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Abstract—The present experimental study of rewetting of a copper tube by a falling film of liquid nitrogen
indicates the variations of the surface heat flux behind the wet front to be similar to those observed in the
nucleate and film pool boiling of liquid nitrogen. The heat flux variation ahead of the wet front, representing
the precursory cooling, is also presented. The maximum heat flux in rewetting occurs at the location of the
wet front and its magnitude is comparable to the average of the maximum and the minimum heat fluxes of
nucleate and film pool boiling. The measured rewetting temperature is found to be very close to the
Leidenfrost temperature of liquid nitrogen on a copper surface. It is also demonstrated that the rewstting
temperature and the heat-transfer characteristics behind the wet front are very sensitive to the surface
conditions. The experimental data on the wet-front velocity obtained on a smooth surface are compared to
that on a rough surface, and are successfully correlated by the earlier analytical model of rewetting with
precursory cooling.

NOMENCLATURE

a,  exponential power, Fig. 1;

b, dimensionless exponent, ad;

B, Biot number, hé/k;

¢,  specific heat of solid;

h,  wet-side heat-transfer coefficient in the two-
region model;

h,, convective heat-transfer coefficient for the
continuous film region in the three-regions
model;

h,, average boiling heat-transfer coefficient for the
sputtering region in the three-regions model;

k,  thermal conductivity of solid;

N, constant;

P, Peclet number, pcudk:

(o, heat flux at the wet front, i(T, — T,);

Q, heat flux at any point on the surface;

t,  time:

T, temperature;

T,, ambient temperature of the droplet-vapor
mixture, Fig. 1;

T,, incipient boiling temperature;

T,, rewetting or sputtering temperature;

T, saturation temperature;

initial dry-wall temperature ;

u,  wet-front velocity;

%, axial coordinate, Fig. 1;

x,  dimensionless axial coordinate, %/9;

¥, transverse coordinate, Fig. 1;

v,  dimensionless transverse coordinate, j/9;

Y, constant, equation (4).
Greek Symbols
8,  one-half slab thickness, Fig. 1;
8,  dimensionless temperature, (T,,— T)/(T,,— T.);
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0,  dimensionless temperature, (T— T,)/(T, — T,);
6, dimensionless rewetting temperature,
(T,— AT, —T);
#,, dimensionless wall temperature,
(T, - T)/(T—T);
p,  density of solid;
,  mass flow rate of coolant per unit perimeter.

1. INTRODUCTION

SURFACE rewetting refers to the establishing of liquid
contact with a solid surface whose initial temperature
is higher than the sputtering temperature, the tem-
perature up to which a surface may wet. Due to its
importance to the emergency core cooling of water
reactors in the event of postulated loss-of-coolant
accidents, the problem of surface rewetting has gained
much attention in recent vears. For conduction-
controlled rewetting, several one and two-dimensional
analytical and numerical studies [ 1-9] have appeared
in the literature and are summarized in the recent
review reports [10-12].

The most commonly employed physical model to
describe falling-film rewetting characterizes the wet
region behind the moving film-front by a constant
heat-transfer coefficient and the dry region ahead of
the wet front as adiabatic. Such a physical model has
been quite successful in correlating the experimental
data at low coolant flow rates. The effect of precursory
cooling ahead of the wet front becomes very significant
at high coolant flow rates and a recent two-dimensional
analytical study by Dua and Tien [13] characterizes
the precursory cooling by an exponentially decaying
heat flux and successfully correlates the experimental
data at high coolant (water) flow rates in atmospheric
steam environment [1, 14]. All the existing rewetting
analyses provide explicit or implicit relationships
between a normalized wet-front velocity, a dimension-



Y56 S S Duaand C L. Tiex

less wall temperature (which contains the sputtering
temperature) and a Biot number characteristic of the
heat transfer in the wet region.

The prediction of the wet-front velocity by existing
analytical models thus requires the knowledge of the
sputtering temperature and the surface heat transfer
in the wet region behind the film-front and in the dry
region ahead. The measurement of both the sputtering
temperature and the surface heat-transfer coefficient
in the sputtering zone present acute experimental
difficulties and no direct measurements have been
reported to date. For this reason. the rewetting (or
sputtering) temperature. 7. and the wet-side heat-
transfer coefficient, h. are currently used as matching
parameters for correlating the experimental data on
the wet-front velocity [10-12]. For lack of direct
measurements of T, and it has not so far been
possible either to fully understand the boiling pheno-
menon in the sputtering region or to check directly
the validity of the different rewetting models.

The present experimental study aims at several
different aspects of the problem of falling-film rewetting.
The major objective, however, is to measure the
surface temperature and the heat flux behind a moving
wet front and thereby to reveal the true nature of the
boiling phenomenon encountered in a falling-film
rewetting. This understanding of the state of boiling
in the sputtering region is. in turn. utilized to devise
an empirical methodology to extract reasonable esti-
mates ol the system paramcters. T, and . as appli-
cable to rewetting. from the more rapidly available
information on the nucleate and film pool boiling
experiments. In view of very little experimental infor-
mation available on precursory cooling, the present
study serves another important purpose in providing
the necessary information to check the validity of the
analytical model of precursory cooling [13]. Another
essential feature of the present work is to explore the
effect of surface conditions on the rewetting rate.
Existing experimental studies provide little information
on this aspect, although some investigators [ 10. 15-17]
have suggested the significant effect of surface condi-
tions on the measured rewetting rates. By artificially
changing the surface condition. the present work
explores the influence of such changes on the rewetiing
temperature and the heat-transfer characteristics in the
sputtering region.

