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a b s t r a c t

An experiment is carried out here to investigate the evaporation heat transfer and associated evaporating
flow pattern for refrigerant R-134a flowing in a horizontal narrow annular duct. The gap of the duct is
fixed at 1.0 and 2.0 mm. In the experiment, the effects of the duct gap, refrigerant vapor quality, mass flux
and saturation temperature and imposed heat flux on the measured evaporation heat transfer coefficient
hr are examined in detail. For the duct gap of 2.0 mm, the refrigerant mass flux G is varied from 300 to
500 kg/m2 s, imposed heat flux q from 5 to 15 kW/m2, vapor quality xm from 0.05 to 0.95, and refrigerant
saturation temperature Tsat from 5 to 15 �C. While for the gap of 1.0 mm, G is varied from 500 to 700
kg/m2 s with the other parameters varied in the same ranges as that for d = 2.0 mm. The experimental
data clearly show that the evaporation heat transfer coefficient increases almost linearly with the vapor
quality of the refrigerant and the increase is more significant at a higher G. Besides, the evaporation heat
transfer coefficient also rises substantially at increasing q. Moreover, a significant increase in the evapo-
ration heat transfer coefficient results for a rise in Tsat, but the effects are less pronounced in the narrower
duct at a low imposed heat flux and a high refrigerant mass flux. Furthermore, the evaporation heat trans-
fer coefficient increases substantially with the refrigerant mass flux except at low vapor quality. We also
note that reducing the duct gap causes a significant increase in hr. In addition to the heat transfer data,
photos of R-134a evaporating flow taken from the duct side show the change of the dominant two-phase
flow pattern in the duct with the experimental parameters. Finally, an empirical correlation for the
present measured heat transfer coefficient for the R-134a evaporation in the narrow annular ducts is
proposed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In air-conditioning system design, the refrigerant chosen to be
used in the refrigeration loop is known to play an important role.
The hydrochlorofluorocarbons refrigerants (HCFCs) such as refrig-
erant R-22 and the chlorofluorocarbons refrigerants (CFCs) such
as refrigerants R-11, R-12, R-113, R-114 and R-115 have been em-
ployed for many years. However, the chlorine ions contained in
these refrigerants have resulted in the destruction of the ozone
layer in the arctic area and the global warming. Thus the Montreal
Protocol signed in 1987 only allowed the use of the CFCs up to
1996. Besides, the HCFCs are going to be phased out in 2020.
Consequently, the search for the replacement of CFCs and HCFCs
becomes very urgent. Various non-chlorine alternative refrigerants
such as R-134a, R-290, R-401A, R-407C and R-410A have been
considered to be suitable and some are currently in use.

It is well known that R-134a is a single-component HFC refrig-
erant and has similar thermophysical properties to R-12. Hence
refrigerant R-134a has been extensively used currently in many
ll rights reserved.
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refrigeration and air-conditioning systems to replace R-12 and
R-22.

In many air-conditioning systems, using small channels is a
good choice because of their low thermal resistance, very high ratio
of surface area to volume, low inventory, small volumes and lower
total mass of working fluids. Thus the use of compact heat-
exchangers consisting of small channels to promote the thermal
performance of these systems is beneficial. The understanding of
the evaporation heat transfer characteristics of R-134a in small
channels is therefore needed.

The size of the channels in a compact heat exchanger can signif-
icantly affect the performance of the exchanger, suggesting that
the channel confinement effects on the two-phase flow in the
exchanger are important. In classifying the channel size Kandlikar
et al. [1,2] proposed that Dh > 3 mm for conventional channels,
200 lm < Dh < 3 mm for mini-channels, and 10 lm< Dh < 200 lm
for micro-channels. Kew and Cornwell [3] investigated refrigerant
R-141b boiling in a horizontal tube with its inner diameter ranging
from 1.39 to 3.69 mm and introduced a new dimensionless group

named as the Confinement number,Nconf �
½r=ðgðql�qg ÞÞ�

1=2

Dh
, which rep-

resented the importance of the restriction of the flow by the small
size of the channel. They showed that the confined boiling
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Nomenclature

As outside surface area of the heated inner pipe, m2

Bo Boiling number, Bo ¼ q
G�ifg, dimensionless

cp specific heat, J/kg�C
Di, Do inner and outside diameters of duct, m
Dh hydraulic diameter, Dh = (Do � Di), m
ff friction factor
g acceleration due to gravity, m/s2

G mass flux, kg/m2 s
hr evaporation heat transfer coefficient, W/m2 �C
ifg enthalpy of vaporization, J/kg
kl liquid thermal conductivity, W/m �C
tlf liquid film thickness, lm
Nconf Confinement number, Nconf ¼ ðr=ðgDqÞÞ0:5

