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a b s t r a c t 

The paper presents the results of experimental study of flow boiling of R1233zd(E) in minichannel at 

moderate and high saturation temperatures. The heat transfer coefficient and pressure drop were mea- 

sured for flow boiling in a stainless steel tube with 2 mm inside diameter and a length of 300 mm. Ex- 

periment has been conducted for saturation temperatures ranging from 83 to 145 °C which corresponds 

to values of reduced pressures ranging from 0.2 to 0.7. Three different heat fluxes were analyzed, namely 

20, 30 and 45 kW/m 

2 and mass velocities ranged from 200 to 10 0 0 kg/m 

2 s. The effects of reduced pres- 

sure, mass velocity, heat flux, vapor quality and flow regime were analyzed. At low reduced pressures 

(p r ≤ 0.3) heat transfer is driven by convective boiling mostly with nucleate boiling having effect only in 

the case of low mass velocities. Heat transfer in this case increases with mass velocity and vapor quality 

and is independent of heat flux. For reduced pressures of 0.4 and 0.5 both nucleate and convective boiling 

are present, however the nucleate boiling starts to be more dominant here, especially for low mass ve- 

locities and high heat fluxes. For low mass velocities and/or higher heat fluxes the heat transfer decrease 

or is independent of vapor quality, whereas for higher mass fluxes and/or lower heat fluxes it is initially 

independent of vapor quality and starts to increase close to the transition from intermittent to annular 

flow. At the range of high reduced pressures (p r ≥ 0.6) nucleate boiling is the dominant heat transfer 

mechanism. Experimental results were compared with some well-known two-phase flow correlations. 

© 2023 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 

Recently there is observed an increased interest in the develop- 

ent of new heat transfer installations where either flow boiling 

r flow condensation are employed under conditions close to the 

hermodynamic critical point. For example, mentioned here can be 

he organic Rankine cycle (ORC) installations as well as high tem- 

erature heat pumps (HTHP) which are very attractive options for 

xample in recovery of heat from industrial processes or waste 

eat. In these applications either new fluids are implemented or 

he known ones are used under conditions reaching the thermody- 

amic critical point. Prediction of pressure drop and heat transfer 

nder such conditions can usually be made using empirical meth- 

ds using models developed for specific fluids, however, these con- 

itions of operation have scarcely been confirmed by experiments. 

oreover, the methods developed for single fluids or a restricted 

umber of fluids suffer from not being general and cannot be ap- 

licable to a variety of fluids. Lack of experimental evidence of 
∗ Corresponding author. 
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ressure drop and heat transfer characteristics at moderated and 

igh saturation pressures come from the fact that hitherto appli- 

ations regarded mainly refrigeration applications, i.e. small val- 

es of reduced pressures. Reduced pressure is defined as a ratio 

f saturation pressure of the actual experiment to the value of 

ressure corresponding to the thermodynamic critical point. Lit- 

rature review shows a gap in knowledge on flow boiling of low 

oiling point fluids at high saturation temperatures (above 120 °C) 

or medium/high values of reduced pressures (0.5–0.9). 

In the vicinity of the thermodynamic critical point the proper- 

ies of both liquid and vapor phases change dramatically, especially 

or the reduced pressures higher than 0.8 [1] , the changes are sum- 

arized in Fig. 1 which was developed based on the data from EES 

oftware [2] . Additionally, due to almost non-existent surface ten- 

ion, the flow structures present in flow boiling at moderate and 

igh saturation pressures are different than those found at low val- 

es of reduced pressure. 

Most of the existent experimental data on flow boiling near the 

hermodynamic critical point was conducted for horizontal chan- 

els. Very few works deal with vertical upflow. Notable for that 

opic is an excellent review recently published by Marchetto et al. 

1] . The main conclusion from that study is that flow patterns 
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Nomenclature 

C p specific heat 

d diameter 

f friction factor 

G mass velocity 

h enthalpy 

h lv latent heat of vaporization 

l length 

˙ m mass flow 

MAE mean absolute error 

p pressure 

˙ q heat flux 

˙ q v heat generation 

r radius 

T temperature 

x vapor quality 

Greek symbols 

α heat transfer coefficient 

δ uncertainty 

λ thermal conductivity 

ρ density 

ϭ surface tension 

Subscripts 

h hydraulic 

in inner 

l liquid state 

pH preheater 

r reduced conditions 

sat saturation 

ss stainless steel 

sub sublimation 

test test section 

v vapor state 

or flow boiling heat transfer at moderate and high reduced pres- 

ures are not consistent. Authors divided them into three cate- 

ories, namely of no influence, or decreasing and increasing trends. 
Fig. 1. Thermophysical properties of R1233zd(E) in function 

