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Abstract

Experiments were performed to study the flow regimes and heat transfer in air–water flow in 8� inclined
tubes of inner diameter of 49.2 and 25 mm. The flow regimes were investigated by using high-speed video

technique and conductive tomography. The thermal patterns on the heated wall and local heat transfer

coefficients were obtained by infrared thermography. Under the conditions studied, disturbance waves of

different forms were observed. The analysis of the behavior of the heat transfer coefficients, together with

flow visualization and conductive tomography showed that dryout took place in the open annular flow

regimes with motionless or slowly moving droplets. Even under these conditions, the heat transfer coeffi-

cient is about 10 times higher than that for single-phase airflow.
� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Today�s parabolic trough solar power plants are based on a conventional Rankine steam cycle,
which is heated via primary oil by concentrated solar radiation. In order to improve the efficiency
of the cycle and to reduce the investment costs, it is planned to avoid the oil loop. The steam
required to drive the turbine/generator unit will be produced directly in the absorber tubes of the
solar field (DSG: direct steam generation). Similar two-phase flows are often encountered in a
wide range of industrial applications: chemical plants, oil wells and pipelines, evaporators etc.

Flow patterns of the evaporating two-phase flow, in the absorber tubes, are of special interest
since the tubes are inclined and, therefore, dryout may occur due to the influence of gravity at low
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flow velocities. Temperature differences around the circumference of the pipe, resulting from large
differences of the heat transfer coefficients in the case of dryout, may cause excessive thermal stress
in the pipe material and/or damaging the selective paint on the tubes. Experiments on adiabatic
air–water flow performed by Barnea and Taitel (1993), and experiments in diabatic air–water flow
carried out by Mosyak and Hetsroni (1999) showed that the temperature difference between the
top and the bottom was quite large for horizontal pipes. It drastically decreased due to an in-
clination of the pipe. However, outside the region of pure stratified flow, the flow will not change
abruptly to close annular flow, but there exists a region where a liquid film at the top of the pipe is
gradually built up, as observed in the present study. Because of their obvious importance, in-
stabilities of thin films have been the subject of numerous studies, such as those of Wallis (1969),
and Hewitt and Hall-Taylor (1970). The one-dimensional linear stability analysis of gas–liquid
flow was presented by Lin and Hanratty (1986). Andritsos and Hanratty (1987) investigated the
effect of interfacial instabilities in horizontal flow, which lead them to the determination of dif-
ferent types of waves. Such regimes were observed by Jurman et al. (1989) in the gas–liquid
horizontal flow. Foukano and Ousaka (1989) proposed a model based on the pumping action of
waves along the sides of the pipe. Smaller waves initialize droplet atomization and lead to droplet
deposition on the pipe walls at higher gas and lower liquid superficial velocities. The equations of
continuity and motion of gas and liquid were solved numerically by Barnea and Taitel (1993). The
resulting stability criteria for interfacial waves were similar to those of Wallis (1969). A model for
stability of wavy flow in inclined pipes was presented by Grolman et al. (1996). In this study the
main parameter for predicting instability is the average liquid holdup. Flow-pattern maps were
presented for selected angles of inclination, but superficial gas velocities did not exceed UGS ¼ 30
m/s. The effect of inclination on drop sizes in annular gas–liquid flow was studied by Azzopardi
and Zaidi (1997). Creation of droplets was closely associated with the large amplitude waves,
which formed on the surface of the film.

The flow pattern that exists in high sheared gas–water flow is characterized by intermittent
appearance of aerated masses of liquid that travel downstream. These aerated masses are sepa-
rated from one another by a configuration that contains a slower moving liquid layer.

In the present study the flow patterns occurring on the liquid, which is highly sheared by a gas
flow, are investigated. Connection between flow parameters and heat transfer was also studied by
IR thermography in diabatic air–water flow. Large difference of circumferential wall temperature
was found in these experiments. In the open annular flow regime, there is no continuous liquid
film on the upper part of the pipe, which results in a low heat transfer coefficient on that part. The
hydrodynamic behavior and heat transfer was analyzed to get information on the connection
between these processes.

