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Abstract 
 
Experimental results for R134a boiling on a vertical stainless steel tube of internal diameter 0.52 

mm are presented in this paper. They form part of an ongoing study of flow boiling in a wide range 

of small diameter tubes. Other parameters were varied in the range: mass flux 300-700 kg/m
2
.s; heat 

flux 1.6-75 kW/m
2
 and pressure 6 -10 bar. The flow patterns visualised at the exit of the heated test 

section are first presented. The variation of the heat transfer coefficient with thermodynamic quality 

and its dependence on heat flux, mass flux and system pressure is then presented and discussed.  

 

Nomenclature  

 
D internal diameter, (m) Greek Symbols 

G mass flux, (kg/m² s) α heat transfer coefficient, (W/m² 

hlv latent heat of vaporization (J/kg) ∆ change  

k thermal conductivity (W/m⋅K) ∆Tsat degree of wall superheat (Tw-Tsat) 

L length, m ρ density, (kg/m³) 

m mass flow rate, (kg/s) Subscripts 

Nu Nusselt number,  i inside 

P pressure, bar l liquid 

q Heat flux, (W/m²) o outer 

Q total heat, (W) sat saturation 

T temperature, (
0
C) v vapour 

x vapour quality w wall 

z axial distance 0 initial 

 

1   Introduction 

 
Two-phase boiling in very small diameter tubes is one of the promising methods considered for 

cooling of high power electronics circuits and fundamental boiling heat transfer data is required for 

the understanding of the heat transfer mechanism and the development of accurate design methods 

for thermal management of micro-devices. Hence, intensive research is focussed on flow boiling in 

very small diameter tubes and there are a lot of experimental results from various sources. 

However, there is still scattering in the available heat transfer data and different conclusions on the 

prevailing heat transfer mechanisms are reported. This is probably due to the different experimental 

conditions and methodologies employed by researchers, added to the experimental uncertainties 

associated with data collecting. Therefore, an extensive study of flow patterns, heat transfer and 

pressure drop under the same conditions covering a wide range of diameters and other parameters 

was necessary in order to address the above issues. The experimental heat transfer and flow pattern 

results and comparison with correlations and models for 4.26, 2.01 and 1.10 mm diameter tubes 
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have been presented in various conferences and journals, Huo et al. (2007), Chen et al. (2006), 

Shiferaw et al. (2007). The present study is an extension of these works to a 0.52 mm diameter tube. 

 

Experimental results for small diameter tubes demonstrated heat transfer coefficients that were 

more or less independent of vapour quality and mass flux, but strongly dependent on heat flux and 

saturation pressure, (Lazarek and Black (1982), Tran et al. (1996), Bao et al. (2000), Huo et al. 

(2007)).  Conventionally, this is interpreted as evidence that nucleate boiling is the dominant heat 

transfer mechanism. However, using macroscale boiling heat transfer correlations based on the 

above premise did not predict well the heat transfer coefficient in small diameters, (Qu and 

Mudawar (2003) and Huo et al. (2007)). On the other hand, models based on convective 

evaporation of elongated bubbles were observed to predict small diameter tube heat transfer results 

better than empirical correlations (Dupont et al. (2004), Shiferaw et al. (2007)). Furthermore, Dı´az 

and Schmidt (2007) investigated transient boiling heat transfer in 0.3 x 12.7 mm microchannels 

using infrared thermography to measure the wall temperature. For water, the heat transfer 

coefficient decreased with quality near the zero quality region followed by a uniform heat transfer 

coefficient. However, for ethanol, at high quality, an increase in heat transfer coefficient with 

quality was found to be independent of applied heat flux. A similar behaviour was observed by Xu 

et al. (2005) and Lin et al. (2001) both of whom suggested a convective boiling dominant effect. 

Others have also reported combined effect of both mechanisms, i.e. nucleate boiling at low quality 

and forced convective boiling at high quality region, (Sumith et al. (2003), Saitoh et al. (2005)). 

