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Abstract-The present ex~rimental 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 rewetting 
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 

exponential power, Fig. 1; 
dimensionless exponent, ~6; 
Biot number, M/k ; 
specific heat of solid ; 
wet-side heat-transfer coefficient in the two- 
region model; 
convective heat-transfer coefficient for the 
continuous film region in the three-regions 
model ; 
average boiling beat-transfer coefficient for the 
sputtering region in the three-regions model; 
thermal conductivity of solid; 
constant: 
Peclet number, pcuak: 
heat flux at the wet front, h(T, - T,); 
heat flux at any point on the surface; 
time: 
temperatures 
ambient temperature of the droplet-vapor 
mixture, Fig. 1; 
incipient boiling temperature; 
rewetting or sputtering tem~rature; 
saturation temperature; 
initial dry-wall temperature; 
wet-front velocity; 
axial coordinate, Fig. 1; 
dimensionless axial coordinate, %jS; 
transverse coordinate, Fig. 1; 
dimensionless transverse coordinate, j/S; 
constant. equation (4). 

Greek Symbols 
6, one-half slab thickness, Fig. 1; 
Q, dimensionless temperature, (T, - T)/( T, - T,); 

*Now with the Nuclear Energy Systems Division, General 
Electric Co., San Jose, CA 95125, U.S.A. 

0, dimensionless temperature, (T- TJ/( To - T,); 
Q o, dimensionless rewetting temperature, 

(T,-X,)/K,-T,); 
0 ,, dimensionless wall temperature, 

(VW/(&-T,); 

Pt density of solid; 

J/3 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 years. For conduction- 
controlled rewetting, several one and two-dimensional 
analytical and numerical studies [l-9] have appeared 
in the literature and are summarized in the recent 
review reports [lo-121. 

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 [l, 141. All the existing rewetting 
analyses provide explicit or implicit relationships 
between a normalized wet-front velocity, a dimension- 



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 b) existing 
analytical models thus requires the knowledge of the 

\putterinp temperature and the surface heat transfer 
in the wet region behind the film-front and in the dr\ 
region ahead. The measurement of both the sputtering 

temperature and the surface hear-transfer coefficient 
in the sputtering zone present acute experimental 
difficulties and no direct mea~urementx habe been 
reported to date. For this reason. the rewetting (or 
sputtcringJ tcmpcr-ature. ?& and [he wet-side heat- 

transfer coefficient. it. are currentlq used ah matching 
parameters for correlating the experimental data on 
the wet-fron! \elocit) [10--12]. For lack of direc! 
measurements of ‘I;, and /I. It has not so liii hccn 
possible either to full! understand the boiling pheno- 
menon in the sputtering region or to check directly 

the validity of the difi‘erent rewetting models. 
The present experimental study aims at <;e\,eral 

different aspect\ of the problem offalling-film rewetting. 
The major objective, howe\,er, I\ to mea~urc the 

surface temperature and the heat flux behind a moving 
wet front and thereby 10 reveal the true nature of the 

boiling phenomenon encountered in a falling-film 

rewetting. Thi\ understanding of the state of boiling 

in the sputtering region is. in turn. utilized to de\ise 

an empirical methodoiog! to extract reasonable esti- 
mates or the system p;lr;tmctcrs. .&, and /I. ;I> appli- 

cable to reverting. from the more rapidl! a\ ailable 
infortnation on the nucleate and film pool boiling 
experiments. In \iea of \er> little cxperimenlal infor- 

mation available on precursor\ cooling, the present 
study serves another important purpose in providing 
the necessary information lo check the \alidit> of the 

analytical model of precursory cooling [I 131. Another 
essential feature of the present work is to explore the 
eflect of surface conditions on the rewetting rate. 

Existing experimental studies provide little information 
on this aspect, although some imestigators [lo. 15~ 171 

hart suggested the significant elrcct 01 surI;tcc ~o~tdi- 

tions on the measured rewetting rate\. By artificiali! 
changing the surface condition. the prehent work 
explore\ the influence of such change\ on the resetting 
temperature and the heat-transfer characteristic\ in the 

sputtering region. 

