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Abstract

Experimental studies on critical heat flux (CHF) have been conducted in a uniformly heated vertical tube of 12.7 mm
internal diameter and 3 m length at different reduced pressures ranging from 0.24 to 0.99 with R-134a as the working
fluid. The onset of CHF was determined by the sudden rise in the wall temperature of the electrically heated tube.
Experiments were performed over a wide range of parameters: mass flux values from 200 to 2000 kg/m? s, pressure from
10 to 39.7 bars and heat flux from 2 to 80 kW/m? and exit quality from 0.17 to 0.94. The results show considerably
lower critical heat flux at high pressures. Well known CHF prediction methods, such as the look-up table and corre-
lations of earlier workers show poor agreement at high pressures. A new correlation has been proposed to estimate
the CHF in uniformly heated vertical tubes up to the critical pressure and over a wide range of parameters.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Critical heat flux (CHF) in flow boiling is that heat
flux that results in a sudden rise in the wall temperature.
There are basically two classes of CHF situations,
namely departure from nucleate boiling (DNB) and
dryout (DO). DNB occurs at very low qualities or even
under sub-cooled liquid conditions; here the vapour gen-
eration rate is higher than the rate of vapour evacuation
by the flowing liquid. This leads to an accumulation of
vapour at the generation site and prevents liquid from
contacting the surface. The vapour therefore gets super-
heated and the wall temperature rises suddenly due to
the relatively poor heat transfer characteristics of
vapour. In contrast to DNB, dryout occurs at high qual-
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ities and is a result of the gradual disappearance of the
liquid film adjacent to the wall as a result of both
entrainment and evaporation. Dryout occurs in annular
flow and a significant amount of liquid may still be flow-
ing in the form of droplets entrained by the vapour [1].
Dryout which occurs at much lower heat fluxes than
DNB, has been recognized as a limiting condition in
flow boiling and is the subject of the present study.
Critical heat flux has been studied extensively over
the past several decades. Authoritative reviews on the
subject have been given from time to time (reviews each
from [2-4]), and a number of mechanisms for the occur-
rence of DNB and DO have been identified. Four prin-
cipal approaches to prediction of CHF have evolved
over the years. These are: the empirical correlation
approach used since the early 60s; the dimensional
approach pioneered by Katto and Ohno [5], the phe-
nomenological approach initiated in the 1970s [6]
and fined tuned in the 1990s [7]; and the look-up table
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Nomenclature

diameter, m

mass flux, kg/m?s

acceleration due to gravity, m/s
inlet subcooling parameter

length of the tube, m

absolute pressure, bar

Prandtl number, uc,/k

reduced pressure P/P.,

critical heat flux, kW/m?>

e Reynolds number, Gd/u

function of dimensionless parameters
mass fraction or quality

the distance at which the wall temperature
rose
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=
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Greek symbols
AHs inlet subcooling enthalpy, kJ/kg
ATgp  inlet subcooling, °C

i viscosity, Ns/m?>

A latent heat of evaporation, kJ/kg
) density of gas, kg/m’
o surface tension, N/m
Subscripts

cr critical

CHF  critical heat flux

imp imposed

1 liquid

R reduced (pressure)

v vapour

Superscripts

m=0.147

n=0.25

method, initiated by the USSR Academy of Sciences [§]
and later adopted and extended by Groeneveld and co-
workers [9-12]. Together, these have provided a basis
for the prediction of CHF over the years. Of these sev-
eral approaches, the purely empirical one of the early
60s has been abandoned and the other three are still
used. The CHF look-up table method is a purely statis-
tical (numerical) technique and does not include any
physics of the situation in its prediction; however, it is
the most accurate approach if sufficient data is available.
The phenomenological approach is the most reliable as
it is a mechanistic model; however, it does require a
lot of empirical input in the form of rates of entrainment
and redeposition, etc. The generalized CHF correlation
approach depends on dimensional analysis, and
although it presents a relatively simple way of predict-
ing CHF, it depends strongly on empirical data to
determine the constants appearing in the dimensionless
correlations.

