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Abstract

An exhaustive experimental study of the critical heat ¯ux (CHF) in R-134a-cooled tubes has been recently

completed. The objective of this study was to provide a consistent set of CHF data to be used as a reference for
future separate e�ect studies. The investigated range of ¯ow parameters in R-134a was: outlet pressure 0.96±2.39
MPa (equivalent to 6±14 MPa in water), mass ¯ux 500±3000 kg mÿ2 sÿ1 (equivalent to 700±4300 kg mÿ2 sÿ1 in

water), and critical quality ÿ0.1 to +0.9. To extend the range of critical qualities, di�erent heated lengths (0.45±2
m) and two-phase ¯ow at inlet to the test section were used. Scaling laws were applied to convert the standard CHF
look-up table from water to R-134a equivalent conditions. The comparison of the data with the water-based look-

up table showed that for high mass ¯uxes (G = 1400±4300 kg mÿ2 sÿ1 in water equivalent), the look-up table
provides an excellent CHF prediction for R-134a-cooled tubes. The di�erences were mainly noticeable for the
limiting critical quality range and for low mass ¯ux. A discussion of the observed limiting critical quality
phenomenon is also included. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The original objective of this study was to provide an
exhaustive R-134a reference critical heat ¯ux (CHF)
database for vertical tubes covering a wide range of inlet
and critical qualities. This reference CHF database is

required for comparison with R-134a data obtained in
(i) non-circular geometries [1,2]; (ii) tubes containing
various ¯ow obstacles [3,4], and (iii) tubes positioned

with various degrees of inclination from the vertical
axis. The above separate e�ects studies have been per-

formed in R-134a; the results will be applied to water-

based systems, as previous papers have shown that re-

frigerants may be used with con®dence to model CHF

separate e�ects in water [5].

To assess the consistency of the CHF data trends,

the R-134a data were also compared with correspond-

ing CHF data sets obtained in water-cooled tubes. To

permit such comparison, the water data must ®rst be

converted into refrigerant-equivalent values using ¯uid-

to-¯uid modeling relationships. Refrigerants such as

R-12, R-22, R-134a have been used successfully in sev-

eral heat transfer laboratories as modeling ¯uids for

water [5±8]. It has been shown [6±8] that if the follow-

ing ¯uid-to-¯uid modeling relationships on which Kat-

to's equations are based, are satis®ed,
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will also be the same for both ¯uids (note subscript R

referred to refrigerant and subscript W to water), D is
in m, and q is in W mÿ2.
Rather than randomly selecting a water-CHF data

set (from the many data sets available) for comparison
with the R-134a data, it was decided to use the CHF
look-up table [9] as this represents an already normal-
ized CHF database for water. The table was thus con-

verted into equivalent R-134a conditions using the
above relationships and its CHF values were sub-
sequently compared with the R-134a values. The com-

parison showed generally surprisingly good results;
hence, the present investigation was expanded to
include the following important second objective to

assess the suitability of the reference CHF look-up table
for water for predicting the R-134a CHF data. An
earlier study [7] examined the suitability of a prelimi-

nary version of the look-up table and also found it
very promising in modeling (or scaling ) the CHF of
seven di�erent ¯uids, although the range of qualities

covered at that time in these ¯uids was much more
limited.

2. CHF look-up table approach

CHF under ¯ow boiling has been thoroughly investi-
gated for circular tubes and many CHF prediction
methods have been proposed. However, no single cor-

relation or model has been found capable of predicting
the CHF over a wide range of ¯ow parameters,
because of the complexity of the boiling crisis mechan-

ism. Recently, a very promising methodology, the
CHF look-up table [9], has been developed, which has
a much wider range of validity. The look-up table

approach is based on the assumption that the CHF for
an 8 mm ID vertical tube is only a function of press-
ure, mass ¯ux, and critical quality. For tube diameters

di�erent from 8 mm, a simple correction can be
applied based on Eq. (1):

CHFD

CHFD�8 mm

�
�
D

8

�n

, �1�

where D is inside diameter of a circular tube in mm,
D � 8 mm is the inside diameter of a reference circular

