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Abstract

An experimental study of the critical heat flux (CHF) using R-134a in uniformly heated vertical tube was performed

and 182 CHF data points were obtained from the present work to investigate the CHF characteristics of R-134a. The

investigated flow parameters in R-134a were: (1) outlet pressures of 13, 16.5, 23.9 bar, (2) mass fluxes of 285–1300 kg/

m2 s, (3) subcooling temperatures of 5–40 �C. The CHF tests were performed in a 17.04 mm I.D. test section with

heated length of 3 m. The parametric trends of CHF show a general agreement with previous understanding in the

water. To assess the suitability of the CHF test using R-134a for modeling the CHF in water, Bowring correlation

and Katto correlation were used in the present investigation. It was found that the present test results coincided well

with the data predicted with both correlations. It demonstrates that the R-134a can be used as the CHF modeling fluid

of water for the investigated flow conditions and geometric condition.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The critical heat flux (CHF) is the heat flux at which

boiling crisis occurs and a sudden deterioration of heat

transfer rate occurs. Therefore, critical heat flux of

forced convective boiling is a phenomenon that has been

thought as one of the most important parameters in

designing and operating the heat transfer equipments

with a high heat flux such as once-through boiler, evap-

orator, superconducting magnets, electronic equipment,

rocket engines and so on. Great quantities of experimen-
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tal and theoretical studies concerning CHF in water un-

der forced convective boiling conditions have been

performed over last 50 years. As a result of these efforts,

a lot of methodologies have been developed to predict

the CHF and its characteristics with some uncertainty

[1–6]. There are several empirical prediction methods

useful for different types of fluid [5,6]. Although many

aspects of CHF have been understood to some extent,

experimental investigations are usually limited to the

simplified geometry due to the high expenditure and

complexity. Particularly, to develop with the minimum

cost the new fuel design in nuclear power plants, smaller

scaled CHF tests on electrically heated rods are usually

performed. Recently, many different techniques have

been considered for increasing CHF in forced convec-

tion to increase the efficiency and safety margin of heat
ed.
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Nomenclature

D inside diameter (m)

FG mass flux scaling ratio

FDh latent scaling ratio

FQ heat flux scaling ratio

G mass flux (kg/m2 s)

GP mass flux of prototype fluid (kg/m2 s)

GM mass flux of modeling fluid (kg/m2 s)

hfg latent heat (kJ/kg)

Dh inlet subcooling enthalpy (kJ/kg)

L heated length (m)

LHS left hand side

Min. minimum

P pressure (bar)

qc critical heat flux (kW/m2)

qco qc for Dh = 0 (kW/m2)

RHS right hand side

RMS root mean square

Greek symbols

q density of fluid (kg/m3)

l dynamic viscosity of fluid (Pa s)

r surface tension (N/m)

Subscripts

f saturated liquid

g saturated vapor

M modeling fluid

P prototype fluid
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transfer devices. But, due to the high latent heat and

high critical pressure of water, CHF experiments in

water are very expensive and confined in scale. There-

fore, CHF in fluid with low latent heat and low critical

pressure has been investigated, and several fluid model-

ing technologies have been developed [7–11]. Specially,

in the development of new nuclear fuel design, CHF

using the Freon instead of water has been researched

at the stage of its feasibility study. The CHF studies

by using the modeling fluids such as Freon have been

investigated with two types of approaches. One is the

dimensional analysis approach made by Barnett and

Wood [10], Ahmad [7], and the other empirical approach

initiated by Stevens et al. [9]. Katto has extensively stud-

ied CHF for forced convective boiling with different

working fluids and presented the generalized correla-

tions of CHF of flow boiling in uniformly heated vertical

tubes [5,13]. At the same time, Shah also presented a

graphical correlation to predict CHF covering 11 fluids

for a wide range of flow conditions from subcooled to

high quality [14] and later developed the generalized cor-

relation covering a very wide range and yielding satisfac-

tory prediction with the overall mean uncertainty of

about 16% [6].

