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This paper reports a study of heat transfer in the post-critical heat flux (post-CHF) regime under forced
convective upflow conditions in a uniformly heated vertical tube of 12.7 mm internal diameter and 3 m
length. Experiments were conducted with non-azeotropic ternary refrigerant mixture R-407C for reduced
pressures ranging from 0.37 to 0.75, mass flux values from 1200 to 2000 kg/m? s and heat flux from 50 to
80 kW/m?2. Data shows a considerable effect of system pressure on the post-CHF heat transfer coefficient
for specified mass and heat fluxes. The post-CHF heat transfer coefficients for R-407C are compared with
three existing correlations which are found to over predict the current data. A modified correlation to
represent the experimental data for R-407C is presented.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Convective boiling at high heat flux levels above the critical
heat flux (CHF) is known as post-CHF heat transfer and is of impor-
tance in steam generators, nuclear reactors, cryogenic systems,
refrigeration plants, etc. At the dryout (DO) location, the liquid film
disappears resulting in the deterioration of convective heat trans-
fer mechanism due to poor heat transfer characteristics of the va-
por. Various physical mechanisms governing post-dryout heat
transfer have been reviewed in the literature [1]. Post-dryout heat
transfer studies using thermal non-equilibrium methods available
for the prediction of post-dryout surface temperature [2,3] and
analytical models for the dispersed flow regime have also been re-
ported [4,5].

Unal and Van Gasselt [6] conducted experiments on post-dryout
heat transfer in a non-uniformly heated steam generator tube of
10 m length and 7.86 mm ID and for a pressure range of 14.8-
19.9 MN/m?2. Based on this experimental data and existing literature
data on uniformly heated tubes, a correlation for the estimation of
post-dryout heat transfer coefficient was developed using dimen-
sional analysis. This correlation is applicable for both uniform and
non-uniform heated tubes. Nishikawa et al. [ 7] experimentally stud-
ied the post-dryout heat transfer at subcritical pressures with Refrig-
erant 22 in an upward flowing circular tube. A new correlation was
proposed by introducing a non-dimensional parameter to take into
account the non-equilibrium existing between the vapor and liquid
droplets. This correlation was therefore able to successfully predict
the wall temperatures at subcritical pressures, whereas
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conventional models failed to reproduce the experimental measure-
ments. Experimental studies on flow visualization have also been re-
ported in steady state inverted annular flow film boiling of
Refrigerant 113 in a transparent test section to investigate the effects
of jet core hydrodynamics and correlate the axial extent of each of
the flow zone [8,9]. Kefer et al. [ 10] performed experimental investi-
gations of post-dryout heat transfer on horizontal tubes and inclined
tubes to quantify the effects of gravity on flow patterns and heat
transfer. Effect of curvature on post-dryout dispersed flow in com-
plex geometries like coils and bends have been studied by Wang
and Mayinger [11].

Attempts have also been made to predict dryout and post-dry-
out heat transfer by incorporating the phenomenological models in
a three-fluid model framework in which the mass, momentum and
energy conservation equations are solved simultaneously for three
phases namely, the liquid film, the liquid droplets and the vapor.
Hoyer [12] proposed a set of constitutive relations to supplement
the conservation equations and used the data of Becker et al.
[13,14] to validate the model up to 70 bar with uniform and
non-uniform axial heat flux distribution. Hoyer also compared
the wall temperature variation in the post-dryout region for se-
lected cases and reported good agreement. Recently, Jayanti and
Valette [15] presented a one-dimensional three-fluid model for
the prediction of dryout and post-dryout heat transfer at high pres-
sures (P/P. > 0.3). They reported good agreement with the data of
Becker et al. [13] for the dryout quality and the tube wall temper-
ature variation in the post-dryout region except for the cases of
low mass flux at high pressures.

