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H I G H L I G H T S

• The heat transfer coefficient is measured using R-1270 in a horizontal tube.

• The effects of heat flux, mass flux and quality conditions are investigated.

• The influence of flow patterns on the heat transfer coefficient is observed.

• Heat transfer coefficient results are compared to several predicted correlations.

A R T I C L E I N F O
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A B S T R A C T

An experimental study was performed to investigate both flow patterns and heat transfer during flow boiling of
propylene (R-1270) at a saturation temperature of 25 °C in a small circular tube with an inner diameter of
1.0 mm. The heat flux was varied from 5 to 60 kW/m2 and the mass flux ranged from 240 up to 480 kg/m2 s,
with vapor quality ranging from 0.01 to 0.99. Five flow patterns were identified: plug flow, slug flow, churn
flow, wavy- and (smooth) annular flow. The influence of the heat flux, mass flux, vapor quality and flow pattern
on the heat transfer coefficient are quantified and analyzed. The new experimental heat transfer coefficients
were compared with predictions of correlations found in literature and recommendations are presented.

1. Introduction

The use of environment-friendly refrigerants in industry has called
attention in the last years. HCFs, for example, have been widely used in
heat exchange systems and are much harmful to the climate. In re-
sponse to the growth of HCF emission, Montreal Protocol has adopted
the Kigali Amendment in 2016 to stimulate the gradual reduction and
production of such working fluids. Hydrocarbons like propane (R290),
isobutane (R600a) and propylene (R1270), as option, are widely ac-
cepted due interesting characteristics such as low global warming po-
tential and zero ozone depletion. Moreover, nowadays the applications
of such refrigerants is justified due to their favorable transport, ther-
modynamic characteristics and low-cost. Maqbool et al. [1] analyzed

flow boiling heat transfer of R-290 (propane) in a vertical circular small
channel of 1.7 mm ID, considering saturation temperatures of 23, 33
and 43 °C for mass flux ranging between 100 to 500 kg/(m2 s) and heat
flux varying from 5 to 280 kW/m2. According to the authors, the in-
fluence of mass flux on heat transfer coefficient is practically non-
existent. Such an absence of mass flux effect can indicate that the nu-
cleate boiling is the predominant mechanism of heat transfer. On the
other hand, the heat transfer coefficient increases with increasing of
both heat flux and saturation temperature. Copetti et al. [2] performed
experiments in flow boiling heat transfer of R-600a (isobutane) in a
horizontal small circular tube of 2.6 mm ID at saturation temperature of
22 °C with mass flux between 240 and 440 kg/(m2 s) and heat flux
ranging from 44 to 95 kW/m2. The results obtained show that the heat
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transfer coefficient increase with increase of heat and mass fluxes. In
the low quality region, it was possible to observe a significant influence
of heat flux on the coefficient. According the mass flux and quality
increases, this influence tended to disappear and the coefficient de-
creased.. Wang et al. [3] used R-290 to investigate the characteristics of
heat transfer during flow boiling in saturation conditions between −35
to −1.9 °C, mass flux from 62 to 104 kg/(m2 s) and heat flux from 11.7
to 87.1 kW/m2 in a horizontal tube with 6.0 mm ID. In this case, an
influence of mass flux on heat transfer coefficient was observed. Ac-
cording to their results, an increasing of 60% of mass flux leads to a 5%
increment of coefficient at low vapor qualities. But, at high vapor
qualities, mass flux influence leads to a 20% of heat transfer coefficient,
indicating the predominance of nucleate boiling to low qualities. Their
investigation also shows the increase of heat transfer coefficient with
increasing saturation temperature and heat flux.

An experimental study was performed by [4] to investigate the heat
transfer coefficient of R-600a in flow boiling condition in a small cir-
cular channel with 1.1 mm ID, considering saturation temperatures of
31 and 41 °C. In their experiment, it was considered a range of mass
flux between 100 and 500 kg/(m2 s) and a heat flux ranging from 25 to
145 kW/m2. They observed a considerable influence of mass flux on
heat transfer coefficient at high vapor quality, due to convective effects.
It was also found that heat transfer coefficient increases with increasing
the saturation temperature at low vapor quality region, inverting such a
trend at high vapor qualities. A heat transfer investigation using a CO2/
R-290 mixture was done by [5] in a horizontal tube of 2 mm ID. Their
study contemplated the analysis of composition ratios (wt%) of 100/0,
75/25, 50/50, 25/75 and 0/100, for initial evaporation temperature
ranging from 0 to 10 °C. They also considered the influence of mass and
heat fluxes ranging from 200 to 400 kg/(m2 s) and 5 to 15 kW/m2,
respectively. As result, the heat transfer coefficients of the mixtures lie
between heat transfer coefficients of pure CO2 and the heat transfer

coefficients of pure R-290. The authors also reported the occurrence of
dry-out at high vapor quality with decreasing CO2/R-290 ratio, de-
creasing initial evaporation temperature or heat flux. An experimental
investigation was carried out by [6] to study heat transfer and pressure
drop during flow boiling or R-600a in a smooth horizontal tube with
6 mm ID. The authors performed the investigation covering mass fluxes
ranging from 67 and 194 kg/(m2 s), heat fluxes from 10.6 to 75 kW/m2

and saturation pressures between 0.215 and 0.415 MPa. Flow patterns
were also observed, including plug, stratified-wavy, slug and annular
flow. They found that heat transfer coefficient is practically in-
dependent of the mass flux in low vapor quality, but it increases in high
vapor quality region. Heat transfer coefficient also increases in low
vapor quality region and decreases with the increase of vapor quality.
The effect of saturation pressure was also observed. In this case, heat
transfer coefficient increases with increase of saturation pressure in
high heat flux.