Most of the available work on CHF has been done
for water as the working fluid and have been confined
to relatively low pressures. Thus, the phenomenological
modeling approach has been verified up to a reduced
pressure (P/P.) of 0.3, that is, up to a pressure of
70 bar for a steam-water system [7]. Recent attempts
have been made [13,14] to extend it to higher pressures.
However, it was found that the original hydrodynamic
entrainment-redeposition model, which had worked
well up to the reduced pressure of 0.3, was inadequate
in itself to predict dryout at much higher pressures and
that other factors such as nucleation-induced entrain-
ment and vapour-inhibited redeposition became impor-
tant. Thus, straightforward extension of low pressure

correlations and models may not be satisfactory at high
pressures. Yet another problem with the existing body of
work is that most of the available data is for conven-
tional fluids, namely, water and freons. Although con-
siderable amount of data of convective boiling heat
transfer exists on new refrigerants (see review by Thome
[15]), most of it is confined to low pressures, typically,
for a reduced pressures of less than 0.25. Not much data
on CHF is available for R-134a and other new refriger-
ants. Pioro et al. [16] measured CHF for R-134a for
vertically upward flow in the pressure range of 0.96—
2.39 MPa (reduced pressure range of 0.25-0.60) for mass
fluxes in the range of 500-3000 kg/m> s over a range of
inlet qualities. They found good agreement with the
look-up table method of Groeneveld [12]. However the
agreement became progressively worse as the system
pressure increased.

The objective of the present study is therefore to ob-
tain critical heat flux data for R-134a over a range of
pressures approaching critical pressure. This would fill
the void in CHF data at near-critical pressures, in gen-
eral and on R-134a in particular. Using fluid-to-fluid
scaling laws, these data can then be extended to other
fluids as well. With this in view, CHF experiments were
conducted in vertical up-flow over a range of system
pressures, mass flux and heat flux with a fixed inlet
subcooling.

2. Experimental

The schematic diagram of the experimental set-up, is
designed and fabricated for the present study is shown in
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Fig. 1. The test rig consists of the primary loop (working
fluid), the chilling unit loop, the cooling water loop and
the data acquisition system. These are described below.

In the primary loop the working fluid, R-134a, flows
in a closed circuit. It consists of a refrigerant pump, an
accumulator, a mass flow meter, the test section, a filter,
pressure transducers, a pressure regulating valve and a
receiver tank. The refrigerant is circulated through the
loop by a hermetically sealed oil-free canned motor
pump. A piston type accumulator is used to vary and
maintain the desired pressure level of the loop. A cali-
brated micromotion mass flow meter (Fisher Rose-
mount of type R-series) is used to measure the mass
flow rate at the delivery of the pump. A flow and pres-
sure regulating valve is positioned in between the mass
flow meter and the pump. The required flow rate at
the test section can be set by operating the main and by-
pass valves provided at the pump delivery. The vertical
upflow test section is positioned after the mass flow
meter as shown in Fig. 1. The liquid—vapour mixture
from the test section passes through the cooling loop
and the condensed liquid is fed to the receiver tank
connected to the suction end of the pump.

The chilling unit loop is another closed loop system
which enables the test fluid, R-134a, in the primary loop
to be operated at pressures as low as 1 bar and as high as
the critical pressure (40.56 bar). It contains three con-
densers connected in parallel and designed to work at
different pressures and temperatures. The first condenser
works in the temperature range of +30 to +100 °C cor-
responding to a test section pressure in the (range
7-40.56 bar) and uses tap water as the heat sink. The
condenser works with cooling water on the shell side
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and the refrigerant R-134a on the tube side. The cooling
water is circulated through a 3 HP pump. The required
flow rate of the cooling water can be set by adjusting the
main valve and the bypass valve. The flow rate is mea-
sured by a rotameter positioned on the delivery side of
the pump. The inlet and outlet temperatures of the cool-
ing water are measured using T-type thermocouples.
The second and the third condensers are designed to
operate in the temperature ranges of 0 to 30 °C and
—30 to 0 °C, respectively, which corresponds to test sec-
tion pressures of 3-7 bar and 1-3 bar, respectively.
These two condensers form a closed loop with a refrig-
erant mixture of R-12 and R-404a providing the heat
sink to the primary coolant. The chilling unit loop is
equipped with an hermetically sealed compressor to cir-
culate the refrigerant mixture through the condenser
units. The condensers are shell-and-tube heat exchangers
in which R-134a flows on the tube side and R-12 and R-
404a mixture on the shell side. Depending on the oper-
ating pressure and temperature of the test fluid in the
primary loop, only one of the condensers is operated
at any time.

