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Abstract—Studies of the post-dryout heat transfer were made based on experimental data of the heat
transfer to Freon 22 flowing upward in a vertical, round tube at high subcritical pressures (reduced pressures
of 0.68-0.92). A conventional theoretical model failed in part to reproduce the measured wall temperature.
A nondimensional parameter Kn was introduced to a model for the post-dryout regime to take account
of the thermodynamic nonequilibrium between the vapor and the liquid droplets. A correlation of Kn was
developed and a method using this correlation was successful in predicting the wall temperature.

1. INTRODUCTION

In THE design of a once-through type of vapor gener-
ator, knowledge is required of the critical heat flux
and the heat transfer coefficient or wall temperature
in the regime beyond the critical heat flux for boiling
liquid in a tube. The present authors have been inves-
tigating these subjects in relation to the safety and
high performance of a vapor generator in a power
plant, in particular using Freon at high subcritical
pressure as its working fluid. Empirical correlations
were developed of the critical heat flux or the critical
quality [1, 2]. Furthermore, in the post-dryout heat
transfer (this term will be used in the present paper to
denote the heat transfer beyond the critical heat flux
at relatively high quality), two typical distributions of
the wall temperature were observed depending on the
mass velocity, and these different wall temperature
distributions were found to be due to the distinctive
behavior of the actual quality in thermodynamic non-
equilibrium of the vapor-liquid mixture in the post-
dryout region [3].

The purpose of the present paper is to obtain further
data of the post-dryout heat transfer to Freon at high
subcritical pressures in addition to the previous experi-
ment, and to develop a method of predicting the post-
dryout heat transfer.

2. EXPERIMENTAL APPARATUS
AND PROCEDURE

The experimental apparatus and procedure are the
same as described in the previous paper [3], except the
inside diameter of the test section.

The test section was an AISI 316 stainless-steel
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round tube of 12mm O.D. and 9 mm I.D., heated over
a 2-m length by passing alternating current directly
through the tubing. The fluid flows vertically upward
in the tube. The fluid temperatures were measured at
the inlet and outlet mixing chambers and the pressure
was measured at the inlet. The inside surface tem-
peratures were evaluated from outside surface tem-
peratures measured with 19 thermocouples welded on
the outside surface at regular longitudinal intervals of
100 mm.

Freon 22 was used as the test fluid, and the previous
experimental conditions were extended in the present
experiment to the following ranges of parameters

pressure: 3.4 ~ 4.6 MPa

(reduced pressure: 0.68 ~ 0.92)

mass velocity : 400 ~ 1600 kg m—2s~!
surface heat flux: 12 ~ 70 kW m—2

In the following analyses, use will be made of the
previous data for a 13-mm-1.D. tube [3] as well as the
present data.

3. EXPERIMENTAL RESULTS

Figures 1 and 2 show the typical examples of the
inside surface temperatures plotted against the bulk
fluid enthalpy at high and low mass velocities, respect-
ively. The data of several experimental runs with
different inlet enthalpies are shown with different sym-
bols. A distribution of the wall temperature which
would be realized along a sufficiently long tube might
be estimated from these data as described previously
[3]. The arrow in each figure indicates the point of the
critical quality predicted from the correlations [1, 2].
For both the examples, the critical heat flux conditions
belong to Regime 1 reported in the previous paper [1],
in which the critical quality is relatively high. While
the wall temperature, after an abrupt rise to the
maximum, declines gradually with an increase of fluid
enthalpy at a high mass velocity as shown in Fig. 1,
the wall temperature continues to rise gradually with
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A, total surface area of the liquid droplets
per unit area of the inside surface of the
tube

Cp drag coefficient

specific heat at constant pressure

D inside diameter of the tube

D, droplet diameter

G mass velocity

g  acceleration due to gravity

h  specific enthalpy

hy, latent heat of vaporization

Kn nondimensional parameter to take
account of thermodynamic
nonequilibrium, defined by equation (9)

L distance from the point of dryout

N number of the liquid droplets per unit

volume
pressure

r  Prandtl number

q  heat flux on the inside surface of the tube

qs heat transfer rate to the liquid droplets

per unit area of the inside surface of the
tube

slip ratio

temperature

saturated temperature

inside surface temperature of the tube

HSNNw

NOMENCLATURE

u  velocity

x  vapor mass fraction in the
thermodynamic equilibrium state,
0<xxl

x, actuoal quality

x. thermodynamic equilibrium quality
defined by (h, — )/ Ay, also extended to the
superheated vapor region.

