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This paper presents the results of an experimental study carried out with R-134a during flow boiling in a
horizontal tube of 2.6 mm ID. The experimental tests included (i) heat fluxes in the range from
10 to 100 kW/m2, (ii) the refrigerant mass velocities set to the discrete values in the range of
240–930 kg/(m2 s) and (iii) saturation temperature of 12 and 22 �C. The study analyzed the heat transfer,
through the local heat transfer coefficient along of flow, and pressure drop, under the variation of these
different parameters. It was possible to observe the significant influence of heat flux in the heat transfer
coefficient and mass velocity in the pressure drop, besides the effects of saturation temperature. In the
low quality region, it was possible to observe a significant influence of heat flux on the heat transfer coef-
ficient. In the high vapor quality region, for high mass velocities, this influence tended to vanish, and the
coefficient decreased. The influence of mass velocity in the heat transfer coefficient was detected in most
tests for a threshold value of vapor quality, which was higher as the heat flux increased. For higher heat flux
the heat transfer coefficient was nearly independent of mass velocity. The frictional pressure drop
increased with the increase in vapor quality and mass velocity. Predictive models for heat transfer
coefficient in mini channels were evaluated and the calculated coefficient agreed well with measured data
within a range 35% for saturation temperature of 22 �C. These results extend the ranges of heat fluxes and
mass velocities beyond values available in literature, and add a substantial contribution to the comprehen-
sion of boiling heat transfer phenomena inside mini channels.

� 2010 Elsevier Inc. Open access under the Elsevier OA license.
1. Introduction

Flow boiling studies in mini and micro channels have been pub-
lished, mainly in the last two decades, motivated by the current
trend to develop innovative compact systems in applications such
as refrigeration systems, high heat flux cooling and cooling of elec-
tronic devices.

Most researchers from the available literature, point out a great
increment in heat transfer achieved by small diameter channels
when comparing to usual ones. Meanwhile, most of the published
results present discrepancies concerning the effect of heat flux,
mass velocity and saturation temperature on the value of the heat
transfer coefficient.

The characteristics and mechanisms of flow boiling in mini and
micro channels are not completely understood yet, and are a con-
troversial point in the literature. According to published results,
boiling heat transfer could be controlled by nucleate boiling, due
to nearly exclusively dependency on heat flux [1,2], or by convec-
tive boiling, with the dependence of mass flux and vapor quality
evier OA license.
[3] or by both, depending on vapor quality range [4,5]. Moreover,
some authors [6,7] claim that nucleate boiling is not the dominant
heat transfer mechanism, but the transient evaporation of a thin li-
quid film around elongated bubbles.

The definition of such dependence and, consequently, the capa-
bility of heat transfer prediction under any of these conditions
through the correlations is limited, but it has been the main goal
of several researchers in this area [7–12].

Some observations from different experiments are summarized
in the next paragraphs.

Tran et al. [1] studied R-12 in a 2.46 mm circular tube and ob-
served the heat transfer dependence on heat flux, but the effects
of mass velocity and vapor quality were negligible. The same ten-
dency was reported by Lazarek and Black [2] and Wambsganss
et al. [13] with R-113 boiling in a 3.1 mm and 2.92 mm tubes,
respectively. However, the results shown by Yan and Lin [4], Lin
et al. [5] and Choi et al. [14] demonstrated that the effects of mass
velocity and vapor quality also are important.

The heat transfer coefficients obtained from experiments car-
ried out by Lin, et al. [5] with R-141b in 1.3–3.69 mm channels
showed that heat flux is important only in the low quality region
(X < 0.4) and the heat transfer coefficient increases with the
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Nomenclature

dhmax heat transfer coefficient maximum uncertainty (–)
dp/dz local pressure drop (kPa/m)
(dp/dz)f frictional pressure drop (kPa/m)
G mass velocity (kg/(m2 s))
h heat transfer coefficient (W/(m2 K))
hexp experimental heat transfer coefficient (W/(m2 K))
hpred predicted heat transfer coefficient (W/(m2 K))
if liquid enthalpy (kJ/kg)
ifg latent heat of vaporization (kJ/kg)
ii-TS test section inlet enthalpy (kJ/kg)
ii-PH pre-heater inlet enthalpy (kJ/kg)
k thermal conductivity (W/(m K))
_m mass flow rate (kg/s)

MBE ¼ 1
n

Pn
i¼1

hpredi
�hexpi

hexpi
� 100 mean bias error (%)

