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Abstract - Due to complexities involved in experimental determination of heat transfer coefficient, diverse qualitative flow 

descriptions and maps have been proposed as the basis for theories and correlations. Interestingly, there have been several 

disagreements with the different qualitative descriptions and maps on their actual representation of heat transfer coefficient for certain 

regions of flow boiling processes. This study therefore seeks to experimentally investigate and compare the characteristics of heat 

transfer coefficient at low heat flux conditions with qualitative descriptions of heat transfer coefficient by different authors. In this 

study, R134a was the refrigerant used, heat fluxes from 4.6-8.5 kW/m2 and mass flux of 200-300 kg/m2s. The experimental heat 

transfer coefficient results were compared with Wojtan et al flow patterns map. In covering heat transfer coefficient over a wide range 

of vapor qualities, it was observed that, the qualitative descriptions proposed by different authors do not entirely validate the actual 

representation of heat transfer process within the experimental conditions studied. At vapor quality around zero (0), heat transfer 

coefficient rises to a peak and decreases to a local minimum before increasing as vapor quality increases and the flow pattern predicted 

for this region is slug flow. As vapor quality increased, the flow patterns observed were intermittent, annular, dryout and mist flow.  
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1. Introduction 
Heat transfer coefficient during flow boiling heat transfer has been an important parameter studied for many years [1]. 

Several qualitative descriptions and maps of flow regimes for heat transfer coefficient spanning from subcooled liquid 

region to superheated vapor region have been proposed by different authors. Popular among these descriptive maps include 

Collier (1981), Collier and Thome (1994) and Kandlikar (1991) [2]–[4]. According to Hewitt as cited by Barbosa [5], these 

descriptions have been the basis for design calculation and formulation of various flow boiling correlation for many years. 

Because of the relevance of this parameter, various flow regimes and transition schemes have been suggested by different 

authors to represent the characteristics of this parameter during flow boiling under different conditions. These suggested 

descriptions and maps of flow boiling heat transfer coefficient have been employed in the development of predictive tools 

and for the understanding of heat transfer phenomena as fluid flows within a heated tube. According to Kandlikar (1991) 

[3], qualitative descriptions of flow boiling provide an important guide to represent the complex interrelations among 

variables that control heat transfer in different regions. 

Collier (1981) [2] developed a qualitative description of flow boiling for a single value of mass flux at low pressures. 

Kandlikar (1991) [3] challenged the description of flow regime map developed by Collier (1981) in that, according Collier 

(1981), heat transfer coefficient in vapor quality below zero (0) region is assumed to be a linear increase. According to 

Kandlikar (1991), the linear increase is not an accurate representation of heat transfer coefficient in the negative quality 

region. He also tested the validity of Collier’s schematic representation of heat transfer coefficient from vapor quality of 

zero (0) to one (1). He observed that, the trend of constant heat transfer coefficient in the nucleate boiling regime and an 

ever-increasing heat transfer coefficient with vapor quality for convective boiling is not entirely accurate. Kandlikar (1991) 

developed a flow boiling schematic description and map for heat transfer coefficient from negative quality to vapor quality 

of 0.8. His work considered varying parameters such as heat flux and mass flux which was not the case of Collier (1981) 
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and Collier and Thome (1994) where only the effect of heat flux was considered. However, the schematic description of 

heat transfer coefficient by Kandlikar (1991) does not consider the effect of critical heat flux and dryout conditions. 

Although several authors have adopted these descriptive flow boiling maps and mostly within vapor quality of zero 

and one, no experimental study to the best of our knowledge has been reported for heat transfer coefficient from subcooled 

region through two-phase to superheated vapor region, with the goal of validating qualitative descriptions of flow boiling 

as described above upon which several theories and predictions have been developed.   

The main goal of this work is to experimentally study the entire flow boiling process of R134a refrigerant in a single 

horizontal circular stainless-steel smooth tube with an internal diameter of 5 mm and validate the results with descriptive 

models proposed for flow boiling under low heat fluxes which finds its application in refrigeration systems. Flow patterns 

observed are predicted with Wojtan et al. map. 

 

2.0 Experimental Set-up and Method 
 

 

Figure 1: Sketch of experimental test rig 

The experimental study was conducted at the Two-Phase Flow Instability facility of Norwegian University of Science 

and Technology (NTNU). Figure 1 represents the experimental test rig for this study. It is a closed loop system that consist 

of a condenser, a pump, a horizontal glass test section, a Coriolis flow meter for measuring flow rate, a visualization glass 

and a tank with R134a refrigerant. The saturation conditions of the tank are adjusted to control the pressure whereas 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. It is divided into 5 sections where each section can be 

heated by joule’s effect independently. A controller and a rectifier circuit convert the AC power to the test section into DC. 

