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Abstract - This study presents an experimental analysis of flow boiling heat transfer of R134a refrigerant in a smooth horizontal 
stainless-steel tube with the goal of investigating the effect of heat flux on heat transfer coefficient and dry-out characteristics. The 
experiment was performed for heat fluxes ranging from 7.2 kW/m2 to 47.4 kW/m2, mass flux of 300 kg/m2s and saturation pressure of 
460 kPa. At low heat flux, the heat transfer is predominantly controlled by convection boiling with a higher slope of heat transfer 
coefficient. As heat flux increases, nucleate boiling begins to predominate the heat transfer. The predominance of nucleate boiling is 
strongly experienced at low vapor quality when the higher slope in convective boiling begins to disappear as nucleate boiling 
dominates. Dry-out vapor quality incipience (𝑥𝑥_𝑑𝑑𝑑𝑑) is not highly affected by heat flux. All the dry-out vapor quality incipience 
correlations investigated predicted well the vapor quality for which dry-out begins and ends. 
.  
Keywords: heat transfer coefficient, mass flux, heat flux, vapor quality, dry-out, R134a. 
 
1. Introduction 

Research in the area of two-phase flow boiling heat transfer has garnered a lot of attention for many decades now. This 
is due to the fact that flow boiling heat transfer is encountered in numerous industrial applications such as evaporators of 
heat exchangers, electronic cooling systems, boilers and many other thermal management systems. For two phase flow 
boiling heat transfer, key areas of interest that has drawn the attention of researchers include understanding the heat 
transfer characteristics, occurrence of dry-out, flow instabilities and properly predicting the heat transfer coefficient [1]. 
Despite extensive studies in this area, results published over the years have shown discrepancies on the effect of flow 
conditions such as heat flux, mass flux and saturation conditions on heat transfer coefficient. Also, the dominant 
mechanism that controls the heat transfer is not clear up to now. This is evidenced in the large number of prediction models 
available in literature with varying derivation concepts [2]. Flow boiling heat transfer is considered to be controlled by 
either convective boiling where the heat transfer coefficient is dependent on mass flux and vapor quality or nucleate 
boiling where the heat transfer coefficient is dependent on heat flux and saturation conditions or by both mechanisms 
where heat transfer coefficient depends on vapor quality for the varying effect of heat flux, mass flux and saturation 
conditions. For the effect of flow parameters such as heat flux, mass flux and saturation conditions, numerous studies have 
been conducted [3], [4] . However, the interrelation between these parameters on heat transfer coefficient is not clearly 
understood and with some contradicting opinions [5], [6]. 

For two phase systems, it is important to understand dry-out characteristics and control such occurrence. Dry-out, 
especially for annular flow occurs when the heating surface is deprived of liquid, which is as a result of gradual thinning of 
the annular liquid film moving along the tube wall. For this, there is a sharp drop in heat transfer coefficient which is as a 
result of a sudden rise in wall surface temperature. Going beyond this limit is not a safe operating condition for two phase 
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devices. Understanding this phenomenon helps to know the maximum safe operation conditions for two phase devices [7], 
[8]. 

This research therefore investigates flow boiling heat transfer of R134a refrigerant with the goal of understanding the 
effect of heat flux on heat transfer characteristics, trend evolution and dry-out phenomenon. Because of contradicting 
results from different studies on the effect of flow parameter on heat transfer, this experiment was systematically 
conducted with small increment of vapor quality to be able to capture the trend evolution over a wide vapor quality range 
for an increasing heat flux. 

  
2.0 Experimental Test Rig 
 

 
Figure 1:experimental test rig 

 
Figure 1 describes the experimental setup used in this study. The setup is a closed loop system that includes a 

condenser, a pump, a horizontal glass test section, a Coriolis flow meter, a visualization glass, and a tank filled with R134a 
refrigerant. The tank's saturation conditions are adjusted to control pressure, and a shell and tube type heat exchanger is 
used to control the inlet temperature of the working fluid. The test section has a length of 2035 mm, internal diameter of 5 
mm, and an outer diameter of 8 mm, divided into 5 sections, each of which can be heated independently by joule's effect. 
The power input to each section is calculated using a controller and rectifier circuit that convert AC power to DC. To 
prevent heat losses, the test section's outer surface is insulated, and 17 thermocouples are fixed to the outside wall of the 
tube to measure temperature. Another set of thermocouples is used to measure the internal flow temperature at specific 
locations (top, bottom and sidewalls at locations 1117 mm and 1917 mm). The experimental data is recorded using a 
LabVIEW National Instrument data acquisition system at a frequency of 10Hz. The experiment is conducted by heating the 
facility to a desired power and then systematically decreasing the applied electrical heat input to avoid a jump in wall 
temperature observed at the onset of nucleate boiling and ensure reproducibility of the experiment. 
 