P electrical power input (W)
q 00 heat flux (kW/m2)
_q volumetric heat generated (W/m3)
qPH pre-heater heat rate (W)

ri internal radius (m)
ro external radius (m)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

hpredi
�hexpi

hexpi

� �2
r

� 100 root mean square error (%)

Tsat saturation temperature (�C)
Tw,i internal wall temperature (�C)
Tw,o external wall temperature (�C)
Tw,botton external wall bottom temperature (�C)
Tw,side_inner external wall inside temperature (�C)
Tw,side_outer external wall outside temperature (�C)
Tw,top external wall top temperature (�C)
X vapor quality (–)
Xi-TS vapor quality in the entrance of test section (–)
g heat transfer efficiency (–)
gPH pre-heater heat exchange efficiency (–)
gTS test section heat exchange efficiency (–)

J.B. Copetti et al. / Experimental Thermal and Fluid Science 35 (2011) 636–644 637
increase in vapor quality until a point when the coefficient de-
creases gradually, but the inflection point in the vapor quality
range is also heat flux dependent.

Saitoh et al. [15] analyzed the effect of tube diameter on
boiling heat transfer of R-134a with heat fluxes in the range of
5–39 kW/m2 and mass velocities between 150 and 450 kg/(m2 s).
For a 3.1 mm diameter tube they found a clear dependency of the
heat transfer coefficient on both heat and mass flux, unlike for the
0.51 mm tube, where they observed the effect of heat flux only.
These authors suggested that the contribution of forced convection
to the boiling heat transfer decreases with decreasing tube diame-
ter. Moreover, these authors observed that the pressure drop for
small diameter tubes was better predicted by the homogeneous
model than by the Lockhart–Martinelli correlation [16], suggesting
that, as the tube diameter decreases, the flow in the liquid phase ap-
proaches laminar flow and the effect of forced convective boiling is
suppressed.

In the same way, Shiferaw et al. [9] studied the refrigerant
R-134a and channel diameters from 2.01 mm to 4.26 mm and
found similar results. In the experiments with the 4.26 mm tube,
the heat transfer coefficient increased with heat flux and satura-
tion temperature, but it remained constant in the vapor quality
range from 0.4 to 0.5 in low heat fluxes. For the 2.01 mm tube, this
range moved down to 0.2–0.3 of vapor quality.

Choi et al. [14] investigated flow boiling of R-22, R-134a and
CO2 in tubes of 1.5 and 3.0 mm, employing heat fluxes from 10
to 40 kW/m2 and mass velocities from 200 to 600 kg/(m2 s). They
observed an increase in the heat transfer coefficient with the in-
crease in vapor quality, and also a heat flux dependence. This in-
crease is followed by a decrease which occurs at lower qualities
for higher mass velocities. In the high quality region, the heat
transfer coefficient was predominantly dependent on mass
velocity.

In the paper by Choi et al. [14], as in many others, the depen-
dence of heat transfer coefficient on heat flux is interpreted as evi-
dence that nucleate boiling is the dominant heat transfer
mechanism at low quality region. Also, in the high vapor quality
range, when the heat transfer coefficient becomes independent of
heat flux and decreases with quality, it is claimed to indicate pre-
dominance of the convective mechanism. Most authors also verify
the minor influence of mass velocity on the heat transfer coeffi-
cient with the reduction of channel diameter, associating this
behavior to the decreasing of convective contribution, which is
characteristic of macro channels. Moreover, some effects, like the
dryout, could happen in lower vapor qualities in micro channels,
as a result of confinement and the increasing relevance of surface
tension, thus justifying the increase of the nucleate boiling
contribution.

Jacobi and Thome [6] and Thome et al. [7], demonstrated
through the two and three-zone flow boiling heat transfer models,
that the dependence of the heat transfer coefficient on the heat flux
is not necessarily associated with nucleate boiling, but to the evap-
oration of a thin liquid film around the bubbles which causes the
coefficient increases as heat flux increases.