The voltage and the current supplied to the heated section is used to calculate the total power input. To avoid heat losses, 

proper insulation was applied to the outer surface of the test section. Seventeen (17) thermocouples are fixed at bottom and 

upper part of the outside wall of the tube. For internal flow temperature within the tube, another set of thermocouples are 

fixed at top, bottom and sidewalls at locations 1117 mm and 1917 mm. LabVIEW National Instrument data acquisition 

system was used to record the experimental data. All measurement variables were recorded at a frequency of 10Hz. 

For recording the experimental data, the facility is first heated up to a desired power. After reaching the desired power, 

each data is recorded by decreasing the applied electrical heat input systematically. This procedure avoids a jump in the 

wall temperature observed at the onset of nucleate boiling and ensures that the experiment can be repeated for the same 

conditions studied.  
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2.1 Data Reduction 
Due to heat losses, the applied heat may differ from the electrical power input. The heat losses may be generated by 

convection or conduction through the surrounding, through cables and even through the thermocouples installed. By 

accounting for the heat losses, the total heat supplied is given by: 

            ,                                                   (1) 

where   is voltage,   is the current supplied and       is the heat loss obtained during calibration  

 

The heat flux is thus obtained by: 

   
 

    
,                                                     (2) 

 

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

 

Because the diameter of the tube is small, it is difficult to take direct temperature readings from the inner wall. 

Therefore, the temperature on the outer wall diameter of the tube is recorded and a correction factor of the thermal 

resistance of the pipe is applied. The correction is considered by applying heat conduction equation on a cylindrical wall 

for a constant heat flux as: 

   ( )     ( )    
     (

  
  
)

       
,          (3) 

 

where    ( ) is the outer wall temperature,    and    are the outer and inner wall diameters respectively,        is the 

thermal conductivity of the glass.  

From the balance of energy in the tube, the temperature of the fluid is given by: 

 

      ( )               
 

 ̇  
∫ (   )    
 

 
,                                (4) 

 

here,               is the inlet temperature of the fluid,  ̇ is the mass flow rate and    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: 

 ( )  
  

     ( )        ( )
                  (5) 

 

3.0 Results and Discussion 
In order to validate the qualitative description of heat transfer coefficient proposed by different authors and the flow 

patterns observed, a plot of experimental heat transfer coefficient as function of vapor quality and the flow patterns 

observed as predicted by Wojtan et al is shown in figures 1-4 below. 

In Figure 2, for mass flux of 200 kg/m
2
s and heat flux of 4.6kW/m

2
, the trend of heat transfer coefficient increases from 

the subcooled region to a maximum peak near vapor quality of zero. As vapor quality increases further, the heat transfer 

coefficient deteriorates to a local minimum before it begins to increase again until dryout is reached where the heat transfer 

coefficient sharply deteriorates to a bare minimum. For this low heat flux condition, the flow patterns observed as 

predicted by Wojtan et al are slug at low vapor qualities, intermittent flow patterns (between 0.2<x<0.34), annular flow 

pattern (between 0.34<x<0.98) and dryout and mist flow pattern beyond vapor qualities of one (1). 
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Figure 2: Heat transfer coefficient as function of vapor quality and Flow patterns predicted by Wojtan et al for G 200 kg/m
2
s q” 

4.6kW/m
2 

 

Figure 3, depicts the trend of heat transfer coefficient behavior for mass flux of 200 kg/m
2
s but with an increase in heat 

flux to 8.5 kW/m
2
. With similar trend to Figure 2, heat transfer coefficient increases to a maximum peak. As vapor quality 

increases, the heat transfer coefficient deteriorates slightly to a minimum before increasing steadily until dryout is reached 

where the HTC declines to a minimum. The flow patterns observed are slug flow in the low vapor quality region, 

intermittent and annular as vapor quality increases. At higher vapor quality around 0.9 and beyond 1, the observed flow 

patterns are dryout and mist flow as predicted by Wojtan et al. 

 

Figure 3: Heat transfer coefficient as function of vapor quality and Flow pattern with the predicted map of Wojtan et al at 

G 200 kg/m
2
s q” 8.5kW/m

2 

 

In Figure 4, for an increased mass flux of 300 kg/m
2
s but a low heat flux of 4.6 kW/m

2
, the heat transfer coefficient 

increases steadily over wide range of vapor qualities until dryout is reached where the heat transfer coefficient sharply 

deteriorates. For this condition, there was no observed sharp rise of heat transfer coefficient at near zero vapor quality. 



 

 

 

 

 

 

185-5 

There was no observed decline of heat transfer coefficient as depicted in the other figures. The flow patterns observed as 

predicted by Wojtan et al were slug, intermittent, annular, dryout and mist flow as the vapor quality increases. 