Greek symbols
o heat trapsfer coefficient from the tube
wall to the bulk vapor, defined by equation
2)
oy  heat transfer coefficient from the bulk
vapor to the liquid droplet

4 thermal conductivity

W viscosity

p  density

¢  surface tension.
Subscripts

b  bulk fluid

¢ dryout point
d  liquid droplet

1 saturated liquid

v vapor

vs  dry saturated vapor.

increasing fluid enthalpy after the initial rapid rise at
the lower mass velocity as shown in Fig. 2. The same
tendency was observed in the previous experiment [3]
with a 13-mm-1.D. tube, and no significant difference
was recognized between the measured wall tem-
peratures of 9- and 13-mm-LD. tubes.

Several correlations [4-7] have been proposed for a
post-dryout heat transfer mainly to water. The values
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estimated from these correlations are also shown in
Figs. 1 and 2. As pointed out previously [3], neither
correlation by Groeneveld and Delorme [4] nor by
Plummer et al. {5] predicts such an effect of mass
velocity on the wall temperature as indicated by the
measurements. Two correlations by Saha {6] are suc-
cessful in predicting the wall temperatures at the low
mass velocity, but less successful at the higher mass
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velocity. Besides, Saha’s correlations were found,
though no example is shown, to have a tendency to
overestimate the wall temperature with increase of
pressure. The wall temperatures by Yoder and
Rohsenow’s correlation [7] are slightly below the
measured values at low mass velocity, the difference
being larger with increase of pressure, and the agree-
ment is not good at the high mass velocity, especially
in the region of high quality. None of the correlations
thus predict satisfactorily such an effect of mass ve-
locity as described above.

4. THEORETICAL ANALYSIS

In the present study, the region of quality higher
than 0.4 will be considered. The first abrupt rise of
the wall temperature in such a quality region is caused
mainly by the critical heat flux condition which
belongs to Regime 1 according to the authors’ classi-
fication [1]. This critical heat flux condition is sup-
posed to correspond to the dryout of the thin liquid
film on the wall surface and in the post-dryout region
the dispersed liquid droplets are assumed to flow in
the continuous vapor medium.

As described in ref. [3], the heat is supposed to be
transferred to Freon in the post-dryout region at such
high quality as mentioned above by two paths: con-
vective heat transfer from the wall to the bulk vapor
and convective heat transfer from the bulk vapor to
the liquid droplets entrained in the vapor, because the
radiative heat transfer is negligibly small-—at least in
the case of Freon—and because the contribution of
heat transfer direct from the wall to the liquid droplets
is considered to be small except in the low quality
region.

A correlation of the single-phase heat transfer to
superheated vapor of Freon was developed in ref. [3].
This correlation was slightly modified based on the
present data. Assuming this modified correlation can
be applied to the convective heat transfer from the
wall to the vapor in the post-dryout region, the cor-
relation is written as follows

aD GD Iy 092
B 0.0048 X+ 1—x)
Ay Hy P

. 2.0
xpre [‘ +W] @

where the heat transfer coefficient « is defined as

q
Tw—Tv'

@ = @
The actual quality x, in equation (1) is related to the
actual enthalpy of the vapor &, and the bulk fluid
enthalpy £, or the thermodynamic equilibrium
quality x, as

hy,—h, h

= e
h—h = h—h &

Xy =

HMT 29:8-M
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The actual quality x, is not equal to the ther-
modynamic equilibrium quality x, because of the ther-
modynamic nonequilibrium between the vapor and
the liquid droplets. If the value of the actual quality
is known, the wall temperature can be predicted by
equations (1}(3) for the prescribed heat flux.

For the post-dryout heat transfer, several theo-
retical analyses have been developed [8-10], based
on the models formulating each of the constituent
elementary processes. Referring to these analyses,
which were not especially intended for such high sub-
critical pressures as are used in the present study, an
attempt was made to estimate the actual quality based
on a model shown in the Appendix and consequently
the wall temperature by equations (1)—(3).

