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TATSUHIRO VEDA, SHIGERU TSUN"ENARI and MASAYUKI KOYANAGI
Department of Mechanical Engineering, University of Tokyo, Bunkyo-ku, Tokyo 113,Japan

(Reeeh'ed 17 August 1982)

Abstract-A high thermal capacity copper test section placed at the end of a heating tube is used for
investigating the critical heat flux and heat transfer characteristics during rewetting process for Freon-l 13
upward flow at mass velocities of357, 627,1035 and 1465kg m -2 S-I. The critical heat flux coincides wellwith
the maximum heat flux obtained by the transient cooling test. The wall superheat at the onset ofrewetting
changes greatly with the inlet quality, and ranges from 120 to 140'C in the subcooled and low quality region

and from 60 to 80'C in the high quality region.

I'iO;\IEI'iCLATURE

a thermal difTusivity
cp specific heat
D diameter
G mass velocity
g acceleration of gravity
Hrg heat of vaporization
" heat transfer coefficient
K overall heat transfer coefficient
k thermal conductivity
L length of test section
L. characteristic length
p pressure
Q heat content of test section per unit length
q heat flux at inner surface
r radial co-ordinate
T temperature
To atmospheric temperature
Tm(t) recorded temperature
1; saturation temperature
T; wall temperature at inner surface
h:r., liT wall superheat
t time
x quality

Greek symbols
}.Q critical wavelength
JI viscosity
p density
(J surface tension

Subscripts
c critical heat flux condition
ex exit end of test section
g vapor phase
gf vapor phase at film temperature
in inlet end of test section
ins inner surface of test section
I liquid phase
max maximum heat flux point
o location of thermocouple
out outer surface of test section
RW rewet point

I. INTRODUCTION

KNOWLEDGE of heat transfer and flow structure in the
region where the wall superheat has exceeded the
critical heat flux condition is required in various
engineering fields, such as steam generators, refriger­
ators and cryogenic liquid evaporators, and is
especially important in the safety analysis of water­
cooled nuclear reactors.

This region includes the transition boiling related to
relatively low wall superheats and the stable film
boiling or post-dryout dispersed flow for high wall
superheats. The film boiling heat transfer under forced
convection conditions [1-3] and the heat transfer
mechanism in dispersed flow [4-6] have been
investigated fairly well by many investigators. Study of
forced convective transition boiling is, however,
relatively limited due to the difficulty with
measurements.

The transition boiling regime shows such a unique
characteristic as the heat flux decreases with an increase
in wall superheat that the boiling curve in this regime
has been usually derived by means of a transient
technique to record the wall temperature history in
quenching. Ganic and Rohsenow [5] presented boiling
curves in a region from high quality dispersed flow to
transition boiling for liquid nitrogen. Cheng and
Ragheb [7-10] performed an extensive measurement
with high thermal capacity test sections and obtained
boiling curves including transition boiling for
subcooled water at near atmospheric pressure. They
have shown that the boiling curves derived from the
transient test are in good agreement with those from the
steady-state test made with a temperature controller
[II]. However, it should be noted that the experiments
mentioned above were performed at low mass
velocities, i.e. less than 300 kg m- 2 S-I. Green and
Lawther [12, 13] have estimated the heat transfer
characteristics associated with a change from pre­
dryout to post-dryout conditions for Freon-12 upflow.
Intheir study, the relationships between heat flux and
wall superheat were derived from the transient wall
temperature response initiated by increasing heat flux
higher than the dryout condition.
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2. APPARATUS AND PROCEDURE

FIG. I. Schematic diagram of experimental apparatus.
mass velocity, G = 357-1465 kg m - 2 S -1,

inlet quality, X in = -0.06-0.62.

tube at asubcooled condition, flowed upwards through
it and entered into the test section placed at the top of
the preheater tube. The preheater tube is a uniformly
heated 1.5m long stainless-steel tube of 10mm J.D. and
12 mm O.D. The test section is a cylindrical copper
block of 10 mm J.D. and 100 or 98 mm O.D., and is
heated by a sheathed heater wound round the outer
surface.

Two copper blocks of heating length L = 100 and
60 mm were used. A total of nine and five C-A
thermocouples were embedded as shown in Fig. 2. The
copper block is surrounded by insulators and fixed up
with bottom and top flanges. The unheated length
between the preheater tube and the test section is
54 mm. For observation of the flow state, a glass tube
section is provided in the upper tubing covering the
length between points 72 and 142 mm away from the
exit end of the copper block.