2. PHYSICAL MODEL OF PRECURSORY COOLING

In order to achieve a better understanding of the
experiments and the data reduction scheme, 1t is
essential to discuss briefly the anaiytical physical model
of conduction-controlled rewetting with precursory
cooling [13] as shown in Fig. 1. When the liquid film
progresses downward on a vertical hot surface, the
surface is cooled down from its initial wall temperature,
T.. to the rewetting temperature. 1, at which the
surface begins to wet. Behind the wet front. the surface
temperature drops sharply to the saturation tempera-
ture, T.. To simplify the heat-transfer characteristics
outside the slab, it is a common practice to assume
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FiG. 1 Falling-film rewetting of o slab and the analytical
model with precursory cooling ahead of the wet front.

the region behind the wet front {x > 0) associated with
a constant sputtering heat-transfer coefficient. h. The
mechanism of precursory cooling ahead of the wet
front (x <0) is rather complex and is modelled by an
exponentially decaying heat flux. The precursory
cooling is thus mathematically described by two con-
stants, « and N (Fig. 1. While the exponent «
characterizes the effective region ¢f precursory cooling,
the constant N represents a fractional step decrease in
heat flux just ahead of the wet front and thus illustrates
the magnitude of precursory cooling. The value of N
depends on the coolant mass flow rate. For increasing
coolant flow rates, the precursory cooling is enhanced
resulting in a smaller N. Apart from these two con-
stants, the physical problem is characterized by three
dimensional groups: the Peclet number {or the dimen-
sionless wetting velocity), the Biot number and a
dimensionless temperature. The analvtical solution for
this physical model [13] will be compared with the
experimental data obtained in the present study in
order to check directly the validity of the rewetting
model with precursory cooling.

3. EXPERIMENTAL SETU P

The present experiments involve a falling film of
liquid nitrogen rewetting a copper tube initially at
room temperature. Since the Leidenfrost temperature
of liquid nitrogen is about 100-104K [18]. much
lower than the room temperature, there is no need to
heat the copper tube, thus simplifying considerably the
experimental system.

The experimental setup consists essentially of two
components, the liquid nitrogen container and the test
section, as shown in Fig. 2. The container is an
insulated double-walled vessel made out of stainless
steel tubes and is provided with a manual valve to
adjust the flow rate of liquid nitrogen passing over the
test tube. A graduated circular scale is provided at the
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F1G. 2. Schematic diagram of the test section and the liquid
nitrogen container (all dimensions in 10”2 m).

top of the container to control the valve opening. The
level of liquid nitrogen in the container is measured
by a float, and the attached scale provides a direct
level reading at any time.

The test section consists of a 0.01905m N.B. copper
tube inside a large circular glass section. The falling
film of liquid nitrogen rewets the outside of the copper
tube and the rewetting phenomenon can be viewed
directly through the surrounding glass section. This
allows visualization of the wet-front motion and care-
ful examination and control of the surface conditions
during the experiment. Due to the small wall thickness
(0.00108 m) of the copper tube, the conduction in the
solid wall is essentially one-dimensional. The copper
tube is provided with fifteen iron—constanton thermo-
couples which are flushed with the outside surface of
the tube. The leads of these thermocouples are taken,
through the inside of the tube, to the chart recorder.
These thermocouples are located at pre-determined
distances on the surface and the details of the spacings
between different thermocouples are shown in Fig. 3.
The chart recorder has six channels to record the
temperature—time history at six different locations on
the surface of the tube in any given experimental run.
This is done through a switch box which permits an
appropriate choice of any six thermocouples in order
1o record the complete surface temperature distri-
bution.

4. EXPERIMENTAL PROCEDURE
In order to check the validity of the physical model,
it is necessary to measure the rewetting velocity at
different initial wall temperatures of the copper tube,
keeping the mass flow rate of the coolant constant.
Four such sets of experimental data were obtained at
four different mass flow rates of the coolant. At the
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Fi1G. 3. Arrangement of thermocouples on the surface of the
tube (all distances in 10~ 2m).

start of the experiment, the container is filled with
liquid nitrogen with the manual valve closed. The
copper tube which touches the bottom of the manual
valve in the closed position (Fig. 2) starts to cool down
due to conduction. The initial tube-wall temperature is
determined by the time period of this conduction
cooling before opening the manual valve and thus
letting the liquid nitrogen pass over the tube. The
thermocouple No. 1, which is located 0.127 m from the
top end of the tube (Fig. 3) is always connected to the
potentiometerand the temperature read by this thermo-
couple indicates as to when to open the manual valve.
It must be emphasized, however, that the thermocouple
No. 1 does not give the initial wall temperature, T,,
which is instead deduced from the temperature-time
plot of a thermocouple placed sufficiently ahead of the
wet front. Corresponding to each run, the temperature—
time (abbreviated as T—t) history of six thermocouples
located on the surface is recorded by the chart
recorder. One of the channels on the chart recorder is
connected to an electronic marker which is used to
mark the time when the moving wet front reaches any
given location on the tube.

When the manual valve is opened, liquid nitrogen
starts to fall down onto the copper tube. The tube
temperature initially being higher than the rewetting
temperature, liquid nitrogen does not wet the surface
and is violently sputtered away from the copper tube.
When the surface temperature locally drops to the
rewetting temperature, a film of liquid nitrogen now
begins to wet the surface and a wet front is formed
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which moves down the tube at approximately a
constant speed. The sputtering phenomenon is now
seen only near the location of the wet front and the
tube surface behind the wet front is covered with a
continuous liquid film. The wet-front velocity is calcu-
lated by measuring the time taken for the wet front to
pass between the two marked locations. 0.1651 m apart,
on the tube surface. The time taken by the wet front
to traverse this distance is measured directly by a
stop watch and also by the chart recorder with the aid
of an electronic marker which is pressed to mark, on
the Tt plot, both the times when the wet front passes
through two specified locations on the tube.

