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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

Tre proOCESS 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 of interest
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 T, 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 [1-7] 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 T,
than that predicted by the hydrodynamic model of
Berenson [ 8] or the maximum liquid superheat theory
of Spiegler et al. [9]. Manson [10] 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 [11] 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 [ 13] 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. [4-7]. 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 T, 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 {117 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. 1(a}], the liquid rushes toward the solid
surface, and then contacts the local portion of the
surface [Fig. 1(b)]. The rapid evaporation of a residual
microlayer of liquid (superheated on the surface) occurs
[Fig. 1{c)]. To formulate a model describing these
processes, the film boiling regime is divided into three
periods: (a) dry period, (b) conduction period and (¢}
evaporation period.

(a) Dry period (t < 0). A dry condition is always
maintained on the most areas of the solid surface, which
are cooled with the film boiling heat transfer coefficient
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NOMENCLATURE
a  thermal diffusivity Greek symbols
c specific heat A difference
g  acceleration due to gravity d  thickness of coating layer
hg,  film boiling heat transfer coefficient do thickness of metal plate
hy, latent heat of vaporization £ weighted parameter of heat capacity of
h,  contact coefficient between coating coating material
material and metal i viscosity
h,., transition boiling heat transfer coefficient p  density
K, overall heat conductance defined in o surface tension
equation (A6) 1.  duration of conduction period
k  thermal conductivity 7,  duration of evaporation period.
g  heat flux
q. evgporatlon heat flux Subscripts
Gmax critical heat flux L
. 1 liquid
S effective heat transfer area . . - .
min minimum film boiling point
T  temperature
. o  metal
T, temperature at back surface of coating
v vapor
layer w  wall
T, isothermal minimum film boiling '
temperature
T... saturation temperature Superscripts
t time 1 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.

hg,. The local portions, which will later experience
liquid-solid contacts, are also cooled with h;, during
the dry period.

(b) Conduction period (0 <t < t.). When the cold
liquid (T, ) suddenly comes into direct contact with the
hot surface (T,), the interface temperature T, is

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.

determined by

T{av_— ’Tsat = (Tw_ T;al)/[l +\/ plclkl/(pwcwkw)]’ (1)

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 (1, < t < 1,+1,). 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 ¢, [16].

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 T,,, is assumed to equal the value measured for the
unzoated 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 (h;,) 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

oT T
el )
a @
where a is the thermal diffusivity.

The boundary conditions are

oT
x=0: kw_ = hfb(T— T;a(), (3)
Ox
orT
x=208: kg QZ =ky—
ax copper ax Teflon
= hg(nopper - Tl‘ef lon)’ (4)
aT
X =048, — =0. )
ox

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.

S
Liquid
nitrogen
N
Teflon
4
—=>x Copper

F1G. 2. Coordinate system.
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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 +hepx/ko) (To— Top)
sat 1+ hgy/hy+ by S/k,,

(6)

(ii) Conduction period (0 <t < t.). Consider a cold
liquid of uniform temperature T,, 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 of Teflon 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

T— Ty = (To— Tud/{(1 + heo/hy

+hed/ky) [1+ vV picik /(pucuk)1} (7

oTr
T = To=T), ®

where T, is the uniform copper temperature.

x=0:

x=08: k,

(iii) Evaporation period(t, < t < 1.+ 1,.). Theenergy
equation becomes the same form as equation (2). The
boundary conditions are

oT
x=0: kL =g, )
0x
T
x=8: kL~ h(Ty—T), (10)
0x

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-th.ck copper plate,* whose
surface is coated with a thin Teflon layer. The thickness
ofthe Teflon layer is varied from 14 to 144 um. 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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F1G. 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 hg. Because of the high thermal
conductivity of copper, the film boiling Biot number of
the plate was very small (~1x 1073). Assuming the
plate as a lumped-parameter system, i.e. an isothermal
one, the heat transfer coefficient was calculated using
the following equation
Vo |dT;
q = hATy = Pocos—z _d_to-
where V, and S, are the volume and the effective heat
transfer area, respectively, of the plate. AT, is defined as
ATy = Ty~ T
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 T, 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

) (n

be the minimum film boiling temperature T, 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 kg, are taken as 35K and 85 Wm ™2
K 1, 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, = 1144 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 0.25s. The
time interval between 110s and 110.1 s corresponds to
the conduction period, and the interval between 110.1 s
and 110.35sis theevaporation 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 (AT, = 35 K) at which a transition from
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the film boiling to the transition boiling occurs.
However, the buik surface and copper temperatures,
which are taken to be the minimum film boiling
temperatures (AT, = 1055 K and AT,,o=
108.1 K, respectively), are much higher than the limit
value of 35 K.

Figure 4b) 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. Thelocal 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 AT .
= 1494 K and AT, , = 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 &
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
By =85Wm ™ 2K land h,, =2x 103 Wm™2 K",
respectively.

In the above calculations several parameters
concerning liquid-solid contacts are also assumed that
ge=25%x10° Wm™2 t,=025s, 1,=01 s and
h,=10* W m~? K™'. A way to determine these
parameters will be described in the following section.

2. Minimum film 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, ;, o, for the Teflon-coated and
the uncoated plates are brought together in Fig. 6. The
abscissa is the thickness & of Teflon layer. The figure
also contains the measured values of Nishio {7] for a
2-mm-thick copper plate. The AT, , is higher with
thicker & for both the present and Nishio’s data.

The experimental results are compared with the



1110
25 T T T — T
ELE. — h'b=85 W/mzK
Calc. [———| hwp=2x10° WinfK
x 200 .
= 5
g 'M
 150- ]
g Liquid
a nitroge
Teflon
Copper

! i L ] 1
0 100 200 300
Time t, s
Fi1G. 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 g¢,. The calculated curve for
q.=2.5x10°> W m~? agrees well with the measured
values. The g, of 2.5 x 10 W m~ % is equal to or slightly
higher than the critical heat flux g,,,, in saturated
nucleate boiling of liquid nitrogen. For example, a
conventional correlation of Kutateladze [17], which

400, T T T T T T

T=0. 25s
T.=0.1s ﬂ
hg =1x10*W/m?K
o |Ret] =85 W/nPK
m 171 8Tiso=35K

AT min 0, K
T

Minimum film boiling superheat

? T S 'Spiegler etal.

i - 1 1 l 1
0 0.2 0.4 0.6
Teflon layer thickness &, mm

F16. 6. Effect of evaporation heat flux on minimum film boiling
superheat.
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was derived from a hydrodynamic stability model for a
flat horizontal surface, is given by

v

_ 1/4
qm,,=0.16(¢0.03)hf,pv[&("‘2—"”)] e

Introduction of thermophysical properties of nitrogen
into the equation gives

Gmax = 20(£0.4) x 10° Wm 2,

This value is almost equal to the g, in the present study.

The dotted lines in Fig. 6 are the approximate
solutions which were obtained under the assumption of
alinear 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 of thin Teflon coating.

In this figure are also indicated the minimum film
boiling temperatures T, 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

h _ 2/3
ATmin = 0127 Pv fg |:g(pl pv)]
kv pl+pv

. 1/2 i j'us
. (13
) [g(pl—pv)] [g(pl—pv) (13

On the other hand, Spiegler et al. [9] assumed that
the T,,;,, 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

27
Tmin =35 ’Tcrin

> (14)

where T, 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 (=T, —T,,)
across the Teflon layer since the temperature drop
across a0.1-mm-thick layer s 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 T, over a wide range of thermal
properties and subcoolings, given by

Troin— Tm,B — 042 piciky hfg 0'6, (15)
Tmin,B - T; pwcwkw CWA Tmin.B

where T,;, g(0or AT, ;. p)is theisothermal 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,
butit cannot explain astrong dependency of T,,,,, on the
thickness of Teflon layer.

Figure 7 shows the effect of the duration 7, of the
evaporation period on the minimum film boiling
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superheat AT, ,. The AT, , is higher with longer
time of evaporation, especially in the thick Teflon-layer
region, because the local surface temperature drop due
to liquid—solid contacts becomes larger with increasing
7. The calculated results for 7, = 0.25 s agree well with
the measured values.

The 1, of 0.25 s is much longer than the contacting
time { ~ 20 ms) for water, which was measured in the
liquid pool experiment [15] as well as the liquid drop
experiments [18-20] 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) [10].

Figure 8 shows the effect of the duration t, of the
conduction period on AT ;.. There are no strong
dependencies of AT, ;. , on ... The reference value of 7,
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 (g, = 2.5x 10° W m~2)
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, ¢
on the contact coefficient i, between the Teflon and the
copper. In the thin-layer region there exists a strong
effect of h,on AT, o and thenthe AT, ;, o is higher with
lower h,. No thermal resistance (complete contact)
conditions correspond to h, = co. The calculation for

. = 10*Wm™ 2K~ ! agrees well with the experimental
data.

Consequently, the parameters q., 7., 7, and h, have
been determined well as constants. This suggests that
the assumptions and formulations of the present
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theoretical model is valid for predicting the effect of a
thin insulating layer on the T, of liquid nitrogen.
Figure 10 shows the calculated results of minimum film
boilingsuperheats AT, cand AT,  for threekinds of
coating materials. Calculations were performed for the
same conditions: g, = 2.5x 10° W m™2, 1, = 0.25 s,
7,=01sh,=10*Wm *K™L, hy, =85Wm ?K™!
and AT, = 35 K. It can be seen from the figure that
both AT.,,0 and AT, . increase with increasing
coating thickness 6. The augmentation of minimum
film boiling superheats is more accentuated as the

400, T T T =T T T
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- Cyl.l o T.=0.25s g
Exp. 0 [Ref]T=0.1s
PL 171 heu=B5 WimK
Teo=35K 7]

ATmin,o » K

300r-

=
/ 4
Liquid

' aTy
Eﬁ:" nitroge

/
[ O ]
/

Teflon
Copper

Minimum film boiling superheat

¢ . Berenson

aL T ~Spiegler et al.

0 1 1 i | 1

0 0.2 0.4 0.6
Teflon tayer thickness &, mm

F1G. 9. Effect of contact coefficient between Teflon and copper
on mirimum film boiling superheat.



1112
4001
Q. =2.5x10°Wim?
Almeo——— 1,025 ]
- 1Atminw) T.=01s
hg=1x10“ Wim?K
300 he,=85 Wim?K
AT, ,=35K
e

Liquid

Minimum film boiling superheat AT, K
S
&
} T

nitrogen
™ coatin
oy \% g
100~/ qeteS==""" Copper
Stainless steel
B ]
\Spiegler et al.
O . ) I S L A
0 0.2 0.4 0.6

Coating tayer thickness &, mm

Fic. 10. Minimum film boiling superheat for liquid nitrogen
on various kinds of coating materials.

thermal conductivity of a coating material becomes
lower.

In the thin region (8 < 0.2 mm) of Teflon coating,
both AT, and AT, . increase sharply with
increasing &. In the thick region ( > 0.2 mm), however,
the augmentation of minimum film boiling superheats
are attenuated and the AT, ,, attains the highest limit
of approx. 240 K in the thicker region than 0.35 mm
since the effect of liquid-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 of 1, = 0.25 s.

In the stainless-steel coating, the overestimated
values are given for both T, ¢ and T, since the
present one-dimensional model ignores a circumferen-
tial conduction effect on the temperature transients
associated with localliquid-solid contacts 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 T,
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 cccur
in the film boiling regime. Transieni 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

Y. Kikuca, T. Hori and 1. MiCHIvOsHI

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 the copper 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 hg,. The governing equations are

a1, K,
ECWPW(S d_t = E (T;— Tw)—hfb(Tw— T;al)’ (Al)
dT. k.
(1 —g)ewpad —dTg =h(Lh—-T)-5(L-T) (A)
4T,
copado 50 = ~hTo~T), (a3

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

FiG. Al. Coordinate system.
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Teflon layer and is varied from O to 1. The reference value of e is
taken as 0.5.

By introducing the concept of the overall conductance of
heat, equations (A1)~(A3) are transformed into the simplified
form

a7, K,

scwpw5 = —5_ (TO - Tw) —hfh(Tw_ T;n)»

dt (A4)

dT; K,
[(1 —£)cupud +Copodol d—t" = -5 (H-T), A9

where
1/K,, = 1/k,+1/(h,6). (A6)
The initial conditions are
T =T, T 0) =T (A7)

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

ATy =Ty—T,, = A, e*"+ 4, e*?, (A8)
AT, = T,— Ty = To+(A, 0, e*"*+ A0, e?)U,, (A9)
where
;= —[Y,+(=1Y/Y?-4Z.]/2, j=1,2, (A10)
Y, = U, + K, /(eC,040%) + hep/(eC,, 040), (Al1)
Z, = U, hgflec,pud), (A12)
U, = K /[(1-&)c,pu0% +cop0b0d], (A13)
Ay = [UTo~T)+$:ATo b2~ 1), (A14)
A, = [U(To— T +¢,AT6)/(d, — 92), (A15)
ATy = Ty — T, (A16)

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

Ty (A17)

dt

T, k
(1-0eupd G2 = T T~ 2 (T~ T), (A18)
dT,
copodo 3 = —hTo—T), (A19)
with the initial conditions

T0)=T, T0)=T, TO) =Ty (A20)

The solutions of equations (A17){A19) with the initial

conditions of equation (A20) become, after some
manipulations,
T, = T% = const,, (A21)
To=Th+A; ¥+ A, e, (A22)
T, = To+ Ux(¢34; e* + A, e, (A23)
where
¢;= ~[L+(~ 1/ Y3-4X,Z,)/2X,), j=3,4, (A29)
X, =(1—¢)cep,oU,, (A25)
Y, = (1 -&)cypud+Copodo+ UzZ,, (A26)
Z, =k,/é, (A27)
U, = copobo/tty, (A28)
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Ay = [(TH—TYU,+ ¢u(To— TW)IN¢s—¢3), (A29) T, = —D3E;(¢psAs €% + ¢oAg €% —U3)
Ae=[(Th=TYU, + 5(Th=TWbs— 60 (A30) ~(Eat+ FTo=Gat 45, (437
where

* Iﬁl;%[;(;r\:z;%r;:teizzicriod the surface heat flux g, is constant. 9=~ IVYE-4XZ,]/2X,). =56, (A3
A heat balance at each point yields X3 =(1—¢)cypuoDs, (A39)
IT. & Y, = (1—8) c,p 0+ Copodo+ ky D3/(66), (A40)
ECop0 Tjt—w = gw (I,—-T)—4q.. (A31)  Z, = (1 +copodo/(cupud)Tku/(ed), (A41)
dT k By =TS+ F,T§+E;TE, (A42)
(-dewpod 3 F = h(To-T)= F(L=T) A2 ¢ _yy 1k Bys, (A%3)
dT, Dj = copodo/hy, (A44)
CoPado a —h(To—T)). (A33) E, = (1—8)e, (A4S)
The initial conditions are Fs = copodof(ecupud), (A46)
G3 = q./(2c,p.0), (A47)
LO=T, TO=T: TO=T5 A4 U, = gc,pud+copedo) (A48)

With the use of this initial condition the solutions for ~ As = [(T§—T3)/D3+¢e(TG— Co/Z3)—Uslds—s)
equation (A31)HA33) become (A49)

Tp = As e+ dg &%~ Uyt + C5/Z;, (A35) A = [(TE— T D3+ ¢s(T§—Cs/Z3)—Us1/(¢s— ds)
T, = To+Ds(¢sAs €% + dpgAg e —Us), (A36) (AS0)

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

Résumé—On conduit I'étude théorique d’une transition prématurée entre I'ébullition en film et celle de
transition qui peut apparaitre pendant le refroidissement rapide de métaux chauds recouverts d’une fine
couche d’isolant {faible conductivité thermique). Des contacts directs liquide—