In this experiment, pressure and quality at the inlet of
the preheater tube were kept at 0.32 MPa and -0.33,
respectively. The inlet quality of the test section was
controlled by adjusting the power input to the
preheater tube. The pressure at the test section was then
affected slightly by the mass velocity and inlet quality,
but was in a range of 0.28±0.015 MPa and the
corresponding saturation temperature r. = 8D-84°C.
Measurements were made for a steady-state heating
run and a subsequent transient run.

In the steady-state run, the power input to the test
section was increased in small steps while the steady
temperature distribution in the copper block was
measured. This procedure was repeated until a sharp
rise in the copper block temperature was observed.
Once the heat flux was increased over the critical heat
flux, the copper block temperature began to rise
sharply. The power input to the test section was
reduced at this stage to settle the wall temperature
down to about 250°C to prevent the inner surface
fouling. After the temperature distribution in the
copper block had settled down at a high temperature
level,the transient run was started by cutting offthe test
section heater. The wall temperature history was
recorded. Some studies have been made to examine
under what conditions transient tests give data
equivalent to those from steady-state boiling tests.
Peyayopanakul and Westwater [16] performed careful
transient tests for pool boiling with liquid nitrogen on a
copper slab, and have shown that a slab thicker than
25 mm permits a quasi-steady-state determination of
the whole boiling curve. The minimum slab thickness
may change somewhat for flow boiling systems.
However, since a very high thermal capacity copper
block similar to the one used by Cheng et al. [7] is
employed in the present test, its temperature variation
during the transient test is expected to be slowed down
enough to permit the quasi-steady-state determination.

The experimental ranges covered are:

Coolant

Con­
denser

Cyclone
separator

5to rage rl---I_--,
tank

Hot
water

Preheater
tube

P T}-==;:=r

to vacuum
pump

A schematic diagram of the test loop is shown in
Fig. 1. The test liquid, Freon-1l3, was supplied by a
circulating pump to a vertically arranged preheater

In the transition boiling regime, the heated surface is
wetted intermittently by the liquid flowing overit or the
droplets depositing on it. Raghcb et al. [14] have
indicated that the onset of intermittent wetting is very
close to the minimum heat flux point obtained from the
boiling curve and that the onset of continuous liquid
contact coincides with the maximum heat flux point.
The temperature boundaries of the transition boiling,
i.e. the wall superheats at the critical or maximum heat
flux point and the rewet point, are important factors for
predicting the temperature-time history of highly
superheated channels in quenching. However, little is
known about the temperature boundaries and, as was
pointed out by Groeneveld and Fung [15], further
information is required on the rewetting in flow boiling
systems.

One of the objectives of the present study is to
examine the effects of mass velocity and vapor quality
on the transition boiling boundaries. A high thermal
capacity copper test section placed at the end of a
heating tube is employed to obtain the boiling curve
including transition boiling regime. Measurements are
made on Freon-1l3 upward flow at pressures near
0.28 MPa. By the steady-state and transient tests, the
critical heat flux and the heat flux vs wall superheat
relation during the rewetting process are investigated in
a wide range ofmass velocity and qualitycombinations.
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Transformer
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FIG. 3. Experimental range for test section L = 100 mm,

J. DERI VATiON OF TEMPERATURE

AND HEAT FLUX

The temperature and heat flux at the inner surface of
the test section were derived by a l-dirn. analysis with

(2)

and the initial condition is

T(r,O) = Tm(O) + ';n.~, =o In (:J. (5)

In the above equations, '0 and Tm are the location and
reading ofTC No.3, respectively. Equation (4) sho ws
the radial heat loss from the outer surface to the
surroundings, where K denotes the overaIl heat transfer
coefficient determined experimentaIly. Equ at ion (5)
represents the steady-stat e temperature distribut ion at
the starting point ofthe transient run t = 0, where rin• is
the rad ius of the inner surface and q,=o is the inner
surfaceheat flux at the time.Thesolution ofequ ation (2)
was obtained, as described in the Appendix, by
reducing it to a series offinite differential equations in T.

The heat transfer rate from the inner surface to the
fluid Freon-I 13in a time inter val ilt is assumed equal to
the change in heat content of the test section , minus the
rad ial heat loss from the out er surface during the same

the assumption that the axial heat conduction near the
mid-plane was negligible. These values for the stead y­
state run can be easily obtained by applying two
measured temp eratures at the mid-plane of the test
section to the steady-state heat cond uction equation.
The measured values ofTC Nos. 3 and 7 were used for
this purpose.