Dh
, dimensionless

Nu Nusselt number, Nu ¼ hDh
k , dimensionless

P system pressure, kPa
Pr Prandtl number, Pr ¼ l�cp

k , dimensionless

q average imposed heat flux, W/m2

Qn net power input, W
Re Reynolds number, Re ¼ G�Dh

ll
, dimensionless

Tw wall temperature of heated inner pipe, �C
Tsat saturated temperature of the refrigerant, �C
xm mean vapor quality
Xtt Martnelli parameter
z coordinate (downstream coordinate for annular duct

flow), mm

Greek symbols
d gap size, mm
ll viscosity of liquid R-134a, N�s/m2

qg, ql vapor and liquid densities, kg/m3

Dq density difference, Dq = ql � qg, kg/m3

r surface tension, N/m
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occurred when Nconf > 0.5. Accordingly, the effects of the tube con-
finement can be significant for two-phase flow in micro- and mini-
channels.

In the following the relevant literature on the evaporation heat
transfer of refrigerants in conventional and some enhanced tubes is
reviewed. Experimental data taken for the evaporation heat trans-
fer characteristics of R-22/R-407C in a smooth tube (Dh = 6.5 mm)
by Wang and Chiang [4] for the vapor quality varied from 0.1 to 0.9
showed that the R-22 evaporation heat transfer coefficient in-
creased at increasing mass flux and vapor quality. However, the
R-407C evaporation heat transfer coefficient increased at increas-
ing mass flux but decreased at increasing vapor quality. Park and
Hrnjak [5] studied CO2 and R-410A flow boiling heat transfer, pres-
sure drop and flow pattern at low temperatures in a horizontal
smooth tube (Dh=6.1 mm). They found that the evaporation heat
transfer coefficient of R-410A increased with the mass flux and
vapor quality. Besides, the evaporation heat transfer coefficient of
CO2 is higher than R-410A.

A comprehensive review of saturated flow boiling in small pas-
sages of compact heat-exchangers conducted by Watel [6] suggests
that heat transfer in the evaporation of refrigerants in small chan-
nels is dominated by conduction and convection through the liquid
film and the interfacial vaporization. The evaporation heat transfer
coefficient depends mainly on the refrigerant mass flux and vapor
quality. Evaporation heat transfer and pressure drop of refrigerant
R-134a in a bank of 28 small pipes (Dh=2.0 mm) were experimen-
tally investigated by Yan and Lin [7,8]. They reported that the
evaporation heat transfer coefficient increased with increasing
heat flux at low vapor quality and with Tsat. But an opposite trend
prevails at high quality. Yun et al. [9] studied evaporation heat
transfer characteristics of CO2 in small channels (Dh = 1.08 and
1.54 mm). Their results indicate that before the liquid film dryout
the evaporation heat transfer coefficient increased with heat flux.
Besides, the evaporation heat transfer coefficient increases with
increasing refrigerant saturated temperature and decreasing chan-
nel hydraulic diameter. Moreover, the CO2 evaporation heat trans-
fer coefficient is higher than R-134a by 53%. An experimental study
carried out by Lie et al. [10] to examine the evaporation heat trans-
fer of refrigerants R-134a and R-407C in horizontal banks of small
tubes (Dh = 0.83 and 2.0 mm) for xm ranging from 0.2 to 0.8 showed
that the evaporation heat transfer coefficient increased at increas-
ing heat flux, saturated temperature and mass flux. Besides, hr

increases almost linearly with the vapor quality. Evaporative heat
transfer and pressure drop of R-410A in small channels (Dh = 1.33
and 1.44 mm) investigated by Yun et al. [11] showed that before
the dryout, the evaporation heat transfer coefficient was indepen-
dent of the refrigerant saturated temperature and mass flux. But
after the dryout the evaporation heat transfer coefficient increased
at increasing refrigerant saturated temperature, heat flux and mass
flux. Choi et al. [12] studied the flow boiling heat transfer of R-22,
R-134a and CO2 in horizontal mini-channels (Dh = 1.5 and 3.0 mm)
and reported that the heat transfer coefficient increased with the
heat flux. Besides, the dryout quality becomes lower for a higher
heat flux.

