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This paper presents a signal analysis method used for condensing refrigerants that results in a modifica-
tion in the prediction method for heat transfer based on probabilistic time-fractional results. Develop-
ment of an objective visual method for discrimination of flow patterns and determining probabilistic
time-fractions in intermittent flow is presented. The frequency domain was identified as the main can-
didate for discrimination of sub-regimes present in intermittent flow. Experimental work was conducted
using refrigerants R-22 and R-134a, at an average saturation temperature of 40 �C, with mass fluxes rang-
ing from 200 to 700 kg=m2 s, and with test section inlet vapour qualities ranging from 0.65 down to 0.10.
These test conditions mostly represent intermittent flow. The new time fraction-corrected flow regime-
based heat transfer correlation is heavily based on the Thome et al. (2003) [36] correlation. The modified
correlation predicted the experimental data with a mean absolute deviation of 10%.

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

Several methods of signal analysis and measurement tech-
niques have been defined in the recent past that investigate flow
patterns [1–3]. These methods bring a greater level of objectivity
to flow pattern discrimination. The driving force for research in
flow patterns is to gain insight into the physical properties govern-
ing two-phase flows. Most recent models of heat transfer and pres-
sure drop are based on flow patterns [4,5].

Probabilistic time-fractional data have been presented by Niño
et al. [6] for multiport microchannel flow. Statistically, a sample
population of images was taken for analysis at a range of mass
fluxes and vapour qualities. Analysis of the still images showed
that it was possible to simultaneously exhibit different flow re-
gimes. The flow regimes were classified according to the fraction
of time that they were likely to be found in the tubes as a function
of vapour quality.

Recently, a time-fractional probabilistic flow map for macro-
channels [7] was developed. This was done by capturing video
images of the entire flow regime map and analysing it with soft-
ware developed for flow pattern recognition. The flow pattern rec-
ognition method is advanced and it transforms each image with a
filter after which the compositional flow patterns appear distinctly.
The results of the work done by Jassim et al. [7] was a heat transfer,
pressure drop and void fraction prediction method based on time-
ll rights reserved.
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fractions and parameterised in terms of the refrigerant thermo-
physical properties and flow conditions [8].

Another method used for flow pattern research developed by
Revellin et al. [9] involves lasers emitting light through a tube
and a light-sensitive diode to pick up the light intensity. This meth-
od was used for micro-channels, but can be adapted for macro-
scale work. By accurately spacing two measurement points, this
method could be used to calculate velocities, bubble coalescence
rates and frequency analysis.

An additional method to objectively classify two-phase flow
patterns has been developed by Canière et al. [10], which involves
using an in-line capacitance sensor to measure the real-time differ-
ence in capacitance between the two phases. The sensor developed
was satisfactorily tested with demineralized water and air mix-
tures; they were able to successfully and objectively classify the
different flow patterns tested. From these results, they were able
to generate a probabilistic flow pattern map based solely on the
capacitive measurements, as shown in Canière et al. [11]. It was
shown that this sensor and the method developed would be suit-
able for use with refrigerants, albeit with smaller capacitance dif-
ferences between the two phases.

Neutron radiography has been used [12,13] to visualise and mea-
sure air–water two-phase flows in vertical channels. The neutron
radiography method allowed the measurement of bubble velocity,
wave height, interfacial area, void profile and average void fraction.
Void fraction measurements were averaged at 30 frames per second
and compared to the gas velocity prediction with a drift flux void
fraction correlation. No mention was made of time fractions.
-based heat transfer correlation for condensing intermittent flow of refrig-
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Nomenclature

A area ðm2Þ
a1; a2 function coefficients
b1; b2 function coefficients
d diameter (m)
EB energy balance
fi interfacial correction factor
G mass flux ðkg m�2 s�1Þ
g gravitational acceleration ðms�2Þ
h enthalpy ðJ kg�1Þ
h heat transfer coefficient ðW m�2K�1Þ
k thermal conductivity ðW m�1K�1Þ
L length of test section (m)
_m mass flow rate ðkg s�1Þ

Pr Prandtl number (cp l k�1
l )

_Q heat transferred (W)
r radius (m)
Re Reynolds number ðGDl�1

l Þ
R2 Coefficient of determination
Rw wall thermal resistance ðK W�1Þ
T temperature ð�CÞ
T mean temperature ð�CÞ
tf time fraction
u velocity ðm s�1Þ
x vapour quality/thermocouple position (m)

Greek symbols
d film thickness ðmÞ
e void fraction
h falling film angle ðradÞ
l viscosity (Pa s)

q density ðkg m�3Þ
r surface tension ðN m�1Þ

Subscripts
b bulk
c convective
corr correlations
Cu copper
exp experimental
f friction/film
grav gravity-dominated
h Homogeneous
H2O water
i inner/inlet
IA intermittent-annular transition
j inlet/outlet of test section
k position prior to j
L liquid/length
m mean
o outer
ra Rouhani-Axelsson
ref refrigerant
sat saturation
shear shear stress-dominated
strat stratified
tf time fraction
V vapour
w wall
wavy intermittent-wavy transition
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The light extinction technique was used by Shamoun et al. [14]
to predict void fraction in a stagnant pool. The effects of light
extinction become very complicated for tube flows and cannot be
measured accurately by this method [15]. The method of Berthold
et al. [15] is an elaboration of the Shamoun et al. [14] method in an
attempt to take different types of light scattering and flow effects
into account for void fraction prediction.