2.1 Data Reduction 

Heat losses, caused by convection or conduction through the surroundings, cables, and thermocouples, can cause the 
applied heat to vary from the electrical power input. By accounting for the heat losses, the total heat supplied is given by: 

𝑄𝑄 = 𝑉𝑉 × 𝐼𝐼 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ,                                                   (1) 
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where 𝑉𝑉 is voltage, 𝐼𝐼 is the current supplied and 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the heat loss obtained during calibration  
 

The heat flux is thus obtained by: 
𝑞𝑞" = 𝑄𝑄

𝜋𝜋𝑑𝑑𝑖𝑖𝐿𝐿
,                                                     (2) 

 
where 𝑞𝑞" is the heat flux, 𝑑𝑑𝑖𝑖 is the inner diameter and L is the length of the heated section of the tube. 

Because the tube has a small diameter, measuring the temperature directly from the inner wall is challenging. As a 
solution, the temperature on the outer wall diameter is noted and a correction factor for the pipe's thermal resistance is 
applied. This correction involves using the heat conduction equation on a cylindrical wall with a constant heat flux to 
determine the inner wall temperature. 

𝑇𝑇𝑑𝑑𝑖𝑖(𝑥𝑥) = 𝑇𝑇𝑑𝑑𝑜𝑜(𝑥𝑥) − 𝑞𝑞"
𝑑𝑑𝑖𝑖ln �𝑑𝑑𝑜𝑜𝑑𝑑𝑖𝑖

�

2𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
,                                        (3) 

 
where 𝑇𝑇𝑑𝑑𝑜𝑜(𝑥𝑥) is the outer wall temperature, 𝑑𝑑𝑜𝑜 and 𝑑𝑑𝑖𝑖 are the outer and inner wall diameters respectively, 𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the 

thermal conductivity of the glass.  
From the balance of energy in the tube, the temperature of the fluid is determined by: 
 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑥𝑥) = 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 1
𝑚̇𝑚𝑐𝑐𝑝𝑝

∫ (𝑥𝑥𝑑𝑑𝑖𝑖)𝑞𝑞"𝑑𝑑𝑑𝑑𝑥𝑥
0 ,                                (4) 

 
here,  𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 is the inlet temperature of the fluid, 𝑚̇𝑚 is the mass flow rate and 𝑐𝑐𝑝𝑝 is the specific heat. The temperature of 
the fluid is assumed equal to the saturation temperature for instances where two phase flow occurs in the heater. 
 

The local heat transfer coefficient is then calculated as: 
ℎ(𝑥𝑥) = 𝑞𝑞"

𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑥𝑥)−𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑥𝑥)
                                   (5) 

 
 

Results and Discussion  
Figure 2 presents experimental results of heat transfer coefficient versus vapor quality for mass flux of 300kg/m2s, 

saturation pressure of 460 kPa for a varying heat flux from 7.2 – 47.4 kW/m2. With respect to the heat transfer coefficient, it 
can be observed that, at low heat flux condition (7.2-9.5 kW/m2), the heat transfer coefficient increases with vapor quality 
until dryout occurs. This trend is characterized with big steepness in slope of the heat transfer coefficient up to dryout. For 
this case, convective boiling is deemed to dominate the heat transfer. Convective boiling dominates the heat transfer when 
heat transfer coefficient has a dependency on vapor quality and mass flux. Increasing heat flux begins to decrease the slope 
toward zero as observed in the heat flux of 47.4 kW/m2. The zero slope of the heat transfer coefficient at high heat flux 
indicates the dominance of nucleate boiling characteristics. Nucleate boiling is assumed to be highly favored by heat flux 
and saturation condition with minimal effect of mass flux and vapor quality. It is worth mentioning that, for low heat flux 
condition, there is an observance of a local minimum. This local minimum is a region of transition from one flow pattern 
(slug) to another (intermittent). The vapor quality at which the local minimum occur is highly influenced by heat flux. Also, 
for low heat flux conditions (7.2 and 9.5 kW/m2) where convective boiling dominates the heat transfer, increasing heat flux 
only produces an observable increase in heat transfer coefficient in the low vapor quality region. However, at high vapor 
quality, the two plots merge into a single plot without showing any effect of heat flux. This indicates the dominance of 
convective boiling at high vapor quality. 
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Figure 2: Heat transfer coefficient of R134a for mass flux of 300kg/m2s, saturation pressure of 460 kPa and heat fluxs of 7.2 - 