The test set-up was subject to a hydrostatic pressure
test at up to 60 bar to ensure leak free operation at
40 bar with R-134a. Before filling up the test loop with
R-134a, a vacuum of the order of 0.1 Pa was created
using a vacuum pump to ensure no other gases other
than the refrigerant is present.

The test section is made of stainless steel (SS-304) and
has an inner diameter of 12.7 mm and an outside diam-
eter of 16.7 mm. The heated length of the test section is
3m. A low voltage, high current DC power supply
(maximum of 17V DC, 800 A) is used to heat the test
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. Pressure regulating valves
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Fig. 1. Schematic diagram of test loop.
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section. The DC power is supplied through two copper
bus bars of 100 mm width and 7 mm thickness con-
nected across the test section of 3 m. The test section
is well-insulated with asbestos rope and polyurethylene
foam to minimize heat losses to the surroundings.
Details of the instrumentation on the test section are
shown in Fig. 2. The bulk fluid temperature is measured
at the inlet (7%), at the outlet (7%,) of the test section and
at four other intermediate locations using mineral insu-
lated T-type thermocouples of 1.10 mm bead diameter.
The wall temperature of the test section is measured at
40 axial locations along the heated length using T-type
thermocouples of bead diameter 0.8 mm. All the ther-
mocouples are isolated from any disturbance signals
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Fig. 2. Test section details.

from the DC power supply by a Galvanic signal isolator.
The thermocouples were calibrated before installation as
well as in-situ. The nominal accuracy of each thermo-
couple is 0.1 °C.

A differential pressure transducer is used to measure
the pressure drop across the test section. In addition,
absolute pressure transducers are located at the test sec-
tion inlet and outlet. These pressure transducers are cali-
brated with an uncertainty of +0.5% of the full-scale
value. The pressure transducers are electrically isolated
by providing teflon seating and bushes in-between the
flanges and bolts to which the transducers are
connected.

A Contec-make ADII2 PC and an ATP M3 type
analog-to-digital add-on cards are used to process
+5V DC signals from the measuring instruments and
all the millivolt (mV) signals from the thermocouples,
respectively. A data acquisition code which includes all
calibration equations and conversions to desired engi-
neering units, is used to provide on-screen display of
analog signals from the sensors. The sensor output volt-
ages are time-averaged for the mean quantities of pres-
sure, temperature and flow rates. As a check on steady
state, three data sets are compared for consistency be-
fore all the scans are averaged together for further pro-
cessing. The end result is a set of measurements, each an
average of 10 readings, and a confirmation of steady
state system operation during the collection of data. Sig-
nals from all the sensors are processed through a data
acquisition system consisting of a PC and a multiplexer
and the output is stored on the hard disk of the
computer.

In a typical experiment, R-134a from the storage
tank is circulated through the test section, condensed
and then recirculated using the hermetically sealed
pump. For a set value of pressure, flow rate, inlet subco-
oling and heat flux, the rise in the tube wall temperature
is monitored. If a sudden rise in the wall temperature at
any location is not detectable, then heat flux (power
input) is increased and the wall temperature is again
observed. This process is continued until one of the ther-
mocouples shows a significant rise in wall temperature.
The power supply is shut-off automatically when one
of the measured wall temperatures exceeds a given limit-
ing value (150 °C in the present study). These experi-
ments are repeated for different flow conditions. The
pressure in the test loop is adjusted by turning on the
piston accumulator. The temperature of the fluid at
the inlet to the test section is maintained by controlling
the temperature and the flow rate of cooling water
through the heat exchangers. The flow rate is adjusted
using control valves.

