparisons of the present average heat
transfer coe�cients with several other researches. The test re-
sults include those from Altman et al. (1960), Schlager et al.
(1988), Sato et al. (1990), Kido et al. (1992), and Shin et al.
(1997). Notice a considerable di�erence in the test conditions
conducted by these investigators. For the present test data,
the test conditions were Tsat� 2°C and q� 5 and 10 kW/m.
The present test results agree favorably with those by Kido
et al. (1992) and Schlager et al. (1988). For G < 200 kg/m2

s, the test results of Altman et al. (1960) are close to the pres-
ent test results. For G > 200 kg/m2 s, the test results by Alt-
man et al. (1960) are signi®cantly higher than the present
data. It is interesting to note that their data showed a negligi-
ble e�ect of heat ¯ux. It is not clear about this phenomenon.
The test data by Shin et al. (1997) and Sato et al. (1990) are

about 20±80% higher than the present test results. Possible ex-
planations of this phenomenon may be due their higher satu-
ration temperature and higher heat ¯ux conditions. (Ts� 12°C
for Shin et al., 1997). The heat transfer coe�cients for Sato et
al. (1990) are considerably higher than the present results ow-
ing to their very smaller tube diameter (Di� 3.4 mm) and very
high heat ¯ux.

7. Conclusions

Two-phase ¯ow pattern, friction, and heat transfer charac-
teristics for R-22 inside a 6.5 mm smooth tube are reported in
this study. The range of mass ¯ux is between 50 and 700 kg/m2 s.
Conclusions of the present study include:

Fig. 9. Comparison of the present average heat transfer coe�cients with other investigators.

Fig. 8. E�ect of mass ¯ux on the evaporating heat transfer coe�cient.
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1. In the range of this study, the ¯ow pattern map proposed by
Weisman et al. (1979) gave a satisfactory classi®cation.

2. The simple criterion proposed by Klimenko and Fyodorov
(1990) shows an excellent classi®cation of the strati®ed and
unstrati®ed data.

3. The two-phase multipliers are strongly related to the ¯ow
pattern, and it is found that the two-phase multiplier is de-
pendent upon mass velocities for the partially-wet strati®ed-
wavy ¯ow pattern. For intermittent, annular/wavy, and an-
nular ¯ow pattern, the two-phase multipliers is insensitive
to mass ¯ux.

4. The heat transfer coe�cients for annular ¯ow pattern in-
crease with the increase of quality, and the e�ect of heat ¯ux
on heat transfer coe�cient is suppressed at higher quality
region. The major heat transfer mechanism for the partial-
ly-wet strati®ed-wavy ¯ow pattern is nucleate boiling.

5. The heat transfer coe�cient for intermittent ¯ow pattern is
insensitive to the change of mass ¯ux.
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