As a logical sequel to the development of the successful CHF
look-up table by Groeneveld et al. [16], an improved look-up table
for film boiling heat transfer coefficients was derived for
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Nomenclature

D diameter, m

g acceleration due to gravity, m/s?
G mass flux, kg/m? s

h heat transfer coefficient, W/m? K
H enthalpy, kJ/kg

k thermal conductivity, W/mK

L length of the tube, m

m mass flow rate, m/s

P pressure, bar

Pr reduced pressure = P[P,

q heat flux, kW/m?

T temperature, °C

X quality

z location, m

Dimensionless numbers

Nu Nusselt number = hD/k

Pr Prandt]l number = C,u/k

Re Reynolds number = Dvp/pu

Greek symbols

p density, kg/m>

I viscosity, N s/m?

) surface tension, N/m
Subscripts

cr critical

CHF critical heat flux

b bulk fluid

Exp experimental

f film

i inner

1 liquid

PCHF post-critical heat flux
Pre predicted

S saturation

sub subcooling

v vapor

w wall

steam-water flow inside vertical tubes [17]. Significant improve-
ments were made to the Lueng et al. [18,19] look-up table referred
to as PDO-LW-96 in order to expand the database of the original
table, thus providing a better accuracy for calculating film boiling
heat transfer coefficients. Recently, Vijayarangan [20] conducted
experimental studies to obtain post-CHF data for R-134a over a
wide range of pressures approaching critical conditions. It was
found that the correlations of Groeneveld [21] and Unal and Van
Gasselt [6] failed to predict the post-dryout heat transfer coeffi-
cient at high reduced pressures approaching critical conditions
and therefore a new correlation was developed by modifying the
Groeneveld [21] correlation by correcting for the over prediction
of post-dryout heat transfer coefficients at high reduced pressures.

The experimental studies reported on CHF and post-CHF behav-
ior are limited to steam-water and pure refrigerants. Even though
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several non-azeotropic refrigerant mixtures of hydrofluorocarbons
(HFCs) have been accepted as replacements for the chlorofluoro-
carbon (CFC) refrigerants, the post-CHF behavior of such mixtures
has not been addressed. It was earlier observed that DO and the
corresponding CHF are mainly a result of hydrodynamic behavior
and mixture effects are relatively negligible [22,23]. In the present
work, an attempt is made to obtain the post-CHF data for ternary
refrigerant mixture R-407C considering it to be an equivalent pure
fluid with an overall bulk fluid composition. It is to be noted that
CHF in the present study is concerned with the high quality DO
corresponding to annular flow regime. The data for R-407C is ob-
tained under vertical upflow conditions over a range of system
pressure, mass flux and heat flux conditions with a fixed inlet sub-
cooling conditions. In large evaporators with multiple-parallel
refrigerant flow paths, a significant evaporation area is present in
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Fig. 1. Schematic diagram of the experimental set-up. (1) Refrigerant circulating pump; (2) mass flow meter; (3) test section; (4) DC rectifier; (5) inlet header; (6) outlet
header; (7) low temperature condenser; (8) medium temperature condenser; (9) water cooled condenser; (10) rotameter; (11) water circulating pump; (12) thermostatic
container; (13) compressor; (14) condenser of refrigeration system; (15) expansion valve; (16) R-407C receiver tank; (17) piston type accumulator; (18) by-pass valve; P -
pressure indicator; DP - differential pressure indicator; Tg — inlet temperature indicator; Ty, — outlet temperature indicator.



R. Sindhuja et al./Applied Thermal Engineering 30 (2010) 167-173 169

the form of vertical headers or distributors. Moreover, some special
evaporator designs (e.g. flooded evaporators) invariably contain
vertical tubes. Hence, a knowledge of boiling of refrigerants in ver-
tical tubes is essential.

2. Experimental procedure

The experimental set-up used in the present investigation con-
sists of the primary loop (or the working fluid loop), the chilling
unit loop, the cooling water loop and the data acquisition system.
The schematic diagram of the experimental set-up is shown in
Fig. 1 and the details of the instrumentation on the test section
are shown in Fig. 2. The set-up has been explained in detail earlier
[23].