As proven by Hervieu and Seleghim [16], the time–frequency
domain analysis of the signal from an inductive sensor can be used
as an objective indicator of the flow regime. Later, the use of time–
frequency analysis in the intermittent regime to prove the exis-
tence of sub-regimes was done by Klein et al. [17]. In these cases,
an inductive sensor was used on air–water flows and in both cases,
the method proved successful in identifying flow regimes. The use
of time–frequency analysis has not been exploited much further.

The basic premise of time–frequency representation is to divide
the signal into smaller parts and to analyse each part separately in
the frequency domain. A time–frequency distribution is a trans-
form that maps a one-dimensional time-domain signal into a
two-dimensional time–frequency map that describes how the fre-
quency content changes with time. Some methods that can be used
to obtain a time–frequency spectrum include the short-time Fou-
rier transform, a Wigner-Ville spectrum or wavelet transform
[18,19].
1.1. Flow patterns

Numerous flow pattern maps have been proposed over the
years for predicting two-phase flow regime transitions in horizon-
tal tubes under adiabatic and diabatic conditions [20,21]. Kattan
et al. [22–25] proposed the first flow-boiling model for evaporation
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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inside horizontal tubes based on the local flow pattern and a newly
developed diabatic flow pattern map based on a modification of
the Taitel and Dukler [26] map, which in turn is a modification of
the original Shao and Granryd [27] map. Stemming from the above,
several new condensation heat transfer models based on local flow
patterns have been proposed by Shao and Granryd [28] and Caval-
lini et al. [29,30]. El Hajan et al. [31] adapted the flow-boiling two-
phase flow pattern map, originally developed by Kattan et al.
[24,25] for condensation inside horizontal tubes.
1.2. Heat transfer

The El Hajan et al. [31] map defines the flow regimes and tran-
sitions based on mass flux and vapour quality. Knowing the flow
regime means knowing what mechanisms are responsible for heat
transfer and pressure drop [32].

The flow regimes identified as gravity-dominated are stratified
and stratified-wavy flow, with condensate pools at the bottom of
the tube due to the relatively low mass fluxes. Although these
are two distinct flow regimes, from a heat transfer model point
of view, they are treated using very similar forms of the same
equations. In gravity-dominated flow, heat transfer is primarily
due to the falling condensing film, while the liquid pool at the bot-
tom decreases the heat transfer in that area.

The shear stress model is best utilised to represent the annular
flow regime [33]. In this model, a thin liquid film wets the perim-
eter of the tube, which is in contact with a fast-moving vapour
core. This flow is shear-dominated.

A large number of existing heat transfer correlations which are
widely used, such as those of Dobson and Chato [34], Shah [35] and
Thome et al. [36], were not specifically developed for application
-based heat transfer correlation for condensing intermittent flow of refrig-
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Fig. 1. Schematic diagram of the experimental layout for condensation
experiments.
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when the prevailing heat transfer mode is a combination of grav-
ity-dominated and shear-dominated flow because these two cate-
gories were separated and treated individually. In fact, Thome et al.
[36] state that even though they knew that the heat transfer per-
formance in intermittent flow regime could not only be modelled
using just a shear stress-based heat transfer correlation, they had
no other available options. The intermittent flow regime defies
classification by a single prevailing heat transfer mode [4] and
might benefit from time-fractional probabilistic mapping to ac-
count for the inherent uncertainty in this region.

Two main methods of heat transfer in condensing two-phase
flow in horizontal tubes have been identified, namely gravity-
dominated and shear stress-dominated heat transfer [37,38].
The shortcomings of separating the two models for intermittent
flow can be motivated by considering the use of a basic visual
observation method to classify the flow. Depending on the instant
of the observation, the appearance can either show gravity-dom-
inated flow (with a liquid pool of condensate at the bottom) or
shear stress-dominated flow (the liquid film is redistributed uni-
formly around the circumference of the tube). Thus, for intermit-
tent flow, a single sample cannot determine the condition of the
flow, which varies stochastically. Even a larger sample of multiple
images is inconclusive, because the flow will appear different in
each case.

A time-based probability model is defined here to overcome the
problem of singular classification by combining the models for
gravity- and shear stress-dominated flow. From a heat transfer per-
spective, this temporal variability in the flow might have a large ef-
fect that has not yet been quantified. Furthermore, a simple shear-
controlled model (i.e. annular flow) or a gravity-controlled model
will not suffice.

In this work, we present a heat transfer method for intermittent
flow based on time-fractions. Due to the fact that the mathematical
models for both gravity- and shear stress-dominated heat transfer
modes have been defined separately, we attempt to decompose the
intermittent flow regime so that the two separate heat transfer
modes can be suitably applied to the prevailing flow conditions.
The video image analysis used in the present study used light
intensity fluctuations caused by the flow due to refraction, reflec-
tion and scattering of light to identify flow sub-regimes and not
void fraction. The method is therefore simpler than neutron radi-
ography and light extinction techniques.

