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Abstract-A theoretical study has been conducted to investigate an earlier transition from the film to the 
transition boiling, which may occur during the rapid cooldown of hot metals coated with a thin layer of 
insulating (low thermal conductivity~ material. Direct liquid-solid contacts are assumed to occur 
intermittently in the film boiling regime. The transient contacting and subsequent evaporation of a thin 
microlayer of liquid bring forth a rapid decrease in the local surface temperature. If the local surface 
temperature falls below the lowest limit, an earlier onset of transition boiling occurs though the average wall 
temperature is quite high. The minimum film boiling temperature becomes higher with increasing thickness of 
insulating layer. The calculated results are in good agreement with experimental data for liquid nitrogen 

boiling on Teflon-coated copper plates. 

INTRODUCTION 

THE PROCESS of cooling a high temperature material 
with boiling liquid is widely encountered in metallurgy, 
cryogenic engineering, nuclear technology and other 
industrial applications. One of the problems ofinterest 
in such a cooling process is the assessment of the 
minimum temperature to maintain the film boiling. At 
this temperature, usually termed the minimum film 
boiling temperature Tminr the vapor film which 
separates the hot surface from the liquid becomes 
unstable and a transition from the film to the transition 
boiling occurs, 

Several investigators [l-7] have reported that, for 
rapid cooldown of metals coated with a thin insulating 
(low thermal conductivity) layer, an earlier onset of 
transition boiling occurs at significantly higher Tmin 
than that predicted by the hydrodynamic model of 
Berenson [8] or the maximum liquid superheat theory 
of Spiegler et al. f9]. Manson [lo] supposed that this 
discrepancy was attributed to the thermal properties of 
the heated solid surface which played no part in both 
theories. He demonstrated with an analog computer 
that a periodic heat transfer coefficient produced local 
decreases in the surface temperature of the Teflon- 
coated metal and that an earlier onset of transition 
boiling possibly occurred while the average metal 
temperature was still high. On the basis of the 
experimental observations [ 1 I] of liquid-solid con- 
tacts, Henry [12] recognized the importance of surface 
properties by introducing the interface temperature 
upon contact and evaporation of a residual liquid 
microlayer to correct Berenson’s equation. Baumeister 
and Simon [13J extended the theory of Spiegler et al. to 
take into account the thermal properties of the surface, 
and in addition, the surface energy which was related to 
wetting characteristics. 

These theories, however, ignore the effect of the 
thickness of insulating layers, which was experiment- 
ally demonstrated in refs. [4-71. This led the present 

authors to carry out a theoretical study of the effect of 
the insulating layer thickness on rapid cooldown of 
metals in boiling liquid. A theoretical model, which 
assumes the occurrence of local and intermittent 
liquid-solid contacts in the film boiling regime, is 
proposed for predicting the actual Tmin for the coated 
metals. The calculated results are compared with the 
experimental data for Teflon-coated copper plates 
cooled in liquid nitrogen. 

THEORETICAL ANALYSIS 

1. Model and assumptions 
Visual observations of film boiling [14] show that 

vapor bubbles depart from the antinodes of the surface 
waves on the liquid-vapor interface, and that the 
thickness of the vapor film is of the same order of 
magnitude as the wave amplitude. The thickness of the 
vapor film, therefore, varies periodically at any given 
point of the solid surface and there possibly exist the 
direct liquid-solid contacts on local portions of the 
solid surface. Experimental evidence of liquid-solid 
contacts in the film boiling regime was reported by 
Bradfield Cl 11 and recently by Yao and Henry [15]. 

Based on these experimental observations, the 
physical pictures are proposed for the film boiling, as 
shown in Fig, 1. As the bubble departs from the 
antinode [Fig. l(a)], the liquid rushes toward the solid 
surface, and then contacts the local portion of the 
surface [Fig. l(b)]. The rapid evaporation of a residual 
microlayer ofliquid(superheated on the surface) occurs 
[Fig, l(c)]. To formulate a model describing these 
processes, the film boiling regime is divided into three 
periods (a) dry period, (b) conduction period and (c) 
evaporation period. 

