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a b s t r a c t 

In-tube flow boiling at low mass and heat fluxes is of increasing interest particularly for low- 

concentration solar power systems, refrigerators, heat pumps, and other thermal management compo- 

nents and systems. In this study, the flow boiling of R-245fa was investigated experimentally for vapour 

qualities ranging from 0.05 to 0.90, mass fluxes of 40, 60 and 80 kg/m 

2 s, and heat fluxes of 2.5, 5.0 and 

7.5 kW/m 

2 . Tests were done at quasi-steady-state conditions in a horizontal smooth tube with an inner 

diameter of 8.31 mm and a heated length of 0.8 m, at a saturation temperature of 35 °C. It was found that 

the heat transfer coefficient was influenced by both the mass and heat fluxes. At any given vapour qual- 

ity and heat flux combination, an increase in the mass flux resulted in an increase in the heat transfer 

coefficient. However, the magnitude of the increase and sensitivity to the mass flux was not the same in 

all of the test cases. Higher vapour quality cases were more sensitive to the mass flux than lower vapour 

quality cases, except at low heat flux conditions. In the most peculiar case, at the lowest considered heat 

flux of 2.5 kW/m 

2 , severe sensitivity to mass flux was observed at vapour qualities between 0.2 and 0.3. 

For all other heat fluxes, the heat transfer coefficient was found to be independent of the vapour quality 

except when the mass flux was high, where increased vapour quality resulted in improved heat transfer 

coefficients. Various correlations were investigated, but none of them captured the trends for the lowest 

heat flux. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Flow boiling has been an active field of research for several 

ecades, with many studies investigating the effects of the fluid 

ype, mass flux, heat flux, tube diameter and saturation condi- 

ions (temperature, pressure) on heat transfer performance. Fang 

t al . [1] , for example, report that many studies on flow boil-

ng have focussed on the range of mass fluxes between 100 and 

00 kg/m 

2 s, and on heat fluxes above 5 kW/m 

2 , with over 60 cor-

elations available to predict the heat transfer coefficient in these 

onditions. However, studies on flows with lower mass fluxes (be- 

ow 100 kg/m 

2 s) and lower heat fluxes (below 5 kW/m 

2 ), and of

-245fa specifically, are limited. Even rarer are studies of R-245fa 

n conventional tubes with a diameter greater than 3 mm, accord- 

ng to Kandlikar and Grande [2] . 
∗ Corresponding author. 

E-mail address: josua.meyer@up.ac.za (J.P. Meyer). 
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However, mass fluxes below 100 kg/m 

2 s and heat fluxes be- 

ow 5 kW/m 

2 are increasingly encountered in many applications, 

ncluding common devices and systems such as domestic heat 

umps or refrigerators, where the mass fluxes are typically be- 

ow 60 kg/m 

2 s and the heat fluxes below 2.5 kW/m 

2 [3] , as well

s components such as plate heat exchangers [4] . Additionally, a 

ecent surge in interest in low-concentration distributed organic 

ankine cycle (ORC) power systems [5] , as well as in distributed 

oncentrated solar power (CSP) systems based on so-called direct 

team generation (DSG), has elevated the interest specifically in 

hese low mass and heat flux conditions, as well as in refrigerants 

uch as R-245fa. DSG systems use the same fluid in the collector 

eld as in the power cycle, and promise advantages relative to con- 

entional indirect systems by eliminating the need for additional 

eat exchangers which, in traditional CSP plants, are used to trans- 

er heat from the heat transfer fluid in the solar field to the work- 

ng fluid in the power cycle [6] , thus improving thermodynamic 

erformance while lowering costs. In distributed (and, therefore, 

maller-scale) [5] or hybrid solar (i.e., dual fuel/source) [7] systems, 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

A: [m 

2 ] Area 

Bi : [-] Biot number 

c p : [J/kg K] Isobaric specific heat capacity 

d: [m] Diameter 

EB: [%] Energy balance error 

G: [kg/m 

2 s] Mass flux 

h: [J/kg] Specific enthalpy 

I: [A] Electric current 

L: [m] Length 

k: [W/mK] Thermal conductivity 

˙ m : [kg/s] Mass flow rate 

˙ q : [W/m 

2 ] Heat flux 
˙ Q : [W] Heat transfer rate 

T: [K, °C] Temperature 

V: [V or m 

3 ] Voltage or volume 

x: [-] Vapour quality 

Special characters 

α: [W/m 

2 K] Heat transfer coefficient 

Subscripts 

C Characteristic, cross-sectional 

cond Condenser 

Cu Copper 

f Saturated liquid 

fg Difference between saturated liquid and saturated 

vapour 

g Saturated vapour 

i Inner 

in Inlet 

m Two-phase mixture 

o Outer 

out Outlet 

pre Preheater 

ref Refrigerant 

s Surface 

n Thermocouple station number along heated length 

wall Tube wall 

test Test section 

tube Copper tube 

w Water 

he working fluid is often an organic fluid [ 8 , 9 ]. The reliable design

nd further development of these technologies necessitates a bet- 

er understanding and improved prediction methods for the flow 

oiling of these refrigerants at relevant conditions. An overview of 

elevant literature follows. 

Gómez Marzoa et al. [10] evaluated R-245fa in a horizontal 

mooth polyimide tube with an inner diameter of 2.689 mm at 

 mass flux ranging from 100 to 500 kg/m 

2 s, a heat flux from 15

o 55 kW/m 

2 , and saturation temperatures of 35, 41 and 47 °C. 

oiling was achieved by hot water in an annulus around the test 

ube. It was found that a higher mass flux resulted in a higher 

eat transfer coefficient. At a mass flux of 100 kg/m 

2 s, the vapour 

uality had a negligible effect on the heat transfer coefficient. The 

eat flux had no discernible effect, and it was hypothesised that 

he smoothness of the tube played a role. Increasing the satu- 

ation temperature had an almost negligible effect on the heat 

ransfer coefficient at a mass flux of 200 kg/m 

2 s and heat flux of

5 kW/m 

2 , but at higher mass and heat fluxes (400 kg/m 

2 s and

5 kW/m 

2 ), the heat transfer coefficient was lowered as the tem- 

erature increased. 
2 
Tibiriçá and Ribatski [11] evaluated flow boiling of R-134a and 

-245fa for a horizontal stainless steel tube with an inner diam- 

ter of 2.3 mm and uniform joule heating. The mass fluxes con- 

idered ranged from 50 to 700 kg/m 

2 s, while the heat fluxes var- 

ed from 5 to 55 kW/m 

2 . The saturation temperatures were 22, 31 

nd 41 °C. Higher mass fluxes resulted in higher heat transfer co- 

fficients. However, increasing the vapour quality below a thresh- 

ld mass flux of 200 kg/m 

2 s had a detrimental effect on the heat 

ransfer coefficient. At a mass flux of 100 kg/m 

2 s and a heat flux 

f 15 kW/m 

2 , an increased saturation temperature resulted in an 

ncreased heat transfer coefficient. It was also found that an in- 

reased heat flux resulted in an increased heat transfer coefficient, 

egardless of the mass flux or fluid type under consideration. 

Contributing to the flow-boiling database in microscale chan- 

els, Kanizawa et al. [12] evaluated the effect of saturation tem- 

erature, mass flux, hydraulic diameter and heat flux on the heat 

ransfer coefficient of three fluids, R-134a, R-245fa and R-600a. For 

-245fa, tests were conducted in tube sizes from 0.38 to 2.32 mm, 

t mass fluxes from 99 to 1 400 kg/m 

2 s, heat fluxes of 10 to

63 kW/m 

2 , and saturation temperatures of 25.5 to 58.3 °C. It was 

ound that for R-245fa, for vapour qualities below 0.40, the heat 

ransfer coefficient was markedly increased with higher heat flux, 

egardless of the tube diameter. The influence of saturation tem- 

erature was negligible at heat fluxes of 5 kW/m 

2 , but had the ef- 

ect of a higher heat transfer coefficient at higher saturation tem- 

eratures at increased heat fluxes. The mass flux had a minimal 

ffect on the heat transfer coefficient at qualities below 0.40, but 

s the vapour quality increased, the increased mass flux resulted 

n an increased heat transfer coefficient. 

An extensive study was carried out by Da Silva Lima et al. 

13] on R-134a in a smooth copper tube with an inner diameter 

f 13.84 mm for mass fluxes of 300 and 500 kg/m 

2 s, and heat

uxes of 7.5 and 15 kW/m 

2 . They considered saturation temper- 

tures of 5, 15 and 20 °C and found that the heat transfer coeffi- 

ient was higher for higher saturation temperatures at low vapour 

uality, but at higher vapour qualities, the opposite was true. The 

ass flux had a definite effect on the heat transfer coefficient, with 

he higher mass flux resulting in a higher heat transfer coefficient. 

he effect of this increase was amplified at higher vapour qualities. 

t low vapour qualities, higher heat fluxes resulted in higher heat 

ransfer coefficients, but this effect was decreased at higher vapour 

ualities. 