Nomenclature

D inside diameter (mm)
Dout outside diameter (mm)
G � ru mass ¯ux (kg mÿ2 sÿ1)
H enthalpy (J kgÿ1)
hfg latent heat of vaporization (J kgÿ1)
L heated length (m)

Lt total length (m)
p pressure (MPa)
q heat ¯ux (kW mÿ2)
T temperature (8C)
u velocity (m sÿ1)
xin inlet vapor quality
xcr critical vapor quality

x lim
cr limiting critical quality

Greek symbols

D di�erence
d thickness (mm)
r density (kg mÿ3)
s surface tension (N mÿ1)

Subscripts
cr critical

exp experimental
f liquid
g vapor

in inlet
pred predicted
R R-134a

W Water
w wall

Abbreviations

AECL Atomic Energy of Canada Limited
CHF critical heat ¯ux
DC direct current

ID inside diameter
NSERC Natural Sciences and Engineering

Research Council of Canada

RMS root mean square
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tube from the look-up table, and n is an exponent.

This relationship is valid for a constant value of criti-

cal quality, and n is assumed constant independent of

the diameter value for a wide range of diameters.

Although a range of values for n have been proposed,

the commonly accepted value of n is ÿ0.5 [9±11]. The

CHF vs. x cr relationship eliminates the need for a

heated length's dependence. The e�ect of a heated

length becomes important only for short tubes with
L
D < 50:

3. Experiments

3.1. General

The experimental study was performed in the Uni-
versity of Ottawa's multi-¯uid loop using R-134a as a

coolant. The loop has been described in previous
papers [1,2] and only a brief summary is provided in
the following section. The main di�erence with the pre-

Fig. 1. Experimental multi-¯uid loop. 1: gear pump, 2: Coriolis type mass ¯ow meter, 3: preheater, 4: dielectric ®ttings, 5: electric

power terminals, 6: electrical preheater, 7: sight glass, 8: condenser, 9: pressurizer, 10: pressure relief valve, 11: refrigerant ®lter-

drier, 12: ball valve, 13: vacuum pump, 14: refrigerant storage tank, 15: pressure reducer, 16: nitrogen container.
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vious tests is the use of a two-phase ¯ow inlet which
required a heat balance across the preheater.

3.2. Experimental equipment

The multi¯uid loop (Fig. 1) was designed and built
at the Department of Mechanical Engineering, Univer-
sity of Ottawa. It has been used previously for CHF

and post-CHF tests with R-12, R-22, R-113, and R-
134a. The main components of the loop are: test sec-
tion (Table 1), condenser (heat exchanger with cold

water), pressurizer with electrical heater and coils for
cold water, preheater (inverted U-tube ID 9.7 mm, L
= 3.4 m, which was electrically (Joule) heated) and a
heat exchanger with hot/cold water, two pumps (con-

nected in series), and power supplies for the test sec-
tion (DC, maximum 40 V � 300 A) and for the
preheater (DC, maximum 40 V � 150 A), and related

instrumentation (¯ow-meter, thermocouples, data ac-
quisition system, voltmeter, ammeter, pressure transdu-
cer with sensor, etc.).

Great care was taken to avoid pressure pulsations
during experiments, especially at low ¯ows. For this
purpose, the hydraulic resistance for two-phase ¯ow

from the test section outlet and to the inlet of the con-
denser was reduced by eliminating any valves and
sharp turns for ¯ow with smooth bending of the tubes
or through high-pressure ¯exible hoses. Also, a throt-

tling valve was installed at the inlet of the test section
to ensure high hydrodynamic stability of the ¯ow
inside the experimental loop. For the experiments with

two-phase ¯ow at inlet, the throttling valve was
installed just upstream of the preheater. Several sight-
glasses were used to detect the onset of boiling.

3.3. Test sections

The test section was oriented vertically with upward

¯ow and was resistance heated via a large DC current
passing through the wall. Two test sections were used
during these tests (Table 1). The heated length was

varied to provide maximum variation in critical qual-
ity. To detect dryout, 12 fast response K-type thermo-
couples with self-adhesive backing were used. These

thermocouples allowed to record small changes in a

wall temperature and were ¯exible enough to be
installed on rounded surfaces.