The post-CHF experiments were conducted as follows. R-407C
from the storage tank is first circulated under subcooled liquid
conditions through the test section and the rest of the loop with
the help of the canned motor pump. The valves connecting the
pressure tapping lines to the test section are opened so that any va-
por present is removed. Heat is applied to the test section and the
pressure is set to the desired value. The pressure in the test loop is
adjusted by the piston accumulator. Once the system is stabilized
at predetermined values of inlet temperature, mass flux, heat flux
and pressure, the data from the pressure transducer, differential
pressure transducer, tube wall temperatures along with the fluid
inlet and outlet temperatures and mass flow rates are recorded
through the data acquisition system. The experiments are repeated
for different flow rates and pressures. The temperature of the fluid
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Fig. 2. Schematic diagram of vertical upflow test section.

Table 1
Range of parameters investigated in the present study.

P (bar) 17, 20, 22.5, 25, 27.5, 30, 32.5, 35

Pr 0.37, 0.43, 0.48, 0.54, 0.59, 0.64, 0.70, 0.75
G (kg/m?'s) 1200, 1400, 1600, 1800, 2000

q (kwjm?) 50, 60, 70, 80

Tsub (°C) 3

at the inlet of the test section is maintained by controlling the tem-
perature and the mass flow rate of cooling water flowing through
the heat exchanger. The post-CHF experiments were conducted
in the pressure range of 17-35 bar (corresponding reduced pres-
sure range is 0.37-0.75), over a mass flux range of 1200-
2000 kg/m? s and at four heat fluxes values of 50, 60, 70 and
80 kW/m?. The inlet subcooling was maintained at 3 °C for all
cases. Typically, CHF rarely occurred under the lowest heat flux,
whereas under the higher heat flux values, existence of CHF was
observed. The CHF analysis has been reported in detail earlier [23].

The post-CHF heat transfer coefficient at any axial location is
determined from the measured wall temperature and the esti-
mated bulk fluid temperature beyond the dryout point at that loca-
tion. The post-CHF heat transfer coefficient is defined by the
following equation:

- :Ti"_ . (1)

where g represents the applied heat flux and T,; the inner wall
temperature calculated from the measured outer wall temperature
using one-dimensional radial heat conduction equation. Ty is the
saturation temperature for pure fluids.

For binary or multicomponent mixtures, T; is replaced by the lo-
cal bubble point temperature or the bulk fluid temperature (T})
corresponding to the local bulk liquid composition and the local
saturation pressure and is calculated using the Refprop (version
7) simulation tool [24]. The calculation procedure has been ex-
plained in detail in the previous work [23]. The thermophysical
properties of R-407C are given in Table 2.

3. Results and discussion

Post-CHF experiments have been carried out over a range of test
section pressures and mass fluxes at fixed inlet subcooling of 3 °C.
The overall test matrix is summarized in Table 1 in terms of the
range of parameters investigated.

The typical variation of the wall temperature for different pres-
sures at a constant mass flux of 200 kg/m? s has been discussed in
the earlier work [23]. It is to be noted that at the dryout point, the
wall temperature rises suddenly due to the deterioration of the
convective heat transfer mechanism. The sudden rise in wall tem-
perature at the CHF is a strong function of the system pressure. The
wall temperature varies from 100 °C at a reduced pressure of 0.32
to about 20 °C at a reduced pressure of 0.90.

A total of 825 post-CHF wall temperature data points have been
collected with a dryout quality greater than 0.2 and wall superheat
greater than 10 °C in the post-CHF regime. The variation of the wall
superheat defined as (T, - Ty,) for these temperatures is plotted as a
function of reduced pressure in Fig. 3. As mentioned earlier, the
wall superheat decreases significantly for higher values of reduced
pressures.