For analyzing the transi ent test results, the l -dim.
cond uction model proposed by Cheng et 01. [7] , a
method to compute the time-dependent temperature
distr ibution of the test section from the recording ofTC
No.3, was used.

The waIl temperature T(r, t) is obt ained as the
solution of the I-dim. equation

aT = a(02T +~ aT).
at or2 , or

Th e boundary conditions of the test section are

r = ' 0: T(ro,t) = Tm(I), (3)

r = ' out: -k(oT/o,),=,ou, = K(4u.-'T,.) (4)

(1)

1.00.80.6

Freon -1l3
p = 0.2 8 MPa

Annular
dispers ed

Annular

0. 4
Qual ity x

0.2o-0.2
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Figure 3 shows a flow pattern map derived from
Baker's chart [17] for Freon-H3 a t a pressure of
0.28 MPa. The experimental conditions for the test
section of L = 100 mm are plotted on this map where
the symbol 0 repr esents the quality a t the inlet of the
test section Xin, and the symbol x represents the quality
at the exit under the critical heat flux condition
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4. BOILING CURVE

time interval. The heat content involved in unit length
of the test section is

Therefore, the heat flux q at the inner surface can be
obtained by the following equation:

1 dQ rout
q = ---. --K-(T"ul-T.). (7)

2nrino dt rin,

Cheng et al. [18, 9, 10] have computed the
temperature distribution and heat flux based on a 2­
dim . model considering axial heat conduction in the
test section and compared the results with those
obtained by the l-dim, model. This comparison was
made by applying the temperature recordings obtained
for flow boiling of subcooled water. The results for the
copper test section have shown that (a) the two mid­
plane boiling curves are approximately the same, and
(b) the mid-plane boiling curve represents the averaged
boiling curve of the entire test section.

(9)

(10)

(11)

q.on = Ii(Tw - Tg)

and a heat transfer coefficient for vapor flow

llrg = llrg+0.68cpgcd 7;.

It has been known that the constant C in the above
equation is 0.667 in the case of the vapor velocity at the
vapor-liquid interface being zero, and 0.943 in the case
of the shear stress at the interface being zero. Here, the
heat flux q = limd7;was calculated by applying a mean
value C = 0.81 to the above equation. The two lines
drawn in Fig . 4(a) show the results, one is obtained
assuming L. = L, and the other is obtained by
assuming L. is equal to the critical wavelength

[

(J JI /2
}.o = 2n: •

(PI-pgc)g

The heat flux by radiation is small, estimated to be
1-4 kW m - 2 in this case, and is not included in the two
lines.

In the high quality region, on the other hand, the flow
type for high wall superheats is considered to be post­
dryout dispersed flow. In the dispersed flow just behind
the dryout point, evaporation of entrained droplets in
the vapor flow is limited and the heat added is mostly
utilized for superheating the vapor flow [6]. As shown
in Fig. 4(c), there was little difference between the
boiling curves derived by TC No.1 and TC No.3 for the
high wall superheats. This suggests that the dryout
takes place at or near the inlet of the test section in the
case of high wall superheats. The line drawn in Fig. 4(c)
represents the convective heat transfer rate q.onat the
mid-plane of the test section calculated by

where

saturated liquid flow has been obtained [1]. Its
averaged value for a vertical surface of characteristic
length L. is expressed as

Ii = c[k:rpgr(PI-pgr)gHfg]l/~ (8)
m L,ll grd 7;

hD {GD [p ]}O.8- = 0.023 - Xin + --! (l-xin)
kgc IlsC PI

(
cpll)O.4 [ 1.25]

x k gC 1+ (zID)1.34

where Tg is the superheated vapor temperature at the
mid-plane L/2 calculated by assuming all the heat
added is used for heating the vapor phase, and z denotes
the axial distance from the dryout point and is given by
z = L/2. The calculated value is close to the
experimental result in the high quality and high wall
superheat region.