Two copper power terminals were installed on the
test section. The major series of experiments were car-
ried out at saturation conditions with single-phase

¯uid at inlet.

3.4. Test procedure

Before each series of experiments, a heat balance
test was performed. Also, periodically the Quality

Assurance points (the QA points conditions for several
heated lengths were: p � 1:67 MPa, G � 2000 kg mÿ2

sÿ1, and inlet temperature 308C) were obtained. The
comparison of the CHF values of QA points for par-

ticular heated length during several years did not
uncover any signi®cant di�erences (for L � 0:45 m, the
deviation from the CHF arithmetic average value is

not more than22%, and for L � 1 and 2 m, deviation
is less than21%).
Just prior to CHF occurrence, all test conditions

were stabilized and the power to the test section was
raised in small steps. CHF was de®ned as the ®rst
detected occurrence of a wall temperature excursion

just below the upper power terminal. At that moment,
all values of the parameters were recorded and the
power to the test section was decreased. In general,
after that, a new value of inlet temperature was set-up.

Usually, the value of inlet temperature increment was
about 2±38C. Once the complete range in inlet tem-
peratures had been covered, the mass ¯ux was changed

to the next value of the test matrix. After that, the
same procedure was repeated for the di�erent heated
lengths, and later on, a value of the outlet pressure

was set-up according to the test matrix.
To extend the range of critical quality to higher

values, it was decided to use two-phase ¯ow at the test
section inlet, especially for the maximum heated length

Table 2

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

conditions

pR (MPa) pW (MPa) GR (kg mÿ2 sÿ1)

500 1000 2000 3000

GW (kg mÿ2 sÿ1)

0.96 6 714 1427 2855 4282

1.13 7 712 1423 2847 4270

1.31 8 711 1423 2846 4269

1.67 10 707 1415 2830 4245

2.03 12 699 1398 2879 4194

2.39 14 702 1403 2806 4209

Table 1

Test sections dimensions

D (mm) Dout (mm) dw (mm) Lt (m) L (m) Material

6.92 7.94 0.51 2.1 0.45ÿ2 Inconel 600

4.67 6.35 0.84 1.34 0.45±1.3 Inconel 601
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of 2 m. Two-phase ¯ow was generated in the electrical
preheater by means of resistance heating. The outlet

quality for the preheater was calculated and this value
was used as the inlet quality for the test section. To
check that two-phase ¯ow at inlet of the test section

does not introduce additional signi®cant uncertainties
on the CHF measurements, usually several points were
obtained with single-phase ¯uid at the inlet, after

which, with power increasing in the preheater, two-
phase ¯ow was obtained.

3.5. Test matrix

The following test conditions were covered in the

present investigation: test section outlet pressure 0.96,
1.13, 1.31, 1.67, 2.03, and 2.39 MPa, mass ¯ux 500,
1000, 2000, and 3000 kg mÿ2 sÿ1, and inlet tempera-

ture ranged from minimum temperature to a saturated
one. The minimum inlet temperatures depended on the
cooling water temperatures and varied from 38C in

winter to 228C in summer. The equivalent water-based
conditions are shown in Table 2.

3.6. Experimental errors

Heat balance tests showed that the heat losses were

not more than 1±2% (in absolute values not more
than 20 W for the test section, and 50 W for the pre-
heater) of total power input. CHF measurement errors

were not more than 2.5% (4.5% for the experiments
with two-phase ¯ow at inlet). Errors for measuring
mass ¯ux and pressure were not more than 0.3 and

1%, respectively. The temperatures were measured
with an accuracy better than20.58C.

4. Test results

4.1. General

The tests results are presented graphically in three
ways:

. As is a common practice and to facilitate compari-
son with the look-up table, the results were ®rst pre-
sented on a CHF vs. critical quality basis. This
permits a combination of all data obtained for a

given pressure and mass ¯ux irrespective of heated
length (which varied from 0.45 to 2 m) or two-phase
¯ow inlet.