2 
n the group of experimental results indicating increasing distribu- 

ions which are mostly found for reduced pressures p r < 0.5, the 

esearchers highlighted the common presence of U-shaped distri- 

utions of heat transfer. In such specific cases, the heat transfer co- 

fficient initially decreases which is associated with the nucleation 

rocess, and then starts to increase creating distributions which re- 

ind the letter ‘u’. The latter increase stems from the suppression 

f nucleation process with simultaneous development of convec- 

ive boiling process. Fig. 2 presents typical qualitative distributions 

f U-shaped type for different mass velocities. 

Belyaev et al. [3] conducted experimental study of vertical up- 

ow boiling heat transfer of R113 and RC318 in channels with di- 

meters of 1.36 and 0.95 mm, respectively. Saturation temperature 

as examined in the range from 30 to 180 °C. Authors concluded 

hat for values of reduced pressures higher than p r = 0.4 the heat 

ransfer trends resemble the ones for conventional minichannels 

espite small diameter of test sections. Mawatari and Mori [4] also 

tudied flow boiling in vertically positioned tube. The main subject 

f their study was related to post critical heat flux data. Investiga- 

ors highlighted two different post-CHF heat transfer trends which 

ere dependent on mass fluxes. 

Charnay et al. [5–8] investigated flow boiling of R245fa in a hor- 

zontal tube of 3 mm inside diameter. The study was performed 

or saturation temperatures in the range from 60 to 120 °C. The 

ajor finding of that work was that with increase in saturation 

emperature the importance of nucleate boiling increases. That is a 

ignificant novelty in understanding the flow structures at higher 

educed pressures in flow boiling. Dominance of nucleate boiling 

t high reduced pressures was also confirmed by many different 

orks made for horizontal channels [9–12] . It is apparent that nu- 

leate boiling is of increasing dominance in heat transfer and flow 

tructures with increasing reduced pressures. Billiet et al. [9] tested 

245fa in a 3 mm inside diameter horizontal channel for various 

aturation temperatures ranging from 40 to 125 °C. For low satura- 

ion temperature, the heat transfer coefficient increased with mass 

elocity and vapor quality, whereas for higher values of satura- 

ion temperature opposite trends were found. Convective boiling or 

oth convective and nucleate boiling were found for lower reduced 

ressures. Lillo et al. [13] investigated flow boiling of R448A and 

404A for reduced pressures lower than 0.5. They observed that 

or low mass velocities the heat transfer was dominated by nucle- 
of reduced pressure, extracted from EES database [2] . 
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Table 1 

Overview of studies concerning heat transfer and pressure drop in the area of high reduced pressures and/or high saturation temperatures. 

Authors Fluid (p r ) Shape of channel/orientation D h [mm] ˙ q [kW/m 

2 ] G [kg/m 

2 s] 

Belyaev et al. [3] R113 (0.16–0.68); 

RC318 (0.69–0.9) 

Cylindrical / vertical upflow 0.95–1.36 50.6–907 700–4830 

Mawatari and Mori [4] R134a (0.92–0.99); R22 

(0.96–0.99) 

Cylindrical / vertical upflow 4.4 9–48 400–1000 

Charnay et al. [5–8] R245fa (0.13–0.53) Cylindrical / horizontal 3 10–50 300–1000 

Billiet et al. [9] R245fa (0.07–0.58) Cylindrical / horizontal 3 10.9–54 100–1000 

Grauso et al. [10] R410A (0.19–0.52) CO 2 (0.57) Cylindrical / horizontal 6 5–21.4 149–526 

Zhang et al. [11] R134a (0.62–0.81) Cylindrical / horizontal 10.3 20–50 300–600 

del Col [12] R22 (0.27); R125 (0.39); R134a 

(0.19–0.29); R410A (0.49–0.50) 

Cylindrical / horizontal 8 9–52.5 200–400 

Lillo et al. [13] R448A(0.27–0.46); 

R404A(0.33–0.54) 

Cylindrical / horizontal 6 10–40 150–600 

Guo et al. [14] R134a (0.10–0.88) R245fa 

(0.11–0.31) 

Cylindrical / horizontal 10 6–24 100–318 

Fig. 2. U-shaped heat transfer trends for different mass velocities. 
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te boiling, however for higher mass velocities ( G > 400 kg/m 

2 s) 

he convective boiling was seen to be more dominant. Similarly, 

uo et al. [14] noticed increase in heat transfer coefficient with va- 

or quality of R134a which suggests dominance of convective boil- 

ng. Such a trend was seen despite high values of reduced pressure 

eached during this study (0.1–0.88). The details of all presented 

bove studies are summarized in Table 1 . 