The end result of a sub-mapped intermittent regime is the abil-
ity to apply a more local heat transfer correlation in the intermit-
tent flow regime resulting in more accurate heat transfer
predictions.
2. Experimental facility

The vapour-compression test facility consisted of two main sub-
systems: the vapour-compression loop, and the water cycles
(Fig. 1). The vapour-compression cycle consisted of a hermetically
sealed scroll compressor with a nominal cooling capacity of 10 kW.
The condenser line splits up into two lines, namely the test line and
the bypass line. Each line has its own electronic expansion valve
(EEV). The test-line EEV was used to control the mass flux through
the test line, and the bypass EEV was used to control the test pres-
sure. The test line was comprised of four water-cooled condensers,
a coiled tube-in-tube counterflow pre-condenser to control the in-
let vapour quality, a straight horizontal tube-in-tube counterflow
test heat exchanger, with water in the annulus and refrigerant on
the inside, and two extra coiled tube-in-tube counterflow heat
exchangers, namely the post-condenser and the subcooler. The
post-condenser was utilised to control the post-condenser refriger-
ant state, which must be saturated liquid at the exit of the post. The
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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bypass line has one large water-cooled coiled tube-in-tube coun-
terflow heat exchanger. After the expansion valves, the lines join
up and go into the water-heated evaporator, which was followed
by a suction-accumulator.

The test line was constructed of a 8.53 mm inner diameter cop-
per tube. At the entrance of the test line, a straight calming section,
50 tube diameters long, was utilised to make sure the flow is fully
developed [39]. Before the calming section is the pre-condenser,
which was utilised to control the test section inlet vapour quality.
A cylindrical sight glass was installed at the inlet of the test section,
and was used to analyse the flow, using a high-speed camera. A
calibrated, uniform Phlox backlight (98% uniform) was positioned
against the sight glass and the camera, with an l-tron FV2520 lens
focused on 5 diameters of tube.

The inner-tube outer-wall temperatures of the 1.5 m long test
section were measured at seven stations using four T-type thermo-
couples per station. A second sight glass was installed at the exit of
the test section. These sight glasses were used not only for flow
visualisation purposes, but also as insulators against thermal axial
conduction of the copper tube. The sight glass inner diameter
matches the copper tube inner diameter. The inlet and outlet tem-
peratures of the inner tube were measured before the inlet and
after the outlet sight glasses. All the thermocouples used in this
experimental system were special limits of error specification
and were calibrated against a high-precision Pt-100 resistance
temperature device.

The absolute pressures of the condensing refrigerant were mea-
sured using Sensotech FP 2000 pressure transducers (3.4 MPa full
scale), which were positioned at the inlet and outlet of the test sec-
tion, between the sight glasses. A third, differential pressure trans-
ducer was connected between the inlet and the outlet of the test
section to accurately measure the pressure drop. The refrigerant
mass flow was measured using a Coriolis mass flow meter.

A capacitive void fraction sensor, developed by De Paepe et al.
[40], was installed at the exit of the outlet sight glass, to measure
the mean void fraction over the tube.

The oil concentration in the refrigerant was measured using the
ASHRAE Standard [41], and a maximum of 2.3% was measured.
This maximum of oil entrainment was only experienced at high
-based heat transfer correlation for condensing intermittent flow of refrig-
16/j.ijheatmasstransfer.2009.12.005

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.12.005


4 E. van Rooyen et al. / International Journal of Heat and Mass Transfer xxx (2009) xxx–xxx

ARTICLE IN PRESS
mass fluxes. Shao and Granryd [42] showed that 2% oil entrain-
ment in R-134a degraded the heat transfer coefficient by 10%,
while Leibenberg et al. [43] showed that the Thome map can be
used with oil in the refrigerant.

The water system was based on two insulated 5000 l tanks. The
two tanks share a 70 kW heating/50 kW cooling dual-function heat
pump and were thermostat-controlled between 13—17 �C and
23—27 �C, respectively, depending on the test requirements.

The water flow rates through the pre-, test and post-condensers
were measured using separate Coriolis flow meters, while the
ancillary heat exchangers’ water mass flow rates were measured
using gear-type flow meters. The inlet and outlet test-line heat
exchangers’ temperatures were measured using T-type thermo-
couples, also calibrated against a Pt-100 resistance temperature
device.

Steady-state conditions were assumed when the energy balance
error (Eq. (1)) was less than 1%, and the temperatures, pressures
and mass flows of the system were constant for a period of at least
10 min. The fluctuation of the above mentioned measurements and
other calculated properties were all statistically monitored for sta-
bility before testing. Further, experimental conditions were also
maintained such that the vapour quality difference over the test
section was less than 10% for semi-local heat transfer data [43].
This was done to minimise the uncertainty in the heat transfer
measurements.

EB ¼
Q ref � Q water

Q ref
ð1Þ

To test for repeatability (in the heat transfer measurements), three
random points were selected from each test matrix and data were
collected a second time, four weeks later. It was found that the re-
sults in terms of the heat transfer coefficient differed less than 5%.