More recently, Tibiriçá and Ribatski [17] and Ong and Thome
[18], presented a comprehensive study of the flow boiling in small
tubes for different refrigerants, including the R-134a. The first
work examined the influence of mass velocity from 100 to
700 kg/(m2 s) and heat flux from 5 to 35 kW/m2 and the authors
found that the heat transfer coefficient increased with the mass
velocity and vapor quality except for mass velocities below a
threshold of 200 kg/(m2 s), which experimented a premature and
smooth decrease with increasing vapor quality. Also, the heat
transfer coefficient increased with heat flux independently of the
fluid or mass velocity range. In the second work [18], the heat
transfer coefficient behavior for different refrigerants was associ-
ated to flow regime transition for different vapor qualities. They
concluded that convective boiling seems to dominate at higher va-
por qualities in the annular flow, and in the bubbly regime, at low
vapor qualities, the heat transfer coefficient depends on heat flux.
However, it is difficult to separate the patterns. As the mass veloc-
ity increases the transition to annular flow occurs at lower
qualities.

Associated with lack of the phenomenon understanding to ex-
plain the observed trends and consequently the importance of
nucleate and convective boiling contributions, is the difficulty to
carry out two-phase flow experiments in small sizes tubes. Accord-
ing to Consolini [8], the experiments are very sensitive to instabil-
ities that are possibly responsible for variations in the results of
different studies.

The present paper aims to provide experimental results in a
broader operational range and add a contribution to the compre-
hension of boiling heat transfer phenomena inside mini channels.
The experimental results of R-134a flow boiling through a stainless
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steel mini channel of 2.62 mm ID are reported. The heat transfer
coefficient and pressure drop were investigated with respect to
changes in vapor quality, heat flux and mass velocity. Moreover,
the experimental results were compared with several available
flow boiling predictive methods for heat transfer coefficient and
pressure drop.

2. Experimental aspects

2.1. Facility and instrumentation

An experimental facility was developed to investigate flow boil-
ing and pressure drop in electrically heated horizontal mini chan-
nels. The details of this facility are shown schematically in Fig. 1.
The experimental system consists of a loop that provides con-
trolled mass velocity, and it was designed to test different fluids
at a wide range of flow conditions. The main part of the loop has
a Coriolis mass flow meter, a pre-heater section, the test section
and the visualization section.

The secondary part consists of a condenser, a refrigerant reser-
voir, a dryer filter, a liquid refrigerant vessel, a volumetric pump
and a subcooler. The condenser and the subcooler have independent
circuits, each uses an ethylene–glycol/water solution as secondary
refrigerant, which temperature is controlled by a thermostatic bath.
The liquid refrigerant vessel (approximately 1 L) is placed upstream
the pump and filled with liquid refrigerant, in order to maintain a
constant static pressure at the pump suction. This procedure assures
that the pump works uniformly and drowned, avoiding cavitation.
The subcooler is placed downstream the pump, upstream the flow
meter. The subcooler is used to compensate any temperature rise
which usually occurs as the refrigerant passes the gear pump, and
also to assure that only subcooled liquid enters the flow meter.
The refrigerant reservoir connected to the main circuit of the bench,
as shown in Fig. 1, operates as a pressure regulator, maintaining sta-
ble conditions during the experiments.

The pre-heater establishes the experimental conditions enter-
ing the test section just downstream. It consists of a horizontal
cooper tube with length of 445 mm heated by an electrical tape
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Fig. 1. Schematic view of th
resistance (11.7 X/m) uniformly wrapped around its external sur-
face to guarantee a uniform heat flux to the refrigerant. The electri-
cal resistance is electrically insulated from the tube with a Kapton
conductive tape. In the pre-heater, power is adjusted by a voltage
converter.

The test section consists of a smooth horizontal stainless steel
tube with effective length of 183 mm and 2.62 mm ID. This tube
is uniformly heated by direct application of electrical current in
the tube wall (Joule effect), which intensity is controlled by the
power supply. The absolute internal roughness (Ra) of the tube
was measured with a Pantec roughness tester, and is of 2.05 lm.
Downstream the test section there is a visualization section with
a 158 mm length glass tube with the same test section internal
diameter.

Both the pre-heater and test section are thermally insulated
using a fiberglass cover, reducing heat losses to the surroundings.

The refrigerant enters the pre-heater in the condition of sub-
cooled liquid and achieves the saturation condition upstream its
outlet. This condition defines the vapor quality in the test section
inlet, and varies according to the heat flux imposed in the pre-
heater. The pressure and temperature measurements in the inlet
and outlet of the pre-heater are carried out by two absolute
pressure transducers and two 0.076 mm thermocouples of type
E, in direct contact with the refrigerant.