The objective of the present paper is to accomplish a study of a 

ery perspective new thermodynamic fluid R1233zd(E) at moder- 

te and high saturation temperatures, which will confirm the gen- 

ral findings gathered to date. Both, pressure drop and heat trans- 

er are studied. As a result the available database of pressure drop 

nd heat transfer data will be increased. 

. Experimental setup 

The experiment was carried out in order to measure the heat 

ransfer and pressure drop of R-1233zd(E) during flow boiling in a 

ertical stainless steel tube of 2 mm inside diameter and 300 mm 

ength. Saturation temperature varied in the range from 83 to 
3 
45 °C, which corresponded to reduced pressure variation from 

.2 to 0.7. Heat flux in the experiment varied between 15 and 

5 kW/m 

2 whereas mass velocities were examined in the range 

0 0–10 0 0 kg/m 

2 s, respectively. Table 2 presents values of the ther- 

ophysical properties of R1233zd(e) at the values of reduced pres- 

ure values considered in the tests [2] . 

Fig. 3 presents a schematic of experimental facility. It consists of 

wo loops, that is the test fluid (working fluid) and oil loop. Refrig- 

rant is circulated in the loop by the diaphragm pump. Its flowrate 

s measured using the Coriolis-type flowmeter. Next in the loop are 

ound the microvalve, preheater, test section and then the test fluid 

oes directly to the condenser either through the by-pass or visu- 

lization section. Oil is used as a cooling fluid in the condenser. 

n order to maintain stable conditions at the inlet to the working 

uid pump, the oil loop was equipped with a tank and a pump 

hich assured high mass flow rates with small temperature differ- 

nce between oil at the inlet and the outlet of condenser. Stable 

emperature of oil is assured thanks to the oversized tank cooled 

y network water. 

The mass flow rate in the test section is controlled in three dif- 

erent ways: by rotational velocity of the pump, by the by-pass 

eedle valve, or by the needle valve placed before the preheater. 

he saturation pressure in the system is sustained with the aid of 

he bladder accumulator which is filled with nitrogen on one side 

nd the liquid working fluid on the other side. Additionally, ac- 

umulator serves as a flow and pressure stabilizer for the pump. 

 three meters long spirally formed preheater with inside diame- 

er of 4.57 mm is preparing the required parameters for the test 

ection, usually to feature the saturated conditions at inlet or in 

ome cases initially evaporated. Preheater is used to control the va- 

or quality at the test section inlet. Preheater and test section are 

eated by the Joule effect using two separate DC voltage suppli- 

rs. Two pressure transducers and two K-type thermocouples are 

nstalled at the inlet and outlet of the test section. Eighteen K-type 

hermocouples are soldered to the wall of test section (respectively 

ine at the bottom and nine at the top). The details of section are 

resented in Fig. 3 . 

All of the thermocouples were calibrated at 3 different temper- 

ture points at certified laboratory. Preheater and test section are 

lectrically insulated by PEEK separators. 3D model of the test sec- 

ion is presented in Fig. 4 . 

Visual test section consists of borosilicate glass tube with in- 

ide diameter of 3 mm and high speed camera. Visualization test 

ection is presented in Fig. 5 . Vapor exiting the test section is con- 

ensed and subcooled in a plate heat exchanger. 

Data acquisition is made with a use of National Instruments NI 

XIe-1071 (DAQ) connected to PC. National Instruments LabView 

oftware is used for this purpose with self-written code. 
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Fig. 3. Experimental facility schematic: 1 – diaphragm pump, 2 – bladder hydro-accumulator, 3 – pressurized nitrogen tank, 4 – Coriolis flowmeter, 5 – control valve, 

6 – preheater, 7 – heat transfer test section, 8 – visualization test section, 9 – led light source, 10 – fast camera, 11 – condenser, 12 – oil loop. 

Fig. 4. 3D model of heat transfer test Section. 1 – fastening flange, 2 – Teflon seal, 3 – stainless-steel test section, 4- soldered thermocouples, 5 – screws, 6 – DC current 

connectors, 7 – PEEK electrical insulators, 8 – Teflon screw electrical insulators, 9 – nuts. 

4 
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Table 2 

Properties of R1233zd(E) at different reduced pressures used in experiment. 