The experiments were conducted in the pressure
range of 10-39.7 bar in the test section (reduced pres-
sures in the range of 0.24-0.99) and with a mass flux
in the range of 200-1000 kg/m? s. The inlet subcooling
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Fig. 3. Location of sudden rise in wall temperature.

was maintained at 3 °C for all cases. Experiments were
also conducted at higher mass fluxes range of 1000—
2000 kg/m? s where the wall temperature was measured
at fixed heat fluxes of 35, 60 and 80 kW/m? while vary-
ing the mass flux for a fixed test section pressure and in-
let subcooling. The wall temperature showed a sudden
rise after a certain distance from the inlet, as shown in
Fig. 3. The CHF here corresponds to the dryout condi-
tion. If z is the distance at which the wall temperature
rose suddenly and L is the total heated length, the criti-
cal heat flux (assuming that for a given set of pressure,
mass flux and inlet subcooling, the dryout occurred at
the same quality) is given as

qdcur = 9imp X (%) (1)

where ¢im,, is the imposed heat flux.

3. Results and discussion

Critical heat flux experiments were carried out over a
range of test section pressures and mass fluxes with a fixed
inlet subcooling of 3 °C. The range of parameters investi-
gated in the present study is summarized in Table 1.

The principal parameters investigated in the present
study were the system pressure and the mass flux. The

Table 1
Range of parameters investigated in the present study

P (bar) 10, 15, 20, 25, 30, 32, 34, 36, 38, 39.7
PIP; 0.24, 0.37, 0.49, 0.62, 0.75, 0.80, 0.85,
0.90, 0.95, 0.99
G (kg/m?s) 200, 400, 600, 800, 1000, 1200, 1400,
1600, 1800, 2000
q (kW/m?) 35, 60, 80 and variable in the range of 2.8-80
AT 3°C

inlet subcooling was kept constant at 3 °C for all the
experiments. For CHF resulting from high quality dry-
out, the inlet enthalpy is not expected to be an important
factor in determining the quality at which dryout would
occur. The experimental data of Bennett et al. [17] and
Becker et al. [18] for steam-water systems, as well as
the current data show that for a fixed system pressure
and inlet mass flux, the quality at which dryout occurs
is largely unaffected by the heat flux. The location of
dryout would however change along the length of the
test section.

Fig. 4 shows the dependence of CHF on system pres-
sure and inlet mass flux. The measured CHF is plotted
against the reduced pressure at mass fluxes of 200,
600, 1200 and 2000 kg/m”s. Fig. 4c and d contain
CHF data obtained with a fixed wall heat flux (of 35,
60 or 80 kW/m?) and varying mass flux in which the
CHF value was obtained using Eq. (1) above. The fact
that there is good agreement for CHF for different im-
posed heat flux values shows that the DO quality is lar-
gely unaffected by the heat flux and that the application
of Eq. (1) is justified. Fig. 4 shows that for a given mass
flux, CHF decreases, as expected, as the system pressure
increases. In general, the CHF is less for low mass fluxes
and a significant effect of mass flux is seen at high pres-
sures (reduced pressure >0.75). This effect is clearly seen
in Fig. 5 where the CHF at mass fluxes of 400, 800 and
1400 kg/m?>s are compared at different pressures.
The CHF data obtained in the present study is given
in Appendix A.