The experimental uncertainties of the instruments are given in
Table 1 and were calculated using the method described by Kline
and McClintock [44].
3. Method

We have hypothesised that in a single flow regime, the two sep-
arate heat transfer modes (gravity and shear stress-dominated)
will have an effect. The question is whether a more accurate heat
transfer prediction method can be developed if we can classify
the flow regimes so that for every mass flow rate and vapour qual-
ity we know the fractional probability of time that the flow will be
in a dominant heat transfer mode.

In the method applied in this study a sample is a continuous
measurement of image intensity over an area of sufficient size.
Table 1
Experimental uncertainties and test conditions.

Measured Mean Standard
deviation

Uncertainty
(%)

Refrigerant
temperature

0.1 �C

Test line pressure 0.13
Inlet vapour quality 4.6
Heat transfer

coefficient
13

Mass flux 0.6
Average heat flux 1
Tsat 39:7 �C �1:9 �C
EB 0.65% �0:26%

_mref Test-
dependent

Max:

� 2 kg=m2 s
Temperature per

station
Test-
dependent

0:11 �C

Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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The flow is characterised by means of a binomial classification in
which intermittent flow can be classified as gravity or shear
stress-dominated for each sample in the population and then on
a time-fractional basis for the total sampling time. The probability
function is a function of the probability that an intermittent flow at
a specific condition of mass flux and vapour quality is gravity or
shear stress-dominated ranging from 0 to 1. Thus we have a pro-
posal for a statistically based probabilistic model of intermittent
flow that can be applied to the flow pattern map to describe inter-
mittent flow as gravity or shear stress-dominated. Later the prob-
ability function is renamed tf for time-fraction.

The link between two-phase flows and frequency content has
long been investigated [45,4,16] among other. The method devel-
oped here proposes the use of time–frequency analysis and by add-
ing the time component to the frequency analysis, the sub regimes
present can be identified. This method can be applied to any form
of measured properties that exhibits frequency characteristics in
two-phase flow: pressure, void fraction and visual. The analysis
of flow regimes was done by using of high-speed video recordings
of the flow. The intensity of light that passed through the test sec-
tion from the uniform backlight was used and time–frequency
analysis was done on the intensity signal.
3.1. The analysis procedure

For the analysis of the high-speed recorded image sequences, a
LabView program was used. The sequence of images was captured
at 250 frames per second with an exposure of 1/5000 of a second
and saved as an .avi file. The recordings were analysed by using
an area of interest defined on the image. The height of the area
was equal to a diameter and the width shorter than a quarter of
the diameter. The mean light intensity was sampled as a function
of 8 bit grayscale value in the area of interest during the sequence.
A short-time Fourier transform was performed on each sample
with a Gaussian window of width 32 after the signal was norma-
lised and zero-padded.

For intermittent flow in general, the high-frequency activity
represented annular flow or a liquid annulus with bubbles. From
a light-intensity point of view, the larger number of liquid va-
pour interfaces and the unstable, wavy interfaces in these flows
caused diffraction of the light and a rapid variation in light
intensity. This was identified at frequencies above 25 Hz. The
stratified and stratified-wavy flows resulted in less spectral
activity and the largest variation of light intensity was due to
the liquid vapour interface of the stratified layer. Gravity-domi-
nated flow had frequency activity lower that 10 Hz. The time–
frequency method applied to light intensity could thus, in a sim-
ple manner, improve objectivity in classifying flow patterns,
especially in this case where a stochastic regime, namely inter-
mittent flow, was being investigated.

The flows classified as annular flow were defined based on
the premise that annular flow is a shear-dominated flow where
gravity does not play a large role and this corresponded to high-
frequency activity due to the large amount of light fluctuations.
The stratified regimes are flows where gravity has a significant
influence on the flow pattern and were characterised by low-fre-
quency activity due to the low amount of light scattering
activity.
3.2. Data reduction

The properties of the refrigerant at the inlet of the pre-con-
denser and outlet of the post-condenser were determined by tem-
perature and pressure measurements. From these measurements,
the thermophysical properties of the condensing refrigerant were
-based heat transfer correlation for condensing intermittent flow of refrig-
16/j.ijheatmasstransfer.2009.12.005
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determined by utilising data from a refrigerant property database
[46,47].

However, due to the fact that the inlet and outlet of the test sec-
tion are in the saturated regime, it is not possible to use only the
measured temperature and pressure signals to obtain the thermo-
physical properties. For this reason, the system energy balance is
calculated using the heat transferred out of the refrigerant from
the inlet of the pre-condenser (superheated), to the outlet of the
post-condenser (subcooled), and the sum of the heat transferred
into the water-side of the three heat exchangers. Due to the fact
that it is not possible to measure the heat transferred out of the
refrigerant line over the test section directly, an energy balance er-
ror of less than 1% was obtained before the water-side heat transfer
is utilised to calculate the outlet refrigerant properties. The same
principle is also valid for the pre-condenser. The average inlet
and outlet vapour qualities are obtained using

xj¼
hj�hL;j

hV ;j�hL;j
with enthalpies hL and hV measured at temperature Tj

ð2Þ

In the above equation, j is utilised to denote either the inlet or outlet
of the test section. The values of the enthalpy were calculated using

hj ¼ hk �
_Q kj

_mref

�����
����� ð3Þ

In the above equation, k denotes the position prior to position j.
Thus if calculating the test inlet vapour quality, k denotes the pre-
condenser refrigerant inlet, while if the test outlet vapour quality
is calculated, k denotes the inlet of the test section.