Reduced 

pressure [-] 

Saturation 

temperature [C] 

Pressure 

[bar] 

Liquid specific 

heat [kJ/kg] 

Heat of vaporization 

[kJ/kg] 

0.2 83.41 7.14 1.35 155.57 

0.3 101.26 10.71 1.41 141.38 

0.4 115.07 14.28 1.49 128.55 

0.5 126.48 17.85 1.58 116.15 

0.6 136.27 21.43 1.72 103.59 

0.7 144.85 24.99 1.94 90.25 

Fig. 5. Visualization test section – borosilicate glass tube, d in = 3 mm, l = 100 mm. 
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Fig. 6. The heat transfer coefficient in a function of vapor quality with calculated 

uncertainty – reduced pressure 0.4, G = 600 kg/m 

2 s and q = 20 kW/m 

2 . 

Fig. 7. The heat transfer coefficient in a function of vapor quality with calculated 

uncertainty – reduced ressure 0.4, G = 800 kg/m 

2 s and q = 20 kW/m 

2 . 
. Data processing and reduction 

Heat transfer coefficient and pressure drop of R1233zd(E) are 

easured during experiment. 

The root-sum-square (RSS) method [15] is used for error prop- 

gation, which reads: 

q = 

√ (
∂q 

∂x 
δx 

)2 

+ .. + 

(
∂q 

∂z 
δz 

)2 

(1) 

here q is the experimental result calculated based on other vari- 

bles (x, …, z) which are measured with known uncertainty δ. Ex- 

mples of obtained uncertainty for the mean heat transfer coeffi- 

ient are presented on Figs. 6 and 7 : 

The uncertainty of the heat transfer coefficient varied from few 

ercent for post-dryout data to around 20% for the highest val- 

es of heat transfer coefficient due to small temperature difference 

etween fluid and wall. Table 3 presents the experimental details 

ith maximum values of calculated uncertainty. 

Tests are carried out by monitoring mass flux and calcu- 

ated values of vapor quality and saturation temperature. Data is 

ecorded when certain conditions are satisfied in a time of 10 min, 

amely the deviation of mass flux lower than 1.5% of current value, 

he deviation of saturation temperature not higher than 0.5 °C and 

apor quality deviation not higher than 1%. 
5 
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Table 3 

Range of the experimental parameters in the study. 

Parameters Values 

Maximum 

uncertainty 

d (mm) 2.0 ± 0.05 

l (mm) 300 ± 0.1 

G (kg/m 

2 s) 400–1000 ± 6.5% 

˙ q preheater (kW/m 

2 ) 0.1–50.0 ± 4.5% 

˙ q test section (kW/m 

2 ) 20.0–45.0 ± 10.2% 

T sat ( °C) 83–145 ± 0.5 

P sat (kPa): 714–1430 ± 14.0 
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Fig. 8. Comparison of the experimental single-phase pressure drop with values ob- 

tained due Blasius [17] . 
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Enthalpy at the inlet of test section is calculated from the en- 

rgy balance of the preheater: 

 1 = h 0 + 

˙ Q ph 

˙ m 

(2) 

here: h 0 is enthalpy at the inlet of preheater, calculated on the 

asis of temperature and pressure measurements, Q ph is power 

utput delivered to the preheater and m is the mass flow. 

The vapor quality at position y of the test section is calculated 

ith the local enthalpy calculations: 

 y = 

h 1 + 

˙ Q test 

˙ m 

l y 
l test 

− h 1 , sat 

h lv 
(3) 

here: x y is vapor quality at the position y of the test section, h 1 

s enthalpy at the inlet of test section calculated on the basis of 

emperature and pressure measurements, Q test is power output de- 

ivered to test section, l y is the position of the measurement point 

nd l test is the length of test section, h 1saturated is the saturated liq- 

id enthalpy at the inlet of test section and h lv is latent heat of

aporization calculated for saturation temperature. 

There are two cases possible during experiment, i.e. the one in 

hich subcooled liquid enters the heat transfer test section and 

he second one in which the liquid-vapor mixture featuring some 

uality enters the test section. 

In the first case in order to deduce the saturation temperature 

he single phase pressure drop at the beginning of the test section 

as to be calculated: 

P l = 

2 · G 

2 · f l · l sub 

ρl · d in 
(4) 

here G denotes a mass velocity, l sub is the subcooled length, f l is 

riction factor calculated on the basis of Blasius correlation, ρ l is a 

ingle phase density and d in is inside diameter of test section. 

Calculation of subcooled length is based on energy balance: 

 sub = 

˙ m · c p 

˙ q test · π · d in 
· ( T sat − T 1 ) (5) 

here q test is heat flux generated in a tube by Joule effect. 