Dorao et al. [14] evaluated R-134a during flow boiling in a 

tainless steel tube with an inner diameter of 5 mm at a satu- 

ation temperature of 18.6 °C for mass fluxes between 200 and 

00 kg/m 

2 s and heat fluxes between 3.9 and 47.1 kW/m 

2 . They 

ound that the increased heat flux resulted in a higher heat trans- 

er coefficient, regardless of the vapour quality. It also appeared 

hat the highest heat flux had the effect of making the heat trans- 

er coefficient independent of the mass flux and vapour quality. 

owever, for lower heat fluxes, higher mass flux and vapour qual- 

ty had the effect of increasing the heat transfer coefficient, with 

he effect of mass flux becoming more prominent at higher vapour 

ualities. 

Celen and Dalkılıç [15] carried out a complete evaluation of the 

ffects of mass flux, saturation temperature, heat flux and vapour 

uality on the heat transfer coefficient of R-134a in a tube with an 

nner diameter of 8.62 mm. They considered mass fluxes between 

90 and 381 kg/m 

2 s, heat fluxes between 10.0 and 15.0 kW/m 

2 , 

nd saturation temperatures between 15 and 22 C. It was found 

hat the heat transfer coefficient increased with mass flux and 

apour quality, due to the contribution of thinner liquid films 

nd increased vapour velocity. This was more apparent at higher 

apour qualities. Higher saturation temperatures resulted in higher 

eat transfer coefficients irrespective of the vapour quality range. 

t a mass flux of 290 kg/m 

2 s, increased heat fluxes resulted in 
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igher heat transfer coefficients, but this effect decreased for the 

igher mass flux of 381 kg/m 

2 s. 

Grauso et al. [16] compared R-134a and R-1234ze(E). The ther- 

odynamic properties of these two fluids are similar, with R- 

234ze(E) having a lower global warming potential. This study in- 

luded the effect of mass flux, heat flux, vapour quality and satura- 

ion temperature on the heat transfer coefficient obtained. The test 

ection was a stainless steel tube with an inner diameter of 6 mm, 

ith the test conditions covering mass fluxes between 146 and 

20 kg/m 

2 s, heat fluxes of 5.0 to 20.4 kW/m 

2 , at saturation tem-

eratures of -2.9 to 12.1 °C. The heat transfer coefficient increased 

ith vapour qualities, irrespective of the mass flux, although at 

igher mass fluxes, this was more pronounced. Higher mass fluxes 

esulted in higher heat transfer coefficients. The saturation temper- 

ture and heat flux were found to have a negligible effect on the 

eat transfer coefficient. 

Bamorovat Abadi et al. [17] investigated the effect of gravity on 

he heat transfer and pressure drop of R-245fa by conducting tests 

n horizontal and vertical stainless steel tubes with inner diame- 

er of 3 mm. The mass flux was ranged from 200 to 700 kg/m 

2 s

or heat fluxes from 10.0 to 40.0 kW/m 

2 , while keeping the satu- 

ation temperature at 40 °C. Their data indicated that the heat flux 

ad a relatively minor influence on the heat transfer coefficient, 

ut was more pronounced at low vapour qualities. The mass flux 

ad a much greater influence, with the heat transfer coefficient be- 

ng higher at increased mass fluxes. Vertical tubes also exhibited a 

igher heat transfer coefficient than for horizontal tubes. 

Bandarra Filho and Barbieri [18] evaluated the flow boiling per- 

ormance of R-134a in horizontal microfin and smooth copper 

ubes. The inner diameters of the smooth tubes were 6.24 and 

.76 mm. The mass flux ranged between 100 and 500 kg/m 

2 s at 

 constant heat flux of 5.0 kW/m 

2 and a saturation temperature of 

 °C. The heat transfer coefficient increased with mass flux, but at 

alues lower than 150 kg/m 

2 s, it was unaffected by vapour quality 

n the smooth tube. 

Manavela Chiapero et al. [19] investigated the boiling heat 

ransfer coefficient of R-134a at 34 °C in a smooth stainless steel 

ube with an inner diameter of 5 mm. They considered vapour 

ualities ranging from 0 to 1 for a mass flux between 300 and 

00 kg/m 

2 s, and heat fluxes between 10.0 and 20.0 kW/m 

2 . It was

ound that for lower qualities, a higher heat flux corresponded to a 

igher heat transfer coefficient, and that this effect was more pro- 

ounced at the lower mass flux. The vapour quality had a negli- 

ible effect at the lower mass flux. Spindler and Müller-Steinhagen 

20] also studied the flow boiling heat transfer of R-134a, and com- 

ared this to R-404a at low mass fluxes in a microfin tube as 

ell as a smooth tube. The smooth tube had an inner diameter 

f 8.95 mm. Saturation temperatures of -20 to 0 °C were con- 

idered at mass fluxes of 25 to 150 kg/m 

2 s and heat fluxes of

.0 to 15.0 kW/m 

2 . For R-134a, they found that at low mass and

eat fluxes, the heat transfer coefficient was higher than expected. 

t was suggested that pool-boiling correlations be investigated for 

dapting correlations for enhanced tubes. The flow pattern was af- 

ected by the spiral grooves in the enhanced tube, which increased 

he wetted surface. A lower saturation temperature also resulted in 

 higher heat transfer coefficient. 

The heat transfer coefficients in flows of R-134a and R-404A 

ere compared for saturation temperatures ranging from -15 to 0 

C in a tube with an inner diameter of 7.49 mm by Balachander 

nd Raja [21] . Mass fluxes ranged between 57 and 102 kg/m 

2 s and

he heat flux for R-134a was between 7.5 and 8.3 kW/m 

2 . An in-

reased mass flux resulted in a higher heat transfer coefficient. In- 

reasing vapour quality had a detrimental effect on the heat trans- 

er coefficient, as did increasing the saturation temperature. It was 

oncluded that this was due to the flow pattern being stratified 

avy instead of annular. 
3 
Björk and Palm [22] studied the boiling heat transfer in a do- 

estic plate-type evaporator using R-600a as refrigerant, with the 

resence of frequent bends and a non-circular cross-section with 

 hydraulic diameter of 3.21 mm. The mass flux varied from 21 

o 43 kg/m 

2 s, and the heat flux from 1.0 to 5.0 kW/m 

2 , while the

emperature under consideration was -15 °C. The heat transfer co- 

fficient decreased with increasing vapour quality and heat flux 

t the lowest mass flow rate tested. For higher mass flow rates, 

he heat transfer coefficient increased with increased vapour qual- 

ty, but was largely independent of applied heat flux. The achieved 

eat transfer coefficient was higher than that predicted by correla- 

ions, and it was hypothesised that the flow pattern contributed to 

his discrepancy. 

A study covering a fairly wide range of conditions for refrig- 

rants R-22, R-134a and R-404a was conducted by Saiz Jabardo 

nd Bandarra Filho [23] in a copper tube with an inner diame- 

er of 12.7 mm. These conditions consisted at temperatures of 8 

nd 15 °C, mass fluxes of 50 to 500 kg/m 

2 s, and a heat flux of be-

ween 5 and 20 kW/m 

2 . It was found that for low mass fluxes, the

eat transfer coefficient was only weakly dependent on the vapour 

uality, and in fact decreased slightly for higher qualities. However, 

he heat flux had an effect on the heat transfer coefficient through- 

ut the quality range at low mass fluxes, and at lower qualities at 

igher mass fluxes. At mass fluxes above 200 kg/m 

2 s, the flow pat- 

ern transitioned from stratified to annular, and the heat transfer 

oefficient increased with increasing quality up to dryout. The sat- 

ration temperature had a positive effect on heat transfer at lower 

ualities. 

Wattelet et al. [24] found that for lower mass fluxes, the heat 

ransfer coefficient was also largely independent of vapour quality, 

ut was affected to a sizable degree by the heat flux being tested. 

hey compared experimental heat transfer coefficients for flow of 

-134a, MP-39 and R-12. The mass fluxes under consideration were 

rom 25 to 100 kg/m 

2 s, at saturation temperatures of -15 to 5 °C 

nd heat fluxes of 2.0 to 10.0 kW/m 

2 . Their test facility consisted 

f a smooth copper tube with an inside diameter of 7.04 mm. In- 

reasing mass and heat flux resulted in an increased heat transfer 

oefficient. 