The wall temperature T, and the actual quality x,
thus calculated are plotted against the equilibrium
quality x, at a low mass velocity in Fig. 3. The experi-
mental wall temperature and the actual quality are
also shown in this figure. The experimental value of
the actual quality was obtained by the iterative cal-
culation using equations (1)~3) to satisfy the mea-
sured wall temperature, since no direct measurement
of the actual quality, which was quite difficult under
the present experimental conditions, was made. The
actual quality and the wall temperature calculated
from the present analysis were found to depend
strongly upon the liquid droplet diameter D, at the
dryout point, which is one of the boundary conditions
for the system of equations, but depended only slightly
upon the droplet velocity uy, or slip ratio S, = u,./uy.
at the dryout point. Both the wall temperatures,
shown by the broken line and the dot-dash line in
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FiG. 3. Calculated and measured wall temperature and actual
quality vs equilibrium quality.
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the figure, calculated with the dryout-point droplet
diameter by Ueda’s correlation [11] and Cumo’s [12],
respectively, are considerably lower than the mea-
sured values. This is due to the larger values of the
actual quality, that is, the predicted actual qualities
being little different from the equilibrium vapor mass
fraction x, because of the underestimation of the size
of the liquid droplets. The solid line in the figure shows
the results calculated by choosing the value of the
dryout-point droplet diameter so that the wall tem-
perature was fitted with the measured values as well
as possible. Indeed these results agree very well with
the experimental values, but, in this case, the dryout-
point droplet diameter is 0.78 mm and the maximum
value of the Weber number, We = p (u,—uy)*Dy/0, is
29. This value of the maximum Weber number is
considerably larger than the critical Weber number,
the value of which is, in general, found to be around
13 for a liquid droplet entrained in the gas-phase flow.
The maximum Weber number at which the best-fitted
wall temperature was calculated became larger with
increase of pressure and was 55 at a pressure of 4.6
MPa. Taking this into account, the calculation was
carried out under the limitation of the Weber number
being always less than the critical value of 13. This
result is shown by the dotted line. The calculated wall
temperatures are somewhat lower than the measured
values and the difference between them was found to
be more marked with increase of pressure.

It was found by a similar comparison of the analysis
with the measurement at the higher mass velocity that
the analysis did not predict satisfactorily the remark-
able tendency of the wall temperature which reduces
with increase of bulk fluid enthalpy, though the
maximum Weber number in this case remained below
the critical value.

5. PREDICTION METHOD OF ACTUAL
QUALITY AND WALL TEMPERATURE

The theoretical calculations in the preceding section
were not completely successful in reproducing the
measured wall temperature. The reasons are supposed
to be that each elementary process might not be
modeled with entire propriety, and/or that other fac-
tors might yet remain to be taken into account. Since
it was, however, difficult to give further detailed
considerations to these problems, the following
analysis was made.

From the energy equation for the two-phase flow
in the post-dryout region, the following relation is
obtained

dxa _ ’F)
drx, ¢

@

where

gy = 6 Ay(T, ~T). (%)
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Equation (3) is rewritten as

TvﬁTszﬁijE:ﬂ(ﬁ_]). ()
va va Xa
Substitution of equations (5) and (6) into equation (4)
yields
dx, 1 X,
dx, ~ Bokn (x_a B l) M
where
_ 9
Bo = G (8)
and
Ge,,
Kn= P O

The actual quality can be estimated by solving equa-
tion (7) with the boundary condition :

x, = x, at (10)

Xe = X,.

The coefficient in equation (7) consists of two non-
dimensional parameters, Bo and Kn. Bo is the so-
called boiling number and represents the change of
the vapor mass fraction per unit tube length at ther-
modynamic equilibrium; hence the higher value of
the boiling number means the stronger acceleration
of the two-phase flow in the post-dryout region. The
nondimensional parameter Kn represents the ratio of
the heat capacitance of the vapor flow to the thermal
conductance from the vapor to the liquid droplets;
therefore the parameter Kn is considered to be a
characteristic parameter which governs the ther-
modynamic nonequilibrium of the dispersed two-
phase flow. As Kn increases, the two-phase fluid
departs farther from the thermodynamic equilibrium
state.