Saturation temperature is deduced with the use of EES software 

n the basis of saturation pressure: 

p sat. test = p test.in − �p l (6) 

Taking into account the saturation pressure from Eq. (6) the sat- 

ration temperature at position y for the first experimental case is 

alculated using EES software: 

 sat.y = T sat ( p sat.y ) (7) 

here saturation pressure is calculated from the following equa- 

ion: 

p sat.y = p sat.test − ( �p total − �p l ) ·
(

l y − l sub 

l test − l sub 

)
(8) 
G

6

In the second experimental case, where saturated two-phase 

uid enters test section, the saturation pressure is calculated with 

he following equation: 

p sat.y = p sat .test .in − ( �p total ) ·
(

l y 

l test 

)
(9) 

Temperature at the inner wall at position y (first thermocouple) 

s deduced from Eq. (10) which was derived based on the assump- 

ion of uniform heat generation in the channel. 

 wal l .in.y 1 = T wal l .out.y 1 + 

˙ q V 
(
r 2 outer − r 2 

inner 

)
4 · λSS 

− ˙ q V · r 2 outer 

2 · λSS 

· ln 

(
r outer 

r inner 

)
(10) 

here T wall.out.y1 is the temperature measured at position y, q v is 

he volumetric heat generation, r outer is the radius of outer wall, 

 inner is the radius of inside wall and λSS is heat conductivity of 

he tube wall. Temperature inside the tube wall is calculated as 

verage from both thermocouples located at position y: 

 wal l .in.y = 

T wal l .in.y 1 + T wal l .in.y 2 

2 

(11) 

Finally the heat transfer coefficient at position y is calculated 

ith Eq. (12) : 

y = 

˙ q test 

T wal l .in.y − T sat.y 
(12) 

. Single-phase flow tests 

Validation of experimental facility has been performed with 

he use of single-phase flow tests. Energy balance of the test sec- 

ion and the preheater showed that overall mean heat lost to 

he surroundings is equal to 8% and 12%, respectively. The heat 

ransfer coefficient measurements were compared with the well- 

stablished correlation by Gnielinsky [16] . The pressure drop was 

ompared with Blasius correlation [17] . The results of the compar- 

son are presented in Figs. 8 and 9 . The results achieved during 

ests were in good accuracy with models. Heat transfer coefficient 

as predicted with mean absolute percentage error of 6.79% by 

nielinsky correlation. 
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Fig. 9. Comparison of the single-phase test results αexp with αth obtained using the 

Gnielinski correlation [16] . 

Fig. 10. Pressure drop in a function of vapor quality for different reduced pressures, 

mass velocity G = 600 kg/m 

2 s and heat flux q = 20 kW/m 

2 . 

5
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Fig. 11. Pressure drop in a function of vapor quality for different reduced pressures, 

different heat fluxes, and mass velocity G = 800 kg/m 

2 s. 

Fig. 12. Pressure drop in a function of vapor quality for different mass velocities, 

reduced pressure p r = 0.4, and heat flux q = 20 kW/m 

2 . 
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. Results 

Experiment has been conducted for saturation temperatures 

anging from 83 to 145 °C which corresponds to values of reduced 

ressures from 0.2 to 0.7. Three different heat fluxes were ana- 

yzed, namely q = 20, 30 and 45 kW/m 

2 whereas mass velocities 

anged from 200 to 10 0 0 kg/m 

2 s. The effects of reduced pressure,

ass velocity, heat flux, vapor quality and flow regime were ana- 

yzed. 

. Pressure drop 

Figs. 10–12 presents the pressure drop in function of vapor 

uality for various operating conditions. Fig. 10 shows the influ- 
7

nce of reduced pressure on pressure drop for mass velocity, G 

qual to 600 kg/m 

2 s and heat flux equal to 20 kW/m 

2 . The higher

re the values of reduced pressure the smaller the encountered 

ressure drop. Close to the thermodynamic critical point the liq- 

id surface tension decreases which leads to smaller values of fric- 

ion factor. Additionally the difference between phase velocities 

ecrease which leads to smaller friction between the phases and 

n the same way to smaller pressure drop. Influence of heat flux 

n pressure drop is shown in Fig. 11 . It can be noted that there is a

egligible effect of applied heat flux on pressure drop. Some effect 

s present only at lower values of reduced pressure. In Fig. 12 pre- 

ented is the relation of pressure drop to mass velocity at a con- 

tant value of reduced pressure, p r = 0.4, and a value of heat flux 

qual 20 kW/m 

2 . A typical dependence is obtained, that is the 

ressure drop increases with increasing mass velocity. 
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Fig. 13. Heat transfer coefficient in a function of vapor quality for different heat 

fluxes, reduced pressure p r = 0.2 and mass velocity G = 800 kg/m 

2 s (I – intermittent 

flow; A – annular flow). 