The heat transfer coefficient is calculated using the mean wall
temperature of the test section, the heat transferred into the
water-side of the test section, and the mean refrigerant tempera-
ture between the inlet and the outlet. To calculate the mean wall
temperature of the test section the distance between stations is
also taken into account by using the trapezium numerical integra-
tion method, ensuring that any non-linearity in temperature distri-
bution over the length of the tube wall can be reflected in a more
representative average. This is

Tm
w;o ¼

1
L

X6

j¼1

1
2
ðTj

w;o þ Tjþ1
w;oÞðxjþ1 � xjÞ

� �
ð4Þ

Utilising this averaging method when the temperature drop is lin-
ear results in the same average as a normal mean of all the temper-
ature readings. The inner wall temperature, such that the proper
temperature difference may be calculated, is

Tj
w;i ¼ Tj

w;o þ _Q H2O � Rw

��� ��� ð5Þ

Where the wall thermal resistance, Rw is

Rw ¼
ln di;o

di;i

2pkCuL
ð6Þ

The thermal conductivity of the tube is calculated as a function of
temperature [48]. The heat transfer on the water-side is utilised
along with the inside heat transfer area. Then, the semi-local exper-
imental convective heat transfer coefficient is

hc;exp ¼
_QH2O

ALðTw;i � Tb;mÞ

�����
����� ð7Þ

For the probabilistic time-fraction map the analysed data is pre-
sented as a time-fractional function (tf). The value of tf varies from
0 (gravity-dominated) to 1 (shear stress-dominated) and was pre-
sented as a function of mass flux and vapour quality. It is presented
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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as function of vapour quality rather than void fraction to accommo-
date the heat transfer model mentioned in Section 4, and the Thome
prediction method [36].
4. Time fraction-corrected heat transfer correlation

The ability to determine the probability that, at a certain mass
flow rate and vapour quality, a certain heat transfer mode will pre-
vail can directly aid in increasing the accuracy of existing heat
transfer correlations. This can be done not by changing the leading
coefficients and exponents for ones that better fit the experimental
data, but by better describing the physics of the flow. The time-
fraction map is based on the assumption that for every single point
in the time-fraction map the heat transfer dominance is shifted
from gravity-based to shear stress-based in a linear fashion. This
is to say that if tf fraction of the time is spent in shear stress-dom-
inated heat transfer mode, then (1 � tf) will be spent in the gravity-
dominated heat transfer mode.

We can begin by postulating that the time fraction-corrected
heat transfer coefficient in the intermittent flow regime would be
a binomial combination of the gravity- and shear stress-based heat
transfer coefficients. This is not to say that intermittent flow is a
linear combination of flows because the tf function remains non-
linear.

hc;tf ¼ tf � hc;shear þ ð1� tf Þ � hc;grav ð8Þ

where hc;shear and hc;grav are calculated from the Thome et al. [36]
correlation. Namely,

hc;shear ¼ 0:003Re0:74
L Pr0:5

L
kL

d
fi ð9Þ

where the interfacial correction factor fi and the film thickness d are,
respectively

fi ¼ 1þ uV

uL

� �1
2 ðqL � qV Þgd2

r

 !1
4

ð10Þ

d ¼ dð1� eÞ
4

ð11Þ

and e is
-based heat transfer correlation for condensing intermittent flow of refrig-
16/j.ijheatmasstransfer.2009.12.005
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e ¼ eh � era

ln eh
era

ð12Þ

The homogeneous void fraction, eh, is

eh ¼ 1þ 1� x
x

qV

qL

� �� �� ��1

ð13Þ

and the Rouhani–Axelsson void fraction, era,

era¼
x
qV

1þ0:12ð1�xÞ½ � x
qV
þ1�x

qL

� �
þ1:18ð1�xÞ½grðqL�qV Þ�

0:25

Gq0:5
L

 !�1

ð14Þ

In the case of the gravity-based heat transfer correlation, the
heat transfer coefficient is

hc;grav ¼
hf rhþ ð2p� hÞrhc;shear

2pr
ð15Þ

hc;shear is the same heat transfer correlation shown in Eq. (9). The
turbulent film heat transfer coefficient is found using

hf ¼ 0:728
qLðqL � qV ÞghLV k3

L

lLdi;iðTsat � TwÞ

" #1
4

ð16Þ

The falling film angles h and hstrat , according to the original
Thome et al. [36] formulation are

h ¼ hstrat
Gwavy � G

Gwavy � Gstrat

� �0:5

ð17Þ
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Fig. 3. The time fraction (tf) analysis results for refrigerant mass fluxes from 250 to 650 kg
measurements.
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hstrat ¼ 2p� 2
pð1� eÞ þ 3p