During an experimental run, the liquid nitrogen level
in the container i1s kept constant by maintaining a
continuous supply of liquid nitrogen. When the liquid
film covers the entire tube. the supply of liquid
nitrogen is cut off and the time is noted for the
liquid nitrogen level in the container to drop by a
known amount {one or two in). With this information,
the mass flow rate, #, (or the mass flow rate per unit
perimeter of the copper tube, ¥) is calculated.

5. REDUCTION OF EXPERIMENTAL DATA

A temperature—time plot such as shown in Fig. 4, is
obtained by the chart recorder for each of the 26
experimental data points reported subsequently in Fig.
7. The six thermocouples connected to the recorder for
the run shown in Fig. 4 are numbered as 2, 4. 5, 6. 7
and 8. In order to clearly distinguish the temperature—
time traverse of one thermocouple from the other. the
zero positions (indicating 0 mV output) of these thermo-
couples have been separated from one another. Also
the gain, measured as mV/cm, of the different channels
on the recorder connected to these thermocouples are
not exactly identical. In view of different zero positions
and different temperature scales for each of the six
thermocouples, no scales are shown in Fig. 4 which is
included here only to illustrate the methology of data
reduction. When the wet front reaches the location
where the thermocouple No. 5 {(abbreviated as TC3) is
situated, the electronic marker is pressed to mark this
time on the temperature-time plot. This is shown by an
arrow {at t = 1,)in Fig. 4. Corresponding to this time.
the temperaturc read by TCS directly gives the rewet-
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ting temperature, Ty. The spacial positions of these
thermocouples relative to the wet front arc read from
Fig. 3 and the temperatures reached by these thermo-
couples at the time (¢ = ¢, ) when the wet front reaches
TCS are read from Fig. 4. This divectly vields ¢
surface temperature distribution with respect o 1
wet front. Tt is to be observed from Fig. 4 that
r =1, the derivative (¢ T/0r) at the location of T
zero. This implies that the thermal elfects of the
front reaching TCS are not felt o the location
TC8 which, therefore, gives the value ol the intiad wail
temperature. T, to be used in theorctical culculations,
The distance ahead of the wet front 1o which the effect
of precursory cooling extends. is dependent upon the
mass flow rate of the coolant. While i Fig 4
{¢TCtyis zero only about 0.05m ahead of the we
front because of the low mass pe e
0.127kg/ms)} for this particular run, the region
precursory cooling increases to ithout 0.029m
higher flow rate of = 03556 kg mis. o+ is shown i
Fig. 6

It should be noted that the surface temperature be-
hind the wet front very sharply drops to the saturation
temperature. Figures 3 and 4 indicate that TC4 which
is only 0.0254m behind the wet front has alread
reached the saturation temperature. 7. and hence 12
which is further behind the wet {ront does not give an:
new information regarding the surface temperature
distribution. Tt is extremely difficult to mount anv two
thermocouples closer than 0.0127 m apart. and for this
reason a special technique was devised to obtain the
surface temperature distribution behind the wet front.
In the real situation the wet front reaches TC3 ur: =,
and the sputtering region and the continuous film then
pass over TCS at the wet front speed ¢, Anexact anaioy
of this situation would be to consider the wet front and
the hlm stationary and to consider TCS. mstead,
traversing the film at a constant rate 4. starting (rom
the location of the wet front at t == 1,
4, several points such as, B, C'.and D ure then marked
at the temperature-time traverse of TCS ut known
time intervals from the reference pomt ¢ =, The
temperature at the point B, which v at 1 = ¢ = Aj s
measured from the T —¢ plot and this gives the surface
temperaturce at a point uAr behind the wet front (¢
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+uAt). Similarly the temperature measured at point B,
which is at ¢ = t, — At, is considered to be the surface
temperature at x = —uAt. In this way the various
points on the temperature-time traverse of one ther-
mocouple (TCS5) give the complete surface tempera-
ture distribution both ahead and behind the wet front.
This procedure, however, implicitly assumes the in-
variance of the surface temperature profile with respect
to the moving wet front. This assumption is justified as
being reasonable by the fact that velocity of the wet
front, u, was found to be fairly constant over the entire
length of the copper tube. From the surface tempera-
ture distribution thus obtained, it is possible to
calculate in theory both (dT/d%)and (d?T/d%?) at any
point relative to the wet front. Knowing these de-
rivatives, the surface heat flux Q(x) at any location on
the tube is obtained by applying equation (1) which is
easily derived from an energy balance on a small
element of the tube:

(1)

Equation (1) is based on the assumption that the thick-
ness of the tube is much smaller than its diameter.
Although it is possible to determine (d7/dx) either by
the finite-difference method or by drawing the tangent
to the curve representing the surface temperature
distribution, it is extremely difficult to calculate the
second derivative, (d2T)/d%2), accurately. For this
reason, an approximate method based on the present
physical model is developed in the following to estimate
the second term in equation (1).