The above literature review clearly indicates that the experi-
mental data for the evaporation heat transfer of HFC refrigerants
in small tubes are still rare. In this investigation we conduct an
experiment to measure the evaporation heat transfer coefficient
and visualize the associated evaporating flow of refrigerant
R-134a in a horizontal narrow annular duct. The effects of the
refrigerant vapor quality, saturated temperature, mass flux and im-
posed heat flux on the evaporation heat transfer and evaporating
flow in the duct will be examined in detail.
2. Experimental apparatus and procedures

The experimental system modified slightly from that used in
the previous study [13] is employed here to investigate the evapo-
ration heat transfer of R-134a in a narrow annular duct. It is sche-
matically depicted in Fig. 1. The experimental apparatus consists of
three main loops, namely, a refrigerant loop, a water–glycol loop
and a hot-water loop. Refrigerant R-134a is circulated in the refrig-
erant loop. In order to control various test conditions of the refrig-
erant in the test section, we need to control the temperature and
flow rate in the other two loops. Here the system is only briefly
described. The detailed description is available in the previous
study [13].

The test section of the experimental apparatus is a horizontal
annular duct with the outer pipe made of Pyrex glass to permit
the visualization of two-phase pattern in the evaporating refriger-
ant flow. The outer Pyrex glass pipe is 160-mm long and 4-mm
thick with the inside diameter of 20 mm. Both ends of the pipe
are connected with copper tubes of the same size by means of
flanges and are sealed by O-rings. The inner smooth pipe has
16.0 or 18.0 mm nominal outside diameter (the pipe wall thickness
is 1.75 or 2.75 mm) and is 0.41 m long, so that the hydraulic diam-
eter of the annular duct Dh is 4.0 or 2.0 mm (corresponding to the
gap size of 2.0 or 1.0 mm for the duct). In order to insure the gap
between the inner and outer pipes being uniform, we first measure



Fig. 1. Schematic of experimental system for the annular duct.
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the outside diameter of the inner pipe and the inside diameter of
the glass pipe by digital calipers whose resolutions are 0.001 mm
with the accuracy of ±0.01 mm. Then we photo the top and side
view pictures of the annular duct and measure the average radial
distance from the inside surface of the glass pipe to the outside
surface of the inner tube. From the above procedures the duct
gap is ascertained and its uncertainty is estimated to be
0.019 mm. An electric cartridge heater of 160 mm in length and
12.5 mm in diameter with a maximum power output of 800 W is
inserted into the inner pipe. Furthermore, the pipe has an inactive
heating zone of 10-mm long at each end and is insulated with
Teflon blocks and thermally nonconducting epoxy to minimize
heat loss from it. Thermal contact between the heater and the in-
ner pipe is improved by coating a thin layer of heat-sink compound
on the heater surface before the installation of the heater. Then,
8 T-type calibrated thermocouples are electrically insulated by
electrically nonconducting thermal bond before they are fixed on
the inside surface of the inner pipe so that the voltage signals from
the thermocouples are not interfered with the DC current passing
through the cartridge heater. The thermocouples are positioned
at three axial stations along the inner pipe. At each axial station,
two to four thermocouples are placed at top, bottom, or two sides
of the pipe circumference with 180� or 90� apart. The outside sur-
face temperature of the inner pipe Tw is then derived from the
measured inside surface temperature by taking the radial heat con-
duction through the pipe wall into account.

The photographic apparatus established here to picture the
qualitative characteristics of the evaporating flow in the annular
duct consists of an IDT (X-Stream™ VISION XS-4) high-speed
CMOS digital camera, a Mitutoyo micro-lens set, a 3-D positioning
mechanism, a personal computer and a Nikon digital camera. The
high-speed digital camera can take photographs up to 143,307
frames/s with an image resolution of 512 � 16. Here, a recording
rate of 10,000 frames/s with the highest image resolution of
512 � 256 is adopted to obtain the images of the evaporating flow.
The digital camera shutter speed can be as short as 1/4000 s in tak-
ing the overview of the flow. In particular, the flow pattern of the
refrigerant in a small region around the middle axial location
(z = 80 mm) is visualized. Note that the symbol z denotes the axial
coordinate measuring from the inlet of the heated test section.
After the experimental system reaches a statistically steady state,
we start recording the evaporation activity. The high-speed digital
camera can store the images which are later downloaded to a
personal computer.

Before a test is started, the temperature of refrigerant R-134a in
the test section is compared with its saturation temperature corre-
sponding to the measured saturation pressure and the allowable
difference is kept in the range of 0.2–0.3 K. Otherwise, the experi-
mental system is re-evacuated and then re-charged to remove
noncondensible gases existing in the refrigerant loop. In the test
the liquid refrigerant at the inlet of the test section is first main-
tained at a specified temperature by adjusting the water-glycol
temperature and flow rate. In addition, we adjust the thermostat
temperature in the hot-water loop to stabilize the refrigerant tem-
perature at the test section inlet. Next, the temperature and flow
rate of the hot-water loop for the preheater are adjusted to keep
the vapor quality of R-134a at the test section inlet at the desired
value. Then, we regulate the refrigerant pressure at the test section



Table 1
Summary of results from the uncertainty analysis.