2. Description of the experiments

2.1. Experimental apparatus

The experiments were conducted in two identical loops with a tube diameter of 49.2 and 25 mm,
respectively, at upward inclination of 8�. A schematic diagram of the experimental facility is
presented in Fig. 1. Water, at a constant temperature, was circulated from a tank (1) through the
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loop by means of a pump (2). The liquid flow rate was regulated by a valve (3) and measured by a
flow-meter (4). The air was delivered by compressor (5) through receiver (6) and filter (7). The air
rate was regulated by valve (8) and measured by an air velocity transducer (9). After that the air
and water were mixed in a mixing chamber (10). The 10.68 m long inclined smooth pipe consisted
of four parts: the flow development section (11), the section of flow visualization (12), which could
be replaced by heated thermal boundary layer section (13) (for measurements of the heat transfer),
the heated test section (14) and the outlet section (15). The 7.5 m long development section (11),
and the 1.8 m long outlet section (15) were made of plastic tube. In Fig. 2a and b two versions of
the main part of the experimental setup are shown. The glass section for visual observation (2) is
located between the development section and the heated test section (1). The high-speed video
camera was used for recording hydrodynamic patterns in the inclined tube. The heated test section
for studying heat transfer (180 mm long) (1) was constructed of a 0.05 mm thick stainless steel foil
(6) rolled in the form of the tube with the same inner diameter. The foil stretching and electrical
connection was provided with a special mechanism. The heating was achieved by supplying DC
power up to 800 A. In the runs for heat transfer measurements, the section for flow visualization
was replaced by the same length and diameter plastic tube with a heater (5). This heated section is
shown in Fig. 2b. The same stainless steel foil, serving as a heater of the section (1), was attached
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Fig. 1. Experimental facility: (1) entrance tank, (2) pump, (3) water flow regulator, (4) flowmeter, (5) compressor, (6)

receiver, (7) filter, (8) air regulator, (9) air flowmeter, (10) mixing section, (11) flow development section, (12) glass

section, (13) section of development of thermal boundary layer, (14) test section for temperature measurements and

thermal pattern visualization, (15) exit section, (16) tank for water flow rate measurements.
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to the inner surface of this tube. It was done to obtain a developed thermal boundary layer before
the test section (1). The thermal pattern visualization and heat transfer measurements were
recorded by IR radiometer.

2.2. Measurement techniques

The hydrodynamic pattern in the pipes was studied by analyzing high-speed video images. The
method is based on the detection of the edges of flow disturbance in a sequence of video frames.
This method allows one to measure the water level, velocity and frequency of water disturbances.
The motion of the disturbance in the annular flow was recorded by a high-speed motion analyzer,
with recording rate up to 10,000 frames per second. The illumination was provided by a set of 500
W halogen lamps, mounted on a frame. Pictures were taken against a black background, so that
the wave disturbances had a white outline. Each run a sequence of at least 120 s was recorded. In
the playback mode, typical flow patterns were frozen on the TV monitor and analyzed frame by
frame to calculate the average water level, propagation velocity and frequency for each set of the
data.

An IR radiometer was used for investigating the thermal patterns. It has a typical horizontal
and vertical resolution of 256 pixels per line. The radiometer gives a qualitative thermal profile in
the ‘‘line mode’’, the average temperature in the ‘‘area mode’’, and the temperature of a given
point in the ‘‘point mode’’. The experiments were carried out at a constant heat flux. We had to
consider the frequency response of the system to changes in the heat transfer coefficient. It was

Fig. 2. Visualization of flow regimes and temperature patterns. (a) Device for flow regime visualization: (1) section for

temperature measurements; (2) flow visualization section; (3) glass tube. (b) Device for thermal pattern visualization: (4)

electrical contact; (5) section for development of thermal boundary layer; (6) heater made of stainless steel foil.
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shown by Hetsroni and Rozenblit (1994) that temperature distortions and phase shift in tem-
perature fluctuations on the heated wall begin at f ¼ 15–20 s�1. In the present study the highest
cluster frequency was higher, so that we confined our measurements to average temperatures and
qualitative observation of the thermal structure on the heated wall. The average surface tem-
perature was measured with an accuracy of �0.1 �C. The air and water flow rates were measured
with an accuracy of 2%. Electrical power was determined by means of a digital wattmeter with an
accuracy of 1%.

The flow patterns in highly sheared air–water flow were investigated using conductive to-
mography. The use of this method allowed to distinguish between the flow patterns of open and
closed annular flows and to determine the liquid film thickness with an accuracy of 0.01 mm at
different positions around the pipe circumference. The electrodes are installed flush with the inner
pipe surface. The measurement is based on a change of resistance in an electrical field when liquid
film passes the electrodes. The smallest measurement value of voltage, which can be evaluated by
calibration data, corresponds to film thickness of 0.01 mm. Since for film thickness less than 0.01
mm the calibration could not be performed properly, we assumed that in the region of 0–0.01 mm
the voltage varied linearly.

2.2.1. Single-phase tests
A number of verification runs were done prior to the data logging. A series of single-phase air

tests were made to establish the validity of the system and testing the technique. Preliminary
calculations presented by Hetsroni and Rozenblit (1994) have shown that the difference between
the temperature of the two sides of the thin (0.05 mm) foil, was less than 0.1 K. The axial heat
conduction for the heated test section was calculated by using measurements of wall temperature
distribution in the streamwise direction. The heat transfer in the axial direction was less than 0.5%
of that in the radial one. Heat balance for the variation of the outside ambient temperature has
also been verified by direct measurements. The estimated total heat losses were in the range of
3–4%, depending on the values of the heat flux.