Refrigerant temperatures are measured in the inlet and outlet of
test section, as well as the tube wall temperatures. The tube wall
thermocouples are type E of 0.076 mm directly fixed by a thermally
conductive paste. The position of each thermocouple is shown in
Fig. 1. In the three central axial positions of the tube there are four
thermocouples per position, separated by 90� one of the other. In
the entrance and exit of the tube are fixed two thermocouples on
the wall, in the upper and bottom parts. The differential pressure
transducer allows the determination of the outlet pressure.

The pump flow rate is controlled by a frequency inverter and a
bypass line downstream the pump, controlled by a needle-valve, is
used to set precise flow rates.

The pressure transducers, thermocouples, mass flow and power
meter were connected to an acquisition data system composed by
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a multimeter (Agilent, model 34970A), controlled by a computer
via RS232 interface.

The oscillatory instabilities during the flow boiling in mini and
micro channels reported in literature (e.g. [8,19]) were analyzed in
the context of external wall temperature fluctuations and differen-
tial pressure fluctuations along the test section. The measured fluc-
tuations were within the uncertainty ranges of the temperature
and pressure sensors.

2.2. Measurement procedures and data reduction

2.2.1. Single phase
Before running boiling experiments, single phase tests were

performed with R-134a to evaluate the heat losses in the pre-
heater and test section. Assuming that the efficiency of the heat
transfer process is the rate of heat transferred to the fluid divided
by the electrical power input, as in Eq. (1), the efficiency of both
pre-heater and test section could be determined for a set of
operation conditions,

g ¼
_mðiout � iinÞ

P
ð1Þ

where g is the efficiency, _m the mass flow rate, iout and iin the outlet
and inlet enthalpies, respectively, and P the electrical power input.
The enthalpies were determined using measured values of pressure
and temperature.

The efficiency was mass velocity and heat power dependent,
decreasing with decreasing mass velocity and increasing heat
power. In the pre-heater the average efficiency, gPH, was around
85% and in the test section, gST, 95%. These efficiencies were con-
sidered in all calculations herein.

2.2.2. Experimental conditions
Boiling tests of R-134a in a 2.62 mm ID tube were carried out

with the aim of verifying the thermal and hydraulic behavior for
different refrigerant flow rates and heat fluxes. Experimental test
conditions are shown in Table 1. The vapor quality condition in
the entrance of test section for each test was reached by imposing
different heating powers in the pre-heater.

2.2.3. Data reduction
Results from experimental data, including vapor quality, inter-

nal wall temperature, saturation temperature and the heat transfer
coefficient, were calculated from measured data of refrigerant tem-
peratures, wall temperatures in the test section, pressures, flow
rate, heat flux and geometrical parameters. The thermodynamic
properties of R-134a were obtained from REFPROP software [20].

The heat transfer coefficient calculation supposed the following
considerations:

– Heat transfer in the axial direction can be neglected.
– Volumetric heat generation, and hence heat flux, is uniform

along the tube in the test section.
– Pressure drop from the saturation point to outlet pressure is a

linear function of tube length.

The vapor quality in the test section inlet was calculated from
energy balance in the pre-heater, using Eqs. (2) and (3), as follows:
Table 1
Test conditions.

Test section heat flux, q00 (kW/m2) 5, 10, 20, 33, 47, 67, 87 and 100
Mass velocity, G (kg/m2 s) 240, 440, 556, 740 and 930
Saturation temperature, Tsat (�C) 12 and 22
Pre-heater heating power, qPH (W) 45–270
ii�TS ¼
qPHgPH

_m
þ ii�PH ð2Þ

Xi�TS ¼
ii�TS � if

ifg
ð3Þ

where ii�TS is the test section inlet enthalpy, ii�PH, is the pre-heater
inlet enthalpy, qPH, is the pre-heater heat rate, gPH is the pre-heater
heat exchange efficiency, _m is the mass rate, Xi�TS is the vapor qual-
ity in the entrance of test section, and if and ifg are the liquid enthal-
py and latent heat of vaporization, respectively. The enthalpies
were estimated by pressure measurements downstream and up-
stream the section.