(a) Dry period (t < 0). dry condition is 
on themost 
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NOMENCLATURE 

a thermal diffusivity Greek symbols 
C specific heat A difference 

L 

acceleration due to gravity 6 thickness of coating layer 

film boiling heat transfer coefficient 60 thickness of metal plate 

h fg latent heat of vaporization & weighted parameter of heat capacity of 

h, contact coefficient between coating coating material 

material and metal P viscosity 

h nb transition boiling heat transfer coefficient P density 

4v overall heat conductance defined in 0 surface tension 

equation (A6) rC duration of conduction period 

k thermal conductivity re duration of evaporation period. 

4 heat flux 

4e evaporation heat flux 

4 
Subscripts 

max critical heat flux 
S effective heat transfer area 

1 liquid 

T temperature 
min minimum film boiling point 

T, temperature at back surface of coating 
0 metal 

layer 
V vapor 

%O isothermal minimum film boiling 
W wall. 

temperature 
T sat saturation temperature Superscripts 
t time I initial condition in dry period 
V volume J initial condition in conduction period 

x co-ordinate normal to heated surface. K initial condition in evaporation period. 

h,,. The local portions, which will later experience determined by 

liquid-solid contacts, are also cooled with h,, during 
the dry period. 

(b) Conduction period (0 < t <: zc). When the cold 
liquid (&) suddenly comes into direct contact with the 
hot surface (T,,,), the interface temperature T’, is 

?////////////l/l1 
Heated surface 

(a) Dry period 

(b) Conduction period 

(c) Evaporation period 

FIG. 1. Intermittent liquid-solid contact model :(a) dry period ; 
(b) conduction period ; (c) evaporation period. 

which is valid for the coated and the uncoated plates 
[6]. During the initial but very short conduction 
period, the flow of heat in each section, even in liquid, 
obeys the heat conduction and the interface 
temperature is maintained at the value given by 
equation (1). 

(c) Evaporation period (7, < t < ~,+t,). A thin film 
of cold (saturated) liquid has been superheated by 
conduction from the heated solid surface for the former 
conduction period. For the subsequent evaporation 
period, the superheated microlayer continues to cool 
locally the surface through rapid evaporation. For 
simplicity, during the evaporation period, the 
unknown time-dependent heat flux is represented by a 
time-averaged heat flux designated qe [ 161. 

If the local surface temperature falls below the lowest 
value T,$,,* of limit while the average wall temperature 
is quite high, the vapor generation rate will not be 
sufficient to maintain the film boiling and an onset of 
transition boiling will occur, resulting in an im- 

* T&, is the minimum film boiling temperature measured for 
an isothermal surface which does not experience any 
temperature drop due to liquid-solid contacts. In the present 
study L&, is assumed to equal the value measured for the 
uncoated copper. 
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provement of heat transfer from the bulk surface. On 
the other hand, if the local fall in the surface 
temperature is not too severe, a film of vapor is formed 

on the heated surface again and a dry condition is 
recovered. 

The contribution of liquid-solid contact heat 
transfer to the overall film boiling heat transfer (hfJ is 
neglected since the direct contact occurs on the local 
portions of the surface during a short time and the 
frequency of contacts is very low under the film boiling 
condition. 

2. Basic equations 
(i) Dry period (t < 0). If a film boiling condition is 

established, the Teflon-coated copper plate is cooled 
down with the film boiling heat transfer coefficient h,,. 
With the coordinate system shown in Fig. 2, the flow of 
heat in both Teflon and copper sections obeys the one- 
dimensional equation of heat conduction 

aT 8T 
at=a,x,, 

where a is the thermal diffusivity. 
The boundary conditions are 

x = 0: k,: = h,,(T-XT,,,), (3) 

x=6: k,,; 
KSpper 

=k,; 
Teflon 

= W&m - TTenan)r (4) 

x = 6+6,: 
aT 
- = 0. 
l3X (5) 

The physical properties of both Teflon and copper are 
assumed to be constant. h, is the contact coefficient 
between the Teflon and the copper sections. 

According to some calculated results, the tempera- 
ture transient is slow and a quasi-steady-state 
condition is maintained throughout the dry period, 
except at the initial but short time when the coated plate 
is submerged into liquid nitrogen. The temperature 
distribution through the Teflon layer is linear since the 
layer thickness is very thin. In the copper region, 
however, a uniform temperature distribution is 
dominant because of its extremely high thermal 
conductivity. 

0 

FIG. 2. Coordinate system. 