The results of the studies presented in this work thus far are 

ummarised in Table 1 . The reported results of increased saturation 

emperature ( T sat ), mass flux ( G ), heat flux ( ̇ q ) and vapour quality

 x ) are indicated to either increase ( ↑ ) or decrease ( ↓ ) the heat

ransfer coefficient. There is consensus in the literature about the 

eat transfer coefficient being highly dependent on mass flux, but 

o consensus on the effect of vapour quality, saturation tempera- 

ure and heat flux. Gómez Marzoa et al. [10] found that the effect 

f increasing heat flux on the heat transfer coefficient was mild. 

jörk and Palm [22] observed that increasing heat flux had a neg- 

tive effect on the heat transfer coefficient. The rest of the litera- 

ure reviewed reported that increasing the heat flux had a signifi- 

ant positive effect on the heat transfer coefficient, either through- 

ut the vapour quality range and mass fluxes tested, or at least 

or lower vapour qualities. The effect of increasing vapour qual- 

ty was noted by Gómez Marzoa et al. [10] to be negligible at a 

ass flux of 100 kg/m 

2 s, while Saiz Jabardo and Bandarra Filho 

23] found that at mass fluxes of 50 and 100 kg/m 

2 s, the increase

n vapour quality actually had a negative effect on the heat trans- 

er coefficient. The other studies found that for mass fluxes above 

00 kg/m 

2 s, the increase in vapour quality corresponded to an in- 

reased heat transfer coefficient. Of interest is that Manavela Chia- 

ero et al. [19] only observed this for a mass flux of 500 kg/m 

2 s. 

These findings must be viewed in the light of the two main 

ontributors to flow boiling, that of convective and nucleate boil- 

ng. Convective boiling dominates when the mass flux is suffi- 

iently high, which means the flow pattern becomes annular at 

ery low vapour qualities. As the vapour quality increases, the heat 
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Table 1 

Overview of studies of in-tube boiling of refrigerants at low mass and heat fluxes. 

Author(s) Fluid Experimental apparatus T sat [ °C] G [kg/m 

2 s] ˙ q [kW/m 

2 ] Effect of increase on α

Gómez Marzoa et al. [10] R-245fa 2.689 mm, horizontal smooth, 

non-uniform heat flux 

35 to 47 100 to 500 15.0 

to 

55.0 

T sat : Negligible 

G : ↑ 
˙ q : Negligible 

x : Negligible at 100 kg/m 

2 s 

Tibiriçá and Ribatski [11] R-134a 

R-245fa 

2.3 mm, horizontal smooth, 

uniform heat flux 

22 to 41 50 to 700 5 

to 

55 

T sat : ↑ for 100 kg/m 

2 s and 

15.0 kW/m 

2 

G : ↑ 
˙ q : ↑ 

x : ↑ for > 200 kg/m 

2 s 

Kanizawa et al. [12] R-134a 

R-245fa 

R-600a 

0.38-2.6 mm inner diameter, 

horizontal smooth tubes, joule 

heated 

25.5 

to 

58.3 

99 

to 

1400 

10 

to 

163 

T sat : ↑ for ˙ q > 5 kW/m 

2 

G : ↑ for x> 0.40 

˙ q : ↑ for x < 0.40 

Da Silva Lima et al. [13] R-134a 13.84 mm inner diameter, 

horizontal smooth tube, 

counterflow boiled 

5 

to 

20 

300 

to 

500 

7.5 

to 

17.5 

T sat : ↑ for lower x ; ↓ for higher x 

G : ↑ 
˙ q : ↑ at lower x 

Dorao et al. [14] R-134a 5.00 mm inner diameter, 

horizontal smooth tube, joule 

heated 

18.6 200 

to 

400 

3.9 

to 

47 

G : ↑ 
˙ q : ↑ ; independent of G and x if 

high enough 

x : ↑ 
Celen and Dalkılıç [15] R-134a 8.62 mm inner diameter, 

horizontal smooth tube, 

electrical resistance heated 

15 

to 

22 

290 

to 

381 

10 

to 

15 

T sat : ↑ 
G : ↑ 
˙ q : ↑ ; less of an effect at high G 

Grauso et al. [16] R-134a 

R-1234ze(E) 

6 mm inner diameter, 

horizontal smooth tube, joule 

heated 

-2.9 

to 

12.1 

146 

to 

520 

5 

to 

20.4 

T sat : Negligible 

G : ↑ 
˙ q : ↑ for x < 0.2 

Bamorovat Abadi et al. [17] R-245fa 3 mm inner diameter, 

horizontal and vertical smooth 

tube, joule heated 

40 200 

to 

700 

10 

to 

40 

G : ↑ 
˙ q : ↑ for lower G and lower x 

Bandarra Filho and Barbieri [18] R-134a 8.76 mm inner diameter, 

horizontal smooth, herringbone 

and microfin tube, electrical 

resistance heated 

5 100 

to 

500 

5 G : ↑ 
˙ q : Single heat flux investigated 

x : ↑ for G> 100 kg/m 

2 s 

Manavela Chiapero et al. [19] R-134a 5 mm internal diameter, 

horizontal smooth tube, joule 

heated 

34 300 

to 

500 

10 

to 

20 

G : ↑ 
˙ q : ↑ at low x 

x : ↑ for G = 500 kg/m 

2 s 

Spindler and Müller-Steinhagen [20] R-134a 

R-404A 

9.52 mm outer diameter, 

horizontal smooth and microfin 

tube, electrical resistance 

heated 

-20 

to 

10 

25 

to 

150 

1 

to 

15 

T sat : ↑ except for -20 °C 
G : ↑ 
˙ q : ↑ for low x 

Balachander and Raja [21] R-134a 

R-404A 

7.49 mm inner diameter, 

horizontal smooth tube, 

counterflow acetone heated 

-15 

to 

0 

57 

to 

102 

2 

to 

18 

T sat : ↓ for low G 

G : ↓ for lower x 

Björk and Palm [22] R-600a Cut section of a plate-type 

evaporator with hydraulic 

diameter 3.21 mm, electrical 

resistance heated 

-15 21 

to 

43 

1 

to 

5 

G : ↑ 
˙ q : ↓ for G = 21 kg/m 

2 s 

x : ↑ for G> 21 kg/m s 

Saiz Jabardo and Bandarra Filho [23] R-22 

R-134a 

R-404A 

12.7 mm inner diameter, 

horizontal smooth tube, 

electrical resistance heated 

8 

to 

15 

50 

to 

500 

5 

to 

20 

T sat : ↑ for ˙ q ≥20 kW/m 

2 

G : ↑ 
˙ q : ↑ 

x : ↓ for G = 50 and 100 kg/m 

2 s 

Wattelet et al. [24] R-134a 

R-12 

MP-39 

7.04 and 10.92 mm inner 

diameter, horizontal smooth 

tube, electrically heated 

-15 

to 

5 

25 

to 

100 

2 

to 

10 

G : ↑ 
˙ q : ↑ for lower G 

t

b

t

p

d

t

i

c

t

1

a

a

j

t

h

s

m

h

3

p

w

o

i

a

g

c

t

a

ransfer coefficient also increases, since the annular film thickness 

ecomes thinner. Nucleate boiling, on the other hand, depends on 

he bubble formation rate, nucleation sites (which depend on the 

ipe roughness), and the applied heat flux. This boiling mechanism 

ominates when the mass flux is low enough, and the flow pat- 

erns are thus stratified in some form throughout the vapour qual- 

ty range. The mass flux at which nucleate boiling dominates over 

onvective boiling is thus of particular interest. 

While there are examples of condensation studies of macro- 

ubes at low mass fluxes [25] , boiling studies of mass fluxes under 

00 kg/m 

2 s and heat fluxes below 5.0 kW/m 

2 have received less 

ttention. This is illustrated in Fig. 1 , which also presents the focus 

rea of this study. 

No consensus has been reached on the effect of various ad- 

ustable experimental factors on the heat transfer coefficient at 
4 
hese conditions, and there are no guidelines for predicting the 

eat transfer coefficient by using correlations. Moran et al. [26] as- 

essed the performance of heat transfer coefficient predictive 

ethods for R-245fa boiling in a 12.6 mm horizontal pipe at 

eat and mass flux conditions from 30 to 700 kg/m 

2 s and 0.5 to 

8 kW/m 

2 respectively, and found correlations to give less accurate 

redictions at low vapour qualities which were typically associated 

ith low heat flux conditions in their experiments. For this subset 

f their data where nucleate boiling was expected to be the dom- 

nant heat transfer mechanism, Moran et al. [26] also assessed the 

pplicability of pool boiling predictive methods but found them to 

ive low accuracy when compared to experimental heat transfer 

oefficient values. It is therefore the purpose of this study to par- 

ially narrow this gap by investigating flow boiling for R-245fa in 

 horizontal smooth tube with an inner diameter of 8.31 mm. This 
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Fig. 1. Focus of this work and relevance to other existing studies on the flow boiling of R-245fa. 
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efrigerant, along with the tube diameter, was chosen because it 

as actively been studied for use in small-scale organic Rankine 

ycles [5] . The mass fluxes that were investigated were 40, 60 and 

0 kg/m 

2 s, with a heat flux of 2.5, 5.0 and 7.5 kW/m 

2 . These were

nformed by the mass fluxes in plate heat exchangers [4] and do- 

estic refrigerators [3] . The vapour qualities studied ranged from 

.05 to 0.90. 