2. PHISI(~\I. ~IOI~ICI. OF l’KE(‘l~KSOR\ COO1>1\(; 
In order to achie\/e a better understanding of the 

experiments and the data reduction scheme, it i\ 
essential to dircuss briefly the anal) tical physical model 
of conduction-controlled rewetting with precursory 
cooling [13] as shown in Fig. 1. When the liquid film 
progresses downward on a \ ertical hot surface. rhe 
surface is cooled down from its initial wall temperature. 
‘cV. to the resetting temperature. I,,, at \\ hich 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 ;I common practice TV) assume 

1 
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+ 
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the region behind the wet front I L --!I) ,~ssociated with 
a constant sputtering heat-transfer coefficient. !r. The 
mechanism of precursor) cooling ahead of the wet 

front (.~<01 is rather complex and I> modelled b> an 
exponentially decaying heat ilux. The precursor! 
cooling is thus mathematically tle\cribed bk two con- 

stants. u and !I’ (Fig. II. While Ihe exponent <i 
characterizes the etTecti\e region cf 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 precursor! cooling. The value of 5 

depends on the coolant rnaql; flop rate. For increasing 
coolant flow rates. the precursor) cooling is enhanced 
resulting in 2 smaller 2. Apart ll~~n these I\40 COII- 
stants, the physical problem IS characterized by three 
dimensional groups: the Peclet number (or the dimen- 

sionless wetting velocit>I. the Biot number and ;l 
dimensionless temperature. The anal!!ical solution fol 

this physical model cl31 will be compared with Ihe 
experimental data obtained in the present stud\ in 
order ;o check directl) the validit! ~)f the rewetting 

model with precursor! cooling. 

The present experiments in\ol\e a falling film of 
liquid nitrogen rewetting a copper tube initially at 
room temperature. Since the L.eidenfro<: temperature 
of liquid nitrogen is about lOO_ 104 K r181. much 
lower than the room temperature, there is no need to 
heat the copper tube. thus simplifying considerably the 
experimental system. 

The experimental setup consist\ essentially of two 
components, the liquid nitrogen container and the test 
section. as shown in Fig. 2. The container is dn 
insulated double-walled vessel made out of stainless 
steel tubes and is provided with a manual halve to 
adjust the flow rate of liquid nitrogen passing OX er the 
test tube. A graduated circular scale 1s provided at the 
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FIG. 2. Schematic diagram of the test section and the liquid 
nitrogen container (all dimensions in 10-2m). 

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 0.01905 m 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 
(0.00108m) 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 
to 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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FIG. 3. Arrangement of thermocouples on the surface of the 
tube (all distances in IO-‘m). 

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 



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 I, 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 directI> b! a 

stop watch and also by the chart recorder with the aid 

of an electronic marker which is pressed to marl\. on 
the 7--t plot. both the times when the wet front pa\\es 
through two specified locations on the tube. 

During an experimental run, the liquid nitrogen level 
in the container is kept constant b) maintaining a 
continuous supply of liquid nitrogen. When the liquid 

film covers the entire tube. the ~uppl) of liquid 
nitrogen is cut off and the time is noted for the 
liquid nitrogen level in the container to drop bq a 

known amount (one or two in). With this information, 
the mass Row rate. til. (or the mass Ilow rate per unit 
perimeter of the copper tube, I/I) i\ calculated. 

A temperature-time plot such 215 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 
zeropositions(indicatingOmV output)ofthese thermo- 

couples have been separated from one another. Also 
the gain. measured as mVicm. 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 TC5) is 
situated, the electronic marker is pressed to mark this 
time on the temperature-time plot. This is shown by an 

arr(,w (at t = f , 1 in Fig. 4. Corrcspondinp to this time. 