A study of flow patterns during flow boiling and condensation using
helically dimpled and smooth tubes was developed by [7] using prac-
tically the same parameters implemented by [8] for evaporation case
with shallow dimples presenting diameters of 1 and 2 mm and outer
diameter of 9.5 mm. For condensation, the tests were performed at
saturation temperatures varying from 38 °C to 42 °C with mass flux
between 114 and 368 kg/(m2 s). For both evaporation and condensa-
tion tests, stratified-wavy, intermittent and annular flows were ob-
served in the smooth tube, but stratified-wavy was not seen in the
dimpled tube. They also observed that the intermittent-annular flow
transitions occurs at lower vapour qualities than the smooth tube,
which can enhance the heat transfer. Chien et al. [9] studied the per-
formance of R-32, CO2 and R-290 on heat transfer during flow boiling
in horizontal circular tube of 1.5 mm ID at saturation temperature of 10
°C with mass flux varying from 150 to 500 kg/(m2 s) and heat flux
between 5 and 20 kW/m2. According to the authors the effect of mass

Nomenclature

Bo boiling number [-]
=

−
Co D

σ
g ρ ρ

1
( )l v

confinement number [-]

Di internal tube diameter [m]
DPEB data predicted within error band
g gravitational acceleration [m/s2]
G mass flux [kg/(m2s)]
h(z) local heat transfer coefficient [kW/(m2K)]
hbottom local heat transfer coefficient at bottom [kW/(m2s)]
hexp experimental heat transfer coefficient [kW/(m2s)]
hpred predicted heat transfer coefficient [kW/(m2s)]
htop local heat transfer coefficient at top [kW/(m2s)]
i(z) local enthalpy [kJ/kg]
I direct electric current [A]
il liquid enthalpy [kJ/kg]
iv vapor enthalpy [kJ/kg]
ilv latent heat of vaporization [kJ/kg]

−i i PH( ) pre-heater inlet enthalpy [kJ/kg]
−i i TS( ) test section inlet enthalpy [kJ/kg]

−jl o TS( ) superficial liquid velocity in test section outlet [m/s]

−jv o TS( ) superficial vapor velocity in test section outlet [m/s]
kSS thermal conductivity of stainless steel [W/(mK)]
L total length [mm]
Lheated heated length of test section [m]
ṁ mass flow rate [kg/s]
MBE mean bias error [%]
n number of measurements

−pi TS test section inlet pressure [kPa]
psat saturation pressure [kPa]
qPH heat rate at pre-heater [W]

qTS heat rate at test section [W]
″qTS heat flux at test section [W/m2]

qṪS volumetric heat generation at test section [W/m3]
Ra absolute internal roughness [μm]
re external radius [m]
ri internal radius [m]
RMSE root mean square
S slip ratio [-]
Tew external wall temperature [°C]

−Ti TS refrigerant inlet temperature at test section [°C]
Tiw internal wall temperature [°C]

−To TS refrigerant outlet temperature at test section [°C]
Tsat saturation temperature [°C]
Tw bottom, external wall bottom temperature [°C]
Tw top, external wall top temperature [°C]
U direct voltage [V]

−ul o TS( ) liquid mean velocity in two-phase flow [m/s]
−uv o TS( ) vapor mean velocity in two-phase flow [m/s]

x vapor quality [-]
−x i TS( ) vapor quality in the test section inlet [-]
−x o TS( ) vapor quality in the test section outlet [-]

z location in test section [mm]

Greek symbols

α void fraction [-]
μ dynamic viscosity [kg/(ms)]
ρl liquid density [kg/m3]
ρv vapor density [kg/m3]
σ surface tension [N/m]
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flux was clearly observed for CO2 case, the heat transfer coefficients
increase with its increase. For the other two refrigerant the mass flux
has a slight effect on the coefficient. However, the heat flux strongly
affected the coefficient behavior, its increase is directly proportional
with the increasing of heat flux. It means the nucleate boiling is
dominant heat transfer mechanism in this tube diameter.

On the other hand, as already reported by other authors, only the
effects of heat flux and saturation temperature presents considerable
influence on the heat transfer coefficient. Such characteristics were also
observed for R-290 and for R-1270 in a comparative analysis with the
purpose to find a substitute of FREON® (R-404A), according to [10].
The experimental study was carried out in a 4 mm smooth tube with
three different saturation temperatures (5, 10, and 20 °C) and vapor
quality up to dry-out. Propylene presented the highest heat transfer
coefficients and the lowest frictional pressure drops compared to the
other refrigerants. Copetti et al. [11] investigated experimentally the
heat transfer coefficient of R-600a in a multiport aluminium extruded
tube with 7 parallel minichannels with 1.47 mm hydraulic diameter.
During the study, it was considered a saturation temperature of 20 °C,
mass flux between 50 and 200 kg/(m2 s) and heat flux from 5 to 30 kW/
m2. As result, it was observed that the heat transfer coefficient increases
with increase of mass flux and vapor quality, but such an effect is absent

in low vapor quality region.
Lillo et al. [12] studied flow boiling heat transfer and dry-out vapor

quality of R-290 in a horizontal circular tube of 6.0 mm ID for mass flux
from 150 to 500 kg/(m2 s), heat flux from 2.5 to 40 kW/m2 and sa-
turation temperatures of 25, 30 and 35 °C. According to their results,
nucleate boiling is the predominant mechanism of heat transfer due to
absence of substantial changes of the heat transfer coefficient during
the evaporation up to the dry-out effect. The local vapor quality pre-
sented a weak effect on the heat transfer coefficient only for

⩾G 300 kg/(m2 s), ″ ⩽q 10 kW/m2 and Tsat = 25 °C. The dry-out vapor
quality decreases with increasing heat flux, but the effects of mass flux
and saturation temperature are observed only at low and high heat
fluxes, respectively. In general, the increase in the heat transfer coef-
ficient due to the increase of mass flux is explained by the increase in
convection effect, where the average relative velocity of phases tends to
increase, causing an improvement in heat transport by fluid.