On reference to the theoretical analysis in the pre-
ceding section, the parameter Kn was supposed to be
described as a function of following nondimensional
parameters :

GD G’D p(p,—p)gD ¢
Kkn=f\—,—,———5——, 5, Pr,
S < w op, G* Ghy' '
&s&~19xa51’xas£—lsxc)- (11)
P py X,

Based on the present and previous [3] experimental
data, the following correlation of Kn was obtained.

Kn = 4.26 103<GD )OASZ(GZD)'O " 3(&>0'3x"
Hy apy Pi *

0383
1) (12)

a

X,
1 —0.20 ¢
x{(1—x,) (x —

where

5= 2.0exp[— 1.3(9ﬂ>(ﬂ - 1)' ]— 1. (13)
Upv Pv
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The actual quality was estimated by solving equa-
tion (7) numerically together with equation (12), and
by the use of this actual quality value the wall tem-
perature was calculated from equations (1)-(3) for a
given pressure, mass velocity and wall heat flux.

Figures 4 and 5 show the examples of the com-
parison of the wall temperature and the actual quality
calculated by this method with the measured values.
The circle marks indicate the data in such a case as
the rapid wall temperature rise occurs near the critical
quality predicted by the correlation {1, 2}, this quality
being shown by an arrow, while the triangle and
square marks are the cases of the quality at the tube
inlet above the predicted critical quality. The cal-
culated values corresponding to the former and latter
cases are shown with solid and broken lines, respec-
tively. Although a somewhat large difference is noted
between the calculated and measured values shown
by triangle marks, the calculations agree well in
general with the measurements.

Figure 6 shows the comparison of the predictions
and measurements under the various conditions in
terms of the difference between the wall temperature
and the bulk fluid temperature (the saturated tem-
perature in the saturated region). It should be noted
that almost all data points lie within +20%.

No experimental data have apparently been pub-
lished to date of the post-dryout heat transfer to Freon
at such high pressures as in the present study. Data
were obtained by Groeneveld [13] and Schnittger [14]
for Freon 12 at rather low pressures. Figure 7 shows
the examples of the comparison of their data with the
predicted wall temperatures. The present method is
successful also in these cases.
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6. CONCLUSIONS

The following results are obtained from the experi-
ments and analyses on the post-dryout heat transfer
to Freon 22 flowing upward in the uniformly heated
vertical tube at high subcritical pressures.

1. None of correlations which have been proposed
hitherto for the post-dryout heat transfer are appli-
cable to the present case.

2. A conventional theoretical model is not able to
reproduce satisfactorily the wall temperature for
the present heat transfer.

3. A nondimensional parameter Kn which governs
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the thermodynamic nonequilibrium of the two-
phase fluid was introduced to a model for the post-
dryout regime, and a correlation of Kn was
developed. The proposed method by the use of this
correlation successfully predicts the wall tem-
perature for the post-dryout heat transfer to Freon
at high subcritical pressures.

4. The present prediction method is possible to be
applied to Freon also at pressures lower than those
in the present study.

The heat transfer in the relatively high quality
region was considered in the present study. The study
of the heat transfer in the low quality or subcooled
region, where the film boiling in inverted annular flow
pattern is presumably predominant, is intended suc-
cessively to clarify the heat transfer characteristics of
Freon throughout the post-burnout region.
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APPENDIX: THEORETICAL MODEL

Energy equation for the two-phase dispersed flow :

dx, _qq
=X 4
i q 4)
where
4e = 3 DiDNay(T,—T)) ()
and assunting no breakup of liquid droplets
6G(1 —x,)
N=—
7D} pry (42)
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(A9)

Energy equation for a liquid droplet : and
Gx,u4p
dD, GDay u =L
_—=— —T)). v —G(l—
dx, 29piug (T,-T) (A3) [p1ua~G(1-x,)lp,

Equation of motion for a liquid droplet :

du _ Gthg[z Copulty,—uy) (p.—pv)g} (D

Ee_ 4q |4 piuaDy Pty

where from refs. [15, 16]

Heat transfer coefficient from the vapor to the liquid droplet
[1n:

gDy 1
) 1+B

(2+0.6Rel> Pris3). (A10)