The space and time-averaged heat transfer coefficient in the single-phase air flow is defined as

a0 ¼ q=ðTw � TfÞ ð1Þ

where q is the heat flux, Tw is the averaged wall temperature, Tf is the bulk temperature of the fluid.
The experimental results agreed well those calculated for a fully developed turbulent flow in the
tube (Kays, 1966):

Nu ¼ 0:022Re0:8Pr0:6 ð2Þ

2.2.2. Air–water flow
Our discussion is limited to the definition of heat transfer coefficient––because it is the aver-

aging value for which the dryout must be specified. Since microscopic details of this process are
rarely needed for engineering problems, the macroscopic nature of the process is usually much
more important. The averaging operation effectively eliminates information on local instanta-
neous fluctuation. Eulerian averaging is of most interest in this study, because it involves aver-
aging over time and space, which are the independent variables. In the present study we use
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time-averaged value of the heat transfer coefficient at a fixed point located at an angle h which is
the angle from the top of the pipe:

ah ¼
1

s

Z s

0

aðsÞds ð3Þ

and time and space mean value, of heat transfer coefficient within the angle h and h þ Dh:

aDh ¼
1

sDh

Z s

0

Z hþDh

h
aðs; hÞdsdh ð4Þ

If partial dryout is present in two-phase flow, the averaged heat transfer coefficient has contri-
butions from both liquid and gas phases.

2.3. Experimental procedure

The water and air were mixed in a mixing chamber upstream of the test section. Two-phase
tests were conducted at various liquid and air superficial velocities. The pump, compressor, and
the power source were set and maintained at desired output. The output of the power source was
set as to obtain desired temperature distribution on the heated test section. The experiments were
repeated at least four times to confirm their reproducibility. The heat transfer and flow parameters
for each data run were measured under steady-state conditions. At such a steady state, the
temperatures, the flow rates and heating power were recorded for about 20 min.

Data reduction. Before presenting the experimental results, it is of interest to discuss briefly the
dimensionless parameters used in the analysis. An application of the Buckingham Pi-theorem to
the motion of air and water indicates that the following dimensionless groups can be found:
FrL ¼ U 2

LS=gD, FrG ¼ U 2
GS=gD, H=D, qG=qL, lG=lL, UGS=ULS, UC=ULS, rqLD=l

2
L, ReL ¼

ULSDqL=lL, ReG ¼ UGSDqG=lG, a=a0, where D is the pipe diameter; H , the height of air–water
cluster; qG, qL and lG, lL, the density and viscosity of the gas and the liquid, respectively; ULS and
UGS, superficial liquid and gas velocities, respectively; UC, the velocity of the air–water cluster; r,
the surface tension; g, the acceleration due to gravity; a, the heat transfer coefficient in air–water
flow; a0, the heat transfer coefficient in air (gas single phase). FrL and FrG are liquid and gas
Froude numbers, ReL and ReG are liquid and gas Reynolds numbers, respectively.

The data are usually correlated in a two-dimensional map using ULS–UGS coordinate system.
Indeed, the ratio of Froude numbers FrL=FrG and the ratio of Reynolds numbers ReL=ReG can be
easily converted to the velocity ratios by use of the viscosity and density rations. In this case the
given flow pattern could be predicted by one map for pipes with different inner diameters. Un-
fortunately, this is seldom the case and, generally, the usefulness of such predictive scheme is
doubtful. The majority of the data reported on flow pattern transitions have dealt with either
horizontal or vertical tubes with only limited results reported for inclined pipes. Several investi-
gators performed experiments only for tube with one inner diameter. The results reported by
Spedding and Nguyen (1980) are based on data collected in a pipe with an inner diameter of 4.55
cm. Barnea et al. (1985) reported data on flow pattern transition in gas–liquid flow in upward
inclined pipes with inner diameter of 2.55 and 5.1 cm. The flow pattern maps are different, de-
pending on the inner diameter of the pipe. The transition to annular flow was found (Lin and
Hanratty, 1987) to occur by means of mechanisms, which depend upon pipe diameter. Annular
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flow was found to develop at lower gas velocities by a mechanism of wave wrapping in 2.52 cm
(i.d.) pipeline, compared to an annular flow droplet deposition mechanism in 9.53 cm (i.d.)
pipeline. Spedding et al. (1998) used Froude number to present flow pattern map of air–water data
for 5.08 m (i.d.) pipe at inclination of þ5�.

We assume that the surface tension is constant, and that the value of the heat transfer coeffi-
cient was measured at constant Prandtl number. For this reason, all the experiments were per-
formed with the heated surface at wall temperature was not higher than 20 K above the mean
temperature of the fluid.