The local heat transfer coefficient, h, was determined according
to the Newton’s cooling law:

h ¼ q00gST

Twi � Tsat
ð4Þ

where q00 is the imposed heat flux, Twi is the internal wall tempera-
ture and Tsat is the saturation temperature at a local pressure calcu-
lated by interpolation between the inlet and outlet pressures and
gTS is the test section heat exchange efficiency. The heat flux is cal-
culated as the ratio between the electrical power and the internal
area for the heated length. The Twi was calculated assuming radial
conduction through the wall, subjected to internal heat generation
as given by the following equation:

Twi ¼ Two þ
_q

4k
ðr2

o � r2
i Þ �

_q
2k

r2
o lnðro=riÞ ð5Þ

where _q is the volumetric heat generated, Two is the external wall
temperature, k is thermal conductivity and ro and ri the external
and internal radios, respectively.

For each axial location z along the test tube, the external wall
temperature was assumed to be the average of measured temper-
atures around the cross section and calculated by following
equation:

Two ¼
Tw;top þ Tw;side outer þ Tw;side inner þ Tw;bottom

4
ð6Þ

where Tw,top is the external wall top temperature, Tw,side_outer is the
external wall temperature in the outer side, Tw,side_inner is the exter-
nal wall temperature in the inner side and Tw,bottom is the external
wall bottom temperature (see Fig. 1).

The local enthalpy and vapor quality in the test section were
estimated as in the pre-heating section.

2.2.4. Uncertainties analysis
The parameters uncertainties were estimated considering the

instruments uncertainties and the method of expanded uncer-
tainty, according to Moffat et al. [21].

The experimental uncertainties associated with the sensors
are listed in Table 2. The maximum experimental uncertainties
calculated for the heat transfer coefficient are shown in Table 3
for various experimental conditions. The uncertainty decreases
with the increase in heat flux for the same mass velocity. The
maximum relative uncertainty for the heat transfer coefficient
(dhmax) achieved 34.2% in the conditions of the smallest mass
Table 2
Uncertainty of sensors.

Measured parameter Uncertainty

Absolute pressure 0.31 kPa
Temperature 0.50 �C
Differential pressure 0.12 kPa
Mass velocity 0.20%



Table 3
Heat transfer coefficient uncertainty under various conditions.

G (kg/m2 s) q00 (W/m2) dhmax (%)

240 5 34.2
240 47 9.5
930 10 26.2
930 100 7.1
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Fig. 3. Effect of mass velocity on the heat transfer coefficient for different heat
fluxes and Tsat = 22 �C.
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velocity G = 240 kg/(m2 s) and heat flux of q00 = 5 W/m2. The max-
imum uncertainty for the vapor quality was 2.1%.

3. Results and discussion

3.1. Heat transfer

3.1.1. Effect of heat flux
Fig. 2a and b show the effect of heat flux on the heat transfer

coefficient for different mass velocities. It is possible to verify the
dependence of the heat transfer coefficient on the heat flux, mainly
at the low quality region (X < 0.4). The heat transfer coefficient in-
creases with the heat flux increment, in accordance to other
authors observations (e.g. [5,12,15]). This condition will tend to
be suppressed at high vapor quality where the effect of heat flux
on the heat transfer coefficient becomes lower and the coefficient
decreases, as can be observed in Fig. 2b, in agreement with [14].
Fig. 2a also shows that for low mass velocity and heat flux
(240 kg/(m2 s) and 5 kW/m2) the heat transfer coefficient is almost
constant and independent of the increase in vapor quality.

3.1.2. Effect of mass velocity
The effect of mass velocity on the heat transfer coefficient is

shown in Fig. 3, for q00 = 10 kW/m2 and 87 kW/m2. It is possible to ob-
serve the significant effect of mass velocity for the low heat flux
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Fig. 2. Effect of heat flux on the heat transfer coefficient for different mass
velocities and Tsat = 22 �C: (a) G = 240 and (b) G = 440 kg/m2 s.
(q00 = 10 kW/m2). As G increases, the heat transfer coefficient also
increases, except for the lowest mass velocity (G = 240 kg/(m2 s)),
for which the coefficient is practically constant. This results agree
with those of Tibiriçá and Ribatski [17]. For higher heat flux
(q00 = 87 kW/m2) the heat transfer coefficient is higher and nearly
independent of mass velocity. For high vapor qualities the heat
transfer coefficient experiments an increase and a sudden decrease,
which could indicate local occurrence of dryout, in accordance with
Shiferaw et al. [10]. The decrease in the heat transfer coefficient
occurs at lower qualities for higher mass velocities.

In the previous results it was possible to verify that the heat
transfer coefficient behavior depends on the heat flux, mass veloc-
ity and quality range, and is related to the flow patterns.