If the copper temperature T, is assumed to be 
uniform, the temperature distribution in the Teflon 

layer is, with good accuracy, given by a simple equation 

T_T =(1+‘wlkJ~G-T,,,) 
sat 

1 + hfJhg + h,,6/k, ’ (6) 

(ii) Conduction period (0 < t < zc). Consider a cold 
liquid of uniform temperature K,, suddenly coming 
into direct contact with the local portion of the hot 
surface of a Teflon-coated copper plate, Although the 
contact portion is localized on the heated surface, the 
governing energy equation for the Teflon layer is 
simplified into the one-dimensional form of equation 
(2) since the thermal conductivity ofTeflon is extremely 
low and the layer is so thin that two-dimensional 
(circumferential) conduction effects on the temperature 
transients can be neglected. 

The boundary conditions are 

x = 0 : T - T,,, = (T, - T,,,)/{(l + h,,/h, 

+h&Vkw)C1 +&~c~k,Mwwkw)lI. (7) 

x=6: k,z=h,JT,-T), (8) 

where T, is the uniform copper temperature. 

(iii) Evaporation period (7, < t < z, + zJ. The energy 
equation becomes the same form as equation (2). The 
boundary conditions are 

x=S: k,g=h,(T,-T), (10) 

where the uniform temperature of copper is assumed 

again. 

3. Calculation procedure 
Numerical methods are applied to transient 

conduction problems in each period. The relevant 
differential equations are reduced to finite-difference 
equations. An explicit method is used to calculate the 
unknown temperature distribution after a time 
interval. 

EXPERIMENTS 

1. Experimental apparatus 
The apparatus used is shown schematically in Fig. 3. 

The test specimen is a 3-mm-thick copper plate,* whose 
surface is coated with a thin Teflon layer. The thickness 
ofthe Teflon layer is varied from 14 to 144 pm. The back 

*In order to investigate the effect of geometrical 
configurations on boiling phenomena, a copper cylinder 
(20 mm in diameter) was also used as the test specimen. 
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Unit : mm 

FIG. 3. Schematic arrangement of apparatus. 

surface of the copper plate is tightly in contact with a 
thick acrylic plate, and is kept in an adiabatic condition. 
A copper-constantan thermocouple (0.1 mm in 
diameter), which monitors the temperature T, of the 
copper plate, is buried with solder in a groove on the 
back surface. 

The test specimen is vertically submerged in liquid 
nitrogen inside a stainless-steel Dewar, and is cooled 
down to the saturation temperature of liquid nitrogen. 
The output signal from the thermocouple is recorded 
on a strip chart. During the runs the liquid nitrogen is 
maintained at the saturation temperature under 
atmospheric pressure. 

2. Data reduction 
For the uncoated copper plate, the slope of the 

temperature-time trace of the back surface of the 
copper plate in the film boiling regime yielded the heat 
transfer coefficient II,,. Because of the high thermal 
conductivity of copper, the film boiling Biot number of 
the plate was very small (N 1 x 10e3). Assuming the 
plate as a lumped-parameter system, i.e. an isothermal 
one, the heat transfer coefficient was calculated using 
the following equation 

q = hfbATO = pOcO ; (11) 

0 

where V, and So are the volume and the effective heat 
transfer area, respectively, of the plate. AT, is defined as 
AT, = To-KT,,,. 

For the Teflon-coated plate, however, the transient 
conduction equation in the two-layer plate should be 
solved using a finite-difference scheme since a 
discrepancy between the surface temperature T, and 
the copper temperature To occurs and is more enlarged 
with increasing the Teflon-layer thickness. 

The temperature at which the slope of the 
temperature-time trace rapidly increased was taken to 

be the minimum film boiling temperature Tmi,,o of the 
copper plate with and without Teflon coating. 

RESULTS AND DISCUSSION 

1. Cooling curve 
Figure 4(a) shows a typical calculated result of 

temperature transients for a Teflon-coated copper 
plate (3 mm in thickness) cooled in liquid nitrogen. The 
thickness of the Teflon layer is 0.05 mm. The abscissa is 
the elapse of time, and the ordinate is the superheat 
defined as AT = T - T,,,. The isothermal minimum 
film boiling superheat AT,,, and the film boiling heat 
transfer coefficient h,, are taken as 35 K and 85 W m-* 
K- ‘, respectively, which are based on the experimental 
results of the uncoated plate. 