Two well-established methods of predicting CHF,
namely, the look-up table method of Groeneveld et al.
[9] and the generalized CHF correlation of Katto and
Ohno [5] have been used for the comparison with the
present data. Fig. 6 shows the comparison between the
data and the predictions for mass fluxes of 400 and
1800 kg/m?s. Fair agreement with the data is found
for low reduced pressures (Pr <0.5), however signifi-
cant deviation is found from both methods at higher re-
duced pressures. The CHF predicted by the correlation
of Katto and Ohno [5] shows, in addition, a discontinu-
ous behavior. This is because they proposed different
CHF correlations in different ranges of parameters (K
and X in their correlation). The range of parameters
(pressure, mass flux and fluid properties) studied in the
present work is such that different CHF correlations
are needed for different parameter values. The fact that
the experimental data do not show a distinctly different
behaviour means that the transition criteria proposed by
Katto and Ohno [5] (which are based on low pressure
data) cannot be extended to high reduced pressures.

The overall comparison for the two prediction meth-
ods for the data points from the present study is
shown in Figs. 7 and 8. It is clear from these figures
that both prediction methods suffer from large over pre-
diction at high reduced pressures. While part of this
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o ..
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Fig. 5. Influence of mass flux on measured CHF at different
reduced pressures.

overestimation is certainly due to the low value of CHF
at high reduced pressures (which tends to inflate the
relative error), there appears to be a case for correction
at high pressures.

They proposed a suite of four correlations to capture
the functional dependence of CHF on the parameters X
and K over a range of flow conditions. However, as
shown in Fig. 6 earlier, the predictions of these correla-
tions are not satisfactory, especially at high pressure.

An examination of the four correlations of Katto and
Ohno [5] with the present data showed that their second
correlation,
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came closest to representing the current data. Keeping in
mind the strong mass flux effect on CHF as illustrated by
Fig. 5 and the significant overprediction of CHF at near-
critical pressures (Fig. 6), the above correlation has been
modified by including two additional groups, namely,
Rey representing the mass flux and Py representing the
pressure effect. Accordingly, a revised CHF correlation
is proposed. The constants were obtained using regres-
sion with the present data.

1/3
done /G2 = 00051 x { (0, /)" (op1/6'1)”

1
P0,147R 0.25 4
x (1+0.oo31(L/d)) RN } @

The performance of this correlation against the cur-
rent data is compared in Fig. 9 in the form of relative
error with pressure. It is seen that fairly good prediction
of the CHF is obtained over the range of system pres-
sures and that the large pressure bias seen in the predic-
tions of Groeneveld et al. [9] and of Katto and Ohno [5]
has been considerably reduced.

The range of parameters groups over which the
above correlation has been obtained is as follows:

1.40 x 10* < Rey < 7.6 x 10°
1.0x 1078 < Wy < 1.5 x 1073

6.1 x 107° < geyr/GA < 8.05 x 107
0.13 < Pg < 0.95
0.01 < p,/p, < 0.44

The correlation obtained above for R-134a data has
been compared with the steam-water data of Becker
et al. [18] obtained in a uniformly heated tube of
14.9 mm internal diameter and 7 m length. This is shown
in Fig. 10. The experiments were conducted in the pres-
sure range of 30-200 bar (covering a reduced pressure
range of 0.13-0.90) and with the mass flux ranging from



266 B.R. Vijayarangan et al. | International Journal of Heat and Mass Transfer 49 (2006) 259-268

3
©200 kg/m? s
0400 kg/m? s
2.5  AB00 kg/m?s

800 kg/m? s
X 1000 kg/m? s
2 [ 01200 kg/m? s
g +1400 kg/m? s
= 15l =1600 kg/m? s
o - =1800 kg/m? s A
K
5

> o0 %
[m 3

2000 kg/m? s

*
E e
e >
o
e 3 <
<

Ot
1250

(o)

0
0.0 02 0.4 0.6 0.8 1.0
Pr

Fig. 9. Performance of the proposed correlation.

1000
A Becker et al. [3] +25%
M A
800 | A
Ap
A AAA
A
NE 600 A A A Kama ' 259
AA
E 2Bl Aad
2 &“
L. 400
T
S A
A A
200
Mg A
G
A AA
0
0 200 400 600 800 1000

CHFoyp (KW/m?)

Fig. 10. Performance of the proposed correlation (parity plot)
with experimental data of Becker et al. [18].