 

Flow boiling in very small diameter tubes is usually associated with high initial liquid superheat 

required to initiate boiling. Yen et al. (2003) conducted flow boiling experiments in 0.19, 0.3 and 

0.51 mm inside diameter tubes using R123 and FC-72. They observed a high liquid superheat that 

reached up to 70 K in their experiments. In the low quality region, the heat transfer coefficient was 

observed to decrease with quality up to approximately x = 0.25 and then became almost constant 

with further increase in quality. Hapke et al. (2000) investigated experimentally convective boiling 

in a 1.5 mm internal diameter tube and reported that the onset of boiling occurred at higher liquid 

superheat than required for convectional tubes. The unusual superheat in micro tubes was also 

reported to be related to the reduction of active nucleation sites and vapour nucleation inside very 

small channels, (Zhang et al. (2001) and Brereton (1998)). In this paper, experimental results from 

several boiling test inside a 0.52 mm stainless steel tube are presented. Parallel visualization of the 

flow was also made at the exit to the heating section.  

 

2   Experimental Facility and Procedure 

 
An experimental facility was constructed during the early part of this study to determine the heat 

transfer coefficient in small diameter tubes using R134a fluid. A detailed description and a 

schematic diagram are available in Huo et al. (2007). The test section was a stainless steel cold 

drawn tube of internal diameter 0.52 mm, heated length 100 mm, wall thickness 0.15 mm. Direct 

electric heating was applied to the test section; ten K-type thermocouples were soldered to the 

outside of the tube at equal distances to provide the wall temperatures. T-type thermocouples and 

pressure transducers were used to measure inlet and outlet temperatures and pressures. All the 

instruments used were carefully calibrated. The uncertainty in temperature measurement was ± 0.15 

K, flow rate measurements ± 0.4%, and pressure measurements ± 0.15 %. The diameter was 

measured within 2.8 % accuracy.  

 

A series of flow boiling heat transfer tests were performed for R134a in the 0.52 mm tube for 

conditions in the range: pressure 6 to 10 bar, heat flux 1.6-75 kW/m
2
, mass flux 300-700 kg/m

2
s, 

vapour quality 0-0.9. The fluid inlet temperature was kept between 1 K and 5 K below saturation 

and the heat flux was increased in steps until the exit quality reached about 90% at fixed mass flux 
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and system pressure. The data were recorded after the system was steady. Each recording was the 

average of 20 measurements. A Pyrex glass tube for flow pattern observation was located 

immediately downstream of the heat transfer test section. A digital high-speed camera (Phantom V4 

B/W, 250 x 512 pixels resolution, 1900 pictures/sec) was used to observe the flow patterns. The 

local heat transfer coefficient at each thermocouple point was determined based on the following 

equation, 

lwi TT

q

−
=α                                         (1) 

 

where Tw is the local inner wall temperature, Tl is the local fluid temperature and q is the inner wall 

heat flux to the fluid. Tl was deduced from the fluid pressure, which was determined based on the 

assumption of a linear pressure drop through the test section. The inside wall temperature, Twi, can 

be determined using the internal heat generation and radial heat conduction across the tube wall. 

The experimental uncertainty in determining α is ± 12.5%. The heat flux was calculated from the 

product of the current and voltage across the tube minus the losses to the ambient. An energy 

balance based on the heat supplied minus losses and the enthalpy change enabled the 

thermodynamic quality (xi) to be calculated.  

lv

li

i
h

hh
x

−
=                                            (2) 

where hl and hv are the specific enthalpy of saturated liquid and vapour, respectively. hi is the local 

specific enthalpy of the fluid. This was determined from the enthalpy of the previous section and 

the heat transferred to the fluid, i.e.  

( )QQ
mL

L
hh i

ii ∆−+= −1                          (3) 

 

where as stated above, the heat input (Q) is equal to the product of the voltage and the current 

applied directly to the test section. The heat lost to the ambient, ∆Q, was estimated from 

measurements of the outer temperature of the insulation round the test section, calibrated against 

heat loss by heat balances during single-phase experiments, conducted prior to each boiling test at 

the same condition, see also Huo et al. (2007).  