The increase of heat transfer coefficient with increasing of heat flux
was also reported. In general, three main flow regimes were observed,
including slug, wavy-annular and annular flow. Isolated bubbles and
plug flow were also observed in conditions with high mass flux and low
heat flux. More recently, [13] investigated flow patterns of R-600a in a
tube with 6 mm ID, considering mass fluxes from 67 to 194 kg/(m2 s)

Fig. 1. (a) Experimental set up; (b) Schematic of test section with the positions of thermocouples on external wall along test section.
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and heat flux ranging from 10.6 to 75 kW/m2 for saturation pressure
between 0.215 MPa (9.2 °C) to 0.415 MPa (30.8 °C). Based on images
captured by a high speed camera, four main flow regimes were ob-
served, including plug, stratified-wavy, slug and annular flow. The
authors also identified the needed conditions to the transition between
intermitent flow (plug and slug flows) and annular flow. Oliveira et al.
[14] investigated flow patterns and their chaotic nature during flow
boiling of R-600a, R-290 and R-1270 at saturation temperature of 17 °C
in a horizontal circular minichannel of 1 mm ID, for mass and heat
fluxes between 240 and 480 kg/(m2 s), and 5 and 60 kW/m2, respec-
tively. As result, the occurrence of five different flow patterns was ob-
served, including dispersed bubbles, plug, slug, churn and wavy-an-
nular flow. Predominant frequencies were found for each flow pattern
and they were related to morphology and to the parameters heat and
mass fluxes.

Besides studies of primary research on heat transfer and flow pat-
terns, other authors have focused their efforts on direct analysis of
hydrocarbons performance in several systems, including transcritical
CO2/R-1270 cascade system for both heat and cooling applications
([15]); the use of mixture R-32/R-290 as a substitute for HFC410A in
household air conditioners ([16]); R-290 for air conditioner ([17]); heat
pump with R-290 ([18]); domestic refrigerators using mixtures of R-
600a/R-290 ([19,20]) and experimental study of air conditioner ret-
rofitted with R290 and R1270 ([21]).

Despite the countless efforts in heat transfer analysis using hydro-
carbons, direct analysis of flow patterns is not fully contemplated for all
experimental studies due to limitations imposed in implementation of
visualization sections, for example. That requires many researches to be
based on prediction methods, such as flow pattern maps, without
guaranteeing the real morphology of two-phase flow. For this reason,
the present study concerns flow patterns assessments and their influ-
ence on the heat transfer during flow boiling of R-1270 in a small
channel with 1 mm ID. The effects of heat flux, mass flux and rotational
asymmetry (gravity effect) are also investigated on the heat transfer
coefficient. Experimental data will be compared to predictions with
heat transfer correlations found in literature. .

2. Experimental apparatus and data reduction

2.1. Set up and instrumentation

The experimental facility designed to test different fluids under a
wide range of flow conditions and developed to investigate both flow

heat transfer and pressure drop during flow boiling in a horizontal small
(1.0 mm diameter) channel is shown in Fig. 1. The experimental set up
consists of a loop that provides controlled mass and heat fluxes to create
process conditions desired in the test section, such as the saturation
condition at the inlet of the test section. The main part of the apparatus
comprises a pre-heater PH, a test section TS and a visualization section
VS. The remaining part is constituted by a condenser, a subcooler with
independent circuits of ethylene–glycol/water solution as the sec-
ondary refrigerant in thermostatic baths to control the refrigerant sa-
turation pressure and temperature, shown in Fig. 1a. A liquid re-
frigerant vessel maintains a constant static pressure at the pump
suction, warranting that the pump works smoothly and uniformly and
fully submerged in order to avoid cavitation. The subcooler is used
exclusively to compensate possible rises of refrigerant temperature,
after its passage by the gear pump Tuthill model D-1002-01, to ensure
subcooling condition in inlet of Coriolis flow meter Endress-Hauser
model DCI. The pre-heater is constituted by a horizontal stainless-steel
tube with an internal diameter of 1.0 mm and a total length of 515 mm
and a heated length of 440 mm. The pre-heater is uniformly heated by
Joule’s heat delivered by a direct electrical current controlled by a
power supply, SORENSEN model DCS 8-125E.

The test section consists of the same tube type and diameter with a
total and heated lengths of 366 mm and 265 mm, respectively. The test
section is also heated by the Joule effect and has an absolute internal
roughness (Ra) of 1.48 μm, according to the measurements with a
STARRETTTM .The refrigerant enters the pre-heater in a subcooled-li-
quid condition and achieves the saturation condition upstream of the
outlet. This outlet condition determines the vapor quality at the test
section inlet. Two absolute pressure transducers Keller model PAA
−33X and two 0.076 mm type-E OmegaTM thermocouples, in direct
contact with the refrigerant, yield the pressures and temperatures at the
inlet and outlet of the pre-heater. In the test section, refrigerant tem-
peratures are measured at the inlet and outlet of the tube, and the tube
wall temperatures are measured by thermocouples directly fixed by a
thermally conductive paste at five axial positions along the tube, with
two thermocouples at each position, separated by 180° one from the
other, as shown in Fig. 1b. The outlet pressure of test section is obtained
by subtracting the pressure drop (measured by a differential pressure
transducer ABB model 600T) from the inlet pressure. The configuration
of pre-heater, test section and visualization section, including tem-
perature and pressure sensors are presented in Fig. 2. A variable fre-
quency drive takes care of fine adjustment in the control of the pump
flow; a by-pass line up downstream of the pump is controlled by a

Fig. 2. Main part of set up with instruments to measure absolute pressure, pressure drop and liquid temperature in both inlet and outlet of pre-heater and test section.
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needle valve and used for coarse adjustment of flow rates. Two other
needle valves, downstream the pre-heater and upstream of the visua-
lization section, are used to reduce instabilities pressure during testing
in various flow boiling conditions. The pressure transducers, thermo-
couples, mass flow and power meter were connected to an acquisition
data system composed of a multimeter (Agilent, model 34970A), con-
trolled by a computer via an RS232 interface. The flow patterns ob-
served in the visualization section during tests were recorded with a
high-speed camera MotionPro model Y4-S1, using 3,000 frames per
second.