47.4 kW/m2 

.  
Figure 3: Wall, Fluid, Saturation Temperature and corresponding heat transfer coefficient for mass flux of 300kg/m2s, saturation 

temperature of 460 kPa and heat flux of 47.4kW/m2 
 

Figure 3 is a plot of the wall, fluid and saturation temperature against vapor quality and their corresponding effect on 
heat transfer coefficient. From this plot and as indicated in equation 5, for an imposed heat flux, the ratio of the imposed 
heat flux to the difference between the heated wall temperature and the fluid temperature gives the local heat transfer 
coefficient. For this zone of saturated boiling, the heated wall temperature is higher than the bulk fluid temperature. The 
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bulk fluid temperature is equal to the saturated temperature of the fluid (𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑇𝑇_𝑠𝑠𝑎𝑎𝑎𝑎) as observed in figure 3. For 
saturation with increasing vapor quality, bubbles begin to form on the walls of the heated tube. These bubbles grow and 
detach from the heated walls as vapor quality increases. At some point, annular flow develops where liquid film flow near 
the walls of the tube with vapor core at the center. Eventually, dry-out occurs where the liquid film dries out at higher 
vapor quality region where the wall temperature rises abruptly followed by the fluid temperature. This then leads to a 
sudden drop in the heat transfer coefficient. This phenomenon is an accurate description of heat transfer coefficient in a 
horizontal tube as described by Kim and Mudawar [9] and temperature profile by Ohrby [10]. 
 
Dry-out Incipience Vapor Quality and Dry-out completion Vapor quality  

Figure 4 depicts the dryout incipience and dryout completion around the horizontal tube for the conditions studied. 
Dryout incipience vapor quality (𝑥𝑥_𝑑𝑑𝑑𝑑) in this study is considered the vapor quality at which the heat transfer coefficient 
begins to drop abruptly in the high vapor quality region as implemented by Wojtan et al [8]. The point of interception of the 
near horizontal dashed line and the vertical dashed line at the top indicated as 𝑥𝑥_𝑑𝑑𝑖𝑖 is the dryout incipience at the top wall of 
the horizontal tube. The dryout continues around the tube wall until it reaches the bottom wall where it is considered as 
dryout completion indicated as xde. From the plot, it can be observed that, heat flux does not have any appreciable effect on 
the dryout incipience vapor quality. It is also worth mentioning that, the region around the dryout incipience shows different 
characteristics without any notable trend. The heat transfer around this region either increases sharply before the sudden drop 
or it drops abruptly without any sharp increase. This could be due to the unstable nature of the heat transfer around this region 
before the change of flow pattern from annular to dryout. 

 
Figure 4: Dryout Incipience vapor quality and dryout completion vapor quality for increasing heat flux 
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Comparison with Prediction Methods  
Because of the relevance of the dryout incipience vapor quality in two phase systems, different prediction methods have 

been developed under different conditions for predicting the dryout incipience vapor quality. This study considered the 
prediction methods of Wojtan et al, Mastrullo et al. and Chen et al. [11]–[13] shown in equations 6 – 9. The comparison of 
the trend of heat flux with dryout incipience vapor quality is shown in figure 5 below. It can be observed that, the correlation 
of Wojtan et al [8] was capable of capturing the trend of vapor quality inception with heat flux increase. Although the 
prediction methods of Mastrullo et al [12] and Chen et al [13] were able to predict the dryout vapor quality within a reasonable 
range, they could not capture the trend evolution. Table 1 below shows the comparison of experimental dryout vapor quality 
with the prediction methods. 