the temperature read by TC5 directly gives the rewet- 

Ii should bc noted that the \u~f;tcc Icmpcraiur<~ I>,:- 

hind the wet front very sharply drop< to the UI~~;~:XY; 
temperature. Figures 3 and 4 indicnrc that TC‘.i I~b;~l: 

i\ onlx 0.0254m behind the \\et !I!>tii hd‘ .tiri-,tc;~ 

reached the saturation tcmperatLiri%. I,. .11x1 hii” 1 c 2 
which is further behind the wet front does not VI\ I‘ an”.. 
new information regarding the \urface rempera!ttr; 
distribution. It is extreme& difficult to mount ar?\ two 
thermocouples closer than O.OlX’m iipar!. and f& tili\ 

reason a special technique ~a\ ~de,ised tn obtain ihe 
surface temperature distribution behind the \\ct i’r!int 

In the real situation the wet frOill rcazhes ‘I’(‘5 .I! 7 i 
and the sputtering region and the co!ltinuous tilm !her? 
pass over TC5 at the wet front speed Y. /III L’WL:I ,~nxi~~~ 

of this situation would be to consider- the wet ft-~b!~l .,Ix~ 

the film stationary and to ccmGdcl- TC! !n\[c:td. 
traversing the film at :I constant t’;ilc LI. xlartiii~: /I-~~I-~I 

the location of the wet front at I ri ,Is ~ilO\Vii ii1 F I!: 
4. scvcral points such as, 13’. C”. 2nd ii ;irc tlieil *!3,irhcil 
at the temperature ~time travcrsc )/ 1(‘< :ii h!lci:,l!~ 

time intervals from the reference piii1 1 ! i!e 

temperature at the point 13’. which 1’) L~: ! I Ii ii 
measured from the 7‘ -~ I plot and thi\ yvet thr \urf,t~~~: 
tcmperaturc at ;I point ~f/St hchinti the \\?I I‘r~~rl! ! ,: 

f 
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+ uAt). Similarly the temperature measured at point B, 

which is at t = 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 (TC5) 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 (d2 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: 

Q(x) = -pcdug+k6? 
d.T2 

(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 (dT/dl) 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, (d2 7’)/dZ2), 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 [ 131: 

For x 2 0, 

0(x)= (e,- 1)exp ;- [(P:2)‘+B11:‘jx)+l. (2) 

For I < 0, 

(j(x) = (WN)(& - 1) 
b(b-P) Cev(bx)-ev(Px)] 

+ Cl0 exp (Px). (3 1 

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-@/Y)] 

where 

(4) 

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: 

k6~=~(T,-T,){(p:2)-[(P,2)2+B]~:2:2 

x exp((P/2)- [(P/2)2+B]1’2jx. (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). It is clear from equation (5) that 
the term k6 (d2T/d.f2)-+0 in the limit of (P/2)’ xB, 
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 h, 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 0.0254m ahead of the wet front, 
the axial conduction constitutes a very small part 
(about 3-5x) of the total heat flux, and for this reason, 
the constants characterizing the precursory cooling, 

namely h 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, 7;,, 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, To, 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 [lo]. The rewetting tem- 

perature in most of the experimental runs was mea- 
sured to be (102.34 f 3) K with maximum uncertainty 
of f5 K 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 lOO-104K [18, 191 and this tempera- 

ture agrees well with the rewetting temperature of 
(102.34f3) K measured in the present work. It 
should also be pointed out here that the rewetting 
temperature, To, 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, To, was characterized to be 
dependent on the mass flow rate in order to corre- 
late the experimental data on rewetting velocities. 



CORRELAYION 

The variation of the suri’~e heat flux behind the 
wet front for a typical ~~per~rnerlt~~l 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 
poet boiling. Also shown in Fig. 5 is the boiling 
curve for liquid nitrogen [2O‘j. In calculating the surface 
heat flux from equation (l),~the axial conduction term 
was first neglected, thus rendering the calculational 
procedure similar to that employed in obtaining the 
heat fiux 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 ct~l~ducti(~n in the solid and the heat flux vari- 
ation thus obtained (shown by solid line in Fig. 5) is a 
true representation of the rcwetting phenomenon. The 
first irn~or~~~lt deduction from Fig. 5 is that the re- 
wetting temperature, ‘& at the wet front corresponds 
to neither of the two temperatures at which the maxi- 
mum (or critical) or the minimum heat lluxes of the 
pool boiling exist. The rewetting temperature, 7;. in- 
stead lies in the region of transition boiling which is 
ir~d~cat~se 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 import~~nt aspect of the falling- 
film rewettinp revealed by Fig. 5 is that the maximum 
heat flux occLirs right at the location of the wet front 
(T = 0) and its ~~g~litude (2 I. t x 105 Wjm’) is 
very close to the average ( 2 1.24 x 105 W;m’1 of the 
maximum and minimum heat iiuxss 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 Rux 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 Now 
rates. The average heat flux at the wet front for al! 