It is clear that in the analysis we do not use all dimensionless groups from above. The method
of choice is based on the physical analysis of the phenomenon and on the reasonable guess of the
‘‘important’’ dimensionless groups that allow one to describe experimental data by a common
curve.

In the majority of two-phase heat transfer correlations the transport properties of the fluids are
related to average (at the inlet and the outlet of the test section) temperature. We used dimen-
sionless parameters ReG and FrL to present experimental data. The difference between wall and
flow temperatures did not exceed 20 K. Under these conditions the variance of ReG is less than
3%.

3. Results

3.1. Flow regimes

3.1.1. Flow in a 49.2 mm pipe (visual observations)
The purpose of these experiments was to characterize different flow details under conditions

when the superficial gas velocity is constant and the superficial liquid velocity increases. The
upward flow regimes are presented in Fig. 3. Fig. 3a shows the flow pattern at UGS ¼ 20 m/s and
ULS ¼ 0:005 m/s. In the region of pure stratified flow the liquid layer is drawn upward by the gas
via the interfacial shear stress. No droplets could be observed at the interface. Such a regime was
also observed by Taitel and Dukler (1976) and Spedding et al. (1998).

Droplets appeared on the surface of the pipe (Fig. 3b) after increasing the water flow rate up to
ULS ¼ 0:007 m/s. Spedding et al. (1998) referred this regime to ‘‘film plus droplet pattern’’. When
the water flow rate increased and superficial liquid velocity was ULS ¼ 0:03 m/s, droplets began to
roll back into the liquid film. Kokal and Stanislav (1989) identified such a regime as ‘‘annular plus
roll wave flow pattern’’. The experimental facility used in the present study allowed us to achieve
values of superficial gas velocities up to 20 m/s in the 49.2 mm pipe. Therefore, to study the flow
regimes at higher superficial gas velocities the pipe diameter was decreased.

3.1.2. Flow in a 25 mm pipe (visual observations)

The second part of the experiments was carried out in a pipe of inner diameter 25 mm. The
experiments were carried out in the range of the ULS ¼ 0:016–0.17 m/s and UGS ¼ 24–55 m/s.

Experimental investigations in the 25 mm pipe reveal significant differences from the results
obtained in the 49.2 mm pipe. Fig. 4 shows an instantaneous side view of air–water flow into the
tube, obtained by high-speed video camera. The flow moves from right to left. The distance in the
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flow direction is 280 mm. The picture was captured at following values of the superficial velocities
UGS ¼ 36 m/s and ULS ¼ 0:045 m/s. The light regions on the left and right side of the image are
air–water clusters, the smooth light bands reflect the disturbance wave flow at the lower part of
the tube and liquid film at the upper part of the tube, respectively.

It was observed that as some new waves were created, others disappeared. This process oc-
curred either by faster waves catching up with slower waves and engulfing them or occasionally by
waves appearing to die spontaneously (an event, which apparently occurs when the amplitude of
the disturbance wave got too large). In Fig. 4 one can distinguish the regions of disturbance wave

Fig. 3. Flow pattern in the pipe 49.2 mm, UGS ¼ 20 m/s. (a) ULS ¼ 0:005 m/s; (b) ULS ¼ 0:007 m/s; (c) ULS ¼ 0:03 m/s.

Fig. 4. Annular flow in the pipe 25 mm with air–water clusters.
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without air–water clusters and air–water clusters that occupied significant cross-section area. This
flow pattern is difficult to identify since a problem existed in distinguishing visually between highly
aerated slugs and wavy annular flow. This difficulty was overcome by the study of these patterns
separately. Qualitative behavior of clusters showed that within a certain distance they propagated
with some change in shape. Using high-speed video, it was possible to show separately the
sequence of the frames with wave regimes and sequence of frames with air–water clusters.

Detailed typical instantaneous images of disturbance wave regions without air–water clusters
are shown in Fig. 5a–d. The air–water clusters, also observed at these regions, are shown in Fig.
5e–h. Both sets of images were obtained at a superficial gas velocity UGS ¼ 36 m/s. The superficial
liquid velocity varied form ULS ¼ 0:016 (Fig. 5a and e) to ULS ¼ 0:17 (Fig. 5d and h). The flow
moves from right to left, the distance in the streamwise direction, shown in those figures, is about
two tube diameters. Fig. 5a (ULS ¼ 0:016 m/s) shows open annular flow with disturbance waves.
Fig. 5e shows rather small air–water clusters that some time were observed instead the flow

