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ABSTRACT 
The effect of heat flux and pressure on bubble nucleation of R134a refrigerant in a flow boiling system is 
experimentally studied. An experimental facility was built and an innovative concept of thermochromic liquid 
crystal (TLC) technique was introduced for the high resolution and accurate measurement of the overall heater 
surface temperature.  The visualization and image recording process is performed by employing two synchronized 
high resolution and high speed cameras which simultaneously capture colored TLC images as well as bubble 
nucleation activities at high frame rates. Experiments were conducted at different high pressures ranging from 690 
to 830 kPa and  at different heat flux conditions in order to identify their influence on flow boiling performance 
specially bubbling event. Present results demonstrate that both the heat flux and pressure influence the bubble 
generation rate and size. For example, bubble generation frequency and size are found to increase with heat flux. 
An increase in pressure of 137 kPa (from 690 to 827 kPa) increased the bubble frequency and size about 32 Hz 
and 20 µm, respectively. 

 
INTRODUCTION 

Boiling is a phase change process in which vapor bubbles 
are formed either on a heated surface or in a superheated 
liquid layer adjacent to the heated surface. Although boiling 
is a complex and elusive process, it is very efficient mode of 
heat transfer in various energy conversion and heat exchange 
systems as well as cooling of high energy density electronic 
components. It is also known that heat flux in flow boiling is 
one of the most important parameters in designing and 
operating the heat transfer equipments with high heat flux 
such as boiler, evaporator, superconducting magnets, 
electronic equipment, rocket engines and so on. 

In boiling heat transfer, particularly flow boiling it is 
difficult to precisely determine the heater surface temperature 
in pressurized environment due to variations in saturation 
temperature with pressure along the flow channel. Thus, 
accurate measurement of the wall temperature is challenging 
due to the spatially varying temperature [1-2]. In order to 
understand bubble characteristics in flow boiling, it is 
important to determine the temperature mapping in the 
nucleation site which is very small region of interest i.e. 
microscale region. Using thermocouple in such small region 
for determining temperature mapping on heater surface is 
greatly limited. Thus, recently researchers are looking for 
alternative techniques of precise measurement of surface 
temperature in boiling heat transfer systems. Such an 
innovative technique is to apply the Thermochromic Liquid 
Crystals (TLC) to determine the wall temperature of entire 
area of interest [3-6].  Attempts to model the vapor bubble 
dynamics in flow boiling especially with refrigerant have 
limited success mainly due to lack of clear understanding the 
mechanisms and very limited existing experimental data [7].  
In experimental heat transfer, the thermochromic liquid 

crystal technique is used to determine the heater surface 
temperature at high temporal and spatial resolution. Liquid 
crystal thermography, a non-intrusive technique offers 
advantages, including ease of handling, high accuracy, and 
spatial resolution of the temperature field. The liquid crystals 
thermo-chromatography uses encapsulated liquid crystals that 
are sensitive to temperature which is registered through hue 
angle. The visualization and image recording processes are 
commonly performed by employing high resolution and 
speed camera which can capture TLC images and bubbling 
activities at very high frame rates. Thus sequential 
temperature profile on heater surface is possible to determine.  

In this study, flow boiling heat transfer characteristics of 
a refrigerant, R134a (Suva) is investigated in a narrow 
vertical duct by applying TLC for precise measurement of 
heater surface temperature which can vary with time and 
space. Bubble characteristics due to the influence of system 
pressure and heat flux are also studied. 

EXPERIMENTAL APPARATUS AND PROCEDURE  

Design and fabrication of experimental facility  

An experimental facility was designed and fabricated to 
investigate the vertical flow boiling of refrigerant R134a at 
pressurized environment. Experimental setup consists of three 
major parts: test section, flow loop, and cameras for flow 
visualization and TLC image recording. The test section is 
made of acrylic plate which contains thin rectangular flow 
channel (46 cm length, 3.8 cm width, and 3 mm depth), 
heater, and TLC sheet. The test section can withstand high 
pressure up to 2.1MPa and the flow loop comprises of tube, 
pump, intercooler, pressure sensor, and flow regulators. 



 

Intercooler and flow regulator allow regulating both the 
pressure and flow rate of the refrigerant.  Schematic of entire 
experimental setup is shown in Figure 1.  
 