of these experimental runs was found to be 1.046 x 
105 w/mt, which gives the average l~~~~t-transfcr 
coefficient of 4175 W/m’ K. 

A cliccussion of the findings of the present work with 
respect to the results of the experimental stud) by 
Howard, Linehan and Grotmes [Xl 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 n~easure~~e~ts 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 coefEcient 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 
ifthis 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 Frront. It must 
be emphasized that the existence of the maximum heat 
tIux at the wet front is on account of the fact that the 
axial conduction is the largest at the wet front. This is 
clearly seen from Fig. 5 wherem the maxima of the 
hypothetical curve, neglecting axial conduction. lies 
slightly behind the wet front where the state of boiling 
is nucleate due to the reduced surface te~llperature. 

The experiments to measure the Liedenfrost tem- 
perature and the heat fluxes of pooi boiling are 
generally much easier to conduct than the rewettin$ 
experiments. The deductions of the present experi- 
mental study suggest an empirical methodology to 
estimate the sputtering heat-transfer coefficient 3t :he 

wet front in failing-film rewetting by ~~pproxirna~~n~ 
the heat flux at and immediately behind the wet front 
by the average of the maximum and minimum heat 
fluxes of pooi boiling and by taking the rewettinp 
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FIG. 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 a, in the description 
of precursory cooling, as 7.9m- ‘. This exponential 
curve when extrapolated to 1= 0 gives approximately 
the value of N, measuring the magnitude of precursory 
cooling, as 3.0 at this flow rate ($ = 0.3556 kg/ms). 
Consistent with the physical model presented in Fig. 1, 
the heat flux variations ahead of the wet front at other 

0.34 
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a O.OE 

k-5 m o.oc 
I 
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NON-DIMENSIONAL TEMPERATURE, 0, 
8.0 

FIG. 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 (2 > 0) and ahead 
(,? < 0) of the wet front. 

It must be emphasized here that with the known 
values of N, b, B and B,, (or e,), the validity of the 
present physical model can be unambiguously checked 
as there is 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. l] of precursory cooling 
[13]. Also shown in Fig. 7 is the prediction curve 
neglecting precursory cooling (N + co), 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 analytical solution [ 131, which 
demand the surface temperature to reach T, and T,,, 
respectively at + co 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 

FIG. 9. The effect of the surface conditjotls on the resetting 
temperature and the heat flux variation behind the wet front. 

variation are very similar, there exist> son~e significanl 

quantitive differences between the tv,o. The rewettinp 

temperature. 7;). as seetl from Fig. 0. l’ijr :i smc~otli 
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 94.90 K 
in contrast to a value of 102.34K for an ungreased 
(rough) surface. A similar elTect of the surface con- 
ditions is also observed in the measurement of Leiti- 

enfrost temperature with liquid droplets evaporating 
off a hot horizontal surface. Baumcister and Simon [ 181 
reported that the Leidenfrost temperatllre increases 
with surface roughness. The increase of the wetting 
temperature with surface roughne\\ impiieh that it i; 
easier to wet a rough surface that1 ii i* to jet _I 
smooth surface. A plausible physical explanation for 
this effect comes from the fact that :i rough surface 
tends to break or destroy the x;npor film and thus. 
facilitate the direct contact between the liquid film am! 
the hot surface. 

The incipient bnlling temper;ltrll-c. I,,. 111 the presei!t 
experimental study. was measured to be 8X.32 K for :i 
greased (smooth) surface in contrast 10 u value <tC 
83.50 K for an ungreased {rough) surface. The increase 
of T, for a smooth surface is well ~~l~[icip~~tcd in liglt~ 
of the higher superheat required for the nucleation D! 
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 !hesc: require ICG 
superheat (small ‘c,) for the incij~lcilz~ %)i’ hubhii= 
generation. 