. Experimental apparatus 

.1. Facility 

The apparatus used in this study was a closed R-245fa refriger- 

nt loop, shown schematically in Fig. 2 . This loop was also utilised 

y Dirker et al. [27] , where the interested reader can find fur- 

her details on the facility, apparatus and methods. This refrigerant 

as stored in a liquid receiver, which was connected to a fixed- 

isplacement, variable-frequency gear pump. This pump was used 

o drive the refrigerant through the electrically heated preheater 

located between Points A and B) and test section (located between 

oints C and D), before it passed through a water-cooled condenser 

nd back to the liquid receiver. The main line of the fluid circuit in-

luded the mass flow meter, while an additional bypass line with a 

eedle valve was used to finely control the mass flow rate through 

he main line. 

A smooth hard-drawn copper tube with an outside diameter of 

2.7 mm was used to construct the entire facility, barring the test 

ection. The liquid receiver was placed roughly 1.5 m above the 

ump suction side, and had a capacity of 18 L. This was done to 

uarantee a liquid state of the fluid at pump entry, due to the pres-

ure difference. The capacity of the liquid receiver also acted as a 

emperature buffer. 

The gear pump was a magnetically coupled, variable-frequency 

ATHER pump with minimum and maximum rated flow rates of 

4.4 and 540 L/h respectively. The mass flow meter was a Micro- 

otion CMF010 Coriolis flow meter, with a maximum rated range 

f 0.04 kg/s, and an accuracy of 0.1%. 
5 
In order to heat the fluid to saturation conditions, and to con- 

rol the vapour quality entering the test section, heat was added to 

he fluid in the preheater, which consisted of high resistance elec- 

rically insulated constantan wire tightly coiled around two 1.9 m 

ong copper tubes with an outer diameter of 12.7 mm. The electri- 

al insulation between the wires, as well as the copper pipe, was 

onfirmed by use of a multimeter. The resistance for each of the 

ires was 35 �, and the wires were connected individually to two 

lektroAutomatik EA8360-30 DC power supply units, rated at 3 kW 

ach. The accuracy of these power supply units was 0.2% of the 

utput voltage and current. 

The same method was used to provide the heat flux in the 

est section for the flow-boiling experiments. The test section, dis- 

ussed in more detail in the next section, was powered by an Elek- 

roAutomatik EA8360-15 DC power supply with a rating of 1.5 kW. 

ts accuracy was the same as the power supply units used in the 

reheater. The linear distance between the preheater exit and test 

ection entry was 3.5 m. 

In order to ensure full liquid condensation before returning to 

he receiver, a water-cooled condenser was used. The water source 

as a Lauda thermal bath with a water capacity of 35 L and a cool-

ng capacity of 800 W. The internal pump of the thermal bath cir- 

ulated water through the condenser and through a Coriolis flow 

eter, which was a MicroMotion CMF025 flow meter, with a max- 

mum range of 0.4 kg/s, and an accuracy of 0.1%. A three-way valve 

as also installed on the water line to enable flow rate control 

bove and beyond the eight power levels provided by the thermal 

ath internal pump. 

For data collection and control purposes, key points were in- 

trumented with temperature sensors, denoted by T in Fig. 2 , and 

bsolute pressure transducers, denoted by P . The absolute pressure 

ransducers mounted before and after the gear pump were GEMS 

200 series transducers, while Sensotec FP20 0 0 transducers were 

tilised on the rest of the facility. The accuracy of these sensors 

as 0.2% of full scale and 0.25% respectively. All pressure transduc- 

rs were mounted to the system using pressure taps. These taps 

ere drilled to a diameter of 0.8 mm, at a horizontal level. In or- 
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Fig. 2. Experimental test facility schematic. 
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er to minimise the flow disturbance introduced by these taps, the 

iameter of the holes was kept to below a tenth of the tube diam-

ter. Furthermore, they were deburred carefully to minimise this 

isturbance. 

Four T-type thermocouples, mounted circumferentially equidis- 

ant around the tube, were present at each temperature measuring 

tation marked with a T in Fig. 2 . Thermal tape was used to secure

he thermocouples in place. These thermocouples had an accuracy 

f 0.1 °C. In order to ensure correct thermocouple readings, and 

rovide monitoring to the system, resistance temperature detectors 

RTDs) were also used. These are indicated by RTD in Fig. 2 , and

ere 1/10 DIN Omega Pt100s with an accuracy of 0.03 °C. Their 

easuring tips were mounted to be completely surrounded by the 

uid. 

To ensure minimal energy losses, thermal insulation with a 

tated thermal conductivity of 0.036 W/mK was applied to the en- 

ire facility. The minimum radius of this insulation was 80 mm. 

.2. Test section 

The test section consisted of a calming section, an inlet sight 

lass for visual observation of the flow pattern, a monitored length 

nd an outlet sight glass, as represented schematically in Fig. 3 . 

The monitored length was equipped with a large number of 

hermocouples as described later, and consisted of a smooth hard- 

rawn copper tube with an outer diameter ( d o ) of 9.53 mm, an 

nner diameter ( d i ) of 8.31 mm, and a total length of 1 m. Of this,

 section with a length of 0.8 m ( L h ) was electrically heated via

 resistance wire of the same type as that used in the preheater 

hat was tightly wound around the circumference for the entire 

ength L h . This wire had a nominal resistance of 180 �. This en- 

bled a uniform circumferential heat flux to be applied to the test 

ection. 

The upstream calming section had the same diameter as the 

onitored section and was 0.5 m in length (approximately 60 

imes d i ). Its purpose was to reduce untoward effects on the flow 

attern caused by upstream components and flow passage elbows. 

ts length was selected based on the findings of Cho and Tae, as 
6 
eported in Ref. [28] , namely that the influence of upstream bends 

n the observed flow characteristic was present for a distance of 

p to 48 times the internal diameter of the tube. 

The sight glasses were manufactured from 60 mm long borosil- 

cate glass tubes. Care was taken to match their internal diame- 

ers to those of the test section in order to minimise any flow pat- 

ern disturbance. The thermal conductivity of the glass was esti- 

ated to be 1.14 W/mK, acting to reduce axial heat conduction. 

low patterns were recorded at the inlet sight glass by a spe- 

ialised Photron Mini-UX high-speed camera, with a maximum 

esolution of 1 280 by 1 024 pixels, a maximum frame rate of 

 0 0 0 frames per second, and an internal recording capacity of 

 gigabytes. It was operated at 1 0 0 0 frames per second at a res-

lution of 1 280 × 720 pixels viewing the flow from the side. 

hese settings enabled six seconds of recording time. Backlighting 

as provided by a red light-emitting diode measuring 50 mm by 

0 mm. 

Pressure transducers were attached to pressure taps, which 

ere machined as described previously, and were 0.8 m ( L h ) apart. 

dditionally, a Validyne differential pressure transducer, with an 

ccuracy of 0.5% of the full scale, was also mounted to these pres- 

ure taps. 

The test section thermocouple stations are indicated by the 

ymbol T in Fig. 3 . These stations each consisted of four T-type 

hermocouples, spaced equally around the circumference of the 

ube (right, top, left and bottom). The inlet and outlet saturation 

emperatures were measured by a thermocouple station before the 

nlet sight glass, and a thermocouple station after the outlet sight 

lass. These thermocouples were specifically placed to take advan- 

age of the heat insulation provided by the high axial heat resis- 

ance of the sight glass. The obtained saturation temperature was 

ross-checked with the high-accuracy Pt100 RTDs that were in- 

talled in the flow passage directly before and after the test sec- 

ion. The saturation temperature was also compared to the ex- 

ected saturation temperature at the operating pressure of the test 

ection, obtained using reference libraries. A photograph of the in- 

et sight glass is shown in Fig. 4 before installation, detailing ther- 

ocouple station T in . 
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Fig. 3. Test section schematic (not to scale). 

Fig. 4. Inlet sight glass before installation. 
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In addition, a further eight thermocouple stations were used to 

btain the wall temperature in the heated length. The stations on 

he heated length were axially located 0.1 m apart. Therefore, in 

otal, 32 thermocouples (eight stations) on the heated length and 

ight thermocouples (two stations) on the unheated length were 

sed. They were all recessed within drilled divots in the tube wall 

nd soldered, with special care being taken in the spacing between 

he heating wire and the thermocouples on the heated length to 

revent localised overheating. 

A photograph indicating the inlet pressure tap, the thermocou- 

le station T 1 , and the heating wire is shown in Fig. 5 for clarity.

his image was taken before insulation was added and the sight 

lass connected. The spacing and installation method for the ther- 

ocouples followed the empirical work by Everts [29] , with the 

igh thermal conductivity of copper compensating for the gap. 

The same type of insulation that was used on the facility was 

pplied to the test section, to a minimum radius of 0.1 m. 

.3. System control and data logging 

A National Instruments data acquisition system (DAQ) was used 

n conjunction with a PC and a National Instruments LabView fron- 

end for control of the system and data logging. The sample rate 

as chosen to be 300 Hz, and the number of samples per chan- 
7 
el was set to 100. The virtual instrumentation used to control the 

ower supply units, described below, limited the data output rate 

o approximately 2 Hz. The acquisition and control cards, which 

re described below, were mounted in a SCXI-1001 chassis. 