2

� �1
3½1� 2ð1� eÞ þ ð1� eÞ

1
3 � e1

3�
� 1

200 ð1� eÞe½1� 2ð1� eÞ�½1þ 4ðð1� eÞ2 þ e2Þ�

( )

ð18Þ

In Eq. (17), the term in brackets is a proration between the tran-
sitions of stratified and stratified-wavy flow. If the mass flux is in-
creased over the limit of Gwavy (as would occur if we attempted a
proration into the intermittent flow regime), h would become
non-sensical (due to trying to take the square root of a negative
number). Thus, we have set h ¼ hstrat to maintain the gravity-dom-
inated heat transfer coefficient at mass fluxes higher than Gwavy.
This is to say that the falling film angle h is made equal to the strat-
ification angle hstrat for all applications in the time-fractional for-
mulation. Complete information on the factors influencing Eq.
(17) is given in [36]. Furthermore, since the values of Gwavy and
Gstrat are not utilized for this method, they are not presented in this
text. These are also presented in [36].

5. Results

A total of 203 data points were captured in a smooth horizontal
tube section for R-22 and R-134a ranging in mass flux from 200 up
to 700 kg/m2 s, and with a vapour quality varying between 0.05
and 0.65, as shown in Fig. 2. Most data points are in intermittent
flow but it was required that some data points fall into what
Thome et al. [36] defines as the stratified-wavy regime and the
annular flow regime. The mean test data for the data points and
the experimental uncertainties are summarised in Table 1.
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Table 2
Binomial general linear model function coefficients.

Refrigerant a1 a2 b1 b2 R2

R-22 0.0033 �2.8251 �0.003 8.1182 0.86
R-134a 0.004 �2.9502 0.0071 3.6698 0.85
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The results are given here by presenting the time-fractional
maps first and then the heat transfer data.
5.1. Time-fractional results

The function that suited the nature of the time-fractional data
best was a generalised linear model with binomial distribution.
This function is suited for populations that are sampled as a frac-
tion of a total. In this case, the total was 100% shear dominated
flow and this tended to tf = 1 for fully annular flow where tf is
the time-fractional value. The time-fractional data were used in
combination with the flow conditions and a non-linear least
squares optimisation algorithm to solve for the coefficients of a
best fit. The function used is defined in Eq. (21) and the results
are given in Fig. 3. The functions describe the data with a R2 of
85% over the test range.
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Fig. 4. The time fraction (tf) analysis results for refrigerant mass fluxes from 200 to 700 k
are measurements.
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a ¼ a1 � Gþ a2 ð19Þ
b ¼ b1 � Gþ b2 ð20Þ
y� ¼ aþ bx

so that ðtf Þ ¼ g0ðy�Þ ð21Þ

where gðlÞ ¼ ln
l

1� l
The function coefficients for the time-fraction data fit with Eq. (21)
are presented in Table 2. The results described here are based on
experimental data from two refrigerants, a single diameter and satu-
ration temperature. It was never applied outside of these conditions.

The raw data from the analysis are given together with the tf
function for R-22 (Fig. 3) and R-134a (Fig. 4). A section of the
function at each tested mass flux range is given for R-22 (Fig. 5)
and R-134a (Fig. 6).

In general, the low vapour qualities and mass fluxes resulted in
the lower time-fractions and thus more gravity-dominated flows.
The higher mass fluxes resulted in higher time-fractions indicating
more shear stress-dominated flows. There was no significant drop
in tf at higher mass fluxes, as the vapour quality decreased, indicat-
ing the persistence of shear effects.

The difference between the two refrigerants can also be noted
by the different slopes of the functions and the different magni-
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Fig. 5. Time-fractional results combined for condensing refrigerant tests with R-22 at 40 �C.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
10

20

30

40

50

60

70

80

90

100

Vapour quality

tf

200
250
300
350
400
450
500
550
600
650
700

G [kg/m2s]

Fig. 6. Time-fractional results combined for condensing refrigerant tests with R-134a at 40 �C.
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tudes of tf. The R-134a has a slightly higher tendency to higher tf
values (shear stress-dominated) and at lower vapour quality com-
pared with R-22 (Fig. 7). The Thome-El Hajal flow pattern map also
indicates a lower vapour quality threshold (more shear stress-
dominated flow) for annular flow with the xia transition at 45%
for R-134a and at 49% for R-22 (Fig. 2). According to the refrigerant
properties given in Table 3, the only significant difference is in vis-
cosity with minor differences in reduced pressure, density and
density ratio.
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
erants in smooth horizontal tubes, Int. J. Heat Mass Transfer (2009), doi:10.10
Based on the time-fractions and visual observations it was
noted that there is a change in the dominant flow patterns from
a shear-dominated annular film-type of flow to a gravity-domi-
nated stratified-type of flow at lower vapour qualities. This occurs
at vapour qualities less than 0.25 and is an intermittent occurrence
that is noticeable in the region from 0.10 to 0.25 vapour quality.