2.2. Calibration, data reduction assumptions and accuracy

Preliminary tests in single-phase were carried out to calibrate the
heat loss in both pre-heater and test section with heat fluxes ranging
from 1 to 80 kW/m2. In both sections, the heat loss was negligible (less
than 0.1%) due to the thermal insulation, which consists of an inner
layer of glass wool covered by elastomeric insulation along both sec-
tions.

For each mass flux condition, the tests were performed by setting
the power in pre-heater and varying the heating condition in the test
section, thus resulting in 80 tests, according the conditions shown in
Table 1. Each condition of the PH determines the initial vapor quality
obtained in the test section inlet that evolves as the heat flux in this
section increases. For each test, after reaching the steady-state condi-
tion, the signals from all sensors were recorded every 5 s and 100
measurements were carried out. The experimental data obtained, in-
cluding vapor quality, internal wall temperature, saturation tempera-
ture and heat transfer coefficient, were calculated from measured va-
lues for the refrigerant temperatures, wall temperatures in the test
section, pressures, flow rate, heat flux and geometrical parameters. All
thermodynamics and transport properties used in data reduction and
heat transfer correlations were obtained from REFPROP v. 9.1 ([22]).
Some assumptions were taken into account to calculate the heat
transfer coefficient:

I. Heat transfer in axial direction is neglected;
II. Volumetric heat generation is uniform along the tube in the test

section;
III. Pressure drop from saturation point along the test section is a linear

function of tube length. This assumption is considered due to the
short length of test section and it has been validated with the aid of
existing correlations from literature, based on models with two-
phase multipliers.

Error propagation and standard uncertainty were employed to as-
sess the uncertainty of parameters measured, mean values of derived
parameters. This approach is well described in [23] and the results of
uncertainty analysis are presented in Table 2.

2.3. Data reduction

The local heat transfer coefficient along the points of test section
was calculated by Eq. (1).

=
″

−
h z

q
T z T z

( )
( ) ( )

TS

iw sat (1)

In this case, ″qTS is the heat flux applied in test section by power
supply, given by

″ =q U I
πD L

·
TS

i heated (2)

where U and I correspond to the voltage and electric current applied in
test section, and Di and Lheated represent the inner diameter and heated
length of test section, respectively.

External wall temperatures, T z( )ew , were measured at both top and
bottom of tube perimeter, in the five positions z along the tube with the
thermocouples. On the other hand, the local temperature at the inner
wall, T z( )iw , was established assuming only radial conduction through
the wall of tube and subject to volumetric heat generation, qṪS, ac-
cording to Eq. (3).
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Since the heat transfer coefficients found in each location z along the
test section correspond to the average of two local coefficients, taking
into account the number of measurements, n = 100, for each test.
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The local saturation temperature,T z( )sat , was calculated as a function of
both inlet pressure, −psat i TS( ) and pressure drop in test section pΔ TS,
assuming the pressure drop as a linear variation along the test section.
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The vapor quality in test section inlet was calculated assuming it as a
function of energy balance in pre-heater, according to Eq. (6):
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where il and ilv correspond to liquid enthalpy and latent heat of va-
porization as function of saturation pressure, respectively. The local
enthalpy, x(z) is given by
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consequently, the local vapor quality obtained along the test section is
obtained by Eq. (8).
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The void fraction was evaluated using the model developed by [24],
given by Eq. (9) due to the subcooled flow boiling condition in the pre-
heater and because of its predictive capacity for lower vapor quality is
better when compared to other models.
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Although the Rouhani and Axelsson model was developed for vertical
flow, it takes important parameters into account that are related to two-
phase flow in mini- and microchannels, based on liquid density ρl,
vapor density ρv, gravitational acceleration g and surface tension σ . This
model has successfully been applied to horizontal flow hydrocarbons by

Table 1
Experimental parameters considered in investigation.

Parameter Values

Heat flux in test section, ″qTS [kW/m2] 5, 10, 20, 40 and 60

Mass flux, G [kg/(m2 s)] 240, 320, 400 and 480
Heating power in pre-heater, qPH [W] 5, 15, 25 and 35

Saturation temperature, Tsat [°C] 25
Saturation pressure, psat [kPa] 1154.4
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[25,26].
Preliminary single-phase tests were performed in order to determine

the thermal losses from the tube surface in PH and TS, and the vali-
dation of the experimental facility by comparing experimental heat
transfer coefficients results with coefficients predicted by correlations.
In this case, Dittus-Boelter’s [27] and Gnielinski’s [28] correlations
were chosen, as they are applied to cases involving fully developed flow
and constant heat flux in the wall. Fig. 3 presents the results of the
experimental heat transfer coefficient and those predicted by the re-
spective correlations as a function of Reynolds number varying between
2000 and 5000. The experimental results show agreement with the
values obtained by the correlations. Gnielinski’s correlation has pre-
sented the best fit with a mean bias error of 4.7%. And, although the
Dittus-Boelter’s correlation was not developed for Re < 10000, it pre-
sents a mean bias error of approximately 9.1% , probably due to the
effect of reduced diameter. Tests were also performed to validate
pressure drop in adiabatic single-phase condition in test section. For
this, Experimental results were compared to correlations proposed by
Petukhov [29] and Haaland [30]. Fig. 4 shows the comparison between
results obtained from the correlations and experimental data. It can be
seen that experimental friction factor shows considerable agreement
with the results predicted by both correlations. In the case of Petukhov’s
correlation, the mean bias error was 7.6%, whereas the Haaland’s

correlation showed a mean bias error of 3.1%. Consequently, pressure
losses due to entry and exit are negligible. It is important to emphasize
that the same heat transfer and pressure drop tests in adiabatic single-
phase flow were carried out for the same pre-heater, presenting prac-
tically the same results.