The mass flow rate of the refrigerant fluid was controlled by 

he gear pump speed, which could be selected by adjusting the 

ATHER frequency control setting with a manual interface, or via 

abView with an NI SCXI-1325 control card. As mentioned previ- 

usly, the bypass valve could be adjusted manually to achieve fine 

ow control. The mass flow rate of the water in the condenser was 

ontrolled using a Honeywell three-way valve and an NI SCXI-1325 

ontrol card. This valve was powered by a separate AC power sup- 

ly. 

The Coriolis mass flow meters described previously sent the 

ow rate data of both the refrigerant fluid and the condenser loop 

ater to LabView via an NI SCXI-1308 acquisition card. 

The power supplies were connected to the computer with a 

SB cable from built-in control cards, and were controlled with 

ither a LabView interface, or manually, bypassing the need for a 

hassis control card. 

The thermocouples were connected to an NI SCXI-1303 acquisi- 

ion card, from which the data was sent directly to LabView. Simi- 

arly, the Pt100 RTDs were connected to an NI SCXI-1306 card. The 

bsolute pressure readings were obtained by connecting the pres- 
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Fig. 5. Photograph detailing the uninsulated heated length inlet. 
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ure transducers, powered by a separate DC power supply, to an 

I SCXI-1308 card, which was also used to connect the differential 

ressure transducer. 

. Experimental procedure 

.1. Calibration 

Before installing the Pt100 RTDs and the thermocouples, shown 

n Fig. 2 , they were calibrated in a thermal bath during a series

f isothermal experiments by making use of a factory-calibrated 

t100 with an accuracy of 0.03 °C. 

The thermocouples that were soldered onto the test section, 

nd which are indicated in Fig. 3 , were calibrated in situ once the

ystem was charged with refrigerant. This was done by utilising 

he calibrated Pt100s mounted ahead and after the test section 

hile circulating a single-phase fluid through the system. A cali- 

ration temperature reading was taken only if the two Pt100s read 

ithin 0.03 °C of each other for at least 10 min. This was repeated

or a range of set temperatures. 

The calibration of the absolute pressure transducers was done 

y an external calibration company, confirming an accuracy of less 

han 0.2%. A water column was used to provide differential pres- 

ures to a Martel T140 digital manometer, with an accuracy of 

.05% of full scale. These readings were then used to calibrate the 

ifferential pressure transducer. 

.2. Test matrix 

The set points are shown in Fig. 6 a on the Wojtan-Ursenbacher- 

home [30] flow pattern map. The map was adapted specifically 

or the current study, following the guidelines in Ref. [30] . The 

est matrix covered mass fluxes of 40, 60 and 80 kg/m 

2 s at heat

uxes of 2.5, 5.0 and 7.5 kW/m 

2 over an inlet vapour quality range 

rom 0.05 until dryout occurred (which depended on the mass flux 

nd heat flux in question). The governing flow patterns of interest 

o this study according to the map are: stratified flow, slug and 

tratified flow, and stratified wavy flow. The example flow patterns 

n Fig. 6 b were obtained from the recorded high-speed camera 

ootage. The heat flux in the test section raised the vapour qual- 

ty, and this change depended on both the mass and heat flux. The 
8 
owest difference between inlet and outlet vapour quality occurred 

t a mass flux of 80 kg/m 

2 s and a heat flux of 2.5 kW/m 

2 , and

as 0.06. The highest value of this difference was at a mass flux 

f 40 kg/m 

2 s and heat flux of 7.5 kW/m 

2 and had a value of 0.35.

Since there was no heat exchange between Points B and C in 

ig. 2 , and the system was well insulated, an adiabatic condition 

as assumed to exist between the exit of the preheater and the 

est section inlet. With the addition of the calming section, as de- 

ailed previously, it was assumed that the flow patterns reaching 

he test section inlet were largely undisturbed. 

.3. Data processing 

The preheater was used to ensure that the fluid was always in 

he saturation region at a selected vapour quality at the inlet to 

he test section. This was confirmed visually by means of the inlet 

ight glass, and experimentally by confirming that the saturation 

emperature stayed constant throughout the heated length of the 

est section. Only once this was verified did the tracking of steady 

tate commence. 

Steady-state conditions were carefully checked by monitoring 

he mass flux, the calculated inlet vapour quality and the satura- 

ion temperature. Data recording was initiated only when the vari- 

tions in mass flux were less than 5%, the vapour quality varia- 

ions were less than 0.01 (1%), and the saturation temperature was 

table within 0.5 °C for a period of 15 min. Once these conditions 

ere met, data was recorded for 5 min. The 8 stations of 4 thermo- 

ouples each (thus 32 thermocouples) along the length of the test 

ection were each sampled approximately 600 times per 5 minute 

ecording. The temporal mean of the readings was used in the data 

rocessing described in this section. 

A heat loss calculation was performed to gauge the effect the 

mbient laboratory conditions would have on the test data. A ther- 

al resistance network was constructed in which the conductive 

hermal resistance of the insulation, the convective thermal resis- 

ance of the laboratory, and the radiative thermal resistance were 

onsidered. Calculations showed that the effect on the heat in the 

est section was less than 1% at the worst case, and thus was dis- 

egarded in the rest of the data processing. 

The local heat transfer coefficient along the length of the test 

ection for each temperature measurement station ( αn ) was deter- 
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Fig. 6. (a) Test section inlet vapour qualities on a Wojtan-Ursenbacher-Thome [30] flow pattern map, along with (b) representative flow pattern images captured from the 

experimental facility. 
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ined using Newton’s law of cooling: 

n = 

˙ q test (
T̄ i , n − T sat 

) (1) 

Here, n represents the thermocouple station index number and 

˙  test is the local uniform heat flux calculated from the total ap- 

lied heat rate ( ˙ Q test ) and the total heated length inner surface area 

 A s = πd i L h ): 

˙ 
 test = 

˙ Q test 

A s 
(2) 

In Eq. 1 , T i,n is the circumferential mean inner-wall temper- 

ture determined from the arithmetic average of the four wall 

hermocouples at the measuring station. A simple Fourier one- 

imensional conduction equation was used to account for radial 

emperature variation within the wall. The average saturation tem- 

erature of the fluid, T sat , was taken as the mean of the two mea-

uring stations before and after the heated length (which resulted 

n an average of eight thermocouples). The inevitable drop in sat- 

ration temperature due to the pressure drop was thus accounted 

or. This was verified by comparing the measured saturation pres- 

ure with the calculated saturation pressure, using the reference 

oftware package CoolProp [31] , based on the measured saturation 

emperature. In general, this difference was below 5 kPa, within 

he absolute pressure transducer’s accuracy. 

The total heat rate applied was taken to be the total power sup- 

lied by the power supply, which is given by the generalised power 

quation: 

˙ 
 test = V I (3) 

here the voltage and current supplied are denoted by V and I re- 

pectively. Energy losses were estimated with convection, conduc- 

ion and radiation losses to the ambient to be less than 0.1%, and 

ere neglected. 

The fluid entered the test section at a set mass flow rate ( ˙ m ref ),

ccording to the operation of the variable-speed gear pump and 

ypass line valve. As such, the vapour quality at the inlet to the 

est section ( x in ) was regulated by changing the heat transfer rate 

n the preheater. This vapour quality was defined as: 

 in = 

h in − h f 

h g − h f 

(4) 
9 
here the saturated liquid and vapour specific enthalpy values 

 h f and h g respectively) were calculated with CoolProp [31] at the 

easured saturation temperature T sat . The specific enthalpy at the 

est section inlet, h in , was obtained by using the energy balance 

etween Points A (preheater inlet) and C (test section inlet) in- 

icated in Fig. 2 . For adiabatic conditions on the connecting flow 

ubes between the preheated and the test section, this energy bal- 

nce can be expressed as: 

 in = h C = h B = 

˙ Q pre 

˙ m ref 

+ h A (5) 

here ˙ Q pre is the heat transfer rate in the preheater determined 

n the same fashion as in Eq. 2 using the voltage and current 

easurements at the preheater, h A is the subcooled liquid specific 

nthalpy of the refrigerant at Point A, determined via CoolProp 

31] using the absolute pressure and temperature readings ahead 

f the preheater. The mass flow rate was directly obtained from 

he refrigerant mass flow meter. 

The applied heat flux was circumferentially uniform because of 

he heating wire being coiled around the pipe, and axially uni- 

orm at the inner surface because of the high thermal conductivity 

f copper. The local vapour qualities at each temperature station 

long the heated length could thus be calculated by linear interpo- 

ation between the inlet vapour quality, x in , and vapour quality at 

he outlet of the heated section, x out . In order to calculate x out , the 

utlet enthalpy first had to be calculated: 

 out = 

˙ Q test 

˙ m ref 

+ h in (6) 

From this the outlet quality could be determined: 

 out = 

h out − h f 

h g − h f 

(7) 

Due to the low mass fluxes that were investigated, the con- 

enser was oversized to a large degree, making an energy balance 

ncorporating the heat removed by the condenser difficult. Never- 

heless, this was still useful as a means to confirm steady state, 

nd to ensure that no dominant source of energy loss had been 

eft unaccounted. The energy balance error is given by: 

 EB = 100 

(
1 −

˙ Q pre + 

˙ Q test 

˙ Q cond 

)
(8) 
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Table 2 

Parameter ranges and uncertainties. 