This occurrence at lower vapour qualities is likely the reason for
many flow pattern maps, when compared with the Thome flow
map, to have a transition line defined at the location of 0.1–0.25
-based heat transfer correlation for condensing intermittent flow of refrig-
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vapour quality [31]. Cavallini et al. [30] defined a heat transfer pre-
diction method based on the temperature dependence of the pre-
vailing flow regime. The flow pattern map of Cavallini et al. [29]
defines a transition through the intermittent flow regime at the
mentioned location. According to their transition, annular flow is
more persistent at high mass fluxes during condensation. The Tan-
don et al. [49], Soliman [50] and Dobson and Chato [34] flow pat-
tern maps have similar transitions and are discussed by El Hajan
et al. [31]. The transition line that these methods predict is not con-
sistent because there is large room for interpretation in the ambig-
uous intermittent flow regime.

These flow pattern maps all attempt to predict a transition that
is based on stochastic behaviour, which is difficult to classify. The
subjectivity in discriminating between these flow patterns leads to
the variation of the predicted transition. The time-fractional meth-
od does not attempt to define this boundary with a single function
but rather to represent the actual flow behaviour and to model the
flow based on a continuous time-fractional function of statistical
origin.

5.2. Experimental heat transfer coefficient results

Fig. 8 presents the raw experimental data found in this study
against those found by Cavallini et al. [51] for R-134a for a tube of
Table 3
Refrigerant properties for R-22 and R-134a at 40 �C [47].

R-22 R-134a Unit

Temperature 40 40 �C
Pressure 1530 1012 kPa
Critical pressure 5000 3600 kPa
Reduced pressure 0.3 0.27 –
Liquid viscosity 138.9 161.8 lPa s
Vapour viscosity 13.34 12.3 lPa s
Surface tension 0.0061 0.0061 N/m
Liquid density 1130 1150 kg=m3

Vapour density 66 50 kg=m3

Density ratio 0.0575 0.0434 –
xia 0.49 0.46 –

Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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similar size, as well as similar operating conditions. The solid circles
represent the data found by Cavallini et al. [51], while the rest of the
symbols are the experimental data points found in this study, sepa-
rated by mass flux. When compared against the data found by Cav-
allini et al. [51], the experimental data found in this campaign shows
the same increasing trend with increasing vapour quality. Further-
more, it can be seen that the experimental data from both campaigns
are well clustered. The only data that does not correspond to the
general trends shown are the three points of Cavallini et al. [51] at
a vapour quality of 0:3ðhc ¼ �4500 W=m2 KÞ. The reason for this is
not clear.

Fig. 9 presents the experimental heat transfer coefficient against
the Thome et al. [36] correlation. Measurements, with oil, by Lei-
benberg et al. [43] were successfully compared against the
Thome-El Hajal map. The values for the Thome heat transfer coef-
ficient were calculated utilising the required heat transfer coeffi-
cient form, depending on the flow regime in which the data
point was situated.

The mean percentage deviation of the experimental heat trans-
fer coefficient with respect to the Thome correlation’s heat transfer
coefficient is �1%; the absolute mean percentage deviation is 15%,
while the standard deviation of this mean was found to be �10:5%.
The mean deviation shows that the experimental data from the
system is overpredicted as much as it is underpredicted by the cor-
relation of Thome et al. [36]. This can be seen in Fig. 9.

Carrying on with the analysis, the time fraction-corrected heat
transfer coefficient was calculated. Fig. 10 shows the experimental
heat transfer coefficient plotted against the time fraction-corrected
heat transfer coefficient correlation.

The experimental results’ mean percentage deviation when
compared with the time fraction-corrected heat transfer correla-
tion is, on average, �5.2%. While the mean percentage deviation
has increased, the absolute mean deviation percentage decreased
to 10%, and the standard deviation of this mean is ±7.5%. When
evaluating Fig. 10, it follows that the points that were at the lower
range of both mass flux ð200—300 kg=m2 sÞ and vapour quality,
which were both underpredicted by the (classical) Thome correla-
tion, are now within �25% of the measured value.
-based heat transfer correlation for condensing intermittent flow of refrig-
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Fig. 11 shows the experimental heat transfer coefficients com-
pared with both the time fraction-corrected heat transfer and the
(classical) Thome correlation [36] for constant mass fluxes of 200
and 250 kg=m2 s. The mean absolute percentage deviation be-
tween the time fraction-corrected heat transfer coefficients and
the experimental results drop to 7.5%. In contrast, for the same
mass flux, the experimental results’ mean deviation from the
Thome heat transfer coefficient predictions [36] is 25%.

On a point-by-point direct comparison between the prediction
of the time fraction-corrected model and the Thome prediction
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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[36], it follows that the points at lower vapour qualities benefited
the most from the application of the time fraction data. Further-
more, in the method proposed by Thome et al. [36], the heat trans-
fer correlation for annular flow is extended into the intermittent
flow regime; however, the time fraction results clearly show that
as the vapour quality decreases, the probability of finding shear-
dominated flow also decreases.

The influence of the time-fraction decreases as the vapour
quality increases and the heat transfer coefficient increases since
the flow regime tends towards the annular flow regime. At
-based heat transfer correlation for condensing intermittent flow of refrig-
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these conditions the annular flow heat transfer prediction and
the prediction of the time-fraction method are similar. Thus,
at higher vapour qualities (and mass fluxes), the shear stress-
based heat transfer coefficient becomes dominant, as shown in
Fig. 12.