In CHF investigation using modeling fluid, the refrig-

erant, R-12 had extensively been used to model the CHF

characteristics of water due to its low latent heat, low

critical pressure, and well known properties [15]. How-

ever, it has been known that CFC (clorofluorocarbon)

family such as R-12, R-12, R-133, R-144, etc., could de-

plete the ozone layer. The refrigerants such as R-134a

and R-152a have been evaluated as an alternative in

modeling CHF in water due to its harmlessness on the

environment [12,16]. Particularly, since the thermo-

physical properties of R-134a are close to R-12, R-

134a is considered to be a new modeling fluid. CHF

experiments using R-134a have been conducted only
by a few researchers [12,17]. Particularly, Tain and

Cheng reported that the CHF test data in R-134a agreed

very well with the CHF data predicted by converting the

standard CHF look-up table from water to R-134a

equivalent condition [12]. These CHF experiments using

R-134a cover a narrow flow condition and particular

tubes with relatively small diameters and short heated

length. Since the tubes used in once-through boiler have

the long heated length and the inside diameter above

10 mm, the further investigations are needed to ensure

that R-134a has the suitability as a CHF modeling fluid

of water for the unexplored geometric conditions.

The main objective of this study is to provide an R-

134a CHF database and to investigate the CHF charac-

teristics of the R-134a in vertical tube covering a wide

range of flow conditions and having the long heated

length and large diameter. This schematic CHF test

using R-134a is used to examine the suitability of R-

134a as a CHF modeling fluid of water in the long

heated tubes with a relatively large diameter. Also, this

CHF data basis will be used as a reference for future

rib effect studies on CHF and to provide physical insight

for CHF enhancement mechanism in the rifled tube,

which is key to the design of once-through boiler. The

experimental data obtained from this study were com-

pared with two different CHF prediction methods to as-

sess the suitability of the CHF test data using R-134a for

prediction of the CHF in water.
2. Experimental apparatus and procedure

2.1. Experimental loop

The CHF experiments were performed in Korea

Advanced Institute of Science and Technology

(KAIST) Freon test facility. The apparatus of the present
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Fig. 1. Schematic diagram of the experimental system [5]. P: pressure instrumentation; T: temperature instrumentation and DP:

differential pressure instrumentation.
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experiment is schematically shown in Fig. 1 [18]. The

R-134a experimental loop consists of the following com-

ponents: a test section for CHF, a mass flowmeter, a pre-

heater for inlet subcooling control, an accumulator for

pressure control, a canned pump for stable mass supply,

a condenser, and a chilling system with R-22 and water–

propylene glycol. An adjusting valve is used to precisely

control flow rate to the test section. The loop is filled with

R-134a in the vacuum condition. The test loop is de-

signed for pressure of 30 bar and 200 �C. The loop flow

is measured by the mass flow meter calibrated to be 2%

of RMS error by manufacturer. Temperatures and pres-
Fig. 2. Schematic diagra
sures are measured at various locations as indicated by T

and P, respectively, in Fig. 1.

2.2. Test section

The test section is schematically shown in Fig. 2 and

is carbon steel (SA182) tube with upward flow. The tube

is electrically heated directly with a DC power supply,

which controls the power by a power transformer with

silicon controlled rectifiers (SCRs) with the maximum

power capacity of 40 V and 5000 A. The heated length

of test section is 3000 mm and the inside and outside
m of test section.
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diameters are 17.04 mm and 22.59 mm, respectively.

These geometric dimensions are selected to reflect the ac-

tual tube used in a commercial boiler. The temperatures

of the liquid at the inlet and outlet of the test section are

measured with the in-stream T-type sheathed thermo-

couples. The temperatures of the outside wall are mea-

sured at 20 locations along the channel wall, and two

K-type thermocouples are installed at each location.

The first two thermocouples are located 5 mm below

from the end of upper power clamp. Outlet pressure

and inlet pressure are measured with pressure transduc-

ers and calibrated to be 0.5% of RMS error for a full

range.

A pair of clamp-type copper electrodes grabs both

ends of the test tube. Test section is connected to the

flange, which is insulated from other part of the test loop

with Teflon. The supplied current and the voltage differ-

ence between both ends of the test section are measured

and collected by a data acquisition system.