With the present physical model as shown in Fig, 1,
a one-dimensional conduction analysis in the solid
yields the following results for the surface temperature
distribution [13]:

Forx =2 0,
O(x)=(0,—1 )exp({? - [(P/2)2+B]”2}x>+ 1. (2)
For x <0,

B/N)(@,—1
Lb(;(_f;)‘)) [exp(bx)—exp(Px)]

+0,exp(Px). (3)

B(x) =

Applying the condition of continuity of heat flux in the
solid at x = 0 to equations (2) and (3), the following
expression for the dimensionless wet-front velocity is
obtained

P=[Y—(B/Y)] (4)

where

1{B [1-6, B* [1-6,\* 4B ]V%;
y =212 0 0 ab
2{Nb< 0, )*(Nzlﬂ( 6 )t 901 [
Equation (4) can also be deduced as a special case of
the two-dimensional analysis of precursory cooling
[13]. The second term on the RHS, of equation (1) is
directly obtained from equation (2) which gives:
42T &

koG =5

(To—T{(P/2)—[(P/2)*+ B]'*}?
x exp{(P/2)— [(P/2)*+B]"?}x. (5)

The heat flux variation behind the wet front is first
obtained from equation (1) neglecting the axial con-
duction term and, then, the results so obtained are
corrected to account for the axial conduction with the
aid of equation (5). Tt is clear from equation (5) that
the term ké (d2T/d%?)—0 in the limit of (P/2)? » B,
and the estimated correction to account for the axial
conduction is, therefore, minimal for the experimental
data at large Peclet numbers. Since equation (5) does
not contain the parameters N or b, no assumptions
need to be made with regard to the precursory cooling
when making the axial conduction corrections behind
the wet front. A relation similar to equation (5) is
obtained from equation (3) which gives an estimate of
the axial conduction term ahead of the wet front. For
distances greater than 0.0254 m ahead of the wet front,
the axial conduction constitutes a very small part
(about 3-5%) of the total heat flux, and for this reason,
the constants characterizing the precursory cooling,
namely b and N, as obtained by neglecting the axial
conduction term remain essentially unaltered by the
subsequent inclusion of axial conduction in equation
(1).

The constants a and N describing the precursory
cooling are obtained by the curve fitting of the heat
flux variations ahead of the wet front.

6. RESULTS AND DISCUSSION

The results reported and discussed here are based
on 26 experimental runs performed at various different
values of the initial wall temperature, T,,, of the copper
tube and at four different values of the coolant mass
flow rate. Before correlating the experimental data on
the rewetting rate with the analytical results presented
in equations (2)—(4), it is necessary to discuss the
findings of the present experimental study with respect
to the measurements made on the rewetting tem-
perature, Ty, and the sputtering heat-transfer coeffi-
cient, h. Both of those quantities have so often been
used as matching parameters that their real magnitude
and physical significance have not been reported and
discussed in the literature [10]. The rewetting tem-
perature in most of the experimental runs was mea-
sured to be (102-34 4+ 3) K with maximum uncertainty
of £5K for some of the runs where locating the
position of the wet front became very difficult either
on account of very fast wet-front velocities or due
to the large generation of vapor which prevents clear
visibility of the wet front. The Leidenfrost tempera-
ture of liquid nitrogen on a copper surface is mea-
sured to be 100-104K [18, 19] and this tempera-
ture agrees well with the rewetting temperature of
(102:34 +3)K measured in the present work. It
should also be pointed out here that the rewetting
temperature, Ty, in the present experimental study
was not found to depend on the mass flow rate or
the initial wall temperature, T,,. This is contrary to the
suggestions made in an earlier work [14] where the
rewetting temperature, T,, was characterized to be
dependent on the mass flow rate in order to corre-
late the experimental data on rewetting velocities.
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F1G. 5. Heat flux variation behind the wet front.

The variation of the surface heat flux behind the
wet front for a typical experimental run is shown in
Fig. 5 which reveals some very important aspects of
the heat-transfer characteristics in falling-film rewetting
in contrast to those observed in the nucleate and film
pool boiling. Also shown in Fig. 5 is the boiling
curve for liquid nitrogen [20]. In calculating the surface
heat flux from equation (1), the axial conduction term
was first neglected, thus rendering the calculational
procedure similar to that emploved in obtaining the
heat flux in pool boiling type of experiments. The
curve thus obtained (shown in Fig. 5) is only a
hypothetical representation of the falling-film rewet-
ting. This curve is then corrected by accounting for
the axial conduction in the solid and the heat flux vari-
ation thus obtained (shown by solid line in Fig. 5)is a
true representation of the rewetting phenomenon. The
first important deduction from Fig 5 is that the re-
wetting temperature, T, at the wet [ront corresponds
to neither of the two temperatures at which the maxi-
mum (or critical) or the minimum heat fluxes of the
pool boiling exist. The rewetting temperature, 7. in-
stead lies in the region of transition boiling which is
indicative of the state of boiling at the location of
the wet front. The heat flux variation behind the wet
front is very similar to the conventional pool boiling
curve. The second important aspect of the falling-
film rewetting revealed by Fig. 5 is that the maximum
heat flux occurs right at the location of the wet front
{(¥=10) and ils magnitude (~1L1x10°W/m?) is
very close to the average { x 1.24 x 10° W m?) of the
maximum and minimum heat fluxes of pool boiling.
This further suggests that the state of boiling at the
wet front being transitional in nature. It must be em-
phasized here that this deduction with respect to the
magnitude of the heat flux at the wet front is con-
firmed by the entire data on 26 experimental runs
taken at several different initial wall temperature, T,
of the copper tube and at four different flow
rates. The average heat flux at the wet front for all

of these experimental runs was found to be 1.046 x
10° W/m?, which gives the average heat-transfer
coefficient of 4175 W/m? K.