Fig. 14. Heat transfer coefficient in a function of vapor quality for different heat 

fluxes, reduced pressure p r = 0.4 and mass velocity G = 800 kg/m 

2 s (I – intermittent 

flow; A – annular flow). 
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Fig. 15. Heat transfer coefficient in a function of vapor quality for different heat 

fluxes, reduced pressure p r = 0.7 and mass velocity G = 800 kg/m 

2 s (I – intermittent 

flow; A – annular flow). 

c

C

c

f

q

fl

c

t

g

i

s

o

w

t

o

t

e

h  

h

r

e

7

F

t  

q  

h

t

t

d

G  

o

t

v

p

a

. Heat transfer 

.1. Effect of heat flux 

Figs. 13–15 show the influence of heat flux on overall heat 

ransfer coefficient for different reduced pressures, p r = 0.2; 0.4 

nd 0.7 and for one mass velocity ( G = 800 kg/m 

2 s). Dashed line

resents the boundary between intermittent flow (denoted by let- 

er ‘I’) and annular flow (denoted by ‘A’). The intermittent flow 

roup is represented by bubbly flow, slug flow, and the combina- 

ion of bubbly and slug flows. For reduced pressure p r = 0.2, there 

s no effect of heat flux for the entire vapor quality variation. The 
8 
hurn flow and annular flow are most common flow structures. 

onvective boiling is dominant heat transfer mechanism for these 

onditions. For reduced pressures p r = 0.3, 0.4, 0.5 the heat trans- 

er increases with increase in the heat flux in the area of low vapor 

uality whereas with the transition from bubbly flow to annular 

ow the effect of heat flux diminishes. Both nucleate boiling and 

onvective boiling are present. For reduced pressures p r = 0.6, 0.7 

he heat transfer coefficient is independent of heat flux at the be- 

inning of the evaporation process and decreases with the increase 

n heat flux for higher values of vapor quality. Such behavior is 

trongly connected to the occurrence of the dryout phenomena. In 

ur study the occurrence of dryout was identified in two different 

ays. For decreasing trends we connected it with the drop in heat 

ransfer coefficient higher than 20% across vapor quality increment 

f 0.1. For other trends we identified dryout by sudden drop in heat 

ransfer coefficient. Similar reasoning was proposed by Marchetto 

t al. [1] . The higher the reduced pressure the stronger the effect of 

eat flux on dryout. For the case of reduced pressure p r = 0.2 the

eat flux has no influence on dryout however, for higher values of 

educed pressures, we observed that the higher the heat flux the 

arlier dryout occurs. 

.2. The effect of mass velocity 

The effect of mass velocity on heat transfer is presented in 

igs. 16–19 . Each graph represents different reduced pressures, 

hat is p r = 0.2; 0.4; 0.6 and 0.7 with fixed heat flux equal to

 = 20 kW/m 

2 . In the case of reduced pressure p r = 0.2, the

eat transfer coefficient increases with mass flux which confirms 

he dominance of convective boiling. However, at low vapor quali- 

ies the heat transfer is independent from mass velocity which in- 

icates influence of nucleate boiling, especially for mass velocity 

 = 400 kg/m 

2 s. For reduced pressure p r = 0.4 two trends can be

bserved, for mass velocities lower than G = 400 kg/m 

2 s the heat 

ransfer coefficient is independent of mass flux whereas for mass 

elocities higher then G = 400 kg/m 

2 s the heat transfer is inde- 

endent of mass velocity at the beginning of evaporation process 

nd starts to increase with mass velocity after the transition to an- 
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Fig. 16. Heat transfer coefficient in a function of vapor quality for different mass 

fluxes, reduced pressure p r = 0.2 and heat flux q = 20 kW/m 

2 (I – intermittent flow; 

A – annular flow). 

Fig. 17. Heat transfer coefficient in a function of vapor quality for different mass 

fluxes, reduced pressure p r = 0.4 and heat flux q = 20 kW/m 

2 (I – intermittent flow; 

A – annular flow). 
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Fig. 18. Heat transfer coefficient in a function of vapor quality for different mass 

fluxes, reduced pressure p r = 0.6 and heat flux q = 20 kW/m 

2 (I – intermittent flow; 

A – annular flow). 