. In addition, for some cases, the data were presented
in the form of CHF vs. inlet quality for each heated
length. The predictions of the look-up table are also

shown. They were produced by ®nding the intersec-
tion between the CHF vs. x cr relationship of the
look-up table and the heat balance line

x cr � 4qcrL

GDhfg

ÿ x in, �2�

where qcr is in W mÿ2, D is in m, and x in � DHin

hfg
,

and applying the correction for the diameter di�er-

ence from the reference 8 mm value of the table.
. Finally, some of the CHF vs. x in data were normal-

ized to the equivalent heated length of 1.98 m. This

permitted a combination of all the heated lengths
and of the two-phase ¯ow inlet data. The latter
comparison provided an extra check on the consist-
ency of the data as, in general, the CHF vs. x in

plots show a linear trend for x in < 0: The conver-

Fig. 2. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 0:96 MPa, D � 6:92
mm, L � 0:45±1:98 m; (b) same in enlarged scale.
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sion to the equivalent heated length uses an adjust-
ment which adds an extra heated length �DL� to the

shorter tubes and lowers the inlet enthalpy by DH 0in
such that the heat balance across the added heated
DL is satis®ed, i.e., DH 0in � 4qcrDL

GD , where q is in W

mÿ2 and D is in m.

The CHF vs. x in plots are also useful in assessing
the accuracy of the look-up table prediction.

For this particular purpose, data from the look-up
table were converted into inlet quality conditions as
follows: (1) through scaling law the data were con-

verted from water to R-134a critical quality conditions,
(2) then the correction for D according to Eq. (1) was

applied, (3) after that through the modi®ed Eq. (2) the
value of inlet quality was determined based on the

same heated length as the present experimental data.
Note that all the ®gures only show the data obtained

in a 6.92 mm ID tube as our primary experimental

data, other diameters data have been converted to this
diameter.

4.2. CHF vs. x cr presentation

Figs. 2±7 show the CHF vs. x cr graphs for the four

primary ¯ows �G � 500, 1000, 2000, and 3000 kg mÿ2

sÿ1) and pressures of 0.96, 1.13, 1.67, 2.03, and 2.39

Fig. 4. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 1:31 MPa, D � 6:92
mm, L � 0:45±1:98 m; (b) same in enlarged scale.

Fig. 3. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 1:13 MPa, D � 6:92
mm, L � 0:45±1:98 m; (b) same in enlarged scale.
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MPa. In each plot, the R-134a-equivalent prediction of

the look-up table for a 6.92 mm ID tube is also

shown. The following observations can be made:

. The data generally follow the look-up table predic-

tions closely, except at critical qualities near and

above the limiting quality range.

. A limiting critical quality (for details, see Section

5.1) is clearly present at p � 1:67, 2.03, and 2.39

MPa (Figs. 5±7) but it appears less pronounced or

disappears altogether at the lower pressures (Figs.

2±4).

. The ``inverse mass ¯ux e�ects'' [12], where all CHF

vs. x cr curves cross such that at higher qualities, the
CHF decreases with an increase in mass ¯ux, are

clearly present for all pressures. Although the data
do not always cover the complete range of critical
qualities, their trend is nevertheless in agreement

with the look-up table.

Some of the above trends can be seen more clearly
in Figs. 2b±7b where the scales are enlarged. Also, in

these ®gures, the additional or local cross-over points
of CHF vs. x cr curves can be seen for several mass
¯ux values and this appears to be due to di�erent

CHF drops at the limiting critical quality range (Figs.

Fig. 5. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 1:67 MPa, D � 4:67 and

6.92 mm, L � 0:45±1:98 m; (b) same in enlarged scale.

Fig. 6. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 2:03 MPa, D � 6:92
mm, L � 0:45±1:98 m; (b) same in enlarged scale.
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5b, 6b, and 7b). The look-up table also shows such

trends but not for all ¯ows.

Figs. 8±11 show the e�ect of heated length and two-

phase ¯ow inlet for p � 1:67 MPa and G � 500, 1000,

2000, and 3000 kg mÿ2 sÿ1. The results do not display

a signi®cant e�ect of heated length or two-phase ¯ow

inlet on the CHF. It is clearly shown in Fig. 10b,

where the two-phase ¯ow inlet data obtained in a

shorter heated length (0.45 m) are present. When the

single- and two-phase ¯ow inlet results were analyzed

using an identical methodology (based on the pre-

heater inlet temperature), no di�erences between

single- and two-phase ¯ow inlet could be detected.