A discussion of the findings of the present work with
respect to the results of the experimental study by
Howard, Linehan and Grolmes {21] is appropriate at
this point. In their experimental study, they made the
rewetting front stationary by supplying enough heat
at the bottom of the rod and then conducted the
measurement of the surface temperature behind the
stationary wet front, but no measurements of heat flux
were made. The successful correlation of the experi-
mentally measured temperature profile by utilizing the
nucleate pool boiling correlations for the surface heat-
transfer coefficient led them to conclude that the heat
flux variation behind the wet front in the rewetting
phenomenon follows the pool boiling curve up to the
point of the critical heat flux. It is, however, not clear
il this steady-state experiment is an exact analog of the
moving coordinate transformation which is permissible
only due to the localized nature of the rewetting
phenomenon demanding the existence of no tempera-
ture gradients far downstream of the wet front. It must
be emphasized that the existence of the maximum heat
flux at the wet front is on account of the fact that the
axial conduction is the largest ut the wet front. This is
clearly seen from Fig. 5 wherein the maxima of the
hypothetical curve, neglecting axial conduction. lies
stightly behind the wet front where the state of boiling
is nucleate due to the reduced surface temperature.

The experiments to measure the Liedenfrost tem-
perature and the heat fluxes of pool boiling are
generally much easier to conduct than the rewetting
experiments. The deductions of the present experi-
mental stady suggest an empirical methodology 1o
estimate the sputiering heat-transfer coefficient at the
wet front in falling-film rewetting by approximating
the heat flux at and immediately behind the wet front
by the average of the maximum and minimum heat
fluxes of pool boiling and by taking the rewetting
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F1G. 6. The variation of heat flux ahead of the wet front.

temperature to be the same as the Liedenfrost tem-
perature.

Figure 6 shows the typical variation of the surface
heat flux ahead of the wet front for the experimental
runs taken at a constant flow rate of ¥ = 0.3556kg/ms.
The curve fitting of the experimental data shown here
gives an estimate of the exponent g, in the description
of precursory cooling, as 7.9m~!. This exponential
curve when extrapolated to X = 0 gives approximately
the value of N, measuring the magnitude of precursory
cooling, as 3.0 at this flow rate (y = 0.3556kg/ms).
Consistent with the physical model presented in Fig. 1,
the heat flux variations ahead of the wet front at other
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Fi1G. 7. Comparison of the predicted dimensionless wet front
velocity with the present experimental results.

flow rates are similar to that shown in Fig. 5, except
for the different values of N at different flow rates.
Figures 5 and 6 together give the complete variation
of the surface heat flux both behind (x > 0) and ahead
(x < 0) of the wet front.

It must be emphasized here that with the known
values of N, b, B and 6, (or 8,), the validity of the
present physical model can be unambiguously checked
as thereis no parameter being arbitrarily adjusted here
to force the predicted results on the wet-front velocity
to match the corresponding experimental data. Figure
7 depicts that the rewetting data taken on 26 experi-
mental runs at different initial wall temperature and at
four different flow rates are successfully correlated
by the physical model [Fig. 1] of precursory cooling
[13]. Also shown in Fig. 7 is the prediction curve
neglecting precursory cooling (N — o), which gives
much too low values of the wet-front velocity corre-
sponding to different initial wall temperatures. This
further emphasizes the need to include the effect of
precursory cooling in a rewetting model.

The comparison of the predicted surface temperature
profile with that obtained experimentally for two
experimental runs at the same initial wall temperature
but at two different mass flow rates of the coolant is
shown in Fig. 8. It is observed from Fig. 8 that the
present predictions, equations (2) and (3), fairly well
match the experimental data near the wet front, but
this agreement becomes worse with increasing distance
on either side of the wet front. The trend of the
experimentally observed variation of the surface tem-
perature remains, however, in close agreement with
that predicted. The present physical model predicts the
surface temperature to reach the saturation tem-
perature, T, behind the wet front and the initial wall
temperature, T,,, ahead of the wet front at much larger
distances than are experimentally observed. This is,
perhaps, a direct consequence of the boundary con-
ditions imposed on the anaiytical solution [13], which
demand the surface temperature to reach T, and T,,
respectively at + oo and — co (Fig. 1). Also it should be
mentioned here that the experimental data reported in
Fig. 8 are not directly recorded by the thermocouples
which, for practical reasons, can not be installed so
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closely on the surface. The surface temperature vari-
ation, shown here, was instead deduced from the
temperature—time transverse of one thermocouple as
described before. In view of the fact that the wet-front
velocity depends on the surface temperature immedi-
ately ahead of the wet front, which is well predicted,
the present model nevertheless successfully correlates
the experimental data on rewetting rates as already
discussed. As anticipated, the surface temperature
ahead of the wet front is lower at higher flow rate due
to the increased precursory cooling (Fig. 8).