Parameter Uncertainty

Annular duct geometry
Length, width and thickness (%) ±1.0%
Gap size (%) ±5.0%
Area (%) ±2.0%

Parameter measurement
Temperature, T (�C) ±0.2
Temperature difference, 4T (�C) ±0.28
System pressure, P (MPa) ±0.002
Mass flux of refrigerant, G (%) ±2

Single-phase heat transfer
Imposed heat flux, q (%) ±4.5
Heat transfer coefficient, hl (%) ±12.5

Evaporation heat transfer
Imposed heat flux, q (%) ±4.5
Mean vapor quality, xm (%) ±9.5
Heat transfer coefficient, hr (%) ±14
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Fig. 2. Comparison of the present single-phase liquid convection heat transfer data
hl with the correlations of Gnielinski and Dittus–Boelter.
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inlet by adjusting the opening of the gate valve locating right after
the exit of the test section. Meanwhile, by changing the current of
the DC motor connecting to the refrigerant pump, the refrigerant
flow rate can be varied. The imposed heat flux from the heater to
the refrigerant is adjusted by varying the electric current delivered
from the programmable DC power supply to the electric heater. All
tests are run at statistically steady-state conditions at which the
time variations of the system pressure and imposed heat flux are,
respectively, within ±1% and ±4% of their mean levels, and the time
variations of the heated wall temperature are less than ±0.2 �C for a
period of 100 min. Then all the data channels are scanned every
0.05 s for a period of 20 s.

3. Data reduction

The imposed heat flux to the refrigerant flow in the annular
duct is calculated on the basis of the total power input Qt and
the total outside heat transfer area of the inner pipe of the annular
duct As. The total power input is computed from the product of the
measured voltage drop across the cartridge heater and the electric
current passing through it. Hence the net power input to the test
section Qn is equal to (Qt � Qloss). The imposed heat flux at the out-
side surface of the inner pipe is then evaluated from the relation

q ¼ Qn=As ð1Þ

The total heat loss from the test section Qloss is evaluated from the
correlation for natural convection around a circular cylinder pro-
posed by Churchill and Chu [14]. To reduce the heat loss from the
test section, we cover the test section with a 2.5-cm thick polyeth-
ylene insulation layer. The results from the heat loss test indicate
that the heat loss from the test section is generally less than 1% of
the total power input no matter when a single-phase flow or a
two-phase evaporating flow is in the duct. The average single-phase
convection heat transfer coefficient for the refrigerant flow over the
entire heated surface in the annular duct is defined as

hl �
Q n

As � ðTw � Tr;aveÞ
ð2Þ

where Tr,ave is the average of the measured inlet and outlet temper-
atures of the refrigerant flow through the test section.

The vapor quality of R-134a entering the test section inlet is eval-
uated from the energy balance for the preheater. The total change of
the refrigerant vapor quality in the test section is then deduced from
the net heat transfer rate from the electric heater to the refrigerant
in the test section. Finally, the circumferentially averaged heat
transfer coefficient for the evaporation of R-134a at the middle axial
location in the test section is determined from the definition

hr �
Q n

AsðTwall � Tr;satÞ
ð3Þ

More detailed description of the data reduction can be found from
our earlier study [7]. Uncertainties of the heat transfer coefficients
are estimated according to the procedures proposed by Kline and
McClintock for the propagation of errors in physical measurement
[15]. The results from this uncertainty analysis are summarized in
Table 1.

4. Results and discussion

Results from the measured heat transfer data for the evapora-
tion of R-134a in the narrow annular duct affected by the five
experimental parameters, namely, the refrigerant mass flux, vapor
quality, imposed heat flux, system pressure and duct size are pre-
sented here. The experiments are performed for the refrigerant
mass flux varying from 300 to 700 kg/m2 s with the imposed heat
flux fixed at 5, 10, 15 kW/m2 and system pressure set at 349.8 kPa,
414.6 kPa and 488.6 kPa (corresponding, respectively, to Tsat = 5, 10
and 15 �C). And the vapor quality at the middle axial location of the
duct ranges from 0.05 to 0.95 for the annular gap of the duct d = 1.0
and 2.0 mm. In what follows the effects of the experimental
parameters on hr for R-134a at the middle axial location are exam-
ined in detail. Besides, the results from visualizing the flow of
R-134a evaporation in the duct will be inspected.