4.3. CHF vs. x in presentation

Figs. 12 and 13 present the CHF results as a func-
tion of inlet quality, either for di�erent heated lengths
(Fig. 12) or for the normalized heated length (Fig. 13,

where the results for four ¯ows all heated lengths and
two-phase ¯ow inlets are combined in one ®gure).
These ®gures show that:

. A linear relationship between CHF and x in clearly
exists over a wide range of qualities; only at positive
inlet qualities does a deviation in the linear relation-

ship become evident; this deviation is not due to the
presence of a two-phase ¯ow inlet but rather due to
the fact that the CHF would have become negative

at x in between 0.4 and 0.6, if the linearity would
have continued (Fig. 12). The correct asymptotic
trend as displayed by the look-up table results in
qcr � 0 for x in � 1:0:

. No e�ect of the heated length can be observed in
Fig. 13, hence, the normalizing procedure as
described in Section 4.1 correctly accounts for the

heated length e�ect.
. The agreement between the look-up table and our

experimental data is even better on a CHF vs. x in

basis than on a CHF vs. x cr basis. This was also dis-
cussed by Groeneveld et al. [5] previously. Only at
very low CHF values for x cr > x lim

cr does the error
become noticeable. In all cases, the deviation from

the look-up table is much smaller for the CHF at
constant x in than for the CHF at constant x cr

(Fig. 5b). Note that the error based on a constant

x in should be quoted as in any experiment x in is an
independent parameter set by the inlet temperature
or inlet enthalpy, while x cr is not known prior to a

CHF measurement but is a function of CHF.
. Although the CHF vs. x cr plot clearly shows the

Fig. 7. E�ect of critical quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 2:39 MPa, D � 6:92
mm, L � 0:45±1:98 m; (b) same in enlarged scale.

Fig. 8. E�ect of critical quality on CHF in circular tube: R-

134a, p � 1:67 MPa, G � 500 kg mÿ2 sÿ1.
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presence of a limiting critical quality in Figs. 5±7,
this e�ect is rather di�cult to see in Figs. 12 and 13.

4.4. E�ect of pressure

Fig. 14 summarizes the e�ect of pressure on a CHF
vs. x cr plot, while Fig. 15 shows the same on a CHF

vs. x in plot. The results again show a much less scatter
and better agreement with the look-up table on a CHF
vs. x in plot than on a CHF vs. x cr plot. A close exam-

ination of Fig. 14 shows that the limiting critical qual-
ity switches to a lower quality with an increase in
pressure.

5. Discussion

5.1. Limiting critical quality phenomenon

Some disagreement exists in the literature whether

the limiting critical quality really exists. This term orig-

Fig. 10. E�ect of critical quality on CHF in circular tube: (a)

R-134a, p � 1:67 MPa, G � 2000 kg mÿ2 sÿ1; (b) R-134a,

p � 1:67 MPa, G � 2000 kg mÿ2 sÿ1, D � 6:92 mm (compari-

son of two di�erent methods of x cr evaluation based on the

test section inlet temperature (standard method for single-

phase ¯ow inlet) and based on the inlet temperature to the

preheater (standard method for two-phase ¯ow at test section

inlet).

Fig. 11. E�ect of critical quality on CHF in circular tube: R-

134a, p � 1:67 MPa, G � 3000 kg mÿ2 sÿ1.

Fig. 9. E�ect of critical quality on CHF in circular tube

�D � 6:92 mm): (a) R-134a, p � 1:67 MPa, G � 1000 kg mÿ2

sÿ1; (b) same in enlarged scale.
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inated in the Russian literature [10,11,13±15] and the
evidence for the existence of this phenomenon, as

observed in water CHF tests, was reviewed by Kitto
[16]. It may be better to refer to this phenomenon as a
sharp change in slope on the CHF vs. x cr plot. This

change in slope can be very dramatic and appears to
correspond to a limiting critical quality for certain con-
ditions. The sharp change in slope is probably caused

by a change in CHF mechanism in the annular ¯ow
regime, from the so-called entrainment-controlled dry-
out (typical for the lower qualities where the liquid ®lm