The experimentally determined heat transfer coefficient is plot-
ted in Fig. 4. It can be seen that heat transfer coefficient values in-
crease correspondingly at higher reduced pressures. These results
are in general agreement with the trends observed for the single-
component (R-134a) refrigerant system [20].
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Table 2
Thermal properties of R-407C [24].
P,MPa LiqT,°C VapT,°C Liqp, kg/m> Vap p, LigH, VapH, LiqCp, Vap(p, Liq k, Vap k, Liq u, Vap i, Liqo, Vap o,
kg/m> K]/kg kJ/kg kJ/kg K  KkJ/kg K mW/mK mW/mK pPas uPas N/m N/m

0.1 -43.9 -36.9 1381.5 4.5735 14031 389.59 1.3121 0.78553 124.65 9.2773 40447 10.063 0.01787 0.01696
0.2 —28.41 -21.69 1333 8.8131 160.87 39823 13394 0.8476 11584 10.315 316.54 10.757 0.01525 0.01449
0.3 -18.19 -11.66 1299.5 12.989 17471 403.62 1.3624 0.89451 110.17 11.029 27244 1122 0.01356 0.01289
0.4 -10.33 -3.971 1272.8 17.154  185.52 407.55 13834  0.93446 105.89 11.615 24398 11.576 0.01229 0.01168
0.5 —3.854 23605 1250.1 21334 19456 41064 14032 097045 102.41 12.129 22334 11.866 0.01127 0.01071
0.6 1.7039 7.7871 1230 25.545 20242 413.15 14224 1.004 99.466  12.594 207.33  12.109 0.01040 0.00988
0.7 6.6013 12,563  1211.7 29.796  209.44 41525 1.4413 1.036 96.895  13.026 19435 12.318 0.00965 0.00916
0.8 10.999 16.845 1194.9 34.098 215.83 417.03 1.067 94.607  13.436 183.47  12.499 0.00899 0.00853
0.9 15.002 20.739  1179.1 38456  221.71 41857 14789 1.0976 92.539  13.851 17415 12.657 0.00839 0.00796
1 18.686 24317  1164.1 42877 227.19 41989 14979  1.1282 90.649  14.257 166 12.795 0.00785 0.00744
1.1 22.105 27.633 11499 47367 23234 421.03 15172 1.1589 88.904  14.659 158.78  12.915 0.00735 0.00697
1.2 25.301 30.728 1136.2 51.932 2372 422.03 1.537 1.1902 87.282  15.045 152.3 13.128 0.00690 0.00653
1.3 28.304 33.632 1123 56.576  241.82 422.89 1.5572 1.2221 85.763  15.442 146.43  13.325 0.00647 0.00612
14 31.141 36.372 11102 61.306 24624 423.63 1.578 1.2549 84.333  15.842 141.05 13.521 0.00608 0.00574
1.5 33.832 38.966  1097.7 66.128 25048 424.27 1.5996  1.2889 82.981 16.248 136.11 13.716 0.00571 0.00539
1.6 36.394 41432  1085.5 71.047 25457 4248 1.6219  1.3242 81.698  16.66 131.52 13911 0.00536 0.00506
1.7 38.839 43.783  1073.5 76.07 258.51 42525 1.6452 1.361 80.475  17.081 127.24 14107 0.00503 0.00474
1.8 41.181 46.029  1061.7 81.203 26233 425.61 1.6695  1.3996 79.306  17.513 123.23 14304 0.00472 0.00444
1.9 43.428 48.182 1050 86.454  266.05 42589  1.695 1.4402 78.186  17.957 11945 14.503 0.00442 0.00416