The boiling curves obtained by the recordings ofTC
Nos. 1 and 5 are in good agreement with the curve
derived by TC No.3 in the subcooled and low quality
region. However, as is seen in Fig. 4(c), a considerable

- difference is observed in the transition boiling regime of
the high quality region. This seems to suggest that the
surface rewet in the high quality region propagates

(6)f
, o u t

Q = pCp 2nrT dr.
rlns

Some examples of the boiling curve thus derived are
presented in Fig. 4. These are the results obtained with
the test section of L = 100 mm at a mass velocity
G :::e 1035 kg m - 2 S -I and the inlet qualities of
- 0.008, OJ50 and 0.319. The paints shown by the open
symbol in Fig. 4 are the data for the steady-state run,
among which the highest heat flux point is regarded in
this paper as the critical heat flux condition. The solid
line represents the boiling curve for the transient run
computed from the recording ofTC No .3 at the mid­
plane. The curve in the nucleate boiling regime is in
fairly good agreement with the data for the steady-state
run. For reference, the boiling curves computed by the
I-dim. analysis applying the recordings ofTC No.1 at
the inlet side and TC No.5 at the outlet side are also
shown in Fig. 4.

The transient test results show a trend to move with
decreasing wall superheat, from the film boilingor post­
dryout dispersed flow state for high wall superheats to
the nucleate boiling state through the transition boiling
regime with intermittent rewetting of the surface.
Although the onset point of transition boiling is not
necessarily clear on the boiling curve, it is assumed as
shown in Fig . 4(a) to be the point where the fluctuation
settles down and the heat flux begins rising sharply with
decreasing wall superheat. It is called the rewet point.
The maximum heat flux point is also determined from
the boiling curve as indicated in Fig. 4(a).

In the subcooled or [ow quality region, the flow type
for high wall superheats seems to be an inverted annular
flow with film boiling. The flow state of the vapor film in
this type is probably complicated and it seems difficult
to estimate the heat flux. For comparison, the heat
fluxes for simple film boiling conditions calculated by
the following equation are also shown in Fig . 4(a). The
heat transfer coefficient in laminar film boiling under
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FIG. 4. Boiling curves.

downward slowly as the averaged temperature of the
test section decreases, and that the axial heat
conduction should be considered for obtaining the
local point boiling curve in this process.

The boiling curve in the transition boiling regime is
significantly affected by the inlet quality as is seen in
Figs. 4(a)-{c). Figure 5 shows the boiling curves for the
case of the inlet condition of the test section being
slightly subcooled, and indicates that the heat flux in

transition boiling increases with increasing mass
velocity, in agreement with the results of Ragheb et al.
[10].

Figure 6 shows a comparison of the critical heat flux
qc with the maximum heat flux qmax obtained by the
transient test. Although the superheat at the maximum
heat fluxpoint Ii.Tmax isgenerally higher than that of the
critical heat flux condition !i.1;" the maximum heat flux
is approximately equal to the critical heat flux.
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FIG. 5. Effect of mass velocity on boiling curve in subcooled region.

FIG. 6. Comparison of critical heat flux with maximum heat
flux.
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5. DISCUSSION OF RESULTS

5.1. Critical heat flux
Figure 7(a)shows that the critical heat flux is reduced

with increasing inlet quality. The values for the test
section of L = 60 mm are higher than those of L = 100
min, and the increasing rate is raised as the inlet quality
increases. Figure 7(b) represents the relation between
the critical heat fluxand the exit quality. A similar trend
is observed to that obtained with a uniformly heated
tube fed with subcooled liquid at its inlet.

The flow state observed through the glass tube
section at the critical heat fluxcondition was as follows:
When the exit quality was less than 0.15, the flow state
was bubbly with many small bubbles. When the exit
quality was higher than 0.20,the flowstate was annular.

5.2. The rewet poillt
The wall superheat at the onset of rewetting is

affected strongly by the inlet quality. As shown in Fig.
8(a), the value /11itw is ranged from 120 to 140°C in the
subcooled and low quality region and from 60 to 80°C
in the high quality region.

Although experimental data on the rewetting in flow
boiling systems are limited and there exists a noticeable
lack of knowledge of the rewetting mechanisms, Iloeje
et al. [19] suggested three different controlling
mechanisms, i.e. collapse of vapor film, axial
conduction controlled rewet and dispersed flow rewet.
It seems that the flow state has an important effecton
the onset of rewetting. The flow state observed through
the glass tube section at the starting point of the
transient run was as follows: The flow in the subcooled
and low quality region was a bubbly flow of large
bubbles which appeared to be generated from the vapor
filmin the test section, whereas the flow state in the high
quality region was dispersed. Figure 8(a) suggests that
the wall superheat at the rewet point by collapse of
vapor film is much higher than that by dispersed flow
rewet. In the middle quality region, the rewet point was
not clear and /1TRW was scattered in a wide range.