is fairly thick and is being depleted by a combination
of entrainment and evaporation while being replen-
ished by deposition), to a deposition-controlled dryout
(where the liquid ®lm is too thin to permit signi®cant

entrainment,and where the ®lm dryout can only be
prevented by signi®cant deposition [17]). This change
in slope can be predicted analytically using Hewitts

annular ¯ow model [17]. As can be seen in Figs. 5b,
6b, 7b±9, during this change in CHF mechanism, there
can be a very large drop in CHF over a very narrow

range of quality. This agrees with observations by
Levitan and Lantsman [14], who observed a CHF
drop up to 10 times in water at a virtually constant

value of the critical quality.
An examination of Figs. 2±7 and 14 suggests that

the limiting critical quality was observed to be more
pronounced for the higher pressures and lower mass

velocities. It appears that the limiting quality shifts to
lower quality with an increase in pressure and mass
¯ux. This general trend agrees with the observations of

others (e.g., see review by Kitto [16]). Doroschuk et al.
[10] published a table of limiting critical quality values
for water as a function of pressure and ¯ow. If we in-

terpret the change in slope on the CHF vs. x cr plot as
a limiting critical quality then this table of values is in

reasonable agreement with our water-equivalent data
(see [18]). In general, the equations recommended by

Doroschuk et al. [10] and our previous data [18] show
an increase in x lim

cr with an increase in diameter.
It is interesting to note that while the CHF vs. x cr

graphs show at times a very dramatic limiting critical
quality presence, the CHF vs. x in graphs (e.g., Figs.
12, 13, and 15) hardly show any perturbation at all.

Fig. 13. E�ect of inlet quality on CHF in circular tube at

di�erent mass ¯uxes: (a) R-134a, p � 1:67 MPa, D � 6:92
mm; data for tubes L � 0:45, 0.9, 1, 1.3 and 1.6 m converted

to heated length 1.98 m; look-up table, L � 1:98 m; (b) same

in enlarged scale.

Fig. 12. E�ect of inlet quality on CHF in circular tube: R-

134a, p � 1:67 MPa, G � 1000 kg mÿ2 sÿ1, D � 6:92 mm.
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5.2. Comparison of the data with the CHF look-up table

All individual R-134a CHF results were compared
to the predictions of the look-up table (after applying
the aforementioned conversions to obtain R-134a

equivalent values for a 6.94 mm ID tube). All predic-
tions were made based on known inlet conditions (the
so-called Heat Balance Method, or HBM, see also dis-

cussion by Heljzar and Todreas [19]) rather than the
dependent critical quality parameter. The deviations

from the look-up table are shown graphically in
Appendix A. The following conclusions may be drawn:

. The error histogram shows that 81% of all 1031
data points have prediction errors less than 210%
and 93% with errors less than 220%. For the 806

single-phase inlet data points, 90% of the data were
predicted with errors less than 210% and 99% with
errors less than220%.

. The largest deviation from the look-up table were
observed with the data obtained with positive inlet
qualities. Here we see much greater deviations.

Note that these high deviation error data points cor-
respond to the data obtained almost exclusively at
x crrx lim

cr : The following reasons for these larger dis-

crepancies have been identi®ed:

. CHF measurements with two-phase ¯ow inlet have
a higher uncertainty in critical quality, due to the

evaluation of the enthalpy rise across the preheater
and extra heat losses from the piping between the
preheater and the test section.

. The R-134a CHF data trends in high error region
are di�erent from that of the look-up table, with the
CHF look-up table showing a more gradual vari-
ation in CHF. This di�erence may be due to: (i) the

look-up table database contained no two-phase ¯ow
inlet data and, as a result, very few data in the data-
base were obtained at x crrx lim

cr (as this would have

required very long test sections), (ii) the CHF vs. x cr

relationship of the look-up table has undergone a

Fig. 15. E�ect of inlet quality on CHF in circular tubes at

di�erent pressures: R-134a, G � 1000 kg mÿ2 sÿ1, D � 6:92
mm, L � 1:98 m.