 

Comparisons of the single phase Nusselt number for the 0.52 mm tube with various well-known 

correlations both for turbulent and laminar flow are shown in Figures 1 and 2. The modified 

Gnielnsk (1997) correlation accounts for both transition region and developing effects; the Adams 

et al. (1998) correlation is a modification of the Gnielnski correlation to accommodate the small 

diameter effect. In the laminar regime the experimental results were compared with the Peng and 

Peterson (1996) correlation for rectangular micrchannels and the Choi et al. (1991) correlation for 

microtubes. The results agree quite well with modified Gnielinski (1997) and Adams et al. (1998) 

for the turbulent regime and Choi et al. (1991) in the laminar regime. This validates the 

experimental methodology and provides reasonable confidence towards the two-phase experiments. 

In the turbulent region Dittus-Boelter and Petukhov did not match the experimental data probably 

because of the fact that both were developed for Re > 10000, while the other correlations can work 

down to the transition region. In the laminar region, the Peng and Peterson correlation is a function 

of channel aspect ratio. Consequently, the large deviation from the experimental data may be 

attributed to the effect of geometry.   

 

In previous experiments with tubes in the size range 4.26 mm – 1.1 mm, boiling in bubbly flow was 

initiated at low heat fluxes of about 13 kW/m
2
. The heat flux was then increased from this value to 

obtain the other test cases. In the tests with the 0.52 mm tube, this heat flux led to immediate boiling 

in the churn-annular regime. Consequently, a different procedure was employed.  
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Figure 1. Single phase heat transfer for turbulent 

region 
 

The heat flux was increased from single phase flow until confined bubble flow was observed in the 

glass tube at the exit from the test section. Despite the presence of bubbles, the thermocouple in the 

fluid at the exit recorded a temperature above the saturation temperature. Boiling was then 

maintained as the heat flux was reduced to a much lower value corresponding to bubbly flow, 

which was used as the starting point for the experiments with stepwise increases in heat flux. 

 

3   Experimental Results and Discussion 
 

3.1 Flow pattern visualization 
 

Figure 3 presents the flow patterns observed during the boiling test at a mass flux of 300 kg/m
2
s and 

pressure 6 bar. These flow patterns were taken simultaneously with the heat transfer tests presented 

in section 3.2 below at each value of heat flux. Confined bubble flow is observed at low heat flux or 

exit quality. As the heat flux increased, the bubbles grew in length and become elongated. Further 

increase in heat flux resulted in the liquid slug between the bubbles being “pushed” on to the 

upstream bubble creating coalescence of the bubbles and a wavy film (nos 6-7). A similar 

phenomenon was observed by Revellin et al. (2006). Figure 4 shows how three relatively short 

bubbles coalesce together to form an elongated bubble leaving the film interface wavy. As shown in 

figure 3, a further increase in heat flux makes the film interface wavy and highly non-uniform (e.g. 

flow pattern photo numbers 6-8). This could lead to a transition to annular flow, since further 

increase in heat flux reduces the wave irregularity and distributes the waves almost uniformly. At 

high heat flux, the flow pattern becomes annular with small-scale roughness of very short amplitude 

and wavelength. Chen et al. (2006) examined the flow patterns at qualities x > 0 leaving tubes of 

diameter from 4.26 mm down to 1.1 mm for R134a over the pressure range 6-14 bar. They defined 

the conventional regimes of dispersed bubble, bubbly, slug, churn, annular and annular-mist flow. 

However, in the current flow patterns for the 0.52 mm tube, dispersed bubble flow was not 

observed, while there was a liquid ring flow possibly as transition regime from slug to annular flow. 