Parameter Range Uncertainty 

Singular temperature measurement point 17.5–40 °C 0.1 °C 
Mass flux ( G) 40–80 kg/m 

2 s 0.6% 

Inlet vapour quality ( x in ) 0.05–0.95 0.04 

Heat flux ( ̇ q ) 2.5–7.5 kW/m 

2 0.4% 

Heat transfer coefficient ( α) 0.55–2.0 kW/m 

2 K 4% 
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here ˙ Q cond is the heat transfer rate in the condenser, which was 

alculated by applying the energy balance principle and the water- 

ide measurement: 

˙ 
 cond = 

˙ m w 

c p ( T w , out − T w , in ) (9) 

Here, ˙ m w 

is the water mass flow rate obtained from the water 

ow meter, T w , out is the temperature of water leaving the con- 

enser, T w , in is the temperature of water entering the condenser, 

nd c p the isobaric specific heat capacity of water. The water 

emperatures were obtained from the relevant thermocouples and 

oolProp was used to determine the specific heat capacity with 

he temperature measurements and the assumption that the water 

ressure was at approximately the atmospheric pressure of 82 kPa. 

Finally, in order to account for the response time of the copper 

ipe in the test section, the Biot number was calculated, which is 

efined as: 

i = 

αL c 

k 
(10) 

here α represents a steady-state heat transfer coefficient, k is the 

hermal conductivity of copper, and L c is the characteristic length 

f the test pipe, defined as: 

 c = 

V Cu 

A s 
= 

π
4 

(
d 2 o − d 2 

i 

)
L h 

πd i L h 
= 

d 2 o − d 2 
i 

4 d i 
(11) 

here V Cu is the volume of the copper pipe. This was calculated 

hroughout the tests performed and was always an order of mag- 

itude below 0.1, which is the generally accepted limit when re- 

arding temperature as uniform throughout a substance. 

.4. Uncertainty analysis 

The uncertainties of the calculated variables and collected data 

ere determined using the method by Dunn and Davis [32] . The 

ange of values and uncertainties associated with these ranges are 

eported in Table 2 . 

.5. Validation 

In order to verify that the facility was performing correctly, 

 single-phase liquid validation as well as a two-phase boiling 

alidation was done. The single-phase liquid validation consisted 

f obtaining experimental Nusselt numbers at various Reynolds 

umbers, ensuring that the measured wall temperature stayed 

ell below the saturation temperature to avoid subcooled boil- 

ng. These results were then compared to some predicted values 

y the Gnielinski [33] and the recently much improved and accu- 

ate Meyer et al . correlation [34] . The obtained results are shown 

n Fig. 7 a, and fell well within the 10% prediction window. Fig. 7 b

ontains the energy balance in the test section for the tests, which 

as satisfactory. 

Also important in giving confidence in the quality and reliabil- 

ty of the generated data were a series of two-phase boiling valida- 
10 
ion tests. This validation exercise was done at higher mass fluxes 

han would be considered for this work, and was done in order 

o confirm the results that would be obtained during this study. A 

teady-state test, with a mass flux of 200 kg/m 

2 s and heat flux 

f 7.5 kW/m 

2 , at a saturation temperature of 35 °C, was done over 

he full range of vapour qualities. The resulting heat transfer coef- 

cient is shown in Fig. 8 . Since no results found in the literature 

eplicate the current study exactly for comparison, it was decided 

o use some well-known correlations to predict the heat trans- 

er coefficient. The experimental values obtained were then com- 

ared and checked against other published works in order to as- 

ertain whether the results were acceptable. The predicted Wojtan- 

rsenbacher-Thome [35] , Fang et al. [36] and Gungor-Winterton 

37] correlation values are also shown in the figure. 

The experimental heat transfer coefficient was within ±10% of 

hat predicted by the Wojtan-Ursenbacher-Thome [35] correlation, 

xcept at the extreme values of vapour quality. It also fell well 

ithin this range for predictions by the Fang et al. [36] correlation, 

nd within ±30% for predictions by the Gungor-Winterton [37] cor- 

elation. This was comparable with most other published works for 

he mass flux, heat flux and tube diameter considered. Therefore, 

t can be deduced that the facility and test section produced satis- 

actory results in accordance with reported work in the literature. 

. Results and discussion 

The local heat transfer coefficients obtained from the eight 

easuring stations along the test section length are shown in 

ig. 9 in terms of the local vapour quality. Each combination of 

eat flux and mass flux in the test matrix is contained in indi- 

idual plots ( Fig. 9 a to i). For convenience, the associated set of 

ocal heat transfer coefficients along the length of the test section 

btained for each inlet vapour quality condition (see Fig. 6 a) are 

rouped by feint lines. Due to the spread in the data, these group- 

ngs are most visible in Figs. 9 a, d and g. Thus, the data for a single

est case with a specified inlet vapour quality test is represented 

y eight data point markers (one per thermocouple station) con- 

ected by a feint line. The blue to red shaded lines represent a 

eneral increase in the inlet vapour quality cases in each data set 

blue indicating the lower inlet vapour qualities and red indicat- 

ng the higher inlet vapour qualities). For clarity, Fig. 9 a contains 

 dashed line box around a single test case for an inlet vapour 

uality of 0.05, indicating the inlet thermocouple by the number 

ne, and the outlet thermocouple by the number eight. Also in- 

luded for illustrative purposes in Fig. 9 are the error bars. When 

ompared to the calculated uncertainty in Table 2 , it is clear that 

he variations along the axis of the pipe far exceed the uncertainty 

alue. In each figure ( Fig. 9 a to i), the included black lines indicate

he overall arithmetic mean of the heat transfer coefficient in the 

est section. 

It can be seen that for the heat fluxes of 5.0 and 7.5 kW/m 

2 , for

ll the mass fluxes considered, all eight local heat transfer coeffi- 

ients are much the same, such that the average heat transfer coef- 

cient is a reasonable approximation. However, this approximation 

s not acceptable for the heat flux of 2.5 kW/m 

2 . The heat trans- 

er coefficient in the first half of the tube is significantly higher. 

ecause these high heat transfer coefficients were observed for all 

hree mass fluxes, with separate mass fluxes being tested on dif- 

erent days, this was deemed significant. 

.1. Effect of mass flux on the heat transfer coefficient 

The effect of mass flux on the heat transfer coefficient is illus- 

rated in Fig. 10 , in which the mean heat transfer coefficient pro- 

le for different mass fluxes is plotted against the mean test sec- 

ion vapour quality and the mass flux at heat fluxes of 2.5 kW/m 

2 
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Fig. 7. Single-phase validation: (a) Nusselt number as a function of Reynolds number and (b) the energy balance over the test section at fluid inlet temperature 25 °C. 

Fig. 8. Two-phase flow validation, showing steady-state mean heat transfer coef- 

ficient for a mass flux of 200 kg/m 

2 s, a heat flux of 7.5 kW/m 

2 and a saturation 

temperature of 35 °C with predicted values. 
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 Fig. 10 a), 5.0 kW/m 

2 ( Fig. 10 b) and 7.5 kW/m 

2 ( Fig. 10 c). The

apour quality is again indicated as a palette colour, in which blue 

s a quality of 0 and red a quality of 1.0. To show that these charts

epict the same data, but from a different perspective, a point of 

nterest (P.O.I.) is highlighted in Fig. 10 a. This point was chosen to 

llustrate the peak in heat transfer coefficient at a mean vapour 

uality of approximately 0.25. 

For the 2.5 kW/m 

2 cases in Fig. 10 a, it is clear that the mass

ux has a marked influence on the magnitude of the average 

eat transfer coefficient, with the 80 kg/m 

2 s line always being 

bove the 60 kg/m 

2 s line, which is, in turn, always above the 

0 kg/m 

2 s line. A local maximum at a vapour quality of ap- 

roximately 0.25 (designated P.O.I.) occurs. Here, there is an al- 

ost 150% increase in the heat transfer coefficient between mass 

uxes 40 and 80 kg/m 

2 s. Increasing the vapour quality beyond this 

auses it to decrease sharply, up to a threshold value of 0.40. Be- 

ond this threshold, a mass flux of 80 kg/m 

2 s shows a steady in-

rease in heat transfer coefficient as the vapour quality increases, 

hile this effect is subdued at mass fluxes of 40 and 60 kg/m 

2 s.
11 
he second peak difference in heat transfer coefficient between 

ass fluxes of 40 and 80 kg/m 

2 s happens at a vapour quality of 

pproximately 0.80. Here, the higher mass flux shows a 125% in- 

rease in heat transfer coefficient. 