4.1. Single-phase heat transfer

Before beginning the evaporation experiments, the single-phase
convective heat transfer tests are conducted for liquid R-134a flow
in the annular duct. The measured hl data are compared with the
correlations proposed by Gnielinski [16] and Dittus–Boelter [17].
In the tests the refrigerant mass flux is varied from 220 to
1200 kg/m2 s for the duct gap d = 1.0 and 2.0 mm(corresponding
to the Reynolds number of the refrigerant flow varying from
2668 to 15,412) at Tsat = 15 �C and inlet liquid subcooling DTsub =
4 �C. Selected results from these tests are plotted in Fig. 2. The
Gnielinski correlation is
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Fig. 3. Variations of R-134a evaporation heat transfer coefficient with vapor quality
at d = 2.0 mm : (a) for various G at Tsat = 15 �C and q = 5 kW/m2, (b) for various Tsat at
q = 15 kW/m2 and G = 500 kg/m2 s and (c) for various q at Tsat = 10 �C and
G = 500 kg/m2 s.
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Nul ¼
ðff=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffiffi
ff=8

p
ðPr2=3 � 1Þ

ð4Þ

applicable for 2300 < Re < 106 and 0.6 < Prl < 105, where

ff ¼ ð1:82� log10Re� 1:64Þ�2 ð5Þ

The Dittus–Boelter correlation is

Nul ¼ 0:023 � Re0:8 � Pr0:4 ð6Þ

applicable for Re > 105 and 0.7 < Prl < 16,700
The above results manifest that the present data for the liquid

R-134a forced convection in the narrow annular duct can be well
correlated by their correlations. Thus the established system is
considered to be suitable for the present R-134a evaporation
experiment.

4.2. Evaporation heat transfer in narrow annular duct

At first, the heat transfer data for the R-134a evaporation for the
duct gap of 2.0 mm are presented in Fig. 3 to illustrate the varia-
tions of the evaporation heat transfer coefficient at the middle ax-
ial location in the duct with the local vapor quality for various
refrigerant mass fluxes, imposed heat fluxes and refrigerant satu-
rated temperatures. These results indicate that for given q, Tsat

and G the evaporation heat transfer coefficients increase almost
linearly with the vapor quality, which is more prominent at a high-
er mass flux. The increase of hr with xm is considered to result from
the fact that at a higher vapor quality the liquid film of the refrig-
erant on the heating surface becomes thinner. Hence the thermal
resistance of the liquid film is reduced and heat transfer across
the film is improved. Besides, at a higher vapor quality the mass
flux of the vapor is larger and the vapor flow moves faster. This also
improves the liquid–vapor interfacial heat transfer. To be more
quantitative, the data in Fig. 3(a) show that at q = 5 kW/m2,
G = 500 kg/m2 s and Tsat = 15 �C, the R-134a evaporation heat
transfer coefficients at xm = 0.07 and 0.92 are, respectively, 1822
and 2837 W/m2�C. Hence an increase of 55.7% in hr occurs for xm

raised from 0.07 to 0.92 for this case.
Then, the data shown in Fig. 3(a) manifest that the increase of hr

with the R-134a mass flux is rather significant except at low vapor
quality. The increase in the evaporation heat transfer coefficient
with the refrigerant mass flux is due to higher liquid and vapor
velocities for a higher mass flux. Besides, the higher liquid and
vapor speeds, respectively, in the liquid film and vapor core can
promote the turbulence level in the refrigerant flow and we have
stronger interfacial evaporation and better convection of the vapor
flow over the liquid film. Thus a higher evaporation heat transfer
coefficient results for a higher mass flux. Quantitatively, according
to the data in Fig. 3(a) for Tsat = 15 �C and q = 5 kW/m2 the quality-
averaged evaporation heat transfer coefficients for G = 400 and
500 kg/m2 s are 2016 W/m2�C and 2345 W/m2�C, respectively.
Thus, �hr is increased by 16.3% for the mass flux raised from 400
to 500 kg/m2 s.

Next, the results presented in Fig. 3(b) indicate that the R-134a
evaporation heat transfer coefficient rises with the saturated tem-
perature of the refrigerant. This trend in the variation of hr with Tsat