 

3.2 Heat transfer characteristics  

 

The experimental local heat transfer coefficient is plotted as a function of quality in Figure 5                                  
at a mass flux of 300 kg/m

2
s and 6 bar system pressure. The flow patterns of figure 3 are the 

corresponding observations for heat flux values 14.8 to 58.4 kW/m
2
 of these tests. The liquid-only 

Reynolds number is 720, which should correspond to laminar flow at the inlet. As seen in the 

figure, the experimental values demonstrate a varying dependence of the heat transfer coefficient on 

heat flux and thermodynamic vapour quality. 
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Figure 2. Single phase heat transfer for laminar 

region 
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Figure 4. Sequence of flow patterns 

showing coalescence, G=300 kg/m
2
s, 

P=6 bar and q =3.7 kW/m
2
 

 

Figure 3. Flow patterns as a function of heat flux, G = 300 kg/m
2
s, P = 6 bar. 

 

 Two groups exhibiting different influences of heat 

flux are observed below and above a heat flux of 

14.8 kW/m
2
.
 
At the low heat fluxes, the heat transfer 

coefficient is higher at low vapour quality and drops 

sharply with quality, followed by a weak monotonic 

increase. Also, the heat transfer coefficient does not 

depend on heat flux. These results exhibit similar 

trend and range of heat transfer coefficient values 

with the R123 experimental results conducted by 

Yen et al. (2003) for 0.51 mm diameter, mass flux of 

295 kg/m
2
s  and heat flux values of (q≤12.3 kW/m

2
). 

There is an abrupt increase in the heat transfer 

coefficient and a change in its trend with quality and 

heat flux at heat fluxes of 14.8 kW/m
2
 and above, 

for which there are different trends in four regions 

indicated by broken lines in figure 5 for the sake of 

lucidity and ease of comparison with later graphs at a 

different mass flux. The regions become clearer at higher heat flux values. Lin et al. (2001) for 1 

mm tube using R141b (for heat flux value less than 60 kW/m
2
) and Dı´az and Shmidt (2007) for 0.3 

x 12.7 mm rectangular channel using ethanol observed similar behaviour to this second group. 

Regions I - IV correspond respectively to trends of increase, uniform, decrease and a slight 

monotonic increase of heat transfer coefficient with thermodynamic quality. The classification will 

be used throughout the paper only for describing various features and identifying effects of 

parameters. The rapid increase in heat transfer coefficient with quality in Region I may be 

influenced by the inlet conditions, i.e. subcooled boiling effect and onset of nucleation. In region II, 

the heat transfer coefficient is independent of quality but increases with heat flux, behaviour that is 

conventionally interpreted as evidence for a nucleate boiling dominant region. This changes 

suddenly to region III, in which the heat transfer coefficient decreases with increasing quality. The 

decrease in heat transfer observed in the present results is different from that of a continuous 

decrease, observed towards the test section exit in the larger tubes of this study. This could occur 

due to intermittent dryout, which might be related to flow regimes of large disturbances in laminar 

film. Although, the flow patterns in figure 3 were taken at the same condition in order to relate the 

flow structure with the heat transfer characteristics, it is not possible to link them directly and draw 

a clear conclusion. This is because of the fact that they are taken at the exit of the heated section, i.e. 

No q (kW/m2) 

1 1.6 

2 3.7 

3 6.3 

4 9.4 

5 12.5 

6 14.8 

7 18.7 

8 22.2 

9 25.2 

10 31.5 

11 38 

12 43.8 

13 51 

14 58.4 

 

     q 
1 14 
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in the adiabatic section, and are liable to any flow regime development that might exist. After the 5
th

 

measuring thermocouple the heat transfer coefficient increases slightly with quality in region IV. In 

this region, the effect of heat flux is less at high quality. The continuous decrease of heat transfer 

coefficient with quality towards the test section exit that is observed at high heat flux in many tests 

with small diameter tubes, e.g. Huo et al. 2007, is not observed in the present experiments. This 

could be due to laminar flow and high surface tension force tending to coat the liquid along the 

circumference or small scale disturbances, which improve wetting of the wall. The wall superheat is 

plotted as a function of the heat flux in Figure 6 for different thermocouple positions (numbers in 

increasing order from inlet side) at a mass flux of 300 kg/m
2
s and 6 bar system pressure. As seen in 

the figure, for heat flux q<~13 kW/m
2
, which corresponds to the first set of relatively low heat flux 

curves of figure 5, the degree of wall superheat increases rapidly with heat flux. This may be linked 

to the high wall superheat that was required to initiate boiling, indicating hysteresis in the activation 

of nucleation sites as a consequence of the smoothness or small size of the tube surface, Zhang et al 

(2001), Brereton (1998). 
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Figure 5. Heat transfer coefficient as a function of 

 quality for G = 300 kg/m
2
s and P= 6 bar. 