3. Results

Flow pattern observations are presented and discussed.
Subsequently, the influence of heat flux, mass flux and vapor quality on
the heat transfer coefficient are examined. Finally, heat transfer cor-
relations from the literature are used to obtain a comparison between
experimental data and predictions.

3.1. Flow patterns

At each measuring condition, six hundred images at a rate of 3,000
frames per second were collected with the high-speed camera, thus
obtaining more than 230,000 images as result of all tests. Five different
flow patterns were identified: dispersed plug, slug, churn, wavy- and
(smooth) annular flow. Some samples of images at various process
parameters are given in Fig. 5.

Experimentally, the plug flow is characterized by differently sized

Table 2
Range of instruments and uncertainty.

Parameter Instrument Range Uncertainty

Temperature Type-E Thermocouple −200 °C + 900 °C u(T) [±0.25 °C]
Heat flux DC power supply I [0 A - 125 A] u(T) [500 mA]

U [0 V - 8 V] u(U) [8 mV]
Saturation temperature – 25 °C u(T z( )sat ) [± 0.1 °C]
Heat transfer coefficient – 694.9–9319.9 kW/m2 For ″qTS = 5 kW/m2, u(h(z))/h(z) [14.37%–14.96%]

″qTS = 10 kW/m2, u(h(z))/h(z) [10.28–10.60%]

″qTS = 20 kW/m2, u(h(z))/h(z) [7.38–7.79%]

″qTS = 40 kW/m2, u(h(z))/h(z) [5.85–6.32%]

″qTS = 60 kW/m2, u(h(z))/h(z) [4.58–5.54%]
Vapor quality - 0.001–0.99 For ″qTS = 5 kW/m2, u(x(z))/x(z) [0.4–8.0%]

″qTS = 10 kW/m2, u(x(z))/x(z) [0.5–9.6%]

″qTS = 20 kW/m2, u(x(z))/x(z) [0.7–12%]

″qTS = 40 kW/m2, u(x(z))/x(z) [1.3–16%]

″qTS = 60 kW/m2, u(x(z))/x(z) [1.4–18%]

Fig. 3. Comparative between experimental and predicted heat transfer coefficients given by Dittus-Boelter [27] and Gnielinski [28].
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plugs followed by dispersed bubbles. The variety of sizes of slugs was
caused by the coalescence of plugs. Plug flow was observed pre-
dominantly for all mass fluxes, but only for conditions with ″ ⩽qTS
10 kW/m2. For G = 240 kg/(m2 s), this flow regime was observed in
conditions with x ⩽ 0.07 and ″qTS = 5 kW/m2 and for all cases of G =
320 and 400 kg/(m2 s). Plug flow was also obtained during tests with G
= 480 kg/(m2 s) and ″qTS = 10 kW/m2 when ⩽−x o TS( ) 0.09. In all these
plug flow cases the slip ratio exceeded 1. The main characteristic of slug
flow is the existence of ”oblong nose” that protruded into the center of
the channel; this occurred when −xo TS ranges between 0.10 and 0.21,
regardless of mass flux tested, but this occurrence is limited by 0.55
⩽ ⩽−α 0.68o TS( ) and 2.23 ⩽ ⩽− −j j/ 5.64v o TS l o TS( ) ( ) .

Since churn flow represents the transition between slug flow and
wavy-annular flow, it was found for both maximum and minimum ra-
tios of − −j j/v o TS l o TS( ) ( ), begin 13.22 and 5.04, as obtained for G = 400
and 480 kg/(m2 s) with ″qTS = 40 and 20 kW/m2, respectively. Fig. 6
shows that churn flow is predominant when 0.2 ⩽ ⩽−x o TS( ) 0.4, and, in
this case, −α o TS( ) varies between 0.75 and 0.86.

The main characteristic of wavy-annular flow is the presence of
wave sliding on the liquid–vapor interface generated by
Kelvin–Helmholtz instabilities. As it can be seen in Fig. 6, wavy-annular
flow has been found predominantly in all tests and for all mass fluxes.
For conditions of 320 ⩽ ⩽G 480 kg/(m2 s), wavy-annular flow pattern
was found to occur when ″ ⩽q 5TS kW/m2 for G = 240 kg/(m2 s) e

≈−x o TS( ) 0.5. This flow pattern has been observed by other studies in
small channels with other working fluids, including R134a and R245fa
([31]), FC-72 ([32]), R-290 ([33]), R-600a ([34]). In the wavy-annular
regime, an increase of the heat flux causes the decrease of the thickness
of liquid layer and, possibly, the reaching of (smooth) annular flow.
This (smooth) annular flow was obtained only for G= 240 and 320 kg/
(m2 s), with ″ ⩾qTS 40 kW/m2 with ⩾−x o TS( ) 0.78, being limited to

⩽−α o TS( ) 0.95, when ⩽− −j j/v o TS l o TS( ) ( ) 0.52. Interfacial waves are still
observed in the liquid–vapor interface even in extreme conditions
where −x o TS( ) is almost 1.0, as shown in Fig. 7. In this case, the wave-
fronts propagated on the liquid–vapor interface more slowly than in
other conditions.