2 45.59 50.248  1038.5 91.831  269.66 426.1 1.7218  1.4831 77.11 18.416 11588 14.704 0.00415 0.00390
2.1 47.673 52236  1027.1 97.342  273.19 42623 17502  1.5286 76.074  18.892 11249  14.909 0.00388 0.00364
22 49.685 54.152  1015.7 103 276.64 42629 1.7804 1.577 75.075  19.391 109.27 15.116 0.00363 0.00340
2.3 51.629 56 1004.4 108.8 280.02 42628 1.8126  1.6288 74109 19912 106.18  15.329 0.00339 0.00317
2.4 53.513 57.786 993.12 114.78 283.34 4262 1.847 1.6845 73.174  20.456 103.22  15.546 0.00316 0.00295
2.5 55.339 59.514 981.8 120.93 286.6  426.06 1.8842  1.7445 72268  21.026 10038  15.768 0.00293 0.00274
2.6 57.112 61.188 970.45 127.27 289.82 42585 1.9244  1.8096 71389  21.625 97.633 15997 0.00272 0.00254
2.7 58.834 62.81 959.04 133.83 29299 42557  1.9681 1.8805 70.536  22.257 94.978 16.234 0.00252 0.00235
2.8 60.511 64.384 947.53 140.6 296.12 42521 2.0161 1.9582 69.706  22.924 92.402 16.479 0.00233 0.00216
2.9 62.143 65.912 935.9 147.63 299.23 42479  2.069 2.0439 68.899  23.631 89.895 16.734 0.00214 0.00199
3 63.734 67.397 924.11 154.93 302.31 42429 21279  2.139 68.115  24.382 87.449 17 0.00197 0.00182
3.1 65.286 68.841 912.13 162.52 305.38 423.72  2.1938  2.2452 67.353  25.183 85.054 17.278 0.00180 0.00166
32 66.801 70.246 899.92 170.45 308.43 423.06 2.2682  2.3648 66.612  26.04 82.702 17.571 0.00163 0.00150
33 68.282 71.612 887.41 178.75 31149 42231 23531  2.5007 65.895  26.959 80383 17.88 0.00148 0.00135
34 69.73 72.943 874.56 187.47 314.54 42146 24511  2.6567 65.202  27.951 78.089 18.208 0.00133 0.00121
35 71.146 74.238 861.31 196.66 317.61 420.51 2.5655  2.8377 64.536  29.026 75.811 18.559 0.00119 0.00108
3.6 72.533 75.499 847.56 206.4 320.71 41945 2.7011  3.0504 63.902  30.198 73.536 18.936 0.00105 0.00095
3.7 73.892 76.727 833.21 216.77 323.84 41826 2.8645 3.3044 63.306 31.485 71.254 19.344 0.00092 0.00083
3.8 75.224 77.922 818.13 227.89 327.02 41691 3.0653  3.6132 62.757 3291 68.95 19.79  0.00079 0.00071
3.9 76.532 79.085 802.16 239.91 330.28 41539 3.3183  3.9967 62.273  34.505 66.607 20.283 0.00068 0.00060
4 77.817 80.215 785.06 253.04 333.64 413.66 3.6469  4.4863 61.877  36.315 64.203 20.835 0.00056 0.00050
4.1 79.08 81.311 766.5 267.59 337.13 411.67 4.0915 5.1336 61.603  38.407 61.707 21.463 0.00046 0.00040
4.2 80.325 82.373 745.97 284.01 340.83 40934 4.7261  6.0289 61.508  40.884 59.074 22.197 0.00036 0.00031
43 81.554 83.395 722.64 303.1 344.82 40654 57054 735 61.68 43.928 56.23  23.082 0.00026 0.00022
4.5 83.997 85.287 658.77 357.31 354.74 39822 11.047 13.563 62.675  53.531 47.945 25.818 0.00010 0.00007