Fig. 5. Flow regimes in the pipe 25 mm at UGS ¼ 36 m/s. (a) ULS ¼ 0:016 m/s, disturbance waves with motionless

droplets; (b) ULS ¼ 0:027 m/s, disturbance waves with moving droplets; (c) ULS ¼ 0:045 m/s, disturbance waves and

liquid film on the upper tube part; (d) ULS ¼ 0:17 m/s, disturbance air–water waves and liquid film on the upper tube

part; (e) ULS ¼ 0:016 m/s, small air–water clusters; (f) ULS ¼ 0:027 m/s, air–water clusters; (g) ULS ¼ 0:045 m/s, huge

air–water clusters; (h) ULS ¼ 0:17 m/s, huge air–water clusters that block the tube cross-section.
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pattern shown in Fig. 5a. It was determined from visual observations that in this case the drops on
the upper part of the pipe almost did not move. When the liquid flow rate increased, Fig. 5b and f
(ULS ¼ 0:027 m/s) the drops on the upper part of the pipe began to move. Velocity of the dis-
placement of droplets in the flow direction is of an order of magnitude less than the superficial
liquid velocity. Further increase in the liquid flow rate, Fig. 5c and g (ULS ¼ 0:045 m/s), leads to
closed annular flow with liquid film on the upper part of the tube, in addition to air–water
clusters. Fig. 5d and h (ULS ¼ 0:17 m/s), show the closed annular flow with huge air–water
clusters, that often block the tube cross-section. Visual observations showed that under flow
conditions, of the last two flow regimes, dryout was not observed. Parameters of air–water
clusters were obtained from histograms of velocity and amplitude distribution. Fig. 5e–h show
typical images that were used to describe characteristics of clusters in statistical terms for air–
water regimes. When the clusters blocked the entire pipe cross-section, they touched the top wall
only momentarily. It is of interest to note that the picture of air–water clusters, for 2.5 cm pipe,
resembles the ‘‘pseudo-slugs’’ described by Lin and Hanratty (1987).

3.1.3. Velocity and amplitude of air–water clusters

Fig. 6 shows the dependence of the velocities of air–water clusters on the gas Reynolds number.
The time-averaged amplitude of the air–water clusters, H , was obtained by using flow visual-
ization technique. Fig. 7 shows the average non-dimensional value of H=D vs. the gas Reynolds
number ReG. The superficial liquid velocity was ULS ¼ 0:016–0.17 m/s, consequently, the range of
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Fig. 6. Dependence of velocity of air–water clusters on gas Reynolds number (�) ULS ¼ 0:016 m/s, (�) ULS ¼ 0:027 m/s,

(M) ULS ¼ 0:045 m/s, (�) ULS ¼ 0:10 m/s.
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Fig. 7. Dimensionless time-averaged amplitude of air–water clusters vs. gas Reynolds number: (�) FrL ¼ 0:001; (�)

FrL ¼ 0:003; (M) FrL ¼ 0:008; (�) FrL ¼ 0:11.
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liquid Froude number, FrL (based on the superficial liquid velocity and inner pipe diameter) varied
from 0.001 to 0.11. For a given gas Reynolds number the ratio of H=D increases with an increase
in FrL and reaches the value H=D 	 0:9 at FrL ¼ 0:11. In the range of FrL from 0.001 to 0.008 the
value H=D increases with an increase in ReG. Fig. 7 shows that at FrL ¼ 0:11 the relation H=D is
independent of the gas Reynolds number. This fact indicates that under these conditions the pipe
diameter prevents formation of air–water clusters.

From Fig. 7 one can conclude that the gas Reynolds number ReG, cannot be used solely to
predict the behavior of UC and H=D in a wide region of superficial flow velocities. At small liquid
feeds, the values of FrL are small, but in inclined pipes much larger volumes of liquid are involved
in gas–liquid clusters than in the actual transport of the liquid. The liquid holdup significantly
depends also on FrL.

In Fig. 8 the value of H=D is presented vs. the parameter FrLUGS=ULS. From an analysis of the
data presented in Fig. 8, one can conclude that the relation FrLUGS=ULS is a useful parameter to
describe the flow pattern of high sheared flows.

3.1.4. Film thickness

Figs. 9–12 show the results of film distribution around the circumference of the pipe. From Fig.
9 one can conclude that at ULS ¼ 0:016 m/s and UGS ¼ 24 m/s and UGS ¼ 36 m/s (FrLUGS=ULS are
1.5 and 2.4, respectively) open annular flow occurs. Fig. 10 shows that at ULS ¼ 0:027 m/s and
UGS ¼ 24 m/s (FrLUGS=ULS is 2.66) also open annular flow occurs. These findings agree quite well
with visual observations in the present study, and the top of the pipe is partially dry.