Several flow pattern maps have been developed, considering both
adiabatic and diabatic conditions developed from micro and macro-
scale conditions ([35–41]). However, in order to ensure clarity we
chose to employ a single flow pattern map in the present study. Ong and
Thome [42] published their map based on a study focusing on in-
vestigations related to transition from macro to microscale during flow
boiling in small scale channels of three different sizes (1.03, 2.20 and

3.04 mm diameter) with three refrigerants (R-134a, R-236fa and R-
245fa) over a range of saturation conditions to analyze the effects of
channel confinement on two-phase flow patterns and liquid film stra-
tification in a singular horizon channel. Consequently, a flow pattern
map has been proposed, including new dimensionless numbers taking
into account effects of gravity, inertia and surface tension, and the
determination of flow patterns transitions. Due to the reduced dia-
meter, the gravity forces are suppressed and overcome by both surface
tension and shear forces (confinement number: Co ⟶ 1). Their map
presents three different transitions for microchannels: isolated bubble
(IB) to coalescent bubble (CB) to annular (A) (including wavy and
smooth). In this work such a map was used for data analysis, con-
sidering the microescale flow condition (Co = 1.22). Fig. 6 shows ob-
served flow patterns plotted on [42] flow pattern map developed by ″q
= 20 kW/m2. It is observed the coherence of the map in predicting
isolated bubbles (bubbly flow) and coalescing bubbles flow (including
both plug and slug flows). It is also shown that wavy- and smooth-
annular flows are well fit on annular region of the map. However, churn
flow is not predicted by the map due to its location in transition line
between coalescing bubbles and annular regime. Obviously, flow pat-
terns have strong dependence on mass and heat fluxes. Void fraction
and vapor quality also have influence on flow pattern morphology since
they affect the velocity of each phase. A simple method of predicting
flow patterns under similar conditions as in the present test conditions
was proposed by [43]. This method utilizes the slip ratio, vapor quality,
void fraction, mass flux, heat flux and the latent heat of vaporization via
the so-called β number defined by:

=β S Bo· ·105 (10)

where the slip ratio, S, and boiling number, Bo, are defined by Eq. (11)
and Eq. (12), respectively.
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Values of β for each flow pattern are given in Table 3. As result, dif-
ferent flow regimes can be discriminated with the aid of the β number.
Fig. 8, for example, presents β as a function of void fraction. Even in the
transition of intermittent flows, from plug to slug and from slug to
churn, β varies smoothly with clear-cut transition values. (see Table 4)

Fig. 4. Comparative between experimental and predicted single-phase friction factor given by Petukhov [29] and Haaland [30].
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3.2. Heat transfer coefficient

3.2.1. Effects of heat and mass fluxes
The effect of imposed heat flux for all mass fluxes on the heat

transfer coefficient is presented in Fig. 9. In fact, the heat transfer
coefficient increases with increasing heat flux for each case of mass flux
and vapor quality.

For all mass fluxes and considering qTS = 5 kW/m2, the heat
transfer coefficient practically does not depend on the vapor quality,
with an average value of 1380 W/(m2 K). Under these conditions plug
flow occurs, as mentioned in the above, with dispersed bubbles behind
the plugs, as it is possible to see in Fig. 5. For ″ ⩾qTS 20 kW/m2 and

⩽x 0.22, the heat transfer coefficient increases, but with increasing the
quality, the coefficient tends to decreasing.

For G = 240 and 320 kg/(m2 s), the predominance of nucleate
boiling is observed when ″ ⩽qTS 10 kW/m2. In this case, plug, slug and
churn flows correspond to the predominant flow patterns observed

(Fig. 9a-b). In this case, plug and slug flow regimes are found in a
significant fraction of the channel length, and the coefficient decreases
monotonically along the channel due to gradual suppression of nucleate
boiling, according to analysis of [44]. For ″ ⩾qTS 20 kW/m2, the heat
transfer coefficient tends to decrease with increasing vapor quality,
indicating the predominance of convective boiling, as shown by
Charnay et al. [45]. With the aid of images captured in those test
conditions, it can be observed that those heat transfer coefficients are
reach, for the most part, in the region of transition between churn and
wavy-annular flow. For ″qTS =60 kW/m2, an abrupt decrease of the heat
transfer coefficient is observed for >x 0.8, indicating that the beginning
of dry-out occurs in (smooth)-annular regime. The analysis of images
confirm the predominance of smooth-annular flow pattern during the
heat transfer, as shown if Fig. 7.

For G = 400 and 480 kg/(m2 s) (Fig. 9c-d), the transfer coefficient
increases considerably, when compared with other mass fluxes, in low-
vapor quality region, mainly for conditions of ″ ⩾qTS 10 kW/m2. For G =

Fig. 5. Samples of two-phase flow patterns obtained from tests.

J.D. de Oliveira, et al. Applied Thermal Engineering 178 (2020) 115403

8



400 kg/(m2 s) and 400 kg/(m2 s) with ″q =60 kW/m2, the heat transfer
coefficient presents an increase of 24% and 39.7%, vapor quality ran-
ging between 0.17 and 0.07, respectively. According to database, that
trend is obtained along the evolution of flow patterns from dispersed
bubbles to slug flow. On the other hand, in higher vapor quality con-
dition, the heat transfer coefficient does not increase with increase of
vapor quality. As it also can be seen in Fig. 9d, the highest heat transfer
coefficients are found for the highest mass and heat fluxes, and churn
and wavy-annular flow are predominant regimes in those conditions.
Similar characteristics of the heat transfer coefficient were reported by
[46], for propane and isobutane mixed with lubricating oil in U-tubes
with 2.46 mm ID, and by [43] with R-290 in a circular tube of 1.0 mm.