Preliminary analyses were carried out with respect to measure-
ments of the wall temperature distribution along to the tube
perimeter (as indicated in the Fig. 1). The results of the heat trans-
fer coefficient at the four locations (top, bottom, side_outer and
side_inner) are shown in Fig. 4a and b.

In Fig. 4a, for the lower mass velocity (G = 240 kg/(m2 s)) and
heat flux (q00 = 10 kW/m2) the heat transfer coefficient at the top
is found to be the lowest up to X = 0.3, compared with the coeffi-
cients at the sides and the bottom. Probably this is due to vapor
in contact with the upper portion of the tube. The results in
Fig. 4a also show some oscillations in the distribution that can be
related to the unsteadiness of liquid near the interface of gas and
liquid. The change of the heat transfer coefficient distribution
above X = 0.3 may correspond to the location where the transition
of the flow pattern occurs. For the case of higher mass velocity
(G = 440 kg/(m2 s)) and heat flux (q00 = 67 kW/m2), Fig. 4b, unlike
in Fig. 4a, the heat transfer coefficient increases along the tube
and its distribution around the periphery is different. Near the
inlet, the top heat transfer coefficient is higher than bottom and
sides and it may be indicative of intermittent flow. This condition
is inverted to quality over 0.3, where the bottom heat transfer coef-
ficient is higher and it should correspond to semi-annular flow.

Fig. 5 also complements this analysis showing some pictures
obtained during tests. The flow patterns of dispersed bubbles and
elongated bubbles are only found in very high mass velocities
and low qualities. The patterns soon develop to intermittent (slug
or semi-annular) and annular flows. Pamitran et al. [22] found the
same patterns for R-134a and mini channel comparing their data
with Wojtan et al. [23] flow pattern map.

3.1.3. Effect of saturation temperature
Fig. 6 illustrates the effect of the saturation temperature on the

heat transfer coefficient for G = 440 kg/(m2 s) and q00 = 10 kW/m2.
Two temperatures were tested, 12 �C and 22 �C. The heat transfer
coefficient increased with increasing saturation temperature. The
authors Tibiriçá and Ribatski [17] have come to the same



2000

2500

3000

3500

4000

4500

5000

0.0 0.1 0.2 0.3 0.4 0.5 0.6

X

h 
(W

/m
²K

)

top
bottom
side out
side in

2000

4000

6000

8000

10000

12000

14000

16000

18000

0.0 0.1 0.2 0.3 0.4 0.5

X

h 
(W

/m
²K

)

top
bottom
side out
side in

a

b

Fig. 4. Heat transfer coefficient distribution along to the tube diameter for
Tsat = 22 �C and different mass velocity and heat flux: (a) G = 240 kg/m2 s and
q00 = 10 kW/m2; (b) G = 440 kg/m2 s and q00 = 67 kW/m2.

0

2000

4000

6000

8000

10000

0 0.1 0.2 0.3 0.4 0.5 0.6

X

h 
(W

/m
²K

)

Tsat=12 ºC / q''=10 kW/m²

Tsat=22 ºC / q''=10 kW/m²

Fig. 6. Effect of saturation temperature on heat transfer coefficient for G = 440 kg/
(m2 s) and q00 = 10 kW/m2.

q" (kW/m 2)

0

10

20

30

40

50

60

70

80

0.0 0.2 0.4 0.6 0.8

X

dp
/d

z 
(k

Pa
/m

)

5
10
20
33
47
67
87
100

G=440 kg/sm2

G=240 kg/sm2

Fig. 7. Pressure drop variation: effect of heat flux for G = 440 and 240 kg/m2 s.

100

J.B. Copetti et al. / Experimental Thermal and Fluid Science 35 (2011) 636–644 641
conclusion employing higher saturation temperatures, and in that
case the saturation temperature dependence was less pronounced.

3.2. Pressure drop

The total pressure drop was measured in the test section for
different heat fluxes and mass velocities. The local pressure drop,
dp/dz, was calculated assuming the pressure as a linear function
of tube length. As it can be seen in Fig. 7, the local pressure drop
increases with the vapor quality and mass velocity, as expected,
and one can detect some influence of heat flux for higher mass
velocity. Decreasing mass velocity, G = 240 kg/(m2 s), the pressure
drop tends to remain almost constant and the dependence on heat
flux is rather small.