For pipe of 2.5 cm the flow patterns observed agree with the data reported by Lin and Hanratty
(1987) for air and water flowing in horizontal 2.54 cm pipe. According to the flow regime map
presented by Lin and Hanratty (1987) at ULS ¼ 0:016 m/s and UGS ¼ 24 m/s and UGS ¼ 36 m/s
and at ULS ¼ 0:027 m/s and UGS ¼ 24 m/s the wavy stratified regime takes place. Results of flow
visualization for the pipe of 4.92 cm agree with the flow map presented by Brauner and Moalem
Maron (1992) for air–water flow in the pipe 5.1 cm. Barnea (1987) showed that small changes in
the angle of inclination have a major effect on the stratified smooth-stratified wavy transition
boundary. In the present study we consider stratified wavy-annular transition. In this case, as
shown by Barnea (1987), transition boundaries do not change significantly within inclination
angle þ1 to þ30�. That is why we believe that the parameter FrLUGS=ULS is also useful for upward
angle of inclination from þ1 to þ30�.
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Fig. 8. Dependence H=D on FrLUGS=ULS. (�) FrL ¼ 0:001; (�) FrL ¼ 0:003; (M) FrL ¼ 0:008; (�) FrL ¼ 0:11.
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3.1.5. Dryout

It is well known that at high gas flow rates significant amounts of liquid may be transported as
drops entrained into the gas. We have also observed that gas may be similarly entrained and
carried as clusters in the liquid layer. The effect on the gas is opposite to that of drop entrainment
on the liquid, namely, the transport efficiency of the gas is low due to the generally slower moving
fluid. As a result, the liquid layer puffs up and occupies a much larger area fraction of the pipe.
Flow visualization showed that aerated high gas velocity pipe flow appears to consist of two
distinct phases: an upper region consisting primarily of droplets and a lower region in which the
liquid film and large air–water agglomerations moved. This phenomenon is similar to self-aerated
flows in spillways. Under such conditions for pipe flow, dryout takes place. It is very difficult to
predict theoretically dryout in such complex two-phase flow.

Fig. 9. Film-thickness distribution around circumference of the pipe at ULS ¼ 0:016 m/s: (a) full range; (b) zoom near

the upper point of the pipe. UGS: (r) 24 m/s, (j) 36 m/s, (N) 42 m/s.
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We have performed experiments to measure the part of the wetted surface. This was done using
a careful video record of the flow. We were not interested in the state of the flow at a specific
instant in time, i.e. a single video frame, but in the average state over a period of time. In Fig. 13
the dimensionless angle, h=p, is plotted vs. FrLUGS=ULS. In this Figure h is the angle of the pipe,
where the liquid film approaches zero. At FrLUGS=ULS P 2:7 the onset of closed annular flow takes
place h=p ¼ 0. The top of the pipe was never dry in that case. In the range of FrLUGS=ULS 6 2:7 the
experimental data are described by

h=p ¼ 0:13ðFrLUGS=ULSÞ�1:3 ð5Þ

Fig. 10. Film-thickness distribution around circumference of the pipe at ULS ¼ 0:027 m/s: (a) full range; (b) zoom near

the upper point of the pipe. UGS: (r) 24 m/s, (j) 36 m/s, (N) 42 m/s.

G. Hetsroni et al. / International Journal of Multiphase Flow 29 (2003) 173–194 185



3.2. Heat transfer

3.2.1. The 49.2 mm ID pipe
The local heat transfer coefficients on the surfaceof the pipe may not be uniform, though the

surface is heated by uniform heat flux. This irregularity is due to the distribution of the air and
liquid phase in the pipe. The temperature distribution along the pipe perimeter shows a maximum
at the top and a minimum at the bottom of the pipe. Due to this temperature distribution part of
the heat supplied at the top is conducted to the bottom. In the present study, since the wall of the
heated part of the pipe was constructed of 0.05 mm foil, the tangential heat conduction was
negligible. The local heat transfer coefficients were calculated from measured wall temperatures
along the circumference of the pipe. The flow patterns observed in the 49.2 mm ID pipe are shown

Fig. 11. Film-thickness distribution around circumference of the pipe at ULS ¼ 0:045 m/s: (a) full range; (b) zoom near

the upper point of the pipe. UGS: (r) 24 m/s, (j) 36 m/s, (N) 42 m/s.
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Fig. 13. Dimensionless angle h=p vs. FrLUGS=ULS (}) ULS ¼ 0:005–0:007 m/s (d ¼ 49:2 mm), (�) ULS ¼ 0:03 m/s

(d ¼ 49:2 mm), (�) ULS ¼ 0:013–0:016 m/s, (�) ULS ¼ 0:027 m/s, (M) ULS ¼ 0:045–0:0486 m/s.

Fig. 12. Film-thickness distribution around circumference of the pipe at ULS ¼ 0:099 m/s: (a) full range; (b) zoom near

the upper point of the pipe. UGS: (r) 24 m/s, (j) 36 m/s, (N) 42 m/s.
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in Fig. 3a–c, can be expected to yield large circumferential variation of the heat transfer coeffi-
cients. In Fig. 14a–c, the heat transfer coefficients ah are plotted vs. angle h. These results were
compared to simultaneous visual observations of the flow patterns. The distributions of ah plotted
in Fig. 14a–c correspond to conditions under which the dryout of the upper part takes place.