Also seen from Fig, 9 is that the heat fux at 111~ wet 
front and inside the sputtering region c!rop\ fc,r :I 
smooth surface. Compared to ;I heat flux ;ii 
11.0x 104W/m2 at the wet front of a rough surface. 
the corresponding heat flux for a smooth surface \v;li 
measured to be only about 5.7 x IO4 W:m’. This is aisi.1 
an anticipated result because the population of !he 
nucleation cavities, contributing to the boiling heal 
flux, is smaller on a smooth surface than it is for ;I 
rough surface. The rewetting of ;I smooth surface 
requires the surface to be cooled to ;I lower tcm- 
perature (smaller To) and furthermore, the effecti\.ene\s 
of this cooling is also reduced due to the smaller hea! 
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FIG. 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 [lo, 15-17, 22, 231 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 
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FIG. Il. Comparison of the predicted dimensionless wet- 
front velocity with theexperimental data on the greased tube. 

963 

increase by a factor of three while the silver plating 
halved the wetting velocity. Elliot and Rose [15, 161 
noted that the zircaloy tube became oxidized when 
heated to temperatures between 800 and 85O”C, 
resulting in a substantial increase in the wetting rate. 
Yu [lo] and Piggot and Porthouse [22, 231 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 [l], 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 9. 
temperature of liquid nitrogen on a copper surface. 
This conclusion permit? an empirical methodology to 
estimate the sputtering heat-transfer coefficiem in a 10. 
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 I?. 
sputtering region. 

3. The rewetting rates measured both on the rough 
and the smooth surfaces are very successfully correl- 

1. 

ated by the present analytical model of rewetting with 
precursory cooling. 14. 

A~~no,vlet/ilr,lleni, The authors wish to acknowledge the 
contributions of Dr. E. Elias and ProferTor G. Yadigaroglu 
to this research. 15. 
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UNE ETUDE EXPERIMENTALE SUR LE REMOUILLAC;E DU FILM TOMBANI 

R&me mmL‘ttude expirimentale du remouillage d’un tube de cuivre par un tilm tombant d’azote liquide 
montre que les variations du flux thermique pariCtal derriire Ie front de mouillage sont semblables d celles 
observkes dans l’tbullition nucl&e et en film de l’azote liquide en rCservoir. On prCsente aussi la variation de 
llux thermique en aval du front mouillC. reprtsentant le refroidissement prCcurseur. Le lluv maximal dc 
remouillage apparait B I’emplacement du front mouill& et SB grandeur est comparable a la moyenne des flux 
maximaux et minimaux de I’kbullition nucltte et en film dans un rCscrvoir. La tempCrature mesuree de 
remouillage est trouvCe trt% proche de la tempirature de Leidenfrost de l’azote liquide sur une surface de 
cuivre. On montre aussi que la tempkrature de remouillage et les caracteristiques de transfert thermique 
derriere le front mouilli sont trts sensibles aux conditions des surfaces. Les rCsultats expkrimentaux sur la 
vitesse du front mouillk obtenus sur une surface lisse sont cornpar& X ceux pour une surface rugueuse et ils 
sont convenablement rep&en& par un modile analytique antirieur de remouillagc avec refroidissement 

pricurseur 
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EINE EXPERIMENTELLE STUDIE DER WIEDERBENETZUNG 
DURCH EINEN FALLENDEN FILM 