Test section and flow loop. The test section is clear enough 
for front, back and side visual access to the TLC, 
instrumentation, and bubbles.  The test section also allows for 
easy physical access to the TLC, heater, and thermocouples. 
An exploded view of test section is shown in Figure 2. An 
acrylic insert-plate which contains heater foil, TLC and 
thermpcouple located at the middle of Cap and Flow sections 
(Figure 2). The test section is made of three parts which are 
Flow section, the Instrumentation acrylic insert plate, and the 
Cap section.  The acrylic plate has a dimension of 0.635 cm 
thick × 7.62 cm × 45.72 cm and is attached to the 
instrumentation package with the heater. For accurate 
reflection of heater surface temperature to TLC, very thin 
(12.7 µm) Stainless Steel heating foil is used and the heater 
surface area for boiling activity measures 1 × 1 cm2.The 
length of the flow channel is 60.7 cm. Numerous methods 
have been attempted to adhere the heating foil to the TLC and 
the TLC to the test section.  The best method found was to 
use a two part epoxy to glue the foil to the TLC and silicon 
based transparent semi-permanent adhesive to glue the TLC 
to the test section.    

 Figure 3 shows a CAD drawing of the flow section. The 
acrylic plate holder edge is 0.635 cm deep, which is the same 
thickness as the acrylic insert plate.  Therefore, the plate sets 
into the flow section, and is flush with the flow section upper 
surface.  This allows for a thin flow channel below the plate. 
Liquid R-134a can easily flow into the slot through the hole at 

the bottom of the flow section and moves through the flow 
straighteners (thin channels machined into acrylic). It then 
passes an open region before exiting at the top of the flow 
section. 
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Figure 1: Schematic of entire experimental setup. 

 
 

Figure 2:  Exploded view of test section. 



 

 
Experimental methodology 

The first step before conducting test is to make sure that 
the loop can maintain the operating pressure.  A pressure 
pump is used to pump the loop up to the appropriate pressure. 
After the pressure holds for about fifteen minutes, a vacuum 
pump is turned on to vacuum all of the pressure out of the 
loop. This is a necessary step because there cannot be any 
contamination with the Suva.  After the vacuum pump has 
been running for a while, all lines are closed off. We then 
check to make sure that the proper valves were open or close 
and there is no more air pressure in the loop. The Suva tank is 
placed at the top of the loop on a mount. The line is 
connected and the charge valve opens to allow the Suva to 
change from the gaseous phase to the liquid phase in the loop. 
Once the Suva has filled the loop, the test is ready to begin. 
Suva loop pressure is varied by controlling chiller’s 
temperature and flow rate is changed by bypass flow control 
valve. Using DC power supply (BK Precision regulated DC 
power supply with output of 0-30Volt and 0-30Amp), the 
surface of the heating foil was heated to a temperature beyond 
the Suva saturation temperature at a particular operating 
pressure. When loop is held at any desired constant pressure, 
flow pump is turned on to run the experiments. The heat flux 
was adjusted through the power supply to reach certain heat 
flux. Rising through the test section, the R-134A is heated 
and changes to a saturated fluid.  In the test section, the flow 
and the TLC are imaged with high speed cameras, The 
saturated R-134A flows out through the top of the test section 
where long tube separates the gaseous and liquid portions of 
the fluid, and the gas flows through a water-cooled heat 
exchanger condensing to liquid. All of the liquid recombines 
and is pumped back to the bottom of the test section.  When 
Suva starts boiling and generates bubble; both cameras are 
run at certain frame rate to capture the bubbling events and 
TLC images simultaneously. Recorded images are saved in 
computer based on real-captured time in millisecond. Thus 
for same frame rate of both cameras, it can easily give the 
TLC image (RGB) of corresponding bubble image (BW) at 

any particular time leading to determine time-based 
temperature and bubble characteristics. Inlet temperature and 
system pressure are measured with thermocouples and 
pressure sensors, respectively. 
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Figure 3: 3D view of flow section. 

  
Discharge of Suva after experiments. After the experiment 

has run and collected data, Suva is discharged into the 
recovery tank which is connected to a recovery pump that 
takes all the Suva out of the loop. The recovery pump works 
in similar manner as the vacuum pump except that this pump 
is used primarily for refrigerants. All valves are open to make 
sure that all of the Suva is going into the recovery tank. This 
process has to be done meticulously because there should not 
be any Suva leaking into the air. The Suva can be dangerous 
if a lot of Suva is leaked into the air. After a while, the 
pressure gauges should indicate that the Suva has been 
completely vacuumed.    