It has been shown that a droplet impinging on a hot
surface rebounds away but a fraction of it begins to
adhere to the surface as the wall superheat decreases
below a boundary value [20]. The value of /1TRW in the
high quality region approximately corresponds to the
boundary value obtained with a Freon-I 13droplet and
copper system. Recently, Iloeje et al. [21] have

The liquid film in the middle quality region was
observed to flow along the surface periodically
contacting the wall and then separating from it. This
contrasts with the observations for the liquid filmin the
high quality region, which was accompanied by
intermittent film disruption with a part of it being
divided into rivulets.
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FIG. 7. Variation of critical heat flux with inlet quality and exit quality.

investigated the dispersed flow rewet with liquid
nitrogen, and indicated that the rewet wall superheat
decreases with increasing flow quality.

Along with ~TRW' the wall superheat at the
maximum heat flux point ~Tmax is plotted in Fig. 8(a).
Both wall superheats are insensitive to the length of the
test section. Figure 8(b)shows the heat flux at the rewet
point qRW plotted against the inlet quality.The heat flux
takes a peak value in the middle quality region and the
value for L = 60 mm is considerably higher than that
for L = 100 mm.

5.3. Moximum heat flux point
Figure 9 shows the wall superheats at the maximum

heat flux point and the critical heat flux condition,
~Tm ax and ~J:, plotted against the exit quality Xexc'

~Tmax increases with increasing quality in the low
quality region, while it decreases with increasing
quality and mass velocity in the high quality region. ~J:
shows a trend to decrease with increasing exit quality
and mass velocity in a manner similar to qc shown in
Fig. 7(b}, but ~J: is little affected by the test section
length.

6. CONCLUSI01\'S

The critical heat fluxand the boiling curve for Freon­
113 forced convective upflow were examined by a
steady-state heating test and asubsequent transient test
with a high thermal capacity copper test section. The
conclusions derived from this study are as follows:

(1) The critical heat flux coincides well with the
maximum heat flux obtained by the transient test.

(2) The heat flux vs wall superheat relation in the
transition boiling regime is affectedstrongly by the inlet
quality.

(3) The wall superheat at the onset of rewetting
changes greatly with the inlet quality, and ranges from
120 to 140°C in the subcooled and low quality region
and from 60 to 80°C in the high quality region.

(4) The wall superheat at the maximum heat flux
point increases with increasing exit quality in the low
quality region, while it decreases with increasing exit
quality and mass velocity in the high quality region.

(5) The heat fluxes at the critical heat flux point, the
maximum heat flux point and the rewet point are all
increased with decreasing heating length, whereas the
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FIG. 10. Distribution of nodal po ints.

wall superheats at these points are little affected by the
heating length.

Ackllowledgel1lell!s-The authors gratefully acknowledge the
support for this work by the research fund (Grant in Aid of
Energy Special Project Research. 1981) of the Mini stry of
Education. Japan.

REFEREl'OCES

I. L. A. Bromley, Heat transfer in stable film bo iling, Chel1l.
Engng Prog . 46, 221-227 (1950).

2. Y.Y. Hsu and J. W. Westwater, Approximate theory for
film boiling on vertical surfaces. Chem . £lIg llg Prog.Syl1lp.
Ser. 50(30), 15-24 (1960). .

3. R. S. Dougall and W. M. Rohsenow, Film boiling on the
insid e of vertical tubes with upward flow of the fluid at low
quality, MIT Rep . No . 9079-26 (1963).

4. A. W. Benn ett , G . F. He witt , H. A. Ke arscy a nd R. K. F.
Keeys, Heat transfer to steam-water mi xtures flowing in
uniformly heated tubes in which the cr itical heat flux has
been exceed ed, AERE-R 5373 (1967).

5. E. N. Ganic and W. M. Roh senow, Dispersed flow heat
transfer, lilt. J. Heat Mass Transfer 20, 855-866 (1977).

6. Y. Koizumi, T. Veda and H. Tanaka. Post dryout heat
transfer to R-I13 upward flow in a vertical tube. Int. J.
lIeat Mass Transfer 22,669-678 (1979).

7. S. C. Cheng. K. T. Heng and W. Ng, A technique to
construct a boiling curve from quenching data
considering heat loss. lilt. J. Multiphase Flow 3, 495-499
(1977).