Violent oscillations are observed for the surface 
temperature (AT,,,) at the side facing the liquid nitrogen, 
while the temperature (AT,) of the copper plate 
decreases slowly with no fluctuations. These oscil- 
lations are caused by intermittent liquid-solid contacts. 
The details of a rapid temperature change associated 
with the liquid-solid contact are shown in the right 
portion of this figure. When the cold liquid suddenly 
comes into contact with the local portion of the Teflon 
surface (AT, = 114.4 K) at t = 110 s, the interface 
temperature falls stepwise to 68.9 K and remains 
constant for a while. This local temperature drop is 
followed by the second decrease of 27.6 K for 0.25 s. The 
time interval between 110 s and 110.1 s corresponds to 
the conduction period, and the interval between 110.1 s 
and 110.35 s is the evaporation period. The local surface 
temperature increases after 110.35 s and again a dry 
condition is recovered. 

When another contact occurs at 120 s, the local 
surface temperature rapidly decreases to the lowest 
value of limit (ATS, = 35 K) at which a transition from 
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FIG. 4. Calculated temperature change during cooldown : (a) thin coating; (b) thick coating. 

the film boiling to the transition boiling occurs. 
However, the buik surface and copper temperatures, 
which are taken to be the ~nimum film boiling 
temperatures (AT,,,,,, = 105.5 K and ATmin.0 = 
108.1 K, respectively), are much higher than the limit 
value of 35 K. 

Figure 4(b) shows the calculated cooling curve under 
a thicker Teflon-coating condition (0.1 mm in 
thickness). Local temperature drops due to liquid-solid 
contacts are much larger compared with the former 
thinner coating case. The local surface temperature falls 
to the limit of 35 K at 57 s and an earlier onset of 
transition boiling occurs. The minimum film boiling 
temperatures become higher and attain ATmin,w 
= 149.4 K and AT,i.,O = 155.5 K, respectively. 

Figure 5 shows a comparison of theoretical and 
experimental results of cooling curves of a copper plate 
(3 mm in thickness) for four Teflon-layer thicknesses. 
The Teflon coating gives a great improvement of heat 
transfer since the minimum film boiling temperature 
becomes higher with increasing the layer thickness 6 
and an earlier onset of transition boiling occurs. The 

experimental results agree well with the theoretical 
calculations, in which the film and the transition 
boiling heat transfer coefficients are assumed to be 
h,,=85Wm~2K~1andh,,=2x103Wm~2K~1, 
respectively. 

In the above calculations several parameters 
concerning liquid-solid contacts are also assumed that 
qa = 2.5 x 10’ W rne2, r,=O.25 s, r,=O.l s and 
h, = lo4 W mm2 K-l. A way to determine these 
parameters will be described in the following section. 

2. Minimum~lm boiling temperature 
The minimum film boiling temperatures are 

indicative of the general level of the enhancement of 
heat transfer in cooldown processes. The minimum film 
boiling superheats AT,i,,O for the Teflon-coated and 
the uncoated plates are brought together in Fig. 6. The 
abscissa is the thickness S of Teflon layer. The figure 
also contains the measured values of Nishio [7] for a 
a-mm-thick copper plate. The AT,in,o is higher with 
thicker 6 for both the present and Nishio’s data. 

The experimental results are compared with the 
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Timet, s 

FIG. 5. Effect of coating thickness on temperature change 
during cooldown. 

theoretical calculations by the present liquid-solid 
contact model. Calculations were performed for three 
evaporation heat fluxes qe. The calculated curve for 
q, = 2.5 x 10s W mm2 agrees well with the measured 
values. The q, of 2.5 x 10’ W m-’ is equal to or slightly 
higher than the critical heat flux qmax in saturated 
nucleate boiling of liquid nitrogen. For example, a 
conventional correlation of Kutateladze [ 171, which 

Coppei 

E 
7 .- 

L 

/ 
/ 

= R 
J.Berenson -..- 1 y-_.. 

I --cc SpiegleF ht al. 

OQ 0.2 0.4 0.6 
Teflon layer thickness 6, mm 

where Tmin,B (or ATmi,,a) is the isothermal minimum film 
boiling temperature (or superheat) predicted by 
Berenson’s formulation of equation (13). Henry’s 
equation is likely to represent the average value of the 
present data for various thicknesses of Teflon layers, 
but it cannot explain astrongdependency of Tmi, on the 
thickness of Teflon layer. 