In order to study the effect of surface conditions
on rewetting phenomenon, the surface of the copper
tube in the present study was greased with Vaseline
jelly. Before running the experiments, the surface of the
tube was, however, wiped clean so that the effect of
the grease enters only in changing the surface con-
ditions, from a rough surface to a smooth one,
without adding any additional surface thermal resist-
ance. Figure 9 reveals some very important aspects of
the effect of surface conditions on the heat flux
variation behind the wet front. The two curves in
Fig. 9 depict the heat flux variations for the greased
{smooth) and the ungreased (rough) surfaces. Although
the general qualitative characteristics of the heat flux
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Fic. 9. The effect of the surface conditions on the rewetting
temperature and the heat flux variation behind the wet front.

variation are very similar, there exists some significant
quantitive differences between the two. The rewetting
temperature, T,. as seen from Fig. 9. for o smooth
surface is lower than that for a rough surface. In the
present experiments, the rewetting temperatures of the
greased (smooth) surface was measured to be 94.90K
in contrast to a value of 102.34K for an ungreased
(rough) surface. A similar effect of the surface con-
ditions is also observed in the measurement of Leid-
enfrost temperature with liquid droplets evaporating
offa hot horizontal surface. Baumeister and Simon [ 18]
reported that the Leidenfrost temperature increases
with surface roughness. The increase of the wetting
temperature with surface roughness implies that it is
easier to wet a rough surface than it s to wet a
smooth surface. A plausible physical explanation for
this effect comes from the fact that a rough surface
tends to break or destroy the vapor film and thus
facilitate the direct contact between the liquid film and
the hot surface.

The incipient botling temperature. T, in the present
experimental study, was measured to be 88.32K for a
greased (smooth) surface in contrast to a value of
83.50 K for an ungreased {rough) surface. The increase
of T, for a smooth surface is well anticipated in light
of the higher superheat required for the nucleation of
small-sized cavities present on such a surface. The
nucleation cavities on a rough surface. on the other
hand are larger in size and hence these require less
superheat {small T)) for the mapience of bubble
generation.

Also seen from Fig. 9 is that the heat flux at the wet
front and inside the sputtering region drops for «a
smooth surface. Compared to a heat flux of
11.0x 10*W/m? at the wet front of a rough surface.
the corresponding heat flux for a smooth surface was
measured to be only about 5.7 x 10* W/m?. This is also
an anticipated result because the population of the
nucleation cavities, contributing to the boiling heat
flux, is smaller on a smooth surface than it is for a
rough surface. The rewetting of u smooth surface
requires the surface to be cooled to a lower fem-
perature (smaller Ty) and furthermore, the effectivengss
of this cooling is also reduced due to the smaller heat
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F1G. 10. The effect of the surface conditions on rewetting velocity.

fluxes of boiling in the sputtering region. Both factors
lead to the deduction that the wet-front velocity on a
smooth surface should be lower than that on a rough
surface. This is indeed true as seen from Fig. 10 which
depicts the effect of surface condition on the wet-front
velocity. The present study also provides an explana-
tion for the similar experimental observations of other
research workers [10, 15-17, 22, 23] with respect to
the effect of surface conditions on the rewetting rate.
Piggot and Duffey [17] artificially changed the nature
of the surface by shot blasting and by silver plating.
The shot blasting caused the wet-front velocity to

1]
010 T l 1
0.08[— N =I5 ]
006 —
K—\
~
N, S\N=a
\\
0.04— | \\ e
N
AN <
AN \i N
a Vo
. NN
4 NN
w N
o 0.02— NN o
= N <
Y
5 \ .
N
o A YN
] Y
s} hl/hz‘fb A\ N
lrf L\ \\
- hi/h o2 —]
0.01 /ho* oD N
RN
00081~ & EXPERIMENTAL DATA N
—— TWOREGION MODEL WITH PRECURSORY N\
COOLING (PRESENT ANALYTICAL PREDICTION) AN
0006~ ___ TWo REGION MODEL WITHOUT PRECURSORY -
COOLING [1]
- :} THREE REGION MODEL [2)
0.004— -
| | | |
1.0 2.0 40 60 80 0O

NON- DIMENSIONAL TEMPERATURE, 6,

F1G. 11. Comparison of the predicted dimensionless wet-
front velocity with the experimental data on the greased tube.

increase by a factor of three while the silver plating
halved the wetting velocity. Elliot and Rose [15, 16]
noted that the zircaloy tube became oxidized when
heated to temperatures between 800 and 850°C,
resulting in a substantial increase in the wetting rate.
Yu [10] and Piggot and Porthouse [22, 23] have also
observed a tendency for the wet-front velocity to
increase with successive tests due to the build-up of
surface deposits. A common explanation to all these
observations lies in the fact that the surface roughness
increases the wet-front velocity by manifesting its effect
in the increased rewetting temperature and the en-
hanced cooling effectiveness in the sputtering region,
as already explained with reference to Fig. 9. The
foregoing discussion specifically refers to the effect of
surface conditions, assuming that the surface deposits
are so thin that no extra thermal resistance is added
on the surface.

Finally, the rewetting velocities obtained on five
experimental runs on a greased (smooth) tube shown
in Fig. 11 are successfully correlated by the present
model of precursory cooling, which indirectly provides
a means to assess the quantitative effect of the surface
conditions by incorporating the appropriate values of
the rewetting temperature and the sputtering heat-
transfer coefficient. Also shown in Fig. 11 are the
predictions of the three-region model of Sun et al. [2]
and of the two region model of Yamanouchi [1], both
of which, due to the neglect of precursory cooling,
predict lower values of the dimensionless wet-front
velocity.

7. CONCLUSIONS

1. The experimental study presented here is funda-
mental to establishing the nature of the boiling pheno-
menon in the falling-film rewetting. The maximum
heat flux in rewetting occurs at the wet front and its
magnitude is very comparable to the average of the
maximum and minimum heat fluxes of pool boiling.
The measured rewetting temperature does not corres-
pond to either of the two temperatures at which the
maximum or the minimum heat fluxes of pool boiling
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occur, but is instead represented by the Leidenfrost
temperature of liquid nitrogen on a copper surface.
This conclusion permits an empirical methodology to
estimate the sputtering heat-transfer coefficient in a
rewetting situation from the more readily available
information of the corresponding pool boiling curve
and the Leidenfrost temperatures.