500 to 3000 kg/m? s at a nearly constant inlet subcooling
of 10 °C. A constant heat flux was imposed and the wall
temperature was recorded; thus, no effort was made in
the experiments to obtain DO at the end of the 7-m long
test section. In view of this, the imposed heat flux was
adjusted using Eq. (1) above to arrive at the experimen-
tal value of the CHF. It was noted that in some cases,
CHF occurred at very low qualities, sometimes even
for subcooled conditions. Only those data points for
which the DO quality was higher than 0.1 were taken
here for comparison. This yielded 277 points covering
a wide pressure and mass flux range. Fig. 10 shows that
the proposed correlation predicts these 277 data very
well with an average deviation of only 5%. Most of
the data lie within the £15% range; most of the data
lying outside this range correspond to data obtained at
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Fig. 11. Performance of the proposed correlation with experi-
mental data of Becker et al. [18] as a function of reduced
pressure.

Re; > 300,000. The relative error is plotted against re-
duced pressure and is shown in Fig. 11 and it may be
seen that there is no significant pressure bias in the pro-
posed correlation. Thus, the correlation is applicable to
both R-134a and steam-water systems over the reduced
pressure range of 0.13-0.95.

In the present study the measured variables are the li-
quid temperature, wall temperature, absolute pressure,
mass flow rate, volt and current. The uncertainty in
the measurement of temperature is +0.1%. The uncer-
tainty in the measurement of mass flow rate is +0.5%.
The uncertainty in the measurement of pressure is
40.25%. The uncertainty in the measurement of volt
and current is £1% and 1% respectively. Therefore
uncertainty in the measurement of critical heat flux lies
within 4.46%.

4. Conclusion

Systematic experiments of CHF have been conducted
over a range of system pressures and mass fluxes for a
uniformly heated tube with R-134a as the working fluid.
The critical heat flux decreases monotonically and stea-
dily over the entire range of pressures right up to the
critical pressure. Existing prediction methods such as
the look-up table method of Groeneveld et al. [9] and
the generalized correlation approach of Katto and Ohno
[5] have been found to overpredict by a large margin of
the CHF data at high system pressures. The correlation
of Katto and Ohno [5] has been modified (Eq. (4)) by
adding two dimensionless groups. This modification
eliminates the pressure bias seen in the earlier correla-
tions of Katto and Ohno [5] and fits both R-134a and
steam water data.
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Serial P Pr G Dryout Heat ﬂ121x
5 .