FIG. 6. Effect of evaporation heat flux on minimum film boiling Figure 7 shows the effect of the duration Z, of the 
superheat. evaporation period on the minimum film boiling 

was derived from a hydrodynamic stability model for a 
flat horizontal surface, is given by 

Qmax = o.16(+o.03)~r~P.~;~~J]1’4. (12) 

Introduction of thermophysical properties of nitrogen 
into the equation gives 

4 mBx = 2.0(&0.4)x lo5 W mm*. 

This value is almost equal to the qe in the present study. 
The dotted lines in Fig. 6 are the approximate 

solutions which were obtained under the assumption of 
a linear temperature distribution in the Teflon layer, as 
described in the Appendix. The approximate solutions 
are in good agreement with the exact numerical 
solutions, especially in the region ofthin Teflon coating. 

In this figure are also indicated the minimum film 
boiling temperatures Tmin predicted by other investi- 
gators. Based on a hydrodynamic model of the film 
boiling process, Berenson [8] has derived a correlation 
for the minimum film boiling superheat 

AT,, = 0.1279 $X+ 
[ 1 

213 

Y 1 ” 

On the other hand, Spiegler et al. [9] assumed that 
the Tmi, corresponds to the maximum liquid superheat 
predicted by the Van der Waals equation of state. Their 
theory indicates that at pressures well below the critical 
pressure 

(14) 

where Tcri, is the critical temperature of the fluid. 
Theoretical results given by equations (13) and (14) 

are significantly different from the measured values for 
the Teflon-coated copper. This large discrepancy can 
not be explained by the temperature drop ( = To - T,) 
across the Teflon layer since the temperature drop 
across a 0. l-mm-thick layer is of the order of only 6 K in 
the vicinity of the minimum film boiling point. 

Henry [12] postulated that liquid-solid contacts 
might exist in the film boiling regime and proposed a 
correlation for Tmi, over a wide range of thermal 
properties and subcoolings, given by 

:;?; = 0.42(/g A>,.‘, (15) 
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FIG. 7. Effect of duration of evaporation period on minimum FIG. 8. Effect of duration of conduction period on minimum 
film boiling superheat. film boiling superheat. 

superheat ATmin,“. The A7’,‘,in,o is higher with longer 
time ofevaporation, especially in the thick Teflon-layer 
region, because the local surface temperature drop due 
to liquid-solid cgntacts becomes larger with increasing 
T,. The calculated results for 7e = 0.25 s agree well with 
the measured values. 

The 7, of 0.25 s is much longer than the contacting 
time (_ 20 ms) for water, which was measured in the 
liquid pool experiment [ 151 as well as the liquid drop 
experiments [18-201 in the vicinity of the minimum 
film boiling(or Leidenfrost) point. This long duration is 
attributed to the good wetting characteristics of liquid 
nitrogen. Cryogenic liquids, including liquid nitrogen, 
completely wet Teflon as well as copper (zero angle of 
contact) [lo]. 

Figure 8 shows the effect of the duration 7, of the 
conduction period on AT,i,,O. There are no strong 
dependencies of AT,i,,O on 7,. The reference value of 7‘c 

is, therefore, taken as 0.1 s [16]. 
A thermal resistance between the Teflon layer and 

the copper plate cannot be neglected since the 

evaporation heat flux is high (qe = 2.5 x 10’ W me2) 
and the temperature difference possibly appears 
between the back surface of the Teflon layer and the 
copper plate. Figure 9 shows a dependency of AT,i,,o 
on the contact coefficient h, between the Teflon and the 
copper. In the thin-layer region there exists a strong 
effect ofh, on AT,i,.0 and then the AT,in,o is higher with 
lower h,. No thermal resistance (complete contact) 
conditions correspond to h, = co. The calculation for 
h, = 1 O4 W m- * K- ’ agrees well with the experimental 
data. 

Consequently, the parameters q,,, 7e, 7c and h, have 
been determined well as constants. This suggests that 
the assumptions and formulations of the present 

I _L . -.P-nson _..- 

theoretical model is valid for predicting the effect of a 
thin insulating layer on the Tmin of liquid nitrogen. 
Figure 10 shows the calculated results of minimum film 
boiling superheats AT,i.,o and ATmi,,, for three kinds of 
coating materials. Calculations were performed for the 
same conditions: qc = 2.5 x 10’ W m-‘, 7, = 0.25 s, 
7,=0.1s,h,=104Wm-2K-1,h,,=85Wm-2K-1 
and A17,‘, = 35 K. It can be seen from the figure that 
both AT,in,o and AT,i,,w increase with increasing 
coating thickness 6. The augmentation of minimum 
film boiling superheats is more accentuated as the 

I r /.Ferenson -..- 

I I 

OO 
I I I 

0.2 0.4 0.6 
Teflon layer thickness 6, mm 

FIG. 9. Effect ofcontact coefficient between Teflon and copper 
on mkimum film boiling superheat. 
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FIG. 10. Minimum fiim boiling superheat for Iiquid nitrogen 
on various kinds of coating materials. 

thermal conductivity of a coating material becomes 
lower. 

In the thin region (S < 0.2 mm) of Teflon coating, 
both ATmi,,* and AT&,,., increase sharply with 
increasing 6. In the thick region (6 > 0.2 mm), however, 
the augmentation of minjmum film boiling superheats 
are attenuated and the A?;nin,ar attains the highest limit 
of approx. 240 K in the thicker region than 0.35 mm 
since the effect ofliquid-solid contacts is localized in the 
portions near the surface and the portions in the 
interior of thick Teflon experience no temperature 
changes for the short time oft, = 0.25 s. 

In the stainless-steel coating, the overestimated 
values are given for both Tmin,* and Tminaw since the 
present one-dimensional model ignores a circumferen- 
tial conduction effect on the temperature transients 
associated with local liquid-solidcontacts although the 
thermal conductivity of stainless steel is much higher 
than that of Teflon. A two-dimensional model 
is, therefore, needed for better understanding the Tin 
for higher thermal conductivity materials. 

CONCLUSIONS 

A theoretical model has been proposed for 
explaining the rapid cooldown of metals coated with a 
thin insulating layer, for which an earlier transition 
from the film to the transition boiling occurs at 
unaccountably high temperatures. Based on analytical 
and experimental results published in the literature, 
intermittent liquid--solid contacts are assumed to occur 
in the film boiling regime. Transiett contacting and 
subsequent microlayer evaporation bring forth a rapid 
decrease in the local surface temperature and an earlier 
onset of transition boiling is caused while the bulk 

surface temperature is still high. The minimum film 
boiling temperature is higher with thicker insulating 
layer and the calculated results agree well with 
measured values for liquid nitrogen boiling on Teflon- 
coated copper plates. 

minimum film boiling temperatures predicted by the 
present model are shown in Fig. 10 for liquid nitrogen 
over a wide range of thermal properties and thicknesses 
of coating materials. Upgrading of the present one- 
dimensional model to a two-dimensional model is 
useful for better prediction of the minimum film boiling 
temperature for coating materials of higher thermal 
conductivity as well as the Leidenfrost temperature in 
liquid drop experiments. 

Application of the present model to other fluids, for 
example, water and liquid metals, is now being 
undertaken. The calculated results for these fluids will 
be reported in a sequel to the present paper. 
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APPENDIX: APPROXIMATE SOLUTION 

1. Assumptions 
In order to obtain the approximate solution, the following 

assumptions are made : 

(I) There is no temperature gradient through the copper 
plate because of its extremely high thermal conductivity. 

(II) The temperature distribution through the Teflon layer 
is linear. 

The second assumption is exactly true only in the steady-state 
condition where thecopper temperatureis constant and where 
transient effects due to a change in the wall temperature have 
vanished. But the approximation should be satisfactory for the 
present study since the copper temperature decreases slowly in 
the film boiling regime and the Teflon layer is very thin. For 
each period of liquid-solid contacts, the governing equations 
may be obtained by considering heat balance for system 
sketched in Fig. Al. 

2. Dry period 
In the dry period the surface is cooled with the film boiling 

heat transfer coefficient h,,. The governing equations are 

&c,p,J 2 = % (T, - T,) - htb( T, - T&, (Al) 

(1-s)c,,.pwc+=h,(T,-T&$-T,), (42) 

copo& z = -h&T, - Te), (A3) 

where E is the weighted parameter of the heat capacity of the 

Li 
n 

Tef Ion’ ‘Copper 

FIG. Al. Coordinate system. 

Teflon layer and is varied from 0 to 1. The reference value of a is 
taken as 0.5. 

By introducing the concept of the overall conductance of 
heat, equations (Al)-(A3) are transformed into the simplified 
form 

KP,~ !$ = $ (T, - Tv) - h&“w - X.3, (A4) 

[(l-s)c,p,d+c~p,6,]~= -+(T,-T,), (A5) 

where 

l/& = l/k, + l&6). (A6) 

The initial conditions are 

T,(O) = T’,, To(O) = T;. (A7) 

The solution of equations (A4) and (AS) with the initial 
conditions expressed by equation (A7) becomes somewhat 
lengthy but rest&s in the expressions for the copper and the 
Teflon surface temperatures, respectively, 

AT, = T, - T,,, = A, e#” + A, eolr, (‘48) 

AT, = T,-_,, = T,+(A,& e*l’+A& e”“)/UI, (A9) 

where 

f#~~i= --[YI+(-1)‘J5Xi$2, j= 1,2, 

5 = u, + ~L/(~w,~~) + b,/(~c.,G), 

2, = ~,dd(Ecwp,A 

u, = K,/r(1-&)C,p,~2+COPOS061. 

A, = CU,(T’,-T~)+~,ATblM~,-~,), 

A, = CU,(T’,-T~)+~,A.T’,IM~,-~,), 

AT; = T; - T,,. 

3. Conduction period 

(AlO) 

(All) 

GW 

(A13) 

(A14) 

(A19 

(‘416) 

During the conduction period the surface temperature is 
constant. The governing equations are 

dTw -_=o 
dt ’ (A17) 

(l-E)c,p,6$$= h&T,TJ-:(5--T,), (‘418) 

cop,&, 2 = -h&To - Tp), (419) 

with the initial conditions 

T,(O) = T;, r,(O) = T;, T,(O) = T’,. (A20) 

The solutions of equations (A17HA19) with the initial 
conditions of equation (A20) become, after some 
manipulations, 

T, = T: = const., 6421) 

T, = T: + A, e*” + A, e*,‘, (A22) 

q = T, + U&A3 e*” + r#r4A4 e9@), (A23) 

where 

4, = - [Y, + ( - ly,/m]/(2X,), j = 3,4, (A24) 

X, = (1 -s)c,P,~Uz, (A25) 

I-2 = (1 --Ek,Pw~ + %Po& + u,z,, WV 

Z, = kvl4 (~27) 

fJr = e,p,d,lh,> (A28) 
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(~29) 

(A30) 

Intheevaporation periodthesurfaceheatfluxq,isconstant. 

A heat balance ateach point yields 

EC,&8 2 = ;(T,- T,)-q,, 6431) 

(1-s)c,p,6z=h,(T,-T,)+-T,),(A32) 

copOG, z = -h&To - T,). 6433) 

The initial conditions are 

T,(O) = 7-t, T,(O) = 7-F, T,(O) = Tt. (A34) 

With the use of this initial condition the solutions for 
equation (A31HA33) become 

TO = A, e+“+ A, e*6r- U,t + CJZ,, 

Tg = T,+D,(@J,A, e”s’+&A, e 0s - u & 

6435) 

(‘436) 

T, = -D,E,(~/J,A, e”J’+q5,A, emb’-U3) 

-(E,+F,)T,-G,t+B,, (A37) 

where 

+j = - [Y3 +( - l~~~~Z,]/(ZX,), j = 5,6, (A38) 

X, = (I-e)c,p,6D3, (A39) 

Y, = (1-s) cwp,6 + cOpOSO + k,D,/(sd), (‘440) 

Z, = Cl + c,p,6,l(c,p,6)lk,l(&6), (A41) 

B, = T:+F,T:+E,Tt, (~42) 

C, = Y,U,+k,B,/& 6443) 

D, = w&W,> 6444) 

E, = (l-E)/&, (A45) 

F3 = %P,~&,P,~)~ (A46) 

G, = q&wwQ 6447) 

u, = q.&P$ + %YO~,)~ (‘448) 

A, = C(T~-T:)/D,+~,(T~-C,lZ,)-U,l/(~,-~,), 

(A49) 

A, = [(T:- T:)/D, +&(T:-GIZ3)- u,l/(& -h). 

(AW 

TEMPERATURE MINIMALE D’EBULLITION EN FILM LORS DU REFROIDISSEMENT DE 
METAUX DANS UN LIQUIDE SATURE 

RCsumLOn conduit I’ttude thtorique d'une transition prtmaturie entre 1'6bullition en film et celle de 

transition qui peut apparaitre pendant le refroidissement rapide de mCtaux chauds recouverts d'une fine 

couche d’isolant (faible conductivitt thermique). Des contacts directs liquid+solide sont supposes exister de 
faGon intermittante dans le rkgime d’tbullition en film. Le contact transitoire et l’kvaporation r&&ante d'une 

fine microcouche de liquide am&e une rapide diminution de la tempirature locale de la surface. Si cette 
temp6raturechuteau dessousdelalimitelaplusbasse,une~bullitiondetransitionanticip~eapparaitbien que 
la tempkrature moyenne de la surface soit 8levte. La temptrature minimale d’&bullition en film est plus ilevte 
lorsque I’bpaisseur de la couche isolante augmente. Les r&sultats calculis sont en bon accord avec les donnees 

exptrimentales pour l’azote liquide en kbullition sur des plaques recouvertes de Teflon. 

DIE MINIMALE FILMSIEDETEMPERATUR BEIM ABKUHLEN VON ISOLIERTEN 
METALLEN IN GESjiTTIGTER FLUSSIGKEIT 

Zusammenfassung-Eine theoretische Studie wurde durchgefiihrt, urn den vorzeitigen Wechsel vom Film- 
zum Ubergangssieden zu untersuchen, der wlhrend des schnellen Abkiihlens von he&n Metallen, die mit 
einer diinnen Schicht schlecht wlrmeleitenden Materials beschichtet sind, auftreten kann. Es wird 
angenommen, daO der Kontakt zwischen Fliissigkeit und fester Oberfllche im Filmsiedebereich pulsierend 
auftritt. Der kurzzeitige Kontakt und die anschlieI3ende Verdampfung einer diinnen Fliissigkeits- 
Mikroschicht fiihren zu einem starken Absinken der lokalen Oberfllchentemperaturen. Unterschreitet die 
lokale ObcrtI&hentemperatur eine untere Grenze, so setzt das Ubergangssieden vorzeitig ein, obwohl die 
mittlere Wandtemperatur noch relativ hoch ist. Die minimale Filmsiedetemperatur steigt mit dicker 
werdender Isolierschicht. Die berechneten Ergebnisse stimmen gut mit experimentellen Daten fiir die 

Verdampfung von fliissigem Stickstoff an teflonbeschichteten Kupferplatten iiberein. 

MMHMMAJIbHAfl TEMHEPATYPA HJIEHO’IHOI-0 KMfIEHMEl AJIri OXJ~A-HCAEHMII 
TEfIJIOM30JIMPOBAHHbIX METAJIJ’IOB B HACMUEHHOR XMAKOCTM 

AHHoTama-nposenem TeopeTHsecKoe HccnenoBaHHe panHero nepexona OT nneHoworo KWII~HMI~ K 

ncpcXOL,HOMy, KOTOpbIti MOTeT HMcTb MeCTO "pH pc3KOM OXJa2QIeHHH rOpW,Hx MeTaJI,1OB,"OKPblTblx 

TOHKUM cnoeh4 Msonupymulero MaTepuana, 06nanamuer-0 HH~KO~~ Tcnnonpo9onHoCTbto. npennona- 

raCTCII, WO npn nJlcHOSHOM KAneHAn npRMbIe KOHTaKTbI ~KAILKOCTH M TacpnOrO TeJIa UMeWr ny.RbcW 

pyI‘WL48 XapaKTep. HeCTaUMOHapHbIe KOHTaKTbl M "Oc,Ie~y,OU,cc AcnapcHHc TOHKOrO MHKpoc,I"R 

XGVIKOCTH npHBOfl5I-r K 6blCTpOMy CHHTWMK) nOKa.?bHOil -reMnepaTypbl "OBc,,x"OcTH. B cnyclac. ec.‘Iu 
jloKaJlbtias TeMnepaTypa noeepxHocTH nanaeT HHxe HaMMeHbmero npenena, HecMoTpn rra 10. ~0 

CpenHan TeMnepaTypa CTeHKM ROCTBTO'IHO BbICOKa, B03HHKaeT 6onee paHHee nepexonHoe KM"eHlle. 

MHHHManbHaa TehmepaTypa nzeHoYHor0 KnneHAn pacreT c yaenwreHHeM Tonuuinb* clso;lwpymluero 

C;1OII. Pesy,,braTb, paC',eTa XOPOLUO cOrJ,aCyWrCa C 3KC"epHMeHTa,,bHbIMM mHHb,MM, "O.Ty'IeHHb,M&, 

,!Ijll Kll"cHMlgMnKOroa30TaHa MefiHblx "naC~M"ax,"OKpbYrb,xTe@,OHOM. 