Fig. 19. Heat transfer coefficient in a function of vapor quality for different mass 

fluxes, reduced pressure p r = 0.7 and heat flux q = 20 kW/m 

2 (I – intermittent flow; 

A – annular flow). 

7

v

f

c  

t

s

q

i

c

r

ular flow. For mass fluxes lower than G = 400 kg/m 

2 s the bub-

ly flow regime was observed even at high values of vapor qual- 

ty which indicated strong effect of nucleate boiling on overall heat 

ransfer. At the reduced pressures p r = 0.6, 0.7 the observed trends 

re entirely different than for the smaller values of reduced pres- 

ures. Heat transfer is driven by nucleate boiling only and the heat 

ransfer is independent of mass velocity or even decreases with 

ncrease in mass velocity. We assume that the further increase in 

ass velocity results in decreasing of the liquid film thickness and 

ven complete entrainment of it which leads to deterioration of 

eat transfer. 
9 
.3. The influence of reduced pressure 

One of the most important tasks of this research was to in- 

estigate the influence of reduced pressure on overall heat trans- 

er. The results are presented in Figs. 20–22 . The results are dis- 

ussed for different mass fluxes ( G = 40 0, 60 0, 80 0 kg/m 

2 s) and

he same heat flux (20 kW/m 

2 ). With increase in reduced pres- 

ure value the heat transfer increases in the region of low vapor 

uality. Due to higher values of reduced pressure the nucleation 

s much more intensive which leads to increase in heat transfer 

oefficient value. With the increase of vapor quality the effect of 

educed pressure diminishes and all of the curves merge, and in 
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Fig. 20. Heat transfer coefficient in a function of vapor quality for different reduced 

pressures, mass velocity G = 400 kg/m 

2 s and heat flux q = 20 kW/m 

2 (I – inter- 

mittent flow; A – annular flow). 

Fig. 21. Heat transfer coefficient in a function of vapor quality for different reduced 

pressures, mass velocity G = 600 kg/m 

2 s and heat flux q = 20 kW/m 

2 (I – inter- 

mittent flow; A – annular flow). 
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Fig. 22. Heat transfer coefficient in a function of vapor quality for different reduced 

pressures, mass velocity G = 800 kg/m 

2 s and heat flux q = 20 kW/m 

2 (I – inter- 

mittent flow; A – annular flow). 

Fig. 23. The heat transfer coefficient in a function of vapor quality. Reduced pres- 

sure p r = 0.4, G = 800 kg/m 

2 s and q = 20 kW/m 

2 . a) Bubbly flow x = 0.11; b) churn 

flow x = 0.17; c) annular flow x = 0.48; d) mist flow x = 0.81. 

i
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w

c

p

7

i

he case of reduced pressures p r = 0.6, 0.7 even the decrease in 

eat transfer can be seen. That behavior can be explained due to 

ecrease of liquid film thickness on the tube wall. Value of reduced 

ressure has also significant impact on the dryout phenomena. The 

igher the value of reduced pressure the earlier the dryout oc- 

urred which also strongly influences the overall heat transfer. All 

hree heat transfer behaviors described by Marchetto et al. [1] have 

een observed. Behaviors are strongly influenced by both reduced 

ressure value and mass velocity. The “no influence” behavior was 

resented only for reduced pressure equal p r = 0.4 and heat flux 

qual q = 43 kW/m 

2 ( Fig. 14 ). Across the experiment the most

ommonly seen behaviors were decreasing and increasing behav- 
10 
ors with U-shaped trend as the representative of increasing one’s. 

he higher the mass velocity the higher the reduced pressure in 

hich the U-shape trend can be observed. For G = 400 kg/m 

2 s the

ecrease behavior is dominant for most of the reduced pressures 

ith U-shaped trend noticed only for 0.2 reduced pressure. In the 

ase of G = 600 kg/m 

2 s U-shaped trend was observed for reduced 

ressures up to 0.4 and for G = 800 kg/m 

2 s up to 0.5. 

.4. The influence of vapor quality and flow structure 

Four different trends were found in the terms of vapor qual- 

ty. The first can be seen for the reduced pressure ranging from 
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Fig. 24. Visualization of flow patterns during flow boiling. Reduced pressure 

p r = 0.4, G = 800 kg/m 

2 s and q = 20 kW/m 

2 . (a) Bubbly flow x = 0.11; (b) churn 

flow x = 0.17; (c) annular flow x = 0.48; (d) mist flow x = 0.81. 

Fig. 25. Results of heat transfer coefficient modeling with a use of a model by Kan- 

dlikar and Balasubramanian [18] . 
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Fig. 26. Results of heat transfer coefficient modeling with a use of a model by Liu 

and Winterton [19] . 