The actual quality x, and the vapor temperature 7, are

Coi = Cno (AS) calculated by solving equations (3), (4), (A3) and (A4) sim-
PT1+B ultaneously and numerically for given boundary conditions:
at x. = Xx.;
24Rez'; Rey <2 X =x
Cpo = 4 18.5Re;%%;2 < Rey < 5% 107 (A6) b —p
0.44;5x 102 < Rey < 2x 10° ¢ e (AlD
G( X, + 1 —xc>
Uy = Uy, = .
hv - hvs vs Sc
ALY (A7) p 4
ey
Substituting the values of x, and T, thus obtained into equa-
_ puluy—u)Dy tions (1) and (2), the wall temperature T, is calculated for a
Rey = ————— (A8) \
Uy prescribed wall heat flux.

TRANSFERT THERMIQUE APRES ASSECHEMENT DE FREON DANS UN TUBE
VERTICAL A DES PRESSIONS SOUS-CRITIQUES

Résumé—Des études de transfert thermique aprés asséchement sont conduites expérimentalement pour du

Freon 22 qui s’éléve dans un tube circulaire vertical 4 des pressions fortement sous-critiques (pression

réduite entre 0,68 et 0,92). Un modéle théorique ne représente pas bien la température mesurée de la paroi.

On introduit un paramétre addimensionnel Kn pour tenir compte du déséquilibre thermodynamique entre

la vapeur et les gouttelettes de liquide. Une formule est donnée pour Kz et une méthode permet de calculer
correctement la température de la paroi.

WARMEUBERGANG IM POST-DRYOUT-BEREICH MIT FREON IM SENKRECHTEN
ROHR BEI HOHEN UNTERKRITISCHEN DRUCKEN

Zusammenfassung—Es wurden Untersuchungen zum Wirmeiibergang im Post-Dryout-Bereich durch-
gefiihrt, die auf experimentellen Daten des Wirmeiibergangs von Freon 22 beruhen, welches in einem
senkrechten Rohr bei hohen unterkritischen Driicken (normierte Driicke von 0,68 bis 0,92) aufwiirts
strémt. Ein konventionelles theoretisches Modell versagte zum Teil bei der Reproduktion der gemessenen
Wandtemperaturen. Ein dimensionsloser Parameter Kn wurde in ein Modell fiir den Post-Dryout-
Bereich eingefithrt, um das thermodynamische Nichtgleichgewicht zwischen dem Dampf und den
Flilssigkeitstropfen zu beriicksichtigen. Es wurde eine Korrelation fiir Kn entwickelt. Eine Methode, welche
diese Korrelation verwendet, war in der Vorausberechnung der Wandtemperatur erfolgreich.

3AKPUTUYECKWUW TEIJIONEPEHOC K ®PEOHY B BEPTUKAJILHOW TPYEBE
NMPU JABJEHUAX, 3HAYUTEJIbBHO MEHBIIMX KPUTHUYECKOTIO

AnnoTauus—MW3ydeH 3aKpUTHYECKHH Tem100OMeH HA OCHOBE YKCNEPUMEHTAJIbHBIX JAaHHBIX MO TeMnjomne-

peHocy K (peoHy 22, ABUXKYLIEMYCS BBEpX B BepTHKaJIbHOH Kpyrioil TpyOe mpu naBieHMSX, 3HAUM-

TEJILHO MEHBILMX KPHTHYECKOro (MpuBeacHHOe AaBieHue nmi3meHsercs oT 0,68 no 0,92). C nomowpio

U3BECTHON TEOpeTHYECKOH MOMENM HEBO3MOXHO TNPABUILHO PACCYUTATL H3MEPEHHYIO TeMIepaTypy

cTeHKH. [1n1s yYeTa TepMOANHAMHUYECKOH PABHOBECHOCTH MEXKAy MAapOM M KalUIAMH XHIKOCTH B MOAEND

3aKPUTHYECKOTO pexXKMMa BReleH Gezpa3mepHbiil napamerp Kn. Monnduumnposanusiit Takum obpazom
METOJ YCTIEIIHO UCMOJb30BaH A1 pacHeTa TEMIEPATYyPhl CTEHKH.