The measurements at 300, 350 and 400 kg=m2 s are presented
in Fig. 13. The heat transfer coefficients at the lower qualities show
the best improvement. At these mass fluxes, the shear stress and
gravity heat transfer coefficient values, as depicted in Fig. 12, are
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
erants in smooth horizontal tubes, Int. J. Heat Mass Transfer (2009), doi:10.10
very close to each other, which is why the time fraction-corrected
points do not vary very much from their Thome counterparts.

Starting at mass fluxes higher than 450 kg=m2 s, the time frac-
tion goes to high levels faster than at lower mass fluxes, which
means that the number of data points that are heavily affected
by the time fraction correction decreases. For example, at
G ¼ 450 kg=m2 s, half of the data points are very near their Thome
counterparts, all of these at the higher vapour qualities, while the
meaningful prediction corrections are still effected at lower vapour
-based heat transfer correlation for condensing intermittent flow of refrig-
16/j.ijheatmasstransfer.2009.12.005
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Fig. 12. Comparison of shear stress-based and gravity-based coefficient dominance.
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qualities. Furthermore, at vapour qualities still in the intermittent
flow but not close to the intermittent-annular transition curve, the
influence of the gravity term is attenuated, generating results sim-
ilar to those found with the Thome correlation at high mass fluxes.

At the mass fluxes of 600, 650 and 700 kg=m2 s (Fig. 14) the
shear stress-based prediction is high compared to the gravity-
based coefficient. Coupled with the reduced influence of the
time-fraction this ends up with a heat transfer coefficient predic-
tion similar to the Thome correlation.

The time fraction method was also compared to the method de-
scribed by Jassim et al. [8], in which a flow regime-based conden-
sation model was developed for several refrigerants in a single,
horizontal, smooth tube utilizing a probabilistic two-phase flow
map. The authors also defined a time fraction (in a different man-
ner than in this paper) to provide weighting of heat transfer mod-
els developed for the different flow regimes. In Fig. 15, predictions
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Fig. 13. Comparison of the experimental heat transfer coefficie
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from the model developed by Jassim et al. [8] and the method
developed in this study are calculated using, as inputs, the exper-
imental conditions found in the campaign detailed in this study.
On cursory inspection, both models predict the data reasonably
well. However, it can be seen that there is a larger discrepancy be-
tween the two models’ predictions of the R-22 heat transfer perfor-
mance. To further study, the two models are plotted against the
experimental data, again separated by refrigerant used, in Fig. 16.
The absolute mean percentage deviations of the correlation devel-
oped in this study are, for R-22 and R-134a, respectively, 11% and
10% (these values have already been presented and discussed pre-
viously). For the method developed by Jassim et al. [8], the R-134a
absolute mean percentage deviation to the experimental data pre-
sented here is 12%; however, for the R-22 data, this value is 33%,
evidenced in the large divergence at higher heat transfer coeffi-
cients. The reason for this is unclear, as this method was developed
using R-22 as one of the test refrigerants. Nonetheless, it is inter-
esting to note that at the lowest mass fluxes, the method proposed
by Jassim et al. [8] and that proposed by this study show the same
flat trend (in Fig. 16, the values between 1000 and 2000 W/m2 K on
the x-abscissa). This might imply that the underlying physics of the
two prediction methods are similar.
6. Conclusion

In the study condensation testing on R-22 and R-134a was done
for two-phase intermittent flow. The analysis method described
above and used in this study is based on measuring the light inten-
sity passing through a sight glass followed by a time–frequency
analysis on the signal. The time-fractional analysis technique was
intended to provide a tool for objective analysis of two-phase flow
and identifying the sub-regimes of gravity-dominated and shear
stress-dominated flow.

The most debated transition in condensing flow is in the inter-
mittent flow regime where no single transition coincides with an-
other. The method used here does not propose the use of a fixed
transition line between two flow regimes. It is proposed to use a
probabilistic approach that statistically describes the mix of
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dominant flow patterns present in intermittent flow. This approach
does not result in any discontinuities and blends in with the exist-
ing model of Thome without problems.

The flow pattern detection method developed and applied to
identify the difference in flow patterns worked well and could suc-
cessfully detect minor variations in two-phase flow allowing the
method to be applied in sub-mapping the intermittent flow regime
for mass fluxes less than 700 kg=m2 s.
Please cite this article in press as: E. van Rooyen et al., Probabilistic flow pattern
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The time-fraction was combined with the two flow regime-
based correlations to create a time fraction-corrected flow
pattern-based heat transfer correlation for the intermittent flow
regime, in an successful effort to better predict the heat transfer
behaviour in this regime. The method is based on actual physical
behaviour of the flow. It was shown that the time fraction correc-
tion has more effect when the vapour quality is low, and especially
so when the mass flux is also relatively low (G = 200 and
-based heat transfer correlation for condensing intermittent flow of refrig-
16/j.ijheatmasstransfer.2009.12.005
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Fig. 16. Comparison of the Thome et al. [36] based time fraction method developed in this study with the Jassim et al. [8] correlation.
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300 kg=m2 s) due to the correction of the shear stress-based
prediction.
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