is ascribed to the fact that at a higher Tsat the latent heat of vapor-
ization ifg is lower, which in turn results in a higher evaporation
rate of the liquid R-134a. Hence, the R-134a vapor in the duct flows
at a higher speed, producing a higher convection effect and there-
fore a higher hr. To quantitatively illustrate the effects of Tsat on hr,
the quality-averaged evaporation heat transfer coefficients at
G = 500 kg/m2 s and q = 15 kW/m2 are calculated from the data in
Fig. 3(b). The results show that at Tsat = 5 and 15 �C, the heat trans-
fer coefficients are about 3079 W/m2�C and 3797 W/m2 �C, respec-
tively. Thus for Tsat raised from 5 to 15 �C, �hr is increased by 23.3%.
Finally, based on the data shown in Fig. 3(c) for d = 2.0 mm the
R-134a evaporation heat transfer coefficient increases rather
significantly with the imposed heat flux for various Tsat and G espe-
cially at low vapor quality. This significant increase of hr with q
reflects that the R-134a evaporation at the liquid–vapor interface
in the refrigerant flow is substantially augmented by the increase
in the imposed heat flux. Besides, at low vapor quality bubble
nucleation on the heated surface is more important in the refriger-
ant flow which will be discussed later. Thus raising the imposed
heat flux can enhance the active bubble nucleation density, bubble
generation frequency and bubble growth, causing hr to increase
more significantly with q at low vapor quality. According to the
data in Fig. 3(c) for Tsat = 10 �C and G = 500 kg/m2 s, the quality-
averaged evaporation heat transfer coefficients for q = 5 and
15 kW/m2 are 2277 and 3424 W/m2 �C, individually. Thus for q
raised from 5 to 15 kW/m2 �hr is increased by 50.4%.
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Attention is then turned to examining the heat transfer data for
the R-134a evaporation for the smaller duct gap of 1.0 mm. The
data for d = 1.0 mm measured here are presented in Fig. 4. Compar-
ing these results with that in Fig. 3 for d = 2.0 mm indicates that the
effects of the refrigerant vapor quality, mass flux and saturated
temperature, and the imposed heat flux on the R-134a evaporation
heat transfer coefficient are similar for both d = 1.0 and 2.0 mm. A
close inspection of these data, however, reveals that some differ-
ences do exist. To be more clear, we show the data for d = 1.0
and 2.0 mm together in Figs. 5 and 6. The results in Figs. 5 and 6
manifest that hr is significantly better for d = 1.0 mm for the same
G, q and Tsat. Quantitatively, Fig. 5(c) shows that the quality-aver-
aged evaporation heat transfer coefficients for d = 1.0 and 2.0 mm
at G = 500 kg/m2 s, Tsat = 15 �C and q = 5 kW/m2 are 2875 and
2345 W/m2 �C, respectively. An increase of 22.6% in �hr occurs for
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Fig. 5. Variations of R-134a evaporation heat transfer coefficient with vapor quality
at q = 5 kW/m2 and G = 500 kg/m2 s for various d for (a) Tsat = 5 �C, (b) Tsat = 10 �C
and (c) Tsat = 15 �C.
d reduced from 2.0 mm to 1.0 mm. This increase in hr at reducing
d can be attributed to the fact that at a smaller gap the average
liquid film thickness is thinner. Hence the thermal resistance of
the liquid film is reduced and heat transfer across the film is
improved.

Besides, contrasting the results in Fig. 4 for d = 1.0 mm with that
in Fig. 3 for d = 2.0 mm suggests that the refrigerant mass flux
shows milder effects on hr in the narrower duct for q = 5 and
10 kW/m2, as evident from the data shown in Fig. 6(a). According
to the data in Fig. 4(a) for Tsat=10 �C and q = 15 kW/m2 the qual-
ity-averaged evaporation heat transfer coefficients for G = 600
and 700 kg/m2 s are 3801 W/m2 �C and 4139 W/m2 �C, respec-
tively. Thus, �hr is only increased by 8.8% in the narrower duct with
d = 1.0 mm for the R-134a mass flux raised from 600 to 700
kg/m2 s.



Fig. 6. Variations of R-134a evaporation heat transfer coefficient with vapor quality for various d: for (a) various G at Tsat = 5 �C and q = 5 kW/m2, (b) various Tsat at G = 500 kg/
m2 s and q = 10 kW/m2 and (c) various q at Tsat = 10 �C and G = 500 kg/m2 s.
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Moreover, a comparison of the data for d = 1.0 and 2.0 mm man-
ifests that at low and intermediate imposed heat fluxes for q = 5
and 10 kW/m2 the effects of the refrigerant saturated temperature
on the R-134a evaporation heat transfer coefficient are slightly less
pronounced in the narrower duct. This can be more clearly seen in
Fig. 6(b). Quantitatively, the quality-averaged evaporation heat
transfer coefficients at G = 700 kg/m2 s and q = 15 kW/m2 are cal-
culated from the data in Fig. 4 (b) for d = 1.0 mm. The results show
that at Tsat = 5, 10 and 15 �C, the heat transfer coefficients are about
3826, 4138 and 4472 W/m2 �C, respectively. Thus for Tsat raised
from 5 to 15 �C, �hr is increased by 16.9%.