 

𝑥𝑥𝑑𝑑𝑖𝑖_𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 0.58
�0.52−0.235𝑊𝑊𝑊𝑊𝑉𝑉

0.17𝐹𝐹𝐹𝐹𝑉𝑉
0.37�𝜌𝜌𝑉𝑉𝜌𝜌𝐿𝐿

�
0.25

�
𝑞𝑞𝐻𝐻

"

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
" �

0.70

�
                                                         (6) 

 

𝑥𝑥𝑑𝑑𝑑𝑑_𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 0.61
�0.57−5.8.10−3𝑊𝑊𝑊𝑊𝑉𝑉

0.38𝐹𝐹𝐹𝐹𝑉𝑉
0.37�𝜌𝜌𝑉𝑉𝜌𝜌𝐿𝐿

�
−0.09

�
𝑞𝑞𝐻𝐻

"

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
" �

0.27

�
                (7) 

 
      𝑥𝑥𝑑𝑑𝑖𝑖_𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 − 20.82𝑞𝑞𝐻𝐻"

0.273𝐺𝐺1.231𝐷𝐷ℎ0.252 𝜇𝜇𝐿𝐿
ℎ𝐿𝐿𝐿𝐿
0.273(𝜌𝜌𝐿𝐿𝜎𝜎)1.252 𝑃𝑃𝑅𝑅

−0.721                   (8) 
 
 

     𝑥𝑥𝑑𝑑𝑑𝑑_𝐶𝐶ℎ𝑒𝑒𝑒𝑒 = 0.58
�0.52−0.236𝑊𝑊𝑊𝑊𝑉𝑉

0.17𝐹𝐹𝐹𝐹𝑉𝑉
0.17�𝜌𝜌𝑉𝑉𝜌𝜌𝐿𝐿

�
0.25

�
𝑞𝑞𝐻𝐻

"

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
" �

0.27

�
                   (9) 

 
Where 𝑊𝑊𝑊𝑊𝑉𝑉,  𝐹𝐹𝐹𝐹𝑉𝑉, 𝜌𝜌𝑉𝑉 ,𝜌𝜌𝐿𝐿 , 𝑞𝑞𝐻𝐻" , 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐" , 𝐺𝐺, ℎ𝐿𝐿𝐿𝐿, 𝜇𝜇𝐿𝐿 ,𝑃𝑃𝑅𝑅 are the Weber number of the vapor phase, Froude number of the vapor 
phase, vapor density, liquid density, heat flux, critical heat flux, mass velocity, latent heat of vaporization, liquid phase 
viscosity and reduced pressure respectively.  
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Figure 5: Effect of heat flux on dryout incipience and dryout completion vapor quality compared with prediction methods. 

 
Table 1: comparison of experimental dryout incipience and dryout completion vapor quality with the prediction methods 

Heat flux 
[W/m2] 

Xdi_Exp 
[-] 

Xde_Exp 
[-] 

Xdi_Wojtan 
[-] 

Xde_Wojtan 
[-] 

Xdi_Mastrullo 
[-] 

Xdi_Chen 
[-] 

7200 0.984 1.04 0.94 1.074 0.999 0.95 
9500 0.972 1.03 0.93 1.074 0.999 0.95 
1900 0.971 1.02 0.90 1.073 0.999 0.94 
47400 0.93 1.01 0.85 1.072 0.999 0.93 

 
Conclusion  

In this study, experimental analysis of flow boiling heat transfer of R134a refrigerant in a smooth horizontal stainless-
steel tube with the goal of investigating the effect of heat flux on heat transfer coefficient and dry-out characteristics. The 
experiment was performed for heat fluxes ranging from 7.2 kW/m2 to 47.4 kW/m2, mass flux of 300 kg/m2s and saturation 
pressure of 460 kPa. The main findings of this work are: 

- At low heat flux, the heat transfer is predominantly controlled by convection boiling with a higher slope of heat 
transfer coefficient.  

- As heat flux increases, nucleate boiling predominates the heat transfer. The predominance of nucleate boiling is 
strongly experienced at low vapor quality when the higher slope in convective boiling begins to disappear as 
nucleate boiling dominates.  

- Dry-out vapor quality inception was not affected appreciably by heat flux contrary to what is generally reported 
in literature.  
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- All the dry-out vapor quality incipience correlations considered in this study predicted the inception vapor 
quality for which dry-out begins and ends reasonably well but only the correlation of Wojtan et al was able to 
capture the trend. 
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