 

 
Figure 4: Heat transfer coefficient as function of vapor quality and Flow pattern with the predicted map of Wojtan et al at 

G 300 kg/m
2
s q” 4.6kW/m

2 

 

In Figure 5, at mass flux of 300 kg/m
2
s for an increased heat flux of 8.5 kW/m

2
; heat transfer coefficient increases 

from subcooled region to a peak at near zero vapor quality. The heat transfer coefficient then deteriorates slightly to a 

minimum as vapor quality further increases. After the local minimum, the heat transfer coefficient increases steadily until 

dryout is reached at high vapor qualities. The flow patterns observed as predicted by Wojtan et al were slug flow at low 

vapor qualities, intermittent at vapor qualities between 0.2 and 0.34, annular flow between vapor quality of 0.34 to 0.99. 

Beyond this range is dryout and mist flow. 



 

 

 

 

 

 

185-6 

 

Figure 5: Heat transfer coefficient as function of vapor quality and Flow pattern with the predicted map of Wojtan et al at 

G 300 kg/m
2
s q” 8.5kW/m

2 

 

 

 

Figure 6: The wall temperature change as a function of vapor quality 

 

Figure 6 shows a change of inner wall temperature as a function of vapor quality during the boiling process for all the 

experimental conditions described in figures 1- 4 above. The temperature of the wall increases in the subcooled region 

region until saturation begins. As vapor quality increases, the temperature of inner tube gradually decreases slightly until 

dryout is reached. After the dryout, the wall temperature abruptly rises. 
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3.1 Comparison of experimental heat transfer coefficient results with qualitative description of heat 
transfer coefficient 

The experimental heat transfer coefficient results were compared and validated with qualitative description of heat 

transfer coefficient by Collier and Thome [4]and Kandlikar [3].  The first departure of our results from qualitative 

description of  heat transfer coefficient at low heat flux conditions was the occurrence of heat transfer coefficient peaks 

near zero vapor quality region as observed figures 1,2 and 4. These peaks were not indicated and described by the classical 

description of Collier, Collier and Thome and Kandlikar in their flow boiling maps for similar conditions. Interestingly, 

these near zero vapor quality peaks were also observed in the experimental study by Kandlbinder (1997) and Urso et al 

(2002) [6], [7] for vertical tubes at similar low heat flux and pressure conditions. A possible explanation for the observed 

peak in heat transfer coefficient near zero vapor quality, is that, during flow boiling, as the liquid is being heated in the 

subcooled region, poor vapor nucleation as a result of low heat flux causes the tube walls and the fluid adjacent to it to heat 

up gradually. Because of this, once initial bubbles nucleate, they expand quickly and transfer the heat energy within the 

liquid around  to the bulk liquid flow. This thus causes an increased formation of vapor as a result of the gradual overheat 

of the walls and the fluid around it and thus enhancing high heat transfer coefficient. 

The second departure of qualitative description of heat transfer coefficient at low heat flux and pressure conditions 

from our experimental results is the decrease in heat transfer coefficient in the nucleate boiling region with quality after the 

near zero peak. According to Collier and Thome, this region of nucleate boiling dominance in the low vapor quality region 

is a trend of constant heat transfer coefficient. This was not the case in our experiment since we observed a deterioration in 

the heat transfer coefficient to a minimum peak before an increasing trend. Similar deterioration of heat transfer coefficient 

at low quality was reported by Barbosa (2005), Kandlbinder (1997)  [6], [8].  

Another deviation observed was the characteristics of heat transfer coefficient at high quality regions before dryout 

incipience. In this region, the heat transfer coefficient increases sharply to a maximum before a sudden decline (as seen in 

figure 2 and 5) or the heat transfer coefficient declines sharply to dryout without a sharp rise in the dryout incipience (as 

seen in figure 3 and 4). These characteristics of the dryout incipience is not described by the classical qualitative 

descriptions by various authors.  

 

4.0. Conclusion  
In this paper, experimental results of heat transfer coefficient during flow boiling of R134a at low heat fluxes (4.6 – 

8.5 kW/m
2
) which finds its application in refrigeration systems was investigated and compared with classical descriptions 

of heat transfer coefficient upon which many theories and design calculations are based. The observed flow patterns were 

predicted with Wojtan et al. flow pattern map. The major findings of this study are: 

 At low heat flux conditions studied, there is an observance of a local peak near zero vapor quality which is not 

described by the classical qualitative description of heat transfer coefficient by Collier and Thome and that of 

Kandlikar. The heat transfer slightly decreases to a minimum before increasing as vapor quality increases. 

 The flow pattern observed in this low vapor quality region is slug where nucleate boiling dominates the heat 

transfer. 

 The decrease in heat transfer coefficient to a local minimum is not described by classical descriptions of heat 

transfer coefficient for the conditions studied 

 Generally, the major flow patterns predicted by Wojtan et al for the studied conditions are slug, intermittent, 

annular, dryout and mist flow  

 In covering heat transfer coefficient over a wide range of vapor qualities, it was observed that, the qualitative 

descriptions proposed by different authors do not entirely validate the actual representation of heat transfer 

process within the experimental conditions studied. 
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