Furthermore, the data shown in Fig. 4 for d = 1.0 mm, when con-
trasted with that in Fig. 3 for d = 2.0 mm, indicate that in the nar-
rower duct the effects of the imposed heat flux on the R-134a
evaporation heat transfer coefficient are slightly weaker, as clearly
seen from the data given in Fig. 6(c). According to the data in
Fig. 4(c) for Tsat = 10 �C and G = 500 kg/m2 s, the quality-averaged
evaporation heat transfer coefficients for q = 5, 10 and 15 kW/m2

are 2761, 3161 and 3743 W/m2 �C, individually. Thus for q raised
from 5 to 15 kW/m2 �hr is increased by 35.6% for d = 1.0 mm.

4.3. Characteristics of R-134a evaporating flow in narrow annular duct

In addition to the heat transfer data presented above, the pho-
tos of the R-134a evaporating flow taken from the duct side over
the entire duct and over a small region around the middle axial
location are shown in Figs. 7–11 for selected cases. The mean void
fraction a m and liquid film thickness tlf at the middle axial location
given in the figures are estimated from the separated two-phase
flow model proposed by Lockhart and Martinelli [18]. The flow
photos shown in Figs. 7–9 for d = 2.0 mm indicate that at the low
vapor quality of 0.05 bubble nucleation on the heating surface
can be seen only at some locations at the low imposed heat flux
of 5 kW/m2. But at the much higher q of 15 kW/m2 the bubble
nucleation density is rather high at this low xm. This apparently re-
sults from the fact that the heating surface is entirely covered by
the liquid R-134a at xm = 0.05. Merging of small bubbles into large
bubbles takes place frequently. Some bubbles are relatively large.
Actually, they can be regarded as bubble slugs. Besides, bubbles
dispersed in a large liquid slug appear in the duct. Moreover, due
to the gravity effects the top and bottom parts of the duct are,
respectively, dominated by the vapor and liquid flows. At the inter-
mediate vapor quality of 0.54 some bubble nucleation on the heat-
ing surface can also be seen at a high q. Beyond the inlet region the
flow in the duct is dominated by the vapor flow over thin liquid
film around the inner pipe and it is an annular two-phase flow.
Irregular moving waves appear at the vapor–liquid interface. We
also observe a small liquid slug. In the entrance region of the duct,
bubbles interdisperse with liquid and both move irregularly. Coa-
lescence of bubbles as they move downstream resulting in the
annular flow. It is of interest to note that at the very high vapor
quality of 0.94 bubble nucleation can still be seen at q = 15 kW/
m2 although the liquid film covering the heating surface is very
thin. Again at this high quality the duct is dominated by the
annular two-phase flow except in the entrance region. At the
vapor–liquid interface irregular waves still prevail. But no liquid
slug exists.

Next, the effects of the experimental parameters on the global
evaporating flow pattern are examined. Comparing the results in
Figs. 7 and 8 indicates that at the higher imposed heat flux a bigger
liquid slug forms at xm = 0.05 and at xm = 0.54 the annular flow pre-
vails in a larger portion of the duct. For a lowering of the refrigerant
saturated temperature from 15 �C to 5 �C, at xm = 0.05 the liquid slug
becomes larger due to less bubble nucleation at the lower Tsat, as evi-
dent from the photos in Figs. 8 and 9. Note that a number of bubbles
disperse in the liquid slug. We also note that at xm = 0.94 for
Tsat = 5 �C the annular flow exists almost in the entire duct
(Fig. 9(c)). As the refrigerant mass flux is raised from 300 to
400 kg/m2 s, less bubbles nucleate on the heating surface. This re-
sults in the disappearance of the liquid slug at low xm and a smaller
region of annular flow in the duct for G = 400 kg/m2 s at Tsat = 15 �C.

Finally, the photos of the evaporating flow in the narrower duct
(d = 1.0 mm) are presented in Fig. 10. The effects of the vapor qual-
ity, imposed heat flux and refrigerant mass flux and saturated tem-
perature on the evaporating flow for d = 1.0 mm are qualitatively
similar to that for d = 2.0 mm. The duct gap, however, exhibits
some important influences. Contrasting the flow photos for
d = 1.0 mm in Fig. 10 with that in Fig. 11 for d = 2.0 mm at the same
G(=500 kg/m2 s), Tsat (=15 �C) and q(=5 kW/m2) reveals that in the
narrower duct the bubble coalescence is more frequent and we



Fig. 7. Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G = 300 kg/m2 s, Tsat = 15 �C, d = 2.0 mm, q = 5 kW/m2

for (a) xm = 0.05, (b) xm = 0.54 and (c) xm = 0.94.