Fig. 27. Results of heat transfer coefficient modeling with a use of the in-house 

model [20] . 
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 r = 0.2 to 0.5 for mass velocities higher than G = 400 kg/m 

2 s and

eat fluxes lower than q = 29 kW/m 

2 . In this trend the heat trans-

er coefficient is independent of vapor quality at the beginning of 

vaporation process and starts to increase for really low values of 

apor quality ( x < 0.15). The change of the behavior is connected 

ith the transition between bubbly flow and the churn flow, which 

s presented in Figs. 23 and 24 (point b). In the second trend the

eat transfer coefficient initially decreases and after the transition 

o the annular flow occurs the increase in heat transfer can be 

een. Sometimes, especially in the case of really small mass fluxes 

he heat transfer was independent of vapor quality after the tran- 

ition to annular flow. These characteristic u- shapes were seen for 

oderate values of mass velocity and moderate reduced pressures. 

bservation of these trends suggests that in this specific conditions 

he flow resembles the flow in conventional channel despite the 

mall diameter of the channel. The third shape noticed was the 

ne in which the heat transfer coefficient is independent of vapor 
11 
uality for the whole vapor quality variation. Such trend was no- 

iced in the case of heat flux equal 43 kW/m 

2 and mass velocity 

qual 800 kg/m 

2 s. The last trend can be seen for reduced pres- 

ures 0.6 and 0.7. For these conditions the heat transfer decreases 

or the whole vapor quality range. 

. Modeling 

Figs. 25–28 presents the results of heat transfer coefficient 

odeling of pre-dryout data with a use of three different mod- 

ls, namely due to Kandlikar and Balasubramanian [18] , Liu and 

interton [19] and the in-house model [20] . The highest accu- 

acy was achieved by the in-house model with the mean absolute 

rror equal to 29.31 and 52.22% of data falling within 30% error 
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Fig. 28. Results of heat transfer coefficient modeling with a use of the in-house 

model [20] in a function of vapor quality. 
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and and 88.20% of data falling within 50% error band. Correla- 

ions by Kandlikar and Balasubramanian [18] , and Liu and Winter- 

on [19] predicted data with MAE equal 34.87% and 32.42%, respec- 

ively. All of the models slightly underestimate the model which 

an be seen in Fig. 28 . 

. Conclusion 

Experimental data of heat transfer and pressure drop for 

1233zd(E) for moderate to high reduced pressures inside 2 mm 

ircular channel was presented. Influence of heat flux, mass veloc- 

ty, reduced pressure, vapor quality and flow structures have been 

iscussed. 

The pressure drop decreases with reduced pressure and in- 

reases with mass velocity. For reduced pressures, p r = 0.5, 0.6, 

.7 the effect of reduced pressure is not noticeable. Heat flux has 

ractically no influence on pressure drop. 

At reduced pressures p r = 0.2 and 0.3 heat transfer is driven by 

onvective boiling mostly with nucleate boiling having effect only 

n the cases of low mass velocities. Heat transfer in this case in- 

reases with mass velocity and vapor quality and is independent of 

eat flux. For reduced pressures p r = 0.4 and p r = 0.5 both nucle-

te and convective boiling are present, however the nucleate boil- 

ng starts to be more dominant here, especially for low mass veloc- 

ties and high heat fluxes. For lower mass velocities and/or higher 

eat fluxes the heat transfer decreases or is independent of vapor 

uality, whereas for higher mass fluxes and/or lower heat fluxes 

t is initially independent of vapor quality and starts to increase 

lose to the transition from intermittent to annular flow. Overall 

or these saturation temperatures the heat transfer increases with 

ass velocity and increases with heat flux. In the case of the re- 

uced pressures p r = 0.6 and 0.7 the two-phase flow resembles 

he one from conventional channels and the nucleate boiling seems 

o be a dominant mechanism. Heat transfer coefficient decreases 

ith vapor quality, decreases with mass velocity, and in overall in- 

reases or is independent of heat flux. However with the increase 

f heat flux the dryout occurs much faster which leads to sudden 

rop in heat transfer capabilities. 
12 
All three heat transfer behaviors were observed: no influence, 

ecreasing and increasing behavior Most commonly observed were 

ecreasing behavior and increasing behavior with U-shaped trend 

s a representative of increasing trends. 

The in-house model presented the highest modeling accuracy 

ut of the three tested models, although in the applied form it has 

ot been tested at high reduced pressures. Most of the results are 

lightly underestimated and improvements concerning higher val- 

es of saturation temperature should be considered. 
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