The mass flux represents an important parameter for the heat
transfer phenomena, in particular when heat transfer is governed by
convective boiling. The influence of mass flux on the heat transfer
coefficient for different heat flux conditions is presented in Fig. 10a-b. A
comparison between G = 240 kg/(m2 s) and 480 kg/(m2 s) is presented
in Fig. 10a for ″qTS = 10 kW/m2 and 60 kW/m2. It can be seen that the
local heat transfer coefficient increases with increasing mass flux. The
effect of mass flux becomes more pronounce as the vapor quality in-
creases. Fig. 10b presents the behavior of the local heat transfer coef-
ficient for G = 240 and 320 as compared with ″qTS = 20 kW/m2 and
60 kW/m2. For the case of ″qTS = 20 kW/m2, no effect of the mass flux is
observed, indicating the suppression of both mass and heat flux. Even
for elevated heat fluxes, the effect of mass flux is not considerable, as it
can be seen when ″qTS = 60 kW/m2. A similar effect of the mass flux was
found by [47] for flow boiling of R-600a, R-290 and R-1270 in a micro-
channels array. The influence of mass flux on average heat transfer
coefficient, considering all heat fluxes is presented in Fig. 11. The
average heat transfer coefficient is considered to be the average of all
local heat transfer coefficients obtained for each heat flux. The absence
of a dependency on mass flux is observed for ″qTS = 5 kW/m2. This can
indicate a stronger contribution of nucleate boiling. But the average
heat transfer coefficient increases with increasing mass flux for the
other heat fluxes. Such an increase indicates an increase of the

superficial velocities of each phase, which eventually leads to the ap-
pearance of wavy- and smooth annular flows. The influence of mass flux
on heat transfer coefficient can also be observed in the corresponding
boiling curves, see Fig. 12a-b. In this case, the heat flux is presented as a
function of excess temperature (wall super-heat temperature) −T Tiw sat

obtained in locations z2 and z5, considering −x i TS( ) of 0.11 and 0.38,
respectively. A decrease of the wall super-heat temperature with

Fig. 6. Experimental flow patterns plotted on Ong and Thome [42] fl.ow pattern map.

Fig. 7. Wave-fronts observed in (smooth)-annular
flow for G = 240 kg/(m2 s), ″q = 60 kW/m2 and

−x o TS( ) = 0.99. (The red arrow points to the flow
direction). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Table 3
Variations of the parameter β to characterize the flow
pattern observed in the tests.

Flow pattern Range

Plug <β 10
Slug ⩽ <β10 25

Churn ⩽ <β25 107
Wavy-annular ⩽ <β107 333

(Smooth)-annular >β 333

Fig. 8. β obtained as a function of void fraction in test section outlet.
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increasing mass flux is observed. The slope ( ″ −q T T/( )TS wi sat ) varies ac-
cordingly. The same decrease is observed for G = 240 and 320 kg/
(m2 s) and is between 40 and 60 kW/m2 caused by dry-out. .

3.2.2. Rotational symmetry
Fig. 13 shows the effect of gravitation on the heat transfer coeffi-

cient for the case of G = 480 kg/(m2 s) and ″qTS = 10 kW/m2. The heat
transfer coefficients are obtained at bottom and top point at z5 for
various heating conditions in the pre-heater. A clear tendency is ob-
served, namely that the heat transfer coefficients at the top is higher
than that at the bottom. Although the visual observation do not exhibit
this, such an effect is probably caused by the variation of the thickness
of the liquid film along the circumference of the tube. The gravitational
effect was also observed for all other conditions of heat and mass fluxes.
Such a variation between the top and bottom heat transfer coefficients
can be corroborated by the results presented by [48] (with R-600a) and
[43] (with R-290), in this last case, including the effect of dry-out
causing the disappearance of liquid film.

3.2.3. Comparison of experimental results with existing empirical
correlations

Experimental heat transfer coefficient has been compared with
predictions made with six correlations developed for flow boiling in

small channels: [49–54]. Graphical comparison between experimental
and predicted heat transfer coefficients is shown in Fig. 14. Comparison
between experimental and predicted results is facilitated by the in-
dication of the fraction of data that fall within the ±35% (DPEB) range,
of the mean bias error (MBE) and root mean square error (RMSE), given
by Eq. (13) and Eq. (14):
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Kew and Cornwell [49] used R-141b in flow boiling condition at sa-
turation temperature of 32 ° C in tubes with inner diameter between
1.39 and 3.69 mm. The authors’ correlation is based on a modification
of [55] to account for the increase of heat transfer coefficient with
vapor quality found in their tests. The comparison of Fig. 14a shows
that the fraction of data falling within the ±35% error band is 51%, with
MBE and RMSE equal to 45% and 62%, respectively.

From tests in flow boiling of R-113, R-134, R-123, R-141b and
water, [50] implemented a modification of the correlation developed
by [56] to account for effects of variation of the inner diameter between
0.19 and 2.59 mm. These authors introduced a parameter to account for
the fluid-surface combination involved. For fluids not included in their
correlation, they suggested to use one as the fluid-surface parameter.
The comparison of Fig. 14b gives an MBE of 85%, a RMSE equal to 88%
and the worst agreement with data in the ±35% band of all correlations
examined: 32%.

A modification of [55] correlation was also developed by [52]. In
this case, the authors based their correlation on a database with 2505
data points considering eleven different working fluids and hydraulic
diameters between 0.21 and 6.5 mm. Taking into account the trends in
the experimental data a strong dependence of the heat transfer

Table 4
Statistical results of comparison of heat transfer coefficient.