8. S. C. Cheng, W. W. L. Ng and K. T. Heng. Measurements
of boiling curves of subcooled water under forced
con vective conditions, lilt. J. Ileat Mass Tr ansf er 21,
1385-1392 (1978).

9. S. C. Cheng and H. Ragheb, Transit ion boiling data of
water on incone1 surface under-forced convective
conditions, lilt. J. Multiphase Flow 5,281-291 (1979).

10. H. S. Ragheb, S. C. Cheng and D. C. Groeneveld,
Observat ions in transition boiling of subcooled water
under forced convective conditions, lilt. J. Heat Mass
Trallsfei-24 , 1127-1137 (1981).

11. W. W. L. Ng and S. C. Cheng, Steady state flow boiling
curves measurements via temp erature controllers, Lett.
lIeat Mass Transfer 6,77-81 (1979).

12. W. J. Green and K. R. Lawther, An investi gation of
transient heat transfer in the region offiow boilingdryout
with Freon-12 in a heated tube,NIlc/. Engng Des. 55,131­
144 (1979).

13. W.I. Green and K. R. La wther, An investigati on of flow
boiling dryout transition. Paper presented at 3rd CSNI
Specialist Meeting on Transient Two-Phase Flow,
Pasadena (1981).

14. H. S. Ragheb, S. C. Cheng and D. C. Groeneveld,
Measurement of transiti on boiling boundaries in forced
convection flow, Int.J i Heat Mass Tran sfer 21, 1621-1624
(1978).

15. D. C. Groeneveld and K. K. Fung, Forced convective
transition boiling review ofliterature and comparison of
prediction methods, AECL·5543 (1976).

16. W. Peyayopan akul and I . W. Westwater, Evaluation of
the un stead y-state quenching method for determining
boiling curves, Int . J.lIeat Mass Tran sfer 21, 1437-1445
(1978).

17. O. Baker, Simultaneous flow of oil and gas, Oil Gas J. 53,
185-190 (1954).

18. S. C. ChcngcTransition boiling curves generated from
quenching experiments using a two dimensional model,
Lett . Heat Mass Transfer 5,391-403 (1978).

19. O. C. Iloeje, D. N. Plummer, W. M. Rohsenow and
P. Griffith, An investigation of the coll apse and surface
rewet in film boiling in forced vertical flow, Trans. Am.
Soc. Mech. Enqrs, Series C, J.lIeat Transfer 97,166-172
(1975).

20. T. Ueda, T. Enomoto and M. Kanetsuki, Heat transfer
characteristics and dynamic behavior of saturated
droplets impinging on a heated vertical surface, Bull.
JSME22,724-732(1979).

21. O. C. Iloeje , D. N. Plummer, W. M. Rohsenow and
P. Griffith, Effects of mass flux, flow quality, thermal
and surface properties of materials on rewet of disp ersed
flow film boiling, Tr ans . Alii. Soc. Mech. Enqrs, Series C,
J. I1eat Tr ansfer 104, 304-308 (1982).

APPEl'OD!X

Discretizing the test section from TC No. 3 location ro to the
outer surface rOu l as shown in Fig . 10.and denoting

TI = ro+itJ.r (;=0,1,2 ,11)

tJ = jtJ.t (j = 0, 1,2, )

T(r l , tJ) = 1/.J'

equation (2) is reduced to the following difference equation:

T,rtJ.;.J-I = a[T,+ I.i-t::;;+ T,-I.J + ~ T,+I~~ T,'J

Then,

T,- l i-[2+tJ.r + (tJ.r)2JT .+( 1+ tJ.r)T+ 1 .
. r l al1l -.J rl • •J

(tJ.r)2
= - atJ.t 1i.i - 1 (i= 1,2, ... ,/1-1) (AI)

where the temperatures TO•i are the measured values as
shown in equation (3).The boundary condition,equation (4). is
written in finite difference form as follows:

7: -7: .
-k •.J ·-'·J=K(7: .- T.'.

tJ.r ' .J oJ

Then

(A2)

Equations (At) and (A2) represent a system of /I first-order
equations with II unknowns T"i' and are readily solved when
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the temperatures 7i.i - 1 are known. In the present case, the
temperatures 7i.o are known from the initial condition,
equation (5),so that starting from j = 0 the temperatures 7i at
each time increment can be obtained in turn. In this
computation n = 20 and tJ.t = 0.2 s were selected. Once the
values of T1- T" have been obtained, the inner surface
temperature T; can be determined from the following
conduction equation at the recorded point, i.e. the nodal point

i=O:

dTo.i = a[(TI.i-To.NtJ.r-(To.i-Tw.NtJ.ro +2- Tl,j-To.i]
dt (tJ.r +tJ.rol/2 ro tJ.r

(A3)

where, dTojdt is the temperature gradient derived from the
recording ofTC No.3.