3.1. Correlation of experimental data

Two well-established methods of predicting post-CHF heat
transfer coefficient, namely, the correlation of Groeneveld [21]
and the correlation of Unal and Van Gasselt [6], as well as the
Vijayarangan correlation [20] have been used for the prediction
of the present data. The correlation of Groeneveld [21] is given
below:

_ hpcueD
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where Re, and Pr, are the Reynolds number and Prandtl number of
the vapor phase.

Unal and Van Gasselt [6], as mentioned earlier, analyzed a large
body of data collected from both uniformly and non-uniformly
heated vertical tubes and proposed the following correlation:
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where subscript f refers to the film temperature.

Vijayarangan [20] analyzed a large body of data for pure refrig-
erant R-134a covering wide range of pressures up to near critical
conditions and correlated them as
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The overall comparison of the above three correlations with the
825 data points for local heat transfer coefficients beyond CHF col-
lected in the present study are shown in Figs. 5-7 respectively. It
can be seen that Groeneveld [21] and Vijayarangan [20] correla-
tions largely over predict the experimental data. Although Unal
and Van Gasselt [6] correlation agrees reasonably well with most
of the data points lying within +30% limits, there is a certain bias.
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Pg

Fig. 3. Measured wall superheat as a function of reduced pressure for mass fluxes ranging from 1200 to 2000 kg/m? s and for heat fluxes of (a) 50, (b) 60, (c) 70 and (d) 80 kW/m?.
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Fig. 4. Measured post-CHF heat transfer coefficient as a function of reduced pressure for mass fluxes ranging from 1200 to 2000 kg/m? s and for heat fluxes of (a) 50, (b) 60, (c)

70 and (d) 80 kW/m?.
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Fig. 5. Comparison of the present data on post-CHF heat transfer coefficient with
Groeneveld [21] correlation.
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Fig. 6. Comparison of the present data on post-CHF heat transfer coefficient with
Unal and Van Gasselt [6].

One possible explanation for this bias is the fact that the Unal and
Van Gasselt [6] correlation was developed for a steam-water sys-
tem and for high reduced pressures of 0.67-0.90.

In order to better fit the present data for ternary refrigerant
mixtures, the slope of the Unal and Van Gasselt [6] correlation
has been modified. Fig. 8 shows the comparison of the present data
with the modified correlation given below:
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It is seen that the predicted post-CHF heat transfer coefficient
values agree well with experimental data over the range of system
pressures and that the bias seen in the original prediction of Unal
and Van Gasselt [6] correlation has been considerably reduced. The
modified correlation predicts the present data for ternary refriger-
ants within the range of +25%. The range of the dimensionless
groups for which the above correlation is valid is given by
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Fig. 7. Comparison of the present data on post-CHF heat transfer coefficient with
Vijayarangan [20] correlation.
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Fig. 8. Comparison of the present data on post-CHF heat transfer coefficient with
the modified correlation.

3.2. Measurement uncertainties

Uncertainties in the experimental data were calculated using
the error analysis suggested by Moffat [25]. In evaluation of the
heat transfer coefficient, the inaccuracy is attributed to the errors
in the heat flux and temperature measurements. In the present
study the measured variables are the wall temperature, system
pressure, differential pressure, mass flow rate, the voltage and cur-
rent applied. The uncertainty in the measurement of temperature
is £0.1%. The uncertainty in the measurement of mass flow rate
is £0.5%. The uncertainty in the measurement of system pressure
and differential pressure is +0.25%. There is a +1% uncertainty in
the measurement of both voltage and current which results in an
uncertainty of +2.26% in the heat flux for 50 kW/m?, +2.06% for
60 kW/m?, +1.91% for 70 kW/m?and +1.79% for 80 kW/m?. From
these uncertainties the most probable errors in the heat transfer
coefficients under the present operating condition ranged between
2.03% and 8.15%.

4. Conclusions

Experiments to determine post-CHF heat transfer coefficient
have been conducted in a uniformly heated vertical tube with
the ternary non-azeotropic refrigerant mixture R-407C. The post-
CHF heat transfer coefficient is found to increase with the increase
in reduced pressure as in the case of pure fluids. Existing correla-
tions for pure fluids over predict the post-CHF heat transfer



R. Sindhuja et al. /Applied Thermal Engineering 30 (2010) 167-173 173

coefficient data by a large margin over the entire range of investi-
gation when applied for non-azeotropic refrigerant mixtures. A
new correlation has been proposed in this paper by modifying
the Unal and Van Gasselt [6] correlation.
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