When considering 5.0 kW/m 

2 cases in Fig. 10 b, the mass flux 

lso affects the heat transfer coefficient, but to a lesser extent. The 

nitial local maximum is absent, while the effect of the increasing 

eat transfer coefficient beyond a threshold in vapour quality of 

.40 is still there for a mass flux of 80 kg/m 

2 s, but it is lower than

or a heat flux of 2.5 kW/m 

2 . The peak difference between 40 and

0 kg/m 

2 s of 100% again occurs at an approximate vapour quality 

.85. For mass fluxes of 40 and 60 kg/m 

2 s, increasing the vapour 

uality actually slightly reduces the heat transfer coefficient. Nu- 

leate boiling is dominant for these mass fluxes, which explains 

hy there is no increase in heat transfer coefficient as the vapour 

uality increases. The flow patterns for these mass fluxes are pre- 

ominantly stratified. Reasons for the decrease are discussed in 

epth in the flow pattern section ( Section 4.3 ). 

Finally, for the tests with 7.5 kW/m 

2 , shown in Fig. 10 c, the be-

aviour mirrors that of the two other heat fluxes in that the higher 

ass flux always has a higher heat transfer coefficient. The initial 

eak for the heat flux of 2.5 kW/m 

2 is absent, and the increase in

eat transfer coefficient beyond a vapour quality of 0.40 for a mass 

ux of 80 kg/m 

2 s is subdued. The peak difference between 40 and 

0 kg/m 

2 s occurs at a vapour quality of approximately 0.85, and is 

nly 70% for this case. 

The suggested cause of the behaviour of the heat transfer coef- 

cient and the peaks at lower heat fluxes is also discussed in the 

ow pattern section ( Section 4.3 ). 

.2. Effect of heat flux on the heat transfer coefficient 

The mean heat transfer coefficient profile for different heat 

uxes is plotted against the mean test section vapour quality at 

ass fluxes of 40 kg/m 

2 s ( Fig. 11 a), 60 kg/m 

2 s ( Fig. 11 b) and

0 kg/m 

2 s ( Fig. 11 c) in order to illustrate the effect of the heat

ux on the heat transfer coefficient. Again, the vapour quality is 

ndicated as a palette of colours on both charts. The same P.O.I. 

hat is shown in Fig. 10 a, at the highest heat transfer coefficient, is 

ndicated in Fig. 11 c. 

Consider Fig. 11 a for a mass flux of 40 kg/m 

2 s. For all data

oints for this mass flux, except for the results at the vapour qual- 

ties less than 0.40 at a heat flux of 2.5 kW/m 

2 , it is clear that
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Fig. 9. Local heat transfer coefficient plotted against local vapour quality for a mass flux of: (a-c) 40 kg/m 

2 s, (d-f), 60 kg/m 

2 s, and (g-i) and 80 kg/m 

2 s, at a saturation 

temperature of 35 °C. 

t

c

a

F  

g

i

F  

s

p

i

c

a

4

l

t

i

t

q

F

f

s

h

b

h

o

s

i

t

5

he higher heat flux results in an increased heat transfer coeffi- 

ient. This effect does not happen only at low vapour qualities, 

s reported by other authors, but throughout the quality range. 

ig. 11 b indicates that for a mass flux of 60 kg/m 

2 s, again disre-

arding the heat flux of 2.5 kW/m 

2 , the heat transfer coefficient 

s higher for the higher heat flux throughout the quality range. In 

ig. 11 c, for a mass flux of 80 kg/m 

2 s, another oddity can be ob-

erved at vapour qualities in the region of 0.7 to 0.9 where another 

eak in the heat transfer coefficient is present. At a vapour qual- 

ty exceeding approximately 0.40, the heat transfer coefficient in- 

reases with vapour quality, as reported, but for a heat flux of 2.5 

nd 5.0 kW/m 

2 this effect is more pronounced. 

.3. Effect of flow pattern on the heat transfer coefficient 

As discussed in the previous sections, at the lowest heat flux, 

ow vapour qualities exhibit far larger heat transfer coefficients 
12 
han expected for all mass fluxes. The heat transfer coefficient 

s up to 70% higher at the entry to the tube than the heat 

ransfer coefficient at the exit of the tube for an inlet vapour 

uality of 0.20 and mass flux of 80 kg/m 

2 s, as indicated in 

ig. 12 , which shows the local heat transfer coefficients zoomed 

or a single-inlet vapour quality test at the different thermocouple 

tations. 

Additionally, the increasing vapour quality results in a higher 

eat transfer coefficient for a heat flux of 2.5, 5.0 and 7.5 kW/m 

2 

eyond a vapour quality of 0.40 for this mass flux, with the lower 

eat fluxes showing a larger effect, as shown in Fig. 11 c. 

The peak in heat transfer coefficient at the inlet at a heat flux 

f 2.5 kW/m 

2 is discussed first. Initially, it was thought that steady 

tate had not been achieved for these specific qualities, but that 

dea was discarded immediately, since after cursory investigation, 

he temperatures at all thermocouple stations were stable for the 

 min required to record a set of data. The possibility of user error 
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Fig. 10. Effect of mass flux on the mean heat transfer coefficient for heat fluxes of: (a) 2.5 kW/m 

2 , (b) 5.0 kW/m 

2 and (c) 7.5 kW/m 

2 . 

13 



W.J. Van den Bergh, H.R. Moran, J. Dirker et al. International Journal of Heat and Mass Transfer 180 (2021) 121743 

Fig. 11. Effect of heat flux on the mean heat transfer coefficient for mass fluxes of: (a) 40 kg/m 

2 s, (b) 60 kg/m 

2 s, and (c) 80 kg/m 

2 s. 

i

w

fl

i

n

w  

2

s

f

n setting up the experiment was also discarded, because the data 

as gathered over different days for the different conditions. 

The possibility that the flow patterns differed between heat 

uxes at the inlet due to intrafluid axial heat conduction, account- 

ng for the change in heat transfer coefficient, was investigated 
14 
ext. High-speed recordings of the vapour qualities at 0.15 to 0.35 

ere compared for a mass flux of 80 kg/m 

2 s at a heat flux of

.5 kW/m 

2 and 5.0 kW/m 

2 . This mass flux was chosen because it 

howed the greatest discrepancy in heat transfer coefficient. It was 

ound that the flow patterns for both heat fluxes were slug and 
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Fig. 12. Representative example at a mass flux of 80 kg/m 

2 s and inlet vapour qual- 

ity of 0.20 of the large difference between entry and exit heat transfer coefficients 

for a heat flux of 2.5 kW/m 

2 . 
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t

tratified wavy, with intermittent waves and slugs wetting the top 

f the tube. The flow patterns obtained for an inlet vapour quality 

f 0.20 are shown for illustrative purposes in Fig. 13 . 

Because the same behaviour was observed for the same mass 

ux at two differing heat fluxes, the idea that differing flow pat- 

erns were the cause of the discrepancy in heat transfer coefficient 

as discarded. However, it is the wetting of the top surface of the 

ube at this flow pattern that might hold the key to understanding 

he behaviour of the heat transfer coefficient. 

In an adiabatic setting, the liquid fluid would prolong the wet- 

ing of the tube as it descended to the bottom of the tube natu- 

ally. It is hypothesised that at a high heat flux, this liquid film is 

oiled away quickly, leaving the top of the tube dry. At a lower 

eat flux, this film is boiled away more slowly, resulting in the 

igh heat transfer coefficient observed at the inlet, decreasing with 

he spatial variation along the tube. This could also explain why 

he highest mass flux of 80 kg/m 

2 s shows the most drastic in- 

rease in heat transfer coefficient, since the higher the mass flux 

s, the higher the frequency of intermittent wetting is. However, 

o direct link could be established between the frequency of this 

ow pattern variation and the wall temperature data, possibly due 

o a combination of the time constant of the thermocouples and 

he sampling rate that was used. 

The flow patterns and heat flux can also be used to interpret 

he increase of the heat transfer coefficient beyond a vapour qual- 

ty of 0.40 for a mass flux of 80 kg/m 

2 s while staying relatively

onstant for mass fluxes of 40 and 60 kg/m 

2 s ( Fig. 10 a) for a heat

ux of 2.5 kW/m 

2 , or even decreasing for higher heat fluxes of 5.0 

nd 7.5 kW/m 

2 ( Figs. 10 b and c). The flow patterns observed for

he three mass fluxes in Fig 10 a at a vapour quality of 0.40 and

.70 are shown in Fig. 14 in order to explain this. 

As can be seen in Figs.14a and 14b, the flow pattern transitions 

etween a stratified wavy form at a vapour quality of 0.40 (where 

he wall is partially dry), to a hybrid annular/stratified wavy pat- 

ern (where the pipe wall is completely wet) at a vapour quality 

f 0.70, for a mass flux of 80 kg/m 

2 s. This is contrasted with the

ure stratified wavy flow pattern obtained for mass fluxes of 40 

nd 60 kg/m 

2 s at all vapour qualities, in Fig. 14 c to f. 