The second and third author wish to thank the IITM- no. (bar) (kg/m’s) quality (kW/m’)
ISRO cell for sponsoring the above project. 44 36 0.90 1200 0.313 27.4
45 38 0.95 1200 0.201 18.5
46 15 0.37 1200 0.38 56.8
Appendix A 47 20 0.50 1200 0.37 49.9
48 25 0.62 1200 0.35 42.0
Present experimental data on CHF 49 30 075 1200 0.33 37.5
50 32 0.80 1200 0.31 29.8
Serial P Pr G Dryout Heat flux ; gg 828 };88 (O)fg %;Z
no.  (bar) (kg/m”s) quality (kW/m’) 5338 095 1200 020 182
1 10 0.25 200 0.97 26.4 54 10 0.25 1200 0.40 65.8
2 15 037 200 0.93 22.0 55 15 0.37 1200 0.38 56.8
3 20 0.50 200 0.89 18.8 56 20 0.50 1200 0.36 49.1
4 25 0.62 200 0.81 15.4 57 25 0.62 1200 0.28 37.4
5 30 0.75 200 0.71 12.4 58 30 0.75 1200 0.27 30.2
6 32 0.80 200 0.49 7.9 59 32 0.80 1200 0.26 25.6
7 34 0.85 200 0.47 6.0 60 34 0.85 1200 0.23 24.2
8 36 0.90 200 0.45 5.5 61 36 0.90 1200 0.21 23.1
9 38 0.95 200 0.39 3.6 62 38 0.95 1200 0.21 243
10 10 0.25 400 0.91 49.8 63 20 0.50 1400 0.35 554
11 15 0.37 400 0.75 35.9 64 25 0.62 1400 0.34 47.9
12 20 0.50 400 0.71 30.0 65 30 0.75 1400 0.33 43.9
13 25 0.62 400 0.57 22.4 66 32 0.80 1400 0.29 33.0
14 30 0.75 400 0.33 13.3 67 34 0.85 1400 0.26 27.8
15 32 0.80 400 0.27 10.2 68 10 0.25 1400 0.37 71.9
16 34 0.85 400 0.33 8.5 69 15 0.37 1400 0.37 64.1
17 36 0.90 400 0.24 6.7 70 20 0.50 1400 0.35 56.2
18 38 0.95 400 0.12 2.8 71 25 0.62 1400 0.28 42.4
19 10 0.25 600 0.63 52.4 72 30 0.75 1400 0.24 32.1
20 15 0.37 600 0.61 44.0 73 32 0.80 1400 0.22 26.7
21 20 0.50 600 0.49 31.8 74 34 0.85 1400 0.21 26.6
22 25 0.62 600 0.45 27.2 75 36 0.90 1400 0.17 23.6
23 30 0.75 600 0.25 16.1 76 25 0.62 1600 0.31 50.9
24 32 0.80 600 0.21 12.5 77 30 0.75 1600 0.29 459
25 34 0.85 600 0.20 8.2 78 32 0.80 1600 0.24 31.8
26 10 0.25 800 0.51 57.1 79 34 0.85 1600 0.24 27.7
27 15 0.37 800 0.49 47.8 80 10 0.25 1600 0.32 72.1
28 20 0.50 800 0.44 38.5 81 15 0.37 1600 0.32 64.1
29 25 0.62 800 0.41 334 82 20 0.50 1600 0.31 56.3
30 30 0.75 800 0.38 29.6 83 25 0.62 1600 0.24 42.8
31 32 0.80 800 0.32 23.0 84 30 0.75 1600 0.22 34.7
32 34 0.85 800 0.31 16.1 85 32 0.80 1600 0.21 29.4
33 36 0.90 800 0.22 6.6 86 34 0.85 1600 0.20 29.5
34 10 0.25 1000 0.45 63.2 87 36 0.90 1600 0.19 29.2
35 15 0.37 1000 0.42 51.6 88 38 0.95 1600 0.19 30.5
36 20 0.50 1000 0.35 38.6 89 25 0.62 1800 0.29 53.6
37 25 0.62 1000 0.30 32.0 90 30 0.75 1800 0.27 48.5
38 30 0.75 1000 0.27 28.6 91 32 0.80 1800 0.27 40.1
39 32 0.80 1000 0.21 20.9 92 34 0.85 1800 0.20 29.2
40 34 0.85 1000 0.20 13.4 93 36 0.90 1800 0.17 27.4
41 36 0.90 1000 0.12 10.6 94 15 0.37 1800 0.31 70.8
42 32 0.80 1200 0.341 32.6 95 20 0.50 1800 0.32 65.5

43 34 0.85 1200 0.330 29.1 (continued on next page)
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Appendix A (continued)
Serial P Pr G

Dryout Heat flux

no. (bar) (kg/m*s) quality (kW/m?)
96 25 0.62 1800 0.22 45.7
97 30 0.75 1800 0.19 34.4
98 32 0.80 1800 0.20 32.2
99 34 0.85 1800 0.20 32.5
100 36 0.90 1800 0.16 29.5
101 38 0.95 1800 0.15 31.3
102 25 0.62 2000 0.23 49.1
103 30 0.75 2000 0.22 46.7
104 32 0.80 2000 0.23 39.6
105 34 0.85 2000 0.21 33.2
106 20 0.50 2000 0.32 73.1
107 25 0.62 2000 0.28 59.8
108 30 0.75 2000 0.18 37.6
109 32 0.80 2000 0.18 32.9
110 34 0.85 2000 0.15 30.4
111 36 0.90 2000 0.13 29.9
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