2. Surface roughness increases the wet-front velocity
by manifesting its effect in the increased rewetting
temperature and the enhanced heat transfer in the
sputtering region.

3. The rewetting rates measured both on the rough
and the smooth surfaces are very successfully correl-
ated by the present analytical model of rewetting with
precursory cooling.

Acknowledgemenis- The authors wish to acknowledge the
contributions of Dr. E. Elias and Professor G. Yadigaroglu
to this research.

REFERENCES

1. A. Yamanouchi, Effect of core spray cooling in transient
state after loss-of-coolant accident, J. Nucl. Sci. Technol.
5, 547-558 (1968).

2. K. H. Sun, G. E. Dix and C. L. Tien, Cooling of a
very hot vertical surface by a falling liquid film, J. Hear
Transfer 96, 126-131 (1974).

3. R. B. Duffey and D. T. C. Porthouse, The physics of
rewetting in water reactor emergency core cooling, Nucl.
Engng Des. 25, 379-394 (1973).

4. T. S. Thomson, An analysis of wet-side heat transfer
coefficient during rewetting of a hot dry patch, Nucl.
Engng Des. 22, 212-224 (1972).

S. C. L. Tien and L. S. Yao, Analysis of conduction-
controlled rewetting of a vertical surface, J. Heat
Transfer 97, 161-165 (1975).

6. M. W. E. Coney, The calculation of the rate of rewetting
of hot fuel rods by emergency cooling systems in water
reactors, Nucl. Engng Des. 31(2), 246257 (1974).

7. 1. G. M. Andersen and P. Hensen, Two-dimensional
heat conduction in rewetting phenomenon, Report No.
NORHAV-D-6, Danish Atomic Energy Commission
Research Establishment, Risg, Denmark (June 1974).

8. ]. M. Blair, An analytical solution to a two-dimensional
model of the rewetting of a hot dry rod, Nucl. Engng
Des. 32, 159170 (1975).

9.

10.

Ko

. P. A Howard. 1.

S.S. Dua and C. L. TN

S.S. Dua and C. L. Tien, A generalized two-parameter
relation for conduction-controlled rewetting of a hot
vertical surface, Int. .J. Heat Ma~s Transfer 20, 174-176
(1977

D. Butterworth and R. G. Owen. The guenching of hot
surfaces by top and bottom flooding - a review, Report
No. AERE-R7992, AERE. Harwell. Oxfordshire.
England (March 19735).

- M. B Sawan and M. W. Carbon. A review of spray

cooling and bottom flooding work for LWR Cores,
Nucl. Engng Des. 32. 191-207 (1975,

2. E. Elias and G. Yadigaroglu, The reflooding phase of

the LOCA-state of the art, in Proceedings of Two-Phuse
Flow and Hear Transfer, Istanbul. Turkey (August 1976).

- S.S. Dua and C. L. Tien, Two-dimensional analvysis of

conduction-controlled rewetting with precursory cool-
ing, J. Heat Transfer 98, 407-413 (1976).

. R.B. Duffey and D. T. C. Porthouse, Experiments on

the cooling of high temperature surfaces by water jets
and drops. Report No. RD/B/N2386. Berkeley Nuclear
Laboratories, England (August 19723,

. D F. Elliot and P. W. Rose. The quenching of u

heated surface by a film of water in a steam environ-
ment at pressures up to 53 bar. UK. A.E.A. Report No.
AEEW-M976 (1970).

. D.F. Elliot and P. W. Rose, The quenching of a heated

zircaloy surface by a film of water in a steam environ-
ment at pressures up to 53 bar. U.K.A.E.A, Report No.
AEEW-M-1027 (1971).

. B. D. G. Piggot and R. B. Duffey, The quenching of

irradiated fuel pins, Nucl. Engng Des. 32, 182-190 (1975).
Baumeister and F. F. Simon, Leidenfrost tem-
perature- its correlation for liquid metals, cryogens,
hvdrocarbons and water, J. Hear Transfer 95, 163-173
(1973).

. T. M. Plynn, 1. W. Draper and J. Roos. The nucleate

and film boiling curve of nitrogen at one atmosphere.
4dr. Cryogen. Engng 7. 539 -545 (1962).

. AL Clark, Cryogenic heat transfer. ddr. Hear Transjer

5,407 (1968).

H. Linehan and M. A. Groimes.
Experimental study of the stationary boiling front in
liquid film cooling of a vertical heated rod, CSChE/ME
Paper No. 75-HT-14, presented at the Fifteenth National
Heat Transfer Conference, San Francisco (August 1975).

2. B. D. G. Piggot and D. T. C. Porthouse. Water reactor

emergency cooling: the effect of pressure, sub-cooling
and surface condition on rewetting of hot surface,
Central Electricity Generating Board. Report No,
RD/B/N2692 (1973).

. B. D. G Piggot and D. T. €. Porthouse. A correlaiion

of rewetting data. Nucl. Engng Des. 32, 171-181 (1975).