 

The superheating of the fluid at the exit from the test section gradually decreases as the heat flux 

increases. Beyond a heat flux of ~ 13 kW/m
2
, the exit superheating disappears and there is a sudden 

decrease in the wall superheat. This is associated with a slight increase of system pressure and 

pressure drop. 
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Figure 6. Degree of wall superheat as a 

function of heat flux for G= 300 kg/m
2
s, P=6 

bar 
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The dependence of the heat transfer coefficient on mass flux is depicted in Figure 7 for a heat flux 

of 58 kW/m
2
 and 6 bar pressure. As seen in the figure, there is a significant effect of mass flux in 

the region identified as IV (increasing trend of heat transfer coefficient with quality). In this region, 

the heat transfer coefficient increases with increasing mass flux; there is no obvious effect of heat 

flux especially at high quality (see figure 5). This plus the observations at the visualization section 

support the previous speculation that at high quality convective evaporation of the annular flow 

dominates the heat transfer mechanism, (Sumith et al (2003), Saitoh et al. (2005), Lin et al. (2001)). 

Also, the quality beyond which trend IV begins is lower at higher mass flux. There is a considerably 

smaller effect of mass flux in region I (increase of heat transfer coefficient with quality) and II 

(mostly uniform heat transfer coefficient with quality). However the length of region II decreases 

with increasing mass flux. (Refer to figure 5, for the different regions). The heat transfer coefficient 

is depicted as a function of quality for different system pressure in Figure 8 for a mass flux of 400 

kg/m
2
s and a heat flux of 58 kW/m

2
. The heat transfer coefficient increases with system pressure. 

There is a drop in heat transfer coefficient at the last measuring point after the second maximum for 

8 and 10 bar pressure, which might be caused by thin film dryout during the annular flow. It is also 

observed that for 6 bar, trend III (heat transfer coefficient decreasing with quality) is a gradual 

decrease compared to that at 8 and 10 bar, which showed a sudden drop from the 4
th

 to the 5
th

 

measuring point, (x = 0.23 - 0.3). 

4. Conclusions 
 

A flow boiling experiment in a 0.52 mm tube internal diameter using R134a at pressures of 6 – 10 

bar was conducted and representative flow patterns observed at the exit to the heating section and 

transfer results re presented. Dispersed bubble flow, observed in tests under similar conditions in 

larger tubes of 1.1 mm to 4.26 mm diameter, performed with the same facility was not observed, 

while ring flow was seen. The heat transfer results demonstrate patterns of dependence of the heat 

transfer coefficient on thermodynamic quality, heat flux and mass flux that change sharply in 

character at a threshold value of heat flux. Again these trends were not observed in tests for the 

larger tubes indicating a different behaviour for this tube. In the low heat flux region, there is no 

significant effect of heat flux but the heat transfer coefficient decreases and then increases slightly 

with thermodynamic quality. At moderate and high heat flux, in the front part of the channel, the 

heat transfer coefficient increases with increasing heat flux and reaches a maximum at an 

intermediate quality which might be caused by transient partial dryout or dry patches in the 

confined bubble regime. At higher quality, towards the test section exit, the heat transfer coefficient 

gradually increases again with quality but there is no clear effect of heat flux. The heat transfer 

coefficient increases with mass flux in this region. According to the conventional interpretation, this 

is evidence for a convective boiling dominant heat transfer mechanism in the annular flow region. 

The heat transfer coefficient increases with system pressure. At the higher pressures, there are 

indications of a second decrease in the heat transfer coefficient very close to the test section exit.  
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