The total two-phase flow pressure drop consists of two compo-
nents: acceleration and frictional. The acceleration component
results from flow acceleration due to specific volume enhancement
in evaporation. This component was calculated using the homoge-
neous correlation for void fraction and subtracted from the mea-
G = 930 kg/m²     X = 0.03 

G = 740 kg/m²s   X = 0.07 

G = 930 kg/m²s   X = 0.08 

G = 550 kg/m²s    X = 0.12 

G = 440 kg/m²s    X = 0.45 

G = 740 kg/m²s    X = 0.52  

Fig. 5. Images of flow patterns during boiling tests under different conditions and
Tsat = 22 �C.
sured total pressure drop to give the frictional pressure drop
component, dp/dzf.

A high dependence of frictional pressure drop on mass velocity
is possible to be verified in Fig. 8. This trend is due to the depen-
dence of pressure drop on the volumetric flow rate, which is di-
rectly increased by the increase of vapor quality and mass
velocity. Similar trends were presented by Ould Didi et al. [24]
for refrigerants flow in macro tubes of 10.92–12 mm and by Tran
et al. [25], for small channels. In the same figure, the effect of heat
flux is pointed out. Despite the expectation that the heat flux
would not affect the frictional pressure drop component, the
experimental results show small variations in frictional pressure
drop with heat flux. The trend of the current experimental results
is similar to that shown by Pamitran et al. [22].
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Fig. 9 illustrates the effect of saturation temperature in pressure
drop. A lower saturation temperature results in a slightly higher
pressure drop. This pressure effect is in qualitative agreement with
large-tube results and this result can be explained by the variations
of the physical properties density and viscosity with temperature,
manly the liquid-to-vapor density ratio.
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Fig. 10. Experimental versus predicted heat transfer coefficient by different
correlations: (a) Kandlikar and Balasubramanian [11], (b) Saitoh et al. [26] and (c)
Choi et al. [14].
4. Comparison between the experimental data and the
predictive methods

4.1. Heat transfer coefficient

In this section, the experimental results of this work are com-
pared to results predicted by existing correlations for the same
operational conditions. The selected correlations are the ones of
Kandlikar and Balasubramanian [11], Saitoh et al. [26] and Choi
et al. [14]. These correlations were developed for mini channels
and are summarized in Table 4, which includes the description of
the tested geometries and experimental conditions. They all com-
prise the fluid R-134a and the ranges of heat flux and mass velocity
of the present work.

The comparisons between the experimental heat transfer coef-
ficient, hexp, and the predicted heat transfer coefficient, hpred, for
different models are shown in the Fig. 10a–c. The performance of
the models was evaluated on the basis of two statistical criteria:
root mean square error (RMSE), which indicates the dispersion of
the regression; and mean bias error (MBE), which indicates the
variation of the calculated values with respect to measured ones.

Table 5 depicts the evaluation results. The best correlation for
Tsat = 22 �C is the Kandlikar and Balasubramanian [11], with the
lowest average error (0.08%) and less dispersion of data (23.31%),
falling within the 35% error band (Fig. 10a). However, this correla-
tion cannot predict well the data for Tsat = 12 �C, reaching 80.28% of
dispersion. The model proposed by Saitoh et al. [26] under pre-
dicted the data, but indicates dispersion in the band error of 35%
for the two saturation temperatures (Fig. 10b). Almost the same re-
sults were found with the Choi et al. [14] correlation whose values
of MBE and RSME are quite similar to temperature of 22 �C, but for
12 �C showed higher dispersion and overestimation of the data
(Fig. 10c).
Table 4
Correlations for flow boiling heat transfer characteristics.

Study/correlation Fluid

Kandlikar and Balasubramanian [11] R-113, R-134a R-123, R-141b, Wa
Saitoh et al. [26] R-134a
Choi et al. [14] R-134a, R-22,CO2
4.2. Frictional pressure drop

The experimental data of frictional pressure drop were compared
with three correlations: Friedel [27], Müller-Steinhagen and Heck
[28] and Tran et al. [25]. The first two correlations used a large data
base of frictional pressure gradients in macro-scale to adjust ‘‘sepa-
rated’’ flow models for predicting the two-phase flow multiplier for
horizontal flows in circular tubes. Müller-Steinhagen and Heck [28]
suggested a simple and convenient correlation, which was devel-
oped for a variety of fluids and flow conditions. The third correlation
was the one proposed by Tran et al. [25] for small scale channels.
D (mm) G (kg/m2 s) q00 (kW/m2)

ter 0.19–2.92 50–570 10–40
0.5–11 150–300 12–20
1.5–3.0 200–600 0.5–9.1



Table 5
Deviations of previous correlations for flow boiling heat transfer coefficient, h.