UNE ETUDE EXPERIMENTALE SUR LE REMOUILLAGE DU FILM TOMBANT

Résume- L étude expérimentale du remouillage d’'un tube de cuivre par un film tombant d'azote liquide
montre que les variations du flux thermique pariétal derriére le front de mouillage sont semblables 4 celles
observées dans I'ébullition nucléée et en film de I'azote liquide en réservoir. On présente aussi la variation de
flux thermique en aval du front mouillé, représentant le refroidissement précurseur. Le flux maximal de
remouillage apparait 4 'emplacement du front mouillé et sa grandeur est comparable i la moyenne des flux
maximaux et minimaux de I’ébullition nucléée et en film dans un réservoir. La température mesurée de
remouillage est trouvée trés proche de la température de Leidenfrost de I'azote liquide sur une surface de
cuivre. On montre aussi que la température de remouillage et les caractéristiques de transfert thermique
derriére le front mouillé sont trés sensibles aux conditions des surfaces. Les résultats expérimentaux sur la
vitesse du front mouillé obtenus sur une surface lisse sont comparés a ceux pour une surface rugueuse et ils
sont convenablement représentés par un modele analytique antérieur de remouillage avec refroidissement
précurseur.
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EINE EXPERIMENTELLE STUDIE DER WIEDERBENETZUNG
DURCH EINEN FALLENDEN FILM

Zusammenfassung—Die vorliegende experimentelle Studie liber das Wiederbenetzen eines Kupferrohres
durch einen fallenden Film aus fliissigem Stickstoff zeigt, daB die Anderungen des Wirmestroms an der
Oberfliche hinter der Fliissigkeitsfront denen dhnlich sind, die beim Blasensieden und Behélterfilmsieden
von fliissigem Stickstoff beobachtet werden. Die Anderung des Wirmestroms vor der Fliissigkeitsfront, die
die fortschreitende Kiihlung darstellt, wird ebenfalls gezeigt. Der maximale Wirmestrom beim Wiederbenet-
zen tritt am Ort der Fliissigkeitsfront auf, und seine Gro e ist vergleichbar dem Mittel aus maximalem und
minimalem Wirmestrom beim Blasensieden und Behilterfilmsieden. Die gemessene Wiederbenetzungstem-
peratur liegt nahe bei der Leidenfrost-Temperatur von fliissigem Stickstoff auf einer Kupferoberfliche. Es
wird ebenfalls gezeigt, da} die Wiederbenetzungstemperatur und die Kenngroflen des Wirmetibergangs
hinter der Fliissigkeitsfront stark von den Oberflichenbedingungen abhingen. Die experimentellen Daten
fiir die Geschwindigkeit der Flissigkeitsfront fiir eine glatte Oberfliche werden mit denen fiir eine rauhe
Oberfliche berglichen und durch ein friheres analytisches Modell fiir das Wiederbenetzen mit for-
tschreitender Kiihlung erfolgreich korreliert.

3KCIMEPUMEHTAJIBHOE UCCIIEZOBAHWE MOBTOPHOI'O CMAYMBAHUA
CTEKAKLIEN TMJIEHKOM XNAKOCTHU

AunHoTaums — [1poBeaeHHOE 3KCIEpUMEHTANLHOE MCC/leNoBAHKE MOBTOPHOIO CMa4ydBaHWA MEAHOMN
TpyOKM CTekaroled NMAeHKON XUIKOro a30Ta CBUIETEALCTBYET O TOM, YTO U3MEHEHUS B BeJIMYMHE
TENJIOBOrO NOTOKA HAa MOBEPXHOCTH 3a (DPOHTOM CMAYMBAHMS AHAJIOTHYHBI M3MEHEHHMSM, HabTto-
JlaeMbiM TIpH T1y3bIPDHKOBOM U IUJIEHOYHOM KHMIIEHHH XWAKOro a3oTa B Gosbuiom obwveme. Taxoke
nosy4yeHbl AAHHbIE OO M3IMEHEHMH IUIOTHOCTH TEMIOBOro MOTOKA neped (POHTOM CMauMBaHUA,
yKa3blBaloLlKe HA NPeaBaApUTENbHOE OXNaxaeHne, MakCUMabHbIi TEMI0BOH MOTOK APH MOBTOPHOM
CMa4uBaHUM HAaOTIONAETCA B MECTE PACIIOIOKEHH GPOHTA CMaYUBaHKsA, U €ro BEJHYMHA CPABHUMA
C OCPEHEHHbIM 3HAYEHHEM MAKCHMA/IbHOrO U MUHHMAJIBHOI'O TEIUIOBLIX [I0TOKOB HPH My 3bIPLKOBOM
W NIIEHOYHOM KHMNeHuy B 6onbluoM o6beMe. HaiiaeHo, YTO 3kCrnepuMeHTa/IbHO NONYYEHHOE 3HaUYeH e
TEMIIEPAaTYpPbl CMAYHUBAHUA OveHb OJIM3KO K Temnepatype JleiiaeHdpocra ons XuMAKOro azora Ha
MeHOH NOBEPXHOCTH. Takke NOoKa3aHo, YTO TeMIepaTypa CMayuBaHUs H TEMIOOOMEHHbIE Xapak-
TEPUCTHKH 338 PPOHTOM CMAYMBAHUA BECbMA YyBCTBHTENbHbI K YCJIOBHAM Ha MIOBEPXHOCTH. DKCMEPH-
MEHTajlbHble NaHHble N0 CKOPOCTH ABMXEHMS (PPOHTA CMavMBAaHHA, MOJIYYEHHbIE HA TIJaAKOW No-
BEPXHOCTH, CPABHUBAKOTCS CO CKOPOCTLIO HA LIEPOXOBATON MOBEPXHOCTH H Xxopowo o6obwarTcs
C NMOMOLLbIO paHee pa3pabOTaHHON AHANMUTHYECKOM MONENU CMauMBaHUS NPH MpENBaAPHTE/LHOM
OXJIaXICHUH.
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