Fig. 14. E�ect of critical quality on CHF in circular tubes at

di�erent pressures: (a) R-134a, G � 1000 kg mÿ2 sÿ1,
D � 6:92 mm, L � 0:45±1:98 m; (b) same in enlarged scale.
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smoothing operation to remove any small disconti-
nuities, and (iii) the limiting quality region is not

well understood and varies with tube diameter.
. Those CHF values with large discrepancy errors

also had a very low CHF value (e.g., see Figs. 2b±

6b), where CHF values were only a fraction of the
CHF values observed at pre-limiting quality con-
ditions. Hence, uncertainties due to heat losses and

in the evaluation of two-phase ¯ow inlet became
much more important.

A comparison of Figs. 5, 8±11 and 14, and Figs. 12,

13, and 15 suggests that while the local conditions
plots show a more signi®cant scatter and non-linear-
ities, these perturbations almost disappear in the CHF

vs. x in plots and, hence, are not due to heated length
or two-phase ¯ow inlet e�ects. Since the critical quality
is a calculated value which depends on the actual
measured CHF value, any small variation on a CHF

vs. x in plot is always magni®ed considerably on a
CHF vs. x cr plot. This degree of magni®cation depends
on the slope of the CHF vs. x cr curve and varies from

no ampli®cation for a horizontal line to an almost in®-
nite ampli®cation for a vertical line, such as for a true
limiting quality case.

Figs. 8±13 also demonstrate that there was no obser-
vable e�ect of two-phase ¯ow inlet or heated length on
CHF, thus negating the argument discussed by Kitto
[16] that the limiting quality observation is due to the

presence of two-phase ¯ow inlet.
Despite the above limitations, it is encouraging to

note that a CHF prediction method (the look-up table)

which is based solely on water data, can be used with
considerable success in predicting the refrigerant data.

6. Conclusions and ®nal remarks

1. CHF experiments were performed in circular tubes
in R-134a covered a wide range of pressures and

mass velocities. To provide as wide range of critical
qualities as possible, various heated lengths were
used and extensive testing with two-phase ¯ow inlet

was performed.
2. The results were compared with predictions from

the CHF look-up table after applying the ¯uid-to-
¯uid modeling laws and applying a standard correc-

tion for the diameter di�erence.
3. The agreement between the CHF look-up table [9]

and the experiment is surprisingly good. Only at

qualities near the so-called limiting critical quality
region (the region where the CHF drops of vary
rapidly with increasing inlet quality) do we see a

di�erent trend, with the look-up table showing a
more gradual variation in CHF. This di�erence may
be due to the fact that the CHF vs. x cr relationship

of the look-up table has undergone a smoothing op-
eration to remove any small discontinuities.

4. The limiting critical quality was observed to be
more pronounced for the higher pressures and lower
mass ¯uxes. The limiting quality shifts to a lower

quality with an increase in pressure and mass ¯ux.
On a water-equivalent basis, the observed trends in
limiting critical quality are in good agreement with

previously reported values for water-cooled tubes.
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Appendix A. Assessment of prediction errors with

respect to water-based CHF look-up table

The CHF look-up table was converted to R-134a

equivalent conditions and corrected for the diameter
e�ect using Eq. (1) with n � ÿ0:5: The R-134a version
of the look-up table was then compared to the Univer-

sity of Ottawa R-134a CHF data (1031 points) and the
results are shown in Fig. A1a±f). The largest prediction
errors corresponded to the very low CHF data, which

were obtained at critical qualities near or above the
limiting quality; to get these high qualities usually
requires the use of two-phase ¯ow inlet conditions.
The average prediction error and RMS prediction

error for all 1031 data points were 7 and 23%, respect-
ively. For the 806 single-phase inlet data points, these
prediction errors were 0.5 and 10%. Reasons for the

high prediction errors with the two-phase ¯ow inlet
data were already discussed in Section 5.2.
The prediction errors were evaluated using the fol-

lowing de®nitions:

Error � Valuepred ÿ Valueexp

Valueexp

,

Mean Error � 1

n

Xi�n
i�1

Errori,

RMS Error �
������������������������
1

n

Xi�n
i�1

Error 2i

vuut :
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Fig. A1. Comparison of the University of Ottawa R-134a CHF data over water-based CHF look-up table prediction [9].
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Fig. A1 (continued)
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Fig. A1 (continued)
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