3.2.2. The 25 mm ID pipe

Fig. 15a–d illustrate a typical temperature distribution in the range of the angle 06 h < 180�
(where h ¼ 0� is at the top of the tube). The heat flux was q ¼ 8000 W/m2, the superficial gas
velocity was UGS ¼ 36 m/s. The superficial liquid velocities were 0.016, 0.027, 0.045 and 0.1 m/s,
respectively. The flow moves from the right to the left. The color shades are indicative of the wall
temperature. Comparison to simultaneous visual observations shows that the distribution of heat
transfer coefficient at ULS ¼ 0:016 m/s corresponds to dryout on the upper part of the pipe.

The studies of the effect of numerous factors on dryout in flow boiling were performed by
Hewitt and Wallis (1974), Elias and Yadigaroglu (1977). Chan and Banerjee (1981) and Nelson
and Pasamehmetoglu (1992) presented a summary of the most significant analytical and nu-
merical quasi-steady-state models. The important reason for the quasi-steady-state approach
arises from the difficulty in obtaining a solution to the transient convection problem for the two-
phase situations. In general, the term dryout indicates a local continuous contact of the gas phase
with the surface. This term contains no statement as to the average (either spatial or temporal)
value of the surface temperature at which dryout may occur. The term used in the present study is
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defined with respect to averaged viewpoint of the process time. We assume that dryout may be
detected using dimensionless parameter ah¼0=aG, where aG is the heat transfer coefficient in the
single-phase airflow at the mean gas velocity U ¼ UGS.

Analysis of experimental data showed that the variation of the dimensionless heat transfer
coefficient on the upper part of the pipe, 06 h6 p=2, depends on the parameter FrLUGS=ULS. As it
is seen from Figs. 9–12, in this range the film thickness did not exceed the value of 0.01 mm. In
Fig. 16, the ratio ah¼0=aG of the heat transfer coefficient in a two-phase flow to that in single-phase
(gas) flow at h ¼ 0 is plotted vs. the value FrLUGS=ULS. The experimental data may be described by
the equation:

Fig. 15. Thermal patterns on the heated wall and local heat transfer coefficients, UGS ¼ 36 m/s, q ¼ 8000 W/m2.

Thermal patterns: (a) ULS ¼ 0:016 m/s; (b) ULS ¼ 0:027 m/s; (c) ULS ¼ 0:045 m/s; (d) ULS ¼ 0:099 m/s. Local heat

transfer coefficient: (e) ULS ¼ 0:016 m/s; (f) ULS ¼ 0:027 m/s; (g) ULS ¼ 0:045 m/s; (h) ULS ¼ 0:099 m/s.

G. Hetsroni et al. / International Journal of Multiphase Flow 29 (2003) 173–194 189



a
aG

� �
h¼0

¼ 1þ 4:8ðFrLUGS=ULSÞ0:57 ð6Þ

At the dryout location, (flow parameter FrLUGS=ULS < 2:7) established from flow visualization
and measurements of film thickness, liquid film was not observed on the wall. It was unexpected
that the heat transfer coefficient did not drop dramatically. Depending on the flow parameter it is
about 2.5–8 times higher, than that in air single-phase flow. The chief uncertainty of this con-
clusion is the definition of ‘‘dryout’’ in the present experiments. Although under certain flow
conditions a complete liquid annulus is not formed at high enough gas velocities atomization of
the liquid occurs and the top of the pipe can be partially wetted by droplets or liquid streaks.
There could also be some very small droplets in the gas phase, which increase effective heat ca-
pacity. Fig. 17a–c show experimental data for angle h ¼ 30�, 60� and 90�, respectively. The fol-
lowing equation describes the experimental data with standard deviation of 18%:

ah ¼ ap � ðah¼p � ah¼0Þð1� h=pÞ0:4 ð7Þ

where

ah¼0

aG

¼ 3050ðUGS=ULSÞ�0:56 ð8Þ

4. Discussion

4.1. Flow pattern

Before discussing the results it is instructive to consider the interrelation of these data to those
previously published. Many studies were performed in the gas–liquid two-phase flow at moderate
velocities of gas (UGS 6 5 m/s). Under these conditions the liquid lumps such as liquid slugs, huge
waves and disturbance waves, were observed by Hewitt and Hall-Taylor (1970). In experiments
performed by Azzopardi and Zaidi (1997) the superficial gas velocity was in the range of

0
5

10
15
20
25
30

0 5 10 15 20
Fr

L
(U

G
/U

L
)

α
θ=

0/
α G

Fig. 16. Dimensionless heat transfer coefficient on the top of pipe: (}) ULS ¼ 0:005–0:007 m/s (d ¼ 49:2 mm), (�)

ULS ¼ 0:03 m/s (d ¼ 49:2 mm), (�) ULS ¼ 0:013–0:016 m/s, (�) ULS ¼ 0:027 m/s, (M) ULS ¼ 0:045–0:0486 m/s, (þ)

ULS ¼ 0:099 m/s.
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UGS ¼ 15–30 m/s. An examination of flow pattern maps performed by those authors revealed that
most of the data are from the stratified-atomization flow pattern. It can be noted that the increase
in superficial gas velocity significantly affects flow regimes.