For the hybrid/intermittent annular flow pattern, as the vapour 

uality increases, the liquid film wetting the top of the pipe be- 

omes thinner, facilitating a higher heat transfer coefficient, as re- 

orted by other authors for mass fluxes higher than 80 kg/m 

2 s. 

he almost negligible increase in heat transfer coefficient for mass 
15 
uxes of 40 and 60 kg/m 

2 s for a heat flux of 2.5 kW/m 

2 results

rom a large portion of the pipe wall being dry throughout the 

apour quality range. 

At higher heat fluxes, the stratification (and thus the dry 

erimeter) is thought to be more pronounced at all mass fluxes. 

he mass fluxes of 40 and 60 kg/m 

2 s are insufficient to wet the 

ipe perimeter, resulting in a decreased heat transfer coefficient as 

he vapour quality increases and the dry portion of the perimeter 

ecomes larger. The mass flux of 80 kg/m 

2 s shows an increase in 

eat transfer coefficient at the higher heat fluxes, although this in- 

rease is lower than at a heat flux of 2.5 kW/m 

2 . It is hypothesised

hat partial dryout of the top of the pipe wall at heat fluxes of 5.0

nd 7.5 kW/m 

2 may be the cause. 

.4. Comparison with correlations 

Some widely trusted correlations were used in an attempt to 

xamine if any could capture the behaviour shown in Figs. 10 a, 

1 c and 12 . Specifically, the behaviour that needed to be replicated 

as the peak in heat transfer coefficient for lower vapour quali- 

ies in the first stages of the test section and the drastic reduction 

owards the exit of the tube. 

Apart from the Fang et al. [36] correlation, all of these corre- 

ations incorporate the nucleate boiling contribution in some way. 

n the Liu-Winterton [38] and Gungor-Winterton [37] correlations, 

 boiling suppression factor is introduced, which is multiplied by 

he nucleate boiling contribution in the eventual summation to ob- 

ain the two-phase heat transfer coefficient. In the Bertsch et al. 

39] correlation, the vapour quality for which the heat transfer co- 

fficient is being predicted is combined with the nucleate boiling 

eat transfer coefficient before summation with the convective liq- 

id and vapour heat transfer coefficients. The Kandlikar [40] cor- 

elation calculates the boiling heat transfer coefficient with a set 

f constants for the nucleate and convective boiling region sepa- 

ately, and chooses the maximum heat transfer coefficient, and the 

ojtan-Ursenbacher-Thome [35] correlation implements a nucle- 

te boiling contribution in the calculation of the wetted perimeter 

eat transfer coefficient. Moran et al. [26] investigated the appli- 

ability of pool boiling correlations to R-245fa boiling flows at nu- 

leate boiling-dominant conditions but found them to have poor 

redictive capability for the experimental conditions. 

The values of predicted heat transfer coefficient (pink empty 

ircles) are compared with the actual heat transfer coefficient 

blue filled circles), and are shown in Fig. 15 for different corre- 

ations and flows with a mass flux of 80 kg/m 

2 s and heat flux of

.5 kW/m 

2 . 

As can be seen in Figs. 15 a to d, the correlations do not predict

he peak at all, and only at higher qualities, where the flow pattern 

s assumed to be largely the same throughout the tube length, do 

he correlations of Liu-Winterton [38] , Gungor-Winterton [37] , and 

andlikar [40] start to predict within acceptable levels. The Fang 

t al. [36] correlation, shown in Fig. 15 e, despite its apparent ac- 

uracy, is limited in application, because it uses the measured lo- 

al wall temperature in its formulation. Therefore, the correlation 

annot predict this local wall temperature iteratively. On the other 

and, the flow pattern-based correlation of Wojan-Ursenbacher- 

home [35] captures the general trend of the heat transfer coef- 

cient fairly well, although the accuracy is unsatisfactory. 

Taking a step back to consider the correlations in Fig. 15 a to f,

nd the data used to predict the heat transfer coefficient, it be- 

omes clear that none of the correlation formulations have any 

ay of accounting for changes between tube inlet and outlet. In 

indsight, it seems obvious that some way of accounting for the 

hanges happening in the tube needs to be applied. The Fang et al. 

36] correlation takes this into account by using the actual wall 

emperature in the correlation. The flow pattern-based correla- 



W.J. Van den Bergh, H.R. Moran, J. Dirker et al. International Journal of Heat and Mass Transfer 180 (2021) 121743 

Fig. 13. Representative flow patterns at the inlet for a heat flux of: (a) 2.5 kW/m 

2 , and (b) 5.0 kW/m 

2 , at an inlet vapour quality of 0.20 and mass flux of 80 kg/m 

2 s. 

Fig. 14. Flow patterns illustrating the transition from stratified wavy flows to hybrid/intermittent flows for a mass flux of 80 kg/m 

2 s and a heat flux of 2.5 kW/m 

2 . 
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ion of Wojtan-Ursenbacher-Thome [35] takes changes in the tube 

nto account by predicting the flow pattern and adjusting the heat 

ransfer correlation accordingly. Though the flow map is incorrect 

n exactly determining which flow pattern is present, and its ac- 

uracy is not sufficient for this case, it is felt that this approach is 

he only accurate way of calculating the heat transfer coefficient 

here the flow pattern changes inside a tube. Future studies will 
16 
eed to gather more data before attempting to adjust the corre- 

ation and the flow pattern map. Incorporating the known condi- 

ions and fluid properties into the flow pattern maps, and adjusting 

he hard cut-off lines for qualities and mass fluxes between flow 

atterns, seem to be the focus of future studies. Regardless, this 

tudy showed that flow pattern-based correlations are perhaps the 

nly applicable means of predicting the heat transfer coefficient in 
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Fig. 15. Comparisons with heat transfer coefficient predictions from well-known correlations for a mass flux of 80 kg/m 

2 s and a heat flux of 2.5 kW/m 

2 . 

17 
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odern industrial applications where the mass and heat flux are 

elatively low. 

. Conclusions 

Low mass and heat flux applications are becoming more preva- 

ent, as are components and systems that rely on the boiling of 

efrigerants and specifically of R-245fa, making studies of the in- 

ube boiling behaviour of such refrigerants and at these condi- 

ions increasingly of interest. In particular, there is a growing need 

o find applicable correlations to predict the heat transfer coeffi- 

ient in relevant flows. The following observations can be made for 

he in-tube flow boiling of R-245fa at low heat and mass fluxes, 

hich was investigated experimentally in a dedicated facility in 

his work: 

• The mass flux had an impact on the heat transfer coefficient, 

with an increasing mass flux resulting in a higher heat transfer 

coefficient, as found by most authors listed in Table 1 . 
• The results corresponding to flows with imposed mass flux val- 

ues of 40 and 60 kg/m 

2 s and heat flux values of 5.0 and

7.5 kW/m 

2 showed the heat transfer coefficient was weakly de- 

pendent on the vapour quality. This is in agreement with find- 

ings from related research [ 23 , 24 ]. 
• However, for flows with a higher mass flux of 80 kg/m 

2 s and 

for vapour qualities above 0.40, the heat transfer coefficient 

showed a definite increase with increasing vapour quality for 

all investigated heat fluxes. This was explained in terms of the 

flow pattern transitioning to a stratified wavy and annular hy- 

brid/intermittent flow. It was also hypothesised that this was 

amplified at lower heat fluxes due to the properties of the fluid 

and the absence of dryout in the tube. 
• For flows with the lowest imposed heat flux of 2.5 kW/m 

2 , pe- 

culiar behaviour was observed in the local heat transfer coef- 

ficients for vapour qualities between 0.15 and 0.35 at the inlet 

to the tube. When compared to extant values found in litera- 

ture, those obtained for the two higher heat fluxes considered, 

and those predicted by common correlations, the heat transfer 

coefficients were abnormally high. This correlated with direct 

visual observations which confirmed the intermittent wetting 

of the tube wall by the combined slug and stratified wavy flow 

patterns. The conditions resulted in the tube wall staying wet 

for a larger portion of the test length. 
• Well-known correlations were applied in an attempt to capture 

the peaks in heat transfer coefficient at a mass flux of 80 kg/m 

2 

s and a heat flux of 2.5 kW/m 

2 . 
• The flow pattern-based method was the only correlation that 

could capture these peaks, although the accuracy was consid- 

ered unsatisfactory for most design requirements. 
• The flow pattern map was not sufficiently accurate to detect the 

flow pattern shift in the tube. 
• Additional work needs to be done in order to improve the pre- 

dictive power of such correlations which relies critically upon 

correctly capturing the flow patterns to account for these peaks. 

It is recommended that more studies be conducted at low heat 

uxes in order to verify the results of this study and to capture 

oth the inlet and outlet flow pattern for comparison. A detailed 

requency analysis at different sampling rates to gauge the effect 

f the flow pattern on the wall temperature should also be per- 

ormed. The contribution of nucleate boiling in the correlations 

onsidered could also be investigated. Also of interest would be 

nvestigating the secondary flows induced in the fluid under non- 

niform heat fluxes (as observed by Wang et al. [41] for mass 

uxes of 193 to 386 kg/m 

2 s and heat fluxes of 10 to 36 kW/m 

2 )

t the lower mass and heat fluxes in this study. 
18 
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