ETUDE DU FLUX THERMIQUE CRITIQUE ET DU REMOUILLAGE DE LA SURFACE
DANS LES SYSTEMES D'ECOULEMENT AVEC EBULLITION

Resume- Une section de mesure en cuivre aforte capacite thermique, placee al'extrernite d'un tube chauffe, est
utilisee pour etudier Ie flux thermique critique et les caracteristiques de transfert therrnique pendant Ie
processus de remouillage, pour du Freon 113 en ecoulement ascendant ades debits surfaciques de 357, 627,
1035 et 1465 kg m "? S-I. Le flux critique coincide bien avec Ie flux maximal obtenu par les essais de
refroidissement transitoire. La surchaulfe de la paroi a l'endroit du remouillage change beaucoup avec la
qualite al'entree et elle est comprise entre 120et 140°C pour la region afaible qualite, contre 60 et 80'C dans la

region aforte qualite,

EINE UNTERSUCHUNG DER KRITISCHEN WARMESTROMDICHTE UND DER
OBERFLACHENWIEDERBENETZUNG BEIM STROMUNGSSIEDEN

Zusammenfassung-Eine Teststrecke aus Kupfer mit hoher thermischer Kapazitiit ist am Ende eines
beheizten Rohres angebracht. Sie wird zur Untersuchung der kritischen Wiirmestromdichte und der
Wiirmeiibertragungscharakteristiken bei Wiederbenetzungsprozessen verwendet, dabei stromt Freon-l l J
aufwarts mit Massenstromdichten von 357, 627,1035 und 1465 kgm -1 S-I. Die kritische Wiirmestromdichte
stimmt gut mit dem Maximum der Wiirmestromdichte beim instationaren Abkiihltest iiberein. Die
Wandiiberhitzung bei Beginn der Wiederbenetzung iindert sich stark in Abhangigkeit vom
Eintrittsdampfgehalt. Sie liegt im Bereich von 120 bis 140°C im unterkiihlten Gebiet bei niedrigen

Dampfgehalten und zwischen 60 und 80°C im Gebiet hoher Dampfgehalte.

I1CCJIEjlOBAHI1E KPI1TI14ECKOrO TEnJIOBOrO nOTOKA 11 nOBTOPHOrO
CMA4I1BAHI151 nOBEPXHOCTI1 B KI1n5llI.{HX npOT04HhiX CI1CTEMAX

AHHOT3UHll-jlJlll nccnenoaauna KpIlTlI'leCKOrO TenJlOBOrO nOTOKa II xapaxrepncnrs rennonepeuoca B
npouecce nonropuoro cxtaxnaanna noaepxaocrn npn socxonautesr Te'leHlIII eppeoHa-113 c MaCCOBbl~1II

CKOPOCTll~1II 357, 627, 1035 II 1465 xr M- 2C- 1 IICnOJlb30BaJlaCb Me.ltllall BCTaBKa c BblCOKOii
TenJlOe~IKOCTblO, noxreutennas B KOIIUC narpesaroureti rpy6bl. 3Ha'leHllll KpIlTII'leCKOrO rCnJlOBOrO
nOTOKa XOpOllJO cornacyrorcs c .ltaHHbl~lII, nOJlY'leHHbIMII ztns MaKCIIMaJlbllOrO rennoaoro noroxa
B peacnvre HeYCTaHOBIIBllJerOCll oxnaxnenns. Ha neperpes CTeHKII B aaxane rtoaropnoro cxra-nmanns
oxassmaer cyurecraenuoe annsnne rrapocoztepxamre nOTOKa na BXO.ltC. Ileperpes mvrenserca B
nnanasone or 120 no 140'C B 06J1aCTIl c IIC.ltOrpCBOM II HIl3KIlM napoconepxamrexr II B nnanaaoae

or 60 no 80'C B 06J1aCTIl c BbICOKII~1 napoconepaanacxr.