Author MBE(%) RMSE (%) DPEB (%)

Kew and Cornwell [49] 45 62 51
Kandlikar and Balasubramanian [50] 85 88 32

Sun and Mishima [52] 26.3 38.4 78
Bertsch et al. [51] 22.8 52.9 83.6

Li and Wu [53] 23.6 48.2 76.1
Kim and Mudawar [54] 36.7 56.2 70

Fig. 9. Local heat transfer coefficients versus vapor quality during constant mass fluxes: (a) 240 kg/(m2 s); (b) 320 kg/(m2 s); (c) 400 kg/(m2 s) and 480 kg/(m2 s).
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coefficient on the Weber number, the ratio of fluid inertia to surface
tension forces, was observed. This correlation presents roughly 78% of
the data within ±35% error band, as presented in Fig. 14c, with a MBE
and a RMSE of 26.3% and 38.4%, respectively.

Bertsch et al. [51] proposed a correlation based on [57] model
applied for flow boiling in mini- and micro-channels. Twelve re-
frigerants were tested with saturation temperature ranging from - 194
to 97 °C and hydraulic diameter between 0.16 and 2.92 mm. One of the
main characteristics of this correlation is the influence caused by the
confinement of bubbles on the enhancement factor F observed in small
channels. According to the comparison, graphically shown in Fig. 14d,
the correlation presents a MBE equal to 22.8% and a RMSE of 52.9%,
with the fraction of present data within the error band being 83.6%.

A correlation based on experimental studies of heat transfer with
hydraulic diameters ranging from 0.16 to 3.0 mm for thirteen different
refrigerant fluids, including R-290, was developed by [53]. To consider
the effects of small diameters, the authors added both the Bond number
and the Reynolds number of the liquid phase. According to them, these
non-dimensional parameters are sufficient to account for inertia, vis-
cous forces and surface tension in saturation flow boiling. Fig. 14e
shows that the percentage of data falling the ±35% error band is of
76.1%, with a MBE and a RMSE of 23.6% and 48.2%, respectively.

Kim and Mudawar [54] developed a correlation for pre-dryout sa-
turated flow boiling in mini- and micro-channels in both single- and
multi-channels configurations. In this case, the correlation is based on a
database of 10,805 experimental data points considering eighteen fluid
working fluids for hydraulic diameters between 0.19 and 6.5 mm. In
this case, Fig. 14f, the results are a MBE of 36.7%, a RMSE equal to
56.2%, with 70% of the new data points falling within ±35%.

Most of correlations overestimate the heat transfer coefficient, see
Fig. 14. One of the reasons for this trend is that none of these corre-
lations tested were specifically developed for propylene. The differ-
ences are now further analyzed by inspection of mass and heat flux
dependencies separately. Fig. 15 presents experimental data and the
correlations as a function of vapor quality for conditions of G =
240 kg/(m2 s) and ″qTS = 60 kW/m2. As it can be seen, [53] presents the
best fit up to a vapor quality equal to 0.4 and for vapor quality higher
than 0.6 the best fit is obtained by [50]. But despite the considerable
difference, [53] follows the trend of experimental data with respect to
variations in vapor quality. It can also be observed that, for x⩽0.4, most
of the correlations underestimate the heat transfer coefficient. Similar
agreement between experimental and predicted results given by Li and
Wu [53] was found by Oliveira et al. [43]. The best trend indicated by
[53] and [51] may be a good indication that such correlations represent

Fig. 10. Effect of mass flux on heat transfer coefficient: (a) For G = 240 kg/(m2 s) and 480 kg/(m2 s) with ″qTS = 10 kW/m2 and 60 kW/m2; (b) For G = 240 kg/
(m2 s) and 320 kg/(m2 s) with ″qTS = 20 kW/m2 and 60 kW/m2.

Fig. 11. Effect of mass flux on average heat transfer coefficient for different
heat fluxes.

Fig. 12. Samples of boiling curves obtained in (a) location z2 and (b) location z5.
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Fig. 13. Heat transfer coefficients of top and bottom points at location z5 in test
section.

Fig. 14. Experimental versus predicted heat transfer coefficient applying different correlations: (a) [49], (b) [50], (c) [52], (d) [51], (e) [53] and (f) [54].

Fig. 15. An example of comparison between some experimental and predicted
results as function of vapor quality for G= 240 kg/(m2 s) and ″qTS = 60 kW/m2.

J.D. de Oliveira, et al. Applied Thermal Engineering 178 (2020) 115403

12



good choices for prediction of heat transfer using hydrocarbons in small
channels, even for different reduce pressures.

4. Conclusion

Experimental study was performed to analyze flow patterns and the
heat transfer during flow boiling of R-1270 in a horizontal circular tube
of 1.0 mm inner diameter, considering different mass and heat flux
variations at constant saturation temperature of 25 °C. Thus, the main
findings are the following:

• The two-flow patterns observations indicate a predominance of
churn flow and wavy-annular flow during the tests. Plug flow and
slug flow patterns have been observed for lower vapor quality
conditions, indicating that such flow patterns can be related to nu-
cleate boiling dominance. Since convective boiling dominance is
observed from churn flow pattern.

• Heat transfer coefficient is highly dependent on both heat and mass
fluxes.

• Heat transfer coefficient presents dependence on vapor quality. In
fact, it increases with the increase of vapor quality, mainly in low
vapor quality region.

• Dry-out effect was observed during the highest conditions of heat
flux and lowest conditions of mass flux.

• Statistical results indicate that the correlation developed by [51]
presents the best fit, followed by [53]. In contrast, [49,50] corre-
lations yield considerable discrepancies on experimental results.

• Finally, the present study provides a basis of knowledge on flow
patterns and heat transfer characteristics during flow boiling of R-
1270 in a small channel, which is a substantial foundation for de-
velopment of compact heat exchangers.
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