2.3. Test procedure and test matrix

The flow direction is vertically upward. For all test

conditions, the CHF data were taken. All process data

including the tube wall temperatures were collected by

a data acquisition system for later analysis. Before each

series of experiments, a heat balance test was performed

and showed that the heat losses were within 2.5%. First,

the pump starts and the mass flow is controlled by the

speed control with the converter and the control valve

at a certain level. The test pressure in the test loop is in-

creased by turning on the pre-heater and continuously

increasing its power. After the pressure in the test loop

reaches a pre-determined level, the inlet temperature is

controlled by the power control to the pre-heater. The

power to test section is increased at first rapidly to about

85% of CHF and then slowly. When the power is sup-

plied to test section, the system pressure is controlled

by venting the nitrogen gas in two accumulators. Boiling

crisis is considered to occur when the wall temperature

just below the upper power terminal is suddenly

increased.

Table 1 summarizes the test matrix and the equiva-

lent water-based conditions. The test conditions are

selected by considering the startup condition of once-
Table 1

Test matrix condition in R-134a and their water-equivalent condition

Pressure (bar) Saturated temperature

(�C)
Mass fl

285

R-134a Water R-134a Water Mass fl

13 70 49.4 295 402.1

16.5 100 59.2 311 400.4

23.9 140 75.5 336.6 396
through boiler of a fossil power plant and the capacity

of KAIST test loop. The inlet subcooling temperatures

are 5–40 �C. Those test parameters would result in the

dryout-type CHF which occurs in the rifled tube of

once-through boiler.
3. Fluid-to-fluid scaling

Ahmad introduced the seven dimensionless parame-

ters to represent the CHF based on dimensional analysis

as follows [7]:

qc
Ghfg

¼ f
L
D
;
qf

qg

;
Dh
hfg

;
lf

lg

;
l2
f

rDqf

;
GD
lf

 !
ð1Þ

The dimensionless parameter in LHS of Eq. (1) is a boil-

ing number to represent the CHF and shall be equal

with each the scaling fluid. In the general CHF test,

the following three similarities can easily be obtained.

• Geometric similarity:

L
D

� �
P

¼ L
D

� �
M

ð2Þ

• Hydrodynamic similarity:

qf

qg

" #
P

¼ qf

qg

" #
M

ð3Þ

• Thermodynamic similarity:

Dh
hfg

� �
P

¼ Dh
hfg

� �
M

ð4Þ

where P means the prototype fluid and M means the

modeling fluid.

Since it is almost impossible to make the individual

parameter for the others be equal among scaling fluids,

three parameters in RHS of Eq. (1) are combined into

one scaling parameter. The scaling parameter has been

expressed in various ways, depending on the investiga-

tors such as Ahmad [7], Dix [8], Katto [13], and Stevens

and Kirby [21]. Since Katto�s scaling parameter has been
s

ux (R-134a) (kg/m2 s)

500 712 1000 1300

ux (water) (kg/m2 s)

705.4 1004.5 1410.8 1834.0

702.4 1000.2 1404.8 1826.3

695.3 990.1 1390.6 1807.7
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Fig. 3. Effect of inlet subcooling enthalpy on CHF of R-134a in

vertical tube (outlet pressure: 16.5 bar).
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successfully used for a scaling law, the present study uses

the Katto�s additional hydrodynamic similarity and is

expressed as follows:

G
ffiffiffiffi
D

p
ffiffiffiffiffiffiffi
rqf

p
� �

P

¼ G
ffiffiffiffi
D

p
ffiffiffiffiffiffiffi
rqf

p
� �

M

ð5Þ

The following procedures can be used to convert the

thermal–physical CHF properties from the modeling

fluid to the prototype fluid.

(1) Calculate the density ratio of the liquid to the

vapor. Find out the pressure at which the density

ratio of prototype is equal to that of model fluid.

(2) Calculate the mass ratio at the equivalent pressure

as follows:

F G ¼ GP

GM

¼

ffiffiffiffiffiffiffiffiffiffiffiffi
rq=D

p	 

Pffiffiffiffiffiffiffiffiffiffiffiffi

rq=D
p	 


M

ð6Þ

(3) Calculate the latent scaling ratio defined as latent

ratio of prototype fluid to vapor of model fluid as

follows:

F Dh ¼
ðhfgÞP
ðhfgÞM

ð7Þ

(4) Calculate the heat flux scaling ratio by multiplying

the latent scaling ratio and the heat flux scaling

ratio as follows:

F Q ¼ F G � F Dh ð8Þ

(5) Calculate the critical heat flux from the heat flux

scaling ratio as follows:

ðqcÞP ¼ F Q � ðqcÞM ð9Þ

Fig. 4. Effect of inlet subcooling enthalpy on CHF of R-134a in

vertical tube (outlet pressures: 13 bar and 23.9 bar).
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Fig. 5. Effect of system pressure on CHF of R-134a in vertical

tube (G = 500 and 1000 kg/m2 s).
4. CHF test results and discussion

Figs. 3 and 4 show the effect of the inlet subcooling

enthalpy on CHF at different flow conditions. The re-

sults are obtained at the pressure of 13, 16.5 and

23.9 bar and at the mass flux of 285, 500, 712, 1000

and 1300 kg/m2 s. The CHF increases almost linearly

with the inlet subcooling enthalpy, but the effect de-

creases with decreasing mass flux. Fig. 5 shows the effect

of the pressure on CHF, indicating that CHF decreases

with increasing the pressure. These trends agree with the

general understanding in the water [19].

Fig. 6 shows the CHF vs. the critical quality graph

for the two flows (G = 500 and 1000 kg/m2 s) and pres-

sures of 13, 16.5 and 23.9 bar. This figure shows that:

• A CHF value decreases continuously with an increase

of the critical quality without a sharp change in slope

on the CHF vs. critical quality.
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• Although the test data cover the narrow range of crit-

ical qualities, the CHF values at the higher mass flux

(G = 1000 kg/m2 s) is considered to be lower than

those at the lower mass flux (G = 500 kg/m2 s) in con-

sideration of the data trends at each test condition. It

indicates that the inverse mass flux effects [22] are

present for all test pressures.

For comparing with the present experimental data,

two different prediction methods are used: (1) correla-

tion of Bowring and (2) generalized correlation of Katto

because these correlations are known as good prediction

methods covering a wide range of flow conditions and

tube geometry. Since one correlation is applicable only

for the water, and the other is generally applicable, its

approach is considered to be adequate to assess the suit-

ability of R-134a as a CHF modeling fluid of water.
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4.1. Bowring�s prediction method

The correlation of Bowing was developed for CHF in

water and based on the inlet condition [2]. The basic

equation for CHF is:

qc ¼
A0 þ 0:25DGDhi

C0 þ L
ð10Þ

where

A0 ¼ 0:5792hfgDGF 1

1þ 0:0143F 2D0:5G
; C0 ¼ 0:077F 3DG

1þ 0:347F 4ðG=1356Þn

F1, F2, F3, F4 and n are function of a non-dimensional

pressure, P 0 = P/68.95.

n ¼ 2� 0:5P 0 ð11Þ

Since the water-equivalent pressures tested in this study

are greater than 68.95 bar,
F 1 ¼ P 0�0:368 exp½0:648ð1� P 0Þ
 ð12Þ

F 1=F 2 ¼ P 0�0:448 exp½0:245ð1� P 0Þ
 ð13Þ

F 3 ¼ P 00:219 ð14Þ

F 4 ¼ F 3P 01:649 ð15Þ

The correlation of Bowring is applicable for the pressure

of 2–190 bar, tube diameter of 2–45 mm, tube length

0.15–3.7 m and mass flux of 136–18600 kg/m2 s. 3800

data points were used to develop the correlation, and

the RMS error of the prediction are 7%. Since this cor-

relation is applicable for only water, the present CHF

data of R-134a are first converted into water-equivalent

values using thermal–physical properties of the water

and R-134a. 182 data points are used for comparison

with the prediction method. Fig. 7 shows the compari-

son of the water-equivalent CHF data converted from

the CHF data in R-134a with the CHF prediction using

Bowring correlation. The RMS error and average error

of the prediction are 10.4% and �5.2%, respectively. A

good agreement is achieved between the converted

CHF and the predicted CHF. A systematical analysis re-

veals that the calculated CHF generally underestimates

the CHF test results and the deviation depends on the

system pressure. For 13, 16.5 and 23.9 bar, the average

errors of the prediction CHF are 5.2%, �4.1% and

�12.9%, respectively. It agrees with the CHF investiga-

tion in R-134a of Tain and Cheng, presented that for the

high pressure the CHF prediction using fluid-to-fluid

modeling resulted in under-prediction of CHF [12].