965 

Zusammenfassung-Die vorliegende experimentelle Studie tiber das Wiederbenetzen eines Kupferrohres 
durch einen fallenden Film aus fliissigem Stickstoff zeigt, daB die Anderungen des Warmestroms an der 
Oberfltiche hinter der Fltissigkeitsfront denen ahnlich sind, die beim Blasensieden und Behllterfilmsieden 
von fltissigem Stickstoff beobachtet werden. Die Anderung des Wlrmestroms vor der Fliissigkeitsfront, die 
die fortschreitende Ktihlung darstellt, wird ebenfalls gezeigt. Der maximale Wlrmestrom beim Wiederbenet- 
zen tritt am Ort der Fliissigkeitsfront auf, und seine GroBe ist vergleichbar dem Mittel aus maximalem und 
minimalem Warmestrom beim Blasensieden und Behllterfilmsieden. Die gemessene Wiederbenetzungstem- 
peratur liegt nahe bei der Leidenfrost-Temperatur von fliissigem Stickstoff auf einer Kupferoberfllche. Es 
wird ebenfalls gezeigt, da0 die Wiederbenetzungstemperatur und die KenngrGBen des Warmetibergangs 
hinter der Fliissigkeitsfront stark von den Oberflachenbedingungen abhlngen. Die experimentellen Daten 
fur die Geschwindigkeit der Fliissigkeitsfront fur eine glatte Oberflache werden mit denen fur eine rauhe 
Oberflache berglichen und durch ein friiheres analytisches Model1 fur das Wiederbenetzen mit for- 

tschreitender Kiihlung erfolgreich korreliert. 

3KCflEPMMEHTAJlbHOE MCCJlEAOBAHME IIOBTOPHOIO CMAYI4BAHkD-l 
CTEKAIOIBEH IUlEHKOH XKMAKOCTM 

AmioTauHn- npOBeaeHHOe 3KCnepMMeHTWlbHOe )ICC,EL,OBaHHe nOBTOpHOr0 CMaWBilHMR MeRHOfi 

~py6K~ CTeKaK7llleA WleHKOii XWLlKOrO a30Ta CBHLIeTeJlbCTByeT 0 TOM, YTO H3MeHeHWR B BeJlMYMHe 

TenJlOBOF'O nOTOKa Ha nOBepXHOCTH 38 (t)pOHTOM CMBY1IBPHHR aHaJlOr&iYHbl H3MeHeHHBM, Ha6nto- 
naeMb,M npri ny3blpbKOBOM M nJleHO'iHOM KMneHMM XM,lKOrO a30Ta B 6OnbLUOM 06beMe. Tasme 

nonyqeHb1 naHHble 06 u3Meuemin nnoTHocTM TennoBoro noToKa nepen $)P~HTOM cMawBaHMfl, 

yKa3blBatOUlIleHanpeJlBapMTeJlbHOeOXJla~KneHHe. MaKWMaJlbHblti TeIlJlOBO~nOTOKnpHnOBTOpHOM 

CMa',HBaHL(M HaGnmnaeTcn B MeCTe pacnono~eumt @pOHTaCMaYHBaHHH,Hero BenawHa CpaBHMMa 

COCpe~HeHHblM3HaYeHMeMMaKCMM~~bHOrO~MMHMM~~bHOrOTen~OBblXnOTOKOBnp~ny3blpbKOBOM 

H nJleHO'iHOM KMneHHM B60nblllOMo6BeMe.Ha~ineHo,YTO3KCnepllMeHTanbHOnOnyYeHHOe3HaYeHlle 

TeMnepaTypbl cbraquaatuia oqeub 6nswo K resmeparype JIeiQtes$pocra nnx winKor a30Ta iia 

MeaHOfi IlOBepXHOCTH. TaKxe nOKa3aH0, qT0 TeMnepaTypa CMaWfBaHMII H TenJlOO6MeHHbIe XapaK- 

TepMCTMKii 3a@pOHTOMCMaWiBaHHII BeCbMa'IyBCTBUTeEibHbI KyCJlOBHflM HanOBepXHOCTH,3KCnepM- 

MeHTaJlbHble LlaHHble n0 CKOpOCTH LlBHZCeHHR I$pOHTa CMBYABaHAR, nOJlyYeHHble Ha rJlaLtKOi% no- 

BepXHOCTII, CpaBHLiBa~TCSl CO CKOpOCTbKl Ha UIepOXOBaTOfi nOBepXHOCTH li XOpOlllO oEio6mamrcn 
c notdoubm paHee pa3pa60TaHHOti aHanHTsrecKoi2 haonenki cMawBaHHR npti npenBapeTenbHoM 

oxnamnewis. 