 
Calibration details 

Before performing boiling experiments it is the first key 
step to calibrate the TLC in order to determine the heater 
surface temperature accurately. As mentioned before, from 
TLC color image we can get hue value which is correlated 
with temperature value obtained by using thermocouple or 
any other means. In order to use TLC for temperature 
measurement, hue versus temperature relationship was first 
established through in-situ calibration. Then this calibrated 
relation between hue and temperature was used to obtain the 
temperature data for experimental runs. 

The TLC attached behind the heater surface was calibrated 
in the temperature range of 35 ºC- 42 ºC which is within the 
SUVA boiling temperature at present experimental pressures. 

For calibrating the TLC, a thermocouple was placed onto 
the rectangular heating element which has dimensions of 6 cm 
× 4 cm. The thermocouple was placed on a (x, y) coordinate 
that was utilized when capturing the TLC images from the 
high speed camera. The (x, y) location is important for 
finding the correct region of interest (ROI). Without the 
correct ROI, the temperature values from the thermocouple 



 
would not match the hue angles from the TLC images.  The 
heating foil was brought to 45° C by using heating lamp and 
then slowly cooled while acquiring temperature readings and 
TLC images.  Temperature was recorded using the K-type 
calibrated thermocouple through a labview DAQ template 
and the RGB camera captured the TLC images at the location 
of thermocouple. Both images and thermocouple readings 
were taken simultaneously at every 100 milliseconds.   The 
hue angle of the TLC was calculated from the RGB (Red, 
Green and Blue) values of the individual pixels within an 
image: 
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A customized GUI software was used to obtain hue value 

from the TLC images and corresponding recorded 
temperature values (same time) were obtained from labview. 
The hue values and temperatures were plotted and a least 
square regression was performed to get the best (R2 = 0.99) 
polynomial fit (fifth order) of the data (Figure 4). A fifth 
order regression of hue versus temperature is commonly used 
for TLC calibration [8].  The co-relation between hue (x) and 
temperature (y) obtained from the calibration is as follows: 
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Data acquisition and post-processing 

Data acquisition starts by triggering both cameras to record 
images at their set frame rate.  Simultaneously temperature 
and flow rate data collection are also triggered by Labview.  
After stopping or pausing data recording the data can be 
permanently stored in raw format or exported to bitmap file 
for post-processing. As mentioned previously, the 
visualization and image recording process is performed by 
employing two synchronized high resolution and high speed 
cameras which simultaneously capture colored TLC images 
as well as bubble nucleation and departure at high frame 
rates. Although the Prosilica cameras used in this study are 
capable of capturing as high as 1000 frames per second (fps), 
the frame rate was limited to 400 fps in order to capture the 
bubbling event in larger region. The Streampix 4 recording 
software is used for image recording using these two cameras. 
While a Lab view software works as data and image 

acquisition system, a customized Mathlab program is used to 
post-process the images which include determining hue angle 
from TLC images, bubble size, location and frequency.  

 

RESULTS AND DISCUSSION 

There are mainly four parameters of nucleation site activity 
which play an important role in boiling heat transfer of any 
liquid. These are nucleation site density, bubbles size at 
departure, frequency of bubble generation and area of 
influence of a nucleation site. Thus for understanding and 
prediction of boiling heat transfer performance require the 
knowledge of how these parameters are influenced with 
boiling and system conditions such as pressure, heat flux and 
flow rate.  Several parameters such as bubble size and bubble 
generation rate are calculated for several samples and average 
values are reported here. Two reference points were marked 
on the heater surface and the reference length scale was used 
to determine the bubble size. Bubble generation was 
determined based on the counts of bubble nucleation from 
each nucleation site per second. While inlet fluid temperature 
was registered by using micro-thermocouple, wall 
temperature at any location and time was determined from the 
post-processing of TLC images taken by the RGB camera. 
With known inlet fluid temperature and heater surface (wall) 
temperature, both inlet subcooling and superheat were 
obtained from the saturation temperature of Suva at 
corresponding operating pressure. The saturation 
temperatures (Tsat) and density of Suva used for results 
calculations are as follows[9]: at pressure of 690 kPa Tsat = 
26.2 ºC, at 758 kPa, Tsat = 29.4 ºC, at 827.4kPa, Tsat = 32.50 
ºC and at 22 ºC Suva density=1218 kg/m3.  
 