The following flow regimes were observed in the present study:

1. open annular flow with disturbance waves, small air–water clusters and stationary droplets;
2. open annular with air–water clusters and moving droplets;
3. closed annular with huge air–water clusters and liquid film on the upper part of the tube;
4. closed annular with huge air–water clusters that often block the tube cross-section.

As it was established from flow visualization experiments, the dryout takes place at regimes (1)
and (2). It is an experimental fact that in wavy gas–liquid flow the core of turbulently flowing gas
contains liquid in the form of droplets, liquid creeps up on the inner sides of the pipe to various

Fig. 17. Dimensionless heat transfer coefficient on the upper part of the pipe: (a) h ¼ 30�; (b) h ¼ 60�; (c) h ¼ 90�. (})

ULS ¼ 0:005–0:007 m/s (d ¼ 49:2 mm), (�) ULS ¼ 0:03 m/s (d ¼ 49:2 mm), (�) ULS ¼ 0:013–0:016 m/s, (�) ULS ¼ 0:027
m/s, (M) ULS ¼ 0:045–0:0486 m/s, (þ) ULS ¼ 0:099 m/s.
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heights. Although this effect is rarely taken into account in the literature, it significantly affects the
heat transfer coefficient. Hart et al. (1989) used the wetted wall fraction to calculate holdup in
horizontal gas–liquid flow. For non-horizontal flow, the wetted wall fraction deviates consider-
ably and systematically from the Hart et al. (1989) model. This model was modified by Grolman
and Fortuin (1997), who presented the ‘‘modified apparent rough surface’’ model (MARS), which
facilitates prediction of liquid holdup and pressure gradient in gas–liquid flow through horizontal
and slightly sloping pipes. The calculated and measured results on both the liquid holdup and the
pressure gradient are presented in the range 0 < UGS < 12 m/s and ULS ¼ 0:0025 m/s for a pipe of
diameter d ¼ 26 mm. The authors identified the flow regimes as slug and semi-slug flow. In our
experiments the values ULS were about 10 times higher (0:016 < ULS < 0:17 m/s) and superficial
gas velocity was varied in the range 24 < UGS < 55 m/s.

The process of wave formation and growth is quite different from that studied by Grolman and
Fortuin (1997). The major phenomenon of the flow regimes is the air–water clusters that occupied
a significant part of the cross-section. Under such circumstances much larger volumes of liquid are
involved in oscillatory wave motion than in the actual transport of liquid. The behavior of such
clusters should be taken into account to describe the governing physical processes for prediction
of heat transfer.

The liquid layer depth plays an important role to predict behavior of stratified two-phase flow.
Gangadharaiah et al. (1970) proposed an empirical correlation based on a liquid Froude number,
which is based on the velocity and depth of the liquid layer. Lunde and Nuland (1997) used a
hydraulic mean depth and liquid layer velocity. In our case the liquid layer was highly aerated and
intermittent. Keeping in mind liquid deposits on the pipe wall above the liquid layer, drops in the
gas, and air–water clusters we presented experimental data using the liquid Froude number based
on superficial liquid velocity and pipe diameter. A liquid Froude number, which accounts for pipe
diameter and superficial liquid velocity describe the flow parameters in the range of superficial
flow velocity from ULS ¼ 0:005 to ULS ¼ 0:17 m/s, UGS from 20 to 55 m/s, and heat transfer in the
range ULS ¼ 0:005–0.1 m/s, UGS ¼ 20–55 m/s.

5. Conclusions

The following flow regimes were observed in the present study:
Open annular flow with disturbance waves; small air–water clusters and stationary droplets;

open annular with air–water clusters and moving droplets; closed annular with huge air–water
clusters and liquid film on the upper part of the tube; closed annular with huge air–water clusters
that often block the tube cross-section.

The local heat transfer coefficients on the upper part of the pipe are described by empirical
correlation with standard deviation of 18%.

The analysis of the heat transfer coefficients, together with flow visualization and film thickness
measurements, showed that dryout may be associated with open annular flow with motionless or
slowly moving droplets.

Under conditions of dryout in open annular air–water flow the heat transfer coefficient is about
2.5–8 times higher than that for single-phase airflow.
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