The reason for this is unknown, but it may be related

to the possibility of the thermal decomposition of R-

134a due to an increase of the heating surface tempera-

ture with increasing the system pressure.
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4.2. Katto�s prediction method

Katto and Ohno presented the improved version of

generalized CHF correlation of forced convective boil-

ing in uniformly heated tubes covering various fluids

based on the inlet condition [5]. The basic equation for

CHF is:

qc ¼ qco 1þ K
Dhi
hfg

� �
ð16Þ

Since the density ratio of vapor to liquid is less than 0.15

for the testing pressure range of this study, qco is ob-

tained from the minimum value as follows:

qco
Ghfg

¼ Min:
CW 0:043

L=D
;
0:1ðqg=qfÞ

0:133W 1=3

1þ 0:0031ðL=DÞ ;

"

0:098ðqg=qfÞ
0:133W 0:433ðL=DÞ0:27

1þ 0:0031ðL=DÞ

#
ð17Þ

The non-dimensional parameter, K is obtained from the

minimum values as follows:

K ¼ Min:
0:261

Cðrqf=G
2LÞ0:043

;
ð5=6Þð0:0124þ D=LÞ

ðqg=qfÞ
0:133W 1=3

" #

ð18Þ

where W = rqf/G
2L and C = 0.34.

The correlation of Katto is applicable for the density

ratio of 0.0003–0.41, tube diameter of 1–80 mm, tube

length 0.01–8.8 m and W of 3.0 · 10�9–2.0 · 10�2. The

RMS error of the prediction is 20%.

Fig. 8 shows the comparison of CHF test data in R-

134a with the CHF data obtained by using the general-

ized correlation of Katto. The RMS error and average

error of the prediction are 4% and +0.3, respectively.

A very good agreement is achieved between the CHF

test data and the predicted CHF data. A systematical

analysis reveals that there is no dependency on the sys-
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tem pressure. Katto presented that there were four char-

acteristic regimes of CHF, called L-, H-, N-, and HP-

regime [13]. The CHF mechanism in the L-regime and

H-regime mainly corresponds to the dryout-type under

annular flow condition, the CHF mechanism in the N-

regime mainly corresponds to the departure from nucle-

ate boiling (DNB) concerned with a frothy or bubbly

flow pattern, and HP-regime is a special regime when

the system pressure is extremely high [20,22]. Fig. 9

shows that all experimental data investigated in this

study belongs to H-regime except for the CHF data ob-

tained at the pressure 23.9 bar with the mass flux

1300 kg/m2 s. These data correspond to N-regime. Also,

the critical quality range is from 0.02 to 0.72, and only

the CHF data in N-regime have the critical qualities be-

low 0.1. Based on these characteristic regimes of CHF

and critical quality condition, it is ascertained that most

of CHF data belongs to the dryout-type CHF except

that a few of CHF data investigated at 23.9 bar belongs

to DNB type.
5. Conclusions

Experiment for critical heat flux using R-134a in ver-

tical uniformly round tubes was performed and 182

CHF data points were obtained from the present work.

The investigated flow parameters in R-134a was: (1) out-

let pressures of 13, 16.5, 23.9 bar, (2) mass fluxes of

285–1300 kg/m2 s, (3) inlet subcooling temperatures of

5–40 �C. The CHF tests were performed in a 17.04 mm

I.D. test section with heated length of 3 m. The critical

quality range is from 0.02 to 0.72.

(1) The parametric trends of CHF in R-134a show a

general agreement with previous understanding

in the water. Also, the inverse mass flux effects

are present under all test pressure conditions.
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(2) To assess the suitability of the R-134a as a CHF

modeling fluid of water in the 3 m length tube

with a inside diameter of 17.04 mm, Bowring cor-

relation and Katto correlation are used in the

present investigation. Both correlations results in

a good agreement with the water-equivalent pres-

ent CHF data. This schematic CHF test with R-

134a shows that R-134a can be used as a CHF

modeling fluid of water in the long heated tubes

with a relatively large diameter.

(3) The Bowing�s prediction generally underestimates

the CHF values and the deviation depends on the

system pressure. The further researcher work to

investigate the reason is necessary.

(4) A very good agreement is achieved with Katto

correlation regardless of the flow conditions.

Based on the characteristic regimes of CHF and

critical quality condition, it is ascertained that

most of CHF data belongs to the dryout-type

CHF except that a few of CHF data investigated

at 23.9 bar belongs to DNB type.
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