Errors/correlation Kandlikar and Balasubramanian [11] Saitoh et al. [26] Choi et al. [14]

Tsat (�C) 22 12 22 12 22 12
MBE (%) 0.08 0.36 �20.75 �7.26 �4.73 8.49
RMSE (%) 23.31 80.28 32.79 24.32 37.86 45.22

Table 6
Deviations of the frictional pressure gradient, comparison between the present data
and the correlations.

Deviation (%) Friedel [27] Müller-Seinhagen
and Heck [28]

Tran et al.
[25]

MBE �53.75 �61.78 �44.51
RMSE 54.29 62.07 45.95
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Fig. 11. Comparison between the experimental pressure drop results and the
prediction methods.
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These authors introduced confinement effects of a bubble within a
small channel on the frictional pressure drop and the correlation
was based on the Chishom B-coefficient method [29]. The model
considered measurements carried out for refrigerants R-134a,
R-12 and R-113 in two circular tubes of 2.46 and 2.92 mm inside
diameter, pressures ranging from 138 to 856 kPa, mass velocities
and heat fluxes were 33–832 kg/m2 s and 2.2–129 kW/m2,
respectively.

The comparison is given in Table 6, through the RSME and MBE
errors, and in Fig. 11.

The Tran et al. [25] correlation was the best fitted to the exper-
imental data, with a dispersion of 45.95%, although the model
underpredicted the data at �44.51%. The Müller-Seinhagen and
Heck [28], followed by Friedel [27], showed larger errors (see Table
6 and Fig. 11). In general it is expected, because the correlations for
macro-scale fail to predict small-channel response. The pressure
drop is strongly influenced by the dynamics of the growing bubbles
and flowing in a narrow confined space. According to Ribatski et al.
[30], in a large tube the bubbles grow and flow along the tubes
going through different flow regimes without restriction, unlike
the smaller channels where the coalesced bubbles are confined,
elongated, and slide over a thin liquid film as they flow down-
stream. Therefore, the greater pressure drop in a small channel
may be due to additional friction related to the deformed/elon-
gated bubble movement. In addition, it is expected in small diam-
eter tubes that the effect of surface tension may become more
pronounced while the influence of gravity may become less impor-
tant and consequently stratified flows are rarely observed. Thus,
the correlations developed for macro-scale may not extrapolate
well to the micro-scale.
5. Final remarks

Experimental results for the flow boiling of R-134a in a horizon-
tal mini channel under the variation of mass velocity, heat flux, sat-
uration temperature and vapor quality were presented. The
behavior of the local heat transfer coefficient and frictional pres-
sure drop were investigated and the following conclusions could
be drawn from this study:

1. In the low quality region, it was possible to observe a significant
influence of heat flux on the heat transfer coefficient. In the high
vapor quality region, for high mass velocities, this influence
tended to vanish, and the coefficient decreased.

2. The influence of mass velocity in the heat transfer coefficient was
detected in most tests for a threshold value of vapor quality,
which was higher as the heat flux increased. For higher heat flux
the heat transfer coefficient was nearly independent of mass
velocity.

3. The preliminary analyses of the local heat transfer coefficient
distribution along to the tube perimeter showed changes in this
coefficient that may correspond to the location where the tran-
sition of the flow pattern occurs for different operational condi-
tions and quality. The flow visualization contributed to this
analysis allowing indentified patterns like bubbles and elon-
gated bubbles, for high mass velocities and low qualities, inter-
mittent (slug or semi-annular) and annular.

4. The frictional pressure drop increased with the increase in vapor
quality and mass velocity, as expected, and one could detect
some influence of the heat flux for higher mass velocities. A lower
saturation temperature resulted in a slightly higher pressure
drop.

5. Predictive models for heat transfer coefficient in mini channels
were evaluated and the calculated coefficient agreed well with
measured data within a range 35% for saturation temperature
of 22 �C. The Kandlikar and Balasubramanian [11] gave the best
predictions. For frictional pressure drop, the Tran et al. [25] mini
channel model was the best fitted to the experimental data and
the correlations developed for macro-scale not extrapolated well
the current data. The statistical deviations of the best methods
still remain quite large with respect to the accuracy desired for
reliable thermal design of evaporators and condensers.
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