Fig. 8. Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G = 300 kg/m2 s, Tsat = 15 �C, d = 2.0 mm, q = 15 kW/m2

for (a) xm = 0.05, (b) xm = 0.54 and (c) xm = 0.95.
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have more big bubbles in the duct at low xm. Besides, at high xm

annular two-phase flow regions interrupted by liquid slugs prevail
for d = 1.0 mm.

4.4. Correlation equation for evaporation heat transfer coefficient

To facilitate the design of air-conditioning systems, the present
heat transfer data for the R-134a evaporation in the narrow annu-
lar duct are correlated empirically. The data presented above indi-
cate that hr varies linearly with the vapor quality at the middle
axial location and the correlation is thus expressed as

Nur ¼
hr � Dh

kl
¼ m1xm þm2 ð7Þ
where m1 and m2 are chosen as

m1 ¼ f ðBo;ReÞ ¼ a1 þ b1Boc1 Red1 ð8Þ
m2 ¼ f ðBo;ReÞ ¼ a2Bob2 Rec2 ð9Þ

The values for the coefficients in the above equatiions are a1 = 30,
b1 = 0.187, c1 = 2.9, d1 = 3.09, a2 = 24.7, b2 = 0.68 and c2 = 0.855.
The Boiling number and Reynolds number for the flow are defined,
respectively, as

Bo ¼ q
G � ifg

ð10Þ

Re ¼ G � Dh

l1
ð11Þ



Fig. 9. Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G = 300 kg/m2 s, Tsat = 5 �C, d = 2.0 mm, q = 15 kW/m2

for (a) xm = 0.06, (b) xm = 0.50 and (c) xm = 0.94.

Fig. 10. Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G = 500 kg/m2 s, Tsat = 15 �C, d = 1.0 mm, q = 5 kW/m2

for (a) xm = 0.06, (b) xm = 0.50 and (c) xm = 0.94.
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Comparison of the above correlation with the present experimental
data shown in Fig. 12 indicates that more than 96% of the present
data for hr fall within ±25% of Eq. (7), and the mean absolute error
(MAE) between the present data for hr and the proposed correlation
for the R-134a evaporation in the narrow ducts is 10.3%.
5. Concluding remarks

In this study, we have experimentally measured the heat trans-
fer coefficient and visualized the two-phase flow pattern for the
R-134a evaporation in the horizontal narrow annular ducts with
d = 1.0 and 2.0 mm. The effects of the refrigerant vapor quality, sat-
urated temperature, mass flux, imposed heat flux and gap size on
the evaporation heat transfer coefficient at the middle axial loca-
tion of the duct have been examined in detail. A summary of the
major findings is given in the following.

(1) The R-134a evaporation heat transfer coefficient in the nar-
row ducts increases almost linearly with the vapor quality
and the increase is more significant at a higher refrigerant
mass flux. Besides, increases in the refrigerant mass flux
and saturated temperature and imposed heat flux can sub-
stantially improve the evaporation heat transfer. The effects
of G and Tsat on hr are less pronounced for d = 1.0 mm.

(2) Reducing the gap size of the duct causes a significant
increase in the R-134a evaporation heat transfer coeffi-
cient.



Fig. 11. Photos of flow in the evaporation of R-134a in the entire duct and a small region around middle axial location at G = 500 kg/m2 s, Tsat = 15 �C, d = 2.0 mm, q = 5 kW/m2

for (a) xm = 0.05, (b) xm = 0.50 and (c) xm = 0.93.

Fig. 12. Comparison of the measured data for heat transfer coefficient for the
evaporation of R-134a in the narrow ducts with the proposed correlation.
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(3) In the flow visualization the bubble nucleation on the heat-
ing surface is found to be important at low vapor quality.
Besides, at low vapor quality merging of small bubbles to
form big bubbles and merging of big bubbles into bubble
slugs take place, which is more pronounced at the smaller
duct gap. Moreover, bubbles dispersed in a large liquid slug
appear in the duct. At the intermediate vapor quality some
bubble nucleation on the heating surface also exists and
the flow in the duct is dominated by the vapor flow over thin
liquid film around the inner pipe, an annular two-phase
flow. Irregular waves appear at the vapor–liquid interface.
At the very high vapor quality bubble nucleation can still
be seen at high imposed heat flux. At this high quality
the duct is also dominated by the annular two-phase flow.
The annular two-phase flow prevails in a larger portion of
the duct at higher imposed flux, lower refrigerant mass flux
and higher refrigerant saturated temperature.

(4) Empirical equation to correlate the present heat transfer
data for the R-134a evaporation in the annular ducts is
provided.
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