Effect of heat flux on bubble characteristics and 
superheat 

Figure 5 shows that the wall temperature at nucleation site 
increases slightly with increasing heat flux. However, at high 
heat flux (e.g.173 kW/m2) the nucleation site temperature can 
reach to a time independent value. This could be due to 
higher bubble generation rate at high heat flux as compared to 
lower heat flux (Figure 6) condition. It is also noted that even 
for lower heat flux the difference between maximum and 
minimum wall temperature is only <0.3 ºC (Figure 5) 
indicating fairly flat temperature profile at all times.  Figure 6 
shows that the bubble generation rate (frequency) almost 
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Figure 4: Calibration results of temperature versus hue.



 
linearly increases with heat flux. An increase in bubble 
frequency with heat flux is  expected. This is because at 
higher heat flux the local temperature field beneath a 
nucleation site recovers more quickly leading to decrease 
waiting time between bubble departure and the incipience of 
the next bubble. Similar linear relationship between heat flux 
and bubble generation was also observed previously in pool 
boiling experiments of Suva [10]. Figure 7 also indicates that 
the increasing superheat might flatten at heat flux <170 
kW/m2. For such heat flux controlled experiments, high heat 
flux results high value of superheat (Figure 7) which intensely 
increases nucleate boiling (i.e. bubble generation).  Effect of 
heat flux on bubble size is demonstrated in Figure 8. It is 
found that the bubble size significantly increases with heat 
flux due to higher superheat at higher heat flux condition. In 
order to avoid deformation of TLC, experiments were 
restricted within 173 kW/m2 for the reported operating 
pressure. 
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Figure 5: Effect of heat flux on sequential wall temperature 

at nucleation site. 
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Figure 6: Effect of heat flux on bubble generation rate at 

constant mass flux (1206 kg/m2/s) and pressure (827.4 kPa). 
 
At higher heat flux, a larger fraction of the heater surface 

was found to be covered by the bubbles, indicating that more 
nucleation sites on the surface are activated or increasing the 
bubble frequency from existing sites. Bubble generation 
frequency is higher for higher heat flux. The flow was  

subcooled with almost a constant value of 9.4 ºC (i.e. ∆Tsub= 
9-10 ºC) at pressure  of 827.4 kPa and mass flux  of 1206 
kg/m2/s. Bubble growth, departure and generation rate were 
observed to be regular and the bubbles were spherical in 
shaped. For initial period of bubble generation at a nucleate 
site, bubbles were found to attach with the heater surface and 
keep growing while sliding along the surface to upstream. 
Bubbles appear not to lift off the nucleation site instead lifting 
off after its full growth and at a distance upstream from 
nucleation site. Such sliding phenomenon is common in 
vertical flow boiling and the reason is that sliding bubble 
leads the surrounding flow resulting a shear lift force. This 
shear force pushes the bubble against the wall and thus 
prevents lift-off from the heater surface [7]. Detachment of 
bubble after its full growth was mainly due to the disturbance 
such as merging or colliding with other bubbles.  
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Figure 7: Heat flux versus wall superheat (Tw-Tsat) at mass 

flux of 1206 kg/m2/s and pressure of 827.4 kPa. 
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Figure 8: Effect of heat flux on bubble size at mass flux of 

1206 kg/m2/s and pressure of 827.4 kPa. 
 
 



 

Effect of pressure on bubble characteristics  

Influence of pressure on bubble dynamics is studied by 
conducting experiments at different pressures and at constant 
heat and mass flux conditions (Table 1). It was found that 
system pressure significantly affects the bubble dynamics. For 
example, an increase in pressure from 690 kPa to 827 kPa 
(i.e. 137 kPa) increased the bubble frequency and size about 
32 Hz and 20 µm, respectively. It is noticed that the superheat 
values reported (Figure 7) are based on the time averaged 
centermost temperature of the nucleation site which can be 1-
2 ºC higher than the time averaged wall temperature. The 
superheat is defined as the wall temperature minus the fluid 
saturation temperature. The superheat values obtained from 
present experiments are consistent with the reported values in 
the literature.  For example, Daniel [10] showed maximum 
8.2 ºC superheat at pressure of 882kPa and at heat flux of 
only 5kW/m2 in Suva pool boiling experiments. In flow 
boiling of Suva, Hsieh et al [11] reported superheat in the 
range of 3-15 ºC  at operating pressure of 700kPa and at low 
heat flux conditions (<50 kW/m2).  

 Figure 9 depicts time dependent-temperature fluctuation 
at nucleation center for two different pressures.  As expected 
lower pressure shows a lower wall surface temperature 
compared to that of the higher pressure. The trends of time 
dependent-temperature profiles are almost the same for both 
pressures. In macroscopic view, these sequential temperature 
profiles are fairly flat as the difference between maximum and 
minimum wall temperature is within 1 ºC. Whereas in very 
small scale temperature point of view, these sequential 
temperature profiles exhibit sinusoidal nature. This sinusoidal 
nature can be explained with the fact that the bubble 
nucleation, growth and departing time, as well as thermal 
disturbance from bubble produced from the lower or adjacent 
nucleation sites interrupt the regular cycle of local cooling 
during bubble growth followed by the recovery to the 
activation/nucleation superheat for the next bubble. All these 
events such as incipience and departure of bubbles from the 
nucleation site occur within few milliseconds. 
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Table 1: Effect of pressure on bubble characteristics at constant heat and mass fluxes. 

Pressure 
(kPa) 

Suva mass 
flux, kg/m2.s 
(flow rate, 

kg/s) 

Heat flux 
(kW/m2) 

Avg. bubble 
frequency 

(Hz) 

Avg. bubble 
size(µm) 

Inlet 
subcooling
(Tsat-Tin),C

Superheat, 
Tw-Tsat (C) 

 
690 

 

 
134±15 

 

 
235±13 

 

 
4 
 

 
11.45 

 
 

758 
 

140±12 
 

 
248±10 

 

 
7 

 
9. 8 

 
827 

 

 
 
 

1206 
(0.0382) 

 
 
 

 
 
 
 

130 
 
  

166±8 
 

266±19 
 

9.47 
 

7.71 

 

Figure 9: Temperature fluctuation at the center of the 
nucleation site at two different pressures and at constant heat 

flux of 130kW/m2. 
 
Time dependence of bubble growth  

Figure 10 demonstrates time-dependent growth of a 
bubble from the starting of nucleation to fully matured or 
stable size before colliding with other bubbles. It can be seen 
that at 5 ms of nucleation bubble has a size (Db) of about 95 
µm and at 23 ms its size increases to more than double (i.e. 
200 µm). Such increase in bubble size is  due to the fact that 
at the nucleation site bubbles experience a short period of  
rapid growth and then depart from the site and keep sliding 
upward over the superheated heater surface leading to an 
increase in size until it is detached from surface or colloid 
with other bubbles. The rapid growth of the bubble in early 
stage is primarily resisted by the inertia of the liquid and the 
growth rate gradually diminishes in the later stages. During 
the bubble growth, a thin liquid film is left under the growing 
bubble as a result of a very high viscous stress in the liquid 
near the wall. Since such thin liquid film is immediately 
adjacent to the hot wall, it represents the highest liquid 
surface temperature to which the bubble is exposed. Hence, 
more mass evaporates into the bubble, allowing the bubble to 
grow. 



 
 An enlarged (400% zoomed) image of the bubble 

propagation and trajectory from a nucleation site is shown in 
Figure 11. It also clearly shows that bubble size increasing 
with time as upper bubbles are older and larger than their 
fellow bubbles. Similar bubble travel trajectory and increase 
in size with time are reported in both pool and flow boiling 
studies for other liquids [2,12]. 
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Figure 10: Bubble growth with time at 690 kPa and 
130kW/m2. 

 

 
 
Figure 11: Image (400% zoomed) of bubble propagation and 

size increase. 

CONCLUSIONS 

An experimental investigation of effect of heat flux and 
system pressure on bubble nucleation of R134a refrigerant in 
vertical flow boiling system is presented. An innovative 
concept of thermochromic liquid crystal (TLC) technique for 
the high resolution and accurate surface temperature 
measurement was introduced into the experimental system.  
Experiments were performed at high pressures ranging from 
690 to 830 kPa and at heat flux (93-173 kW/m2) conditions in 
order to identify their influence on flow boiling performance 
specially bubbling activities. Bubble generation frequency 
and size are found to increase with heat flux. An increase in 
system pressure from 690 to 827 kPa increased the bubble 
frequency and size about 32 Hz and 20 µm, respectively. The 
present study demonstrated that both the heat flux and 
pressure significantly influence the bubble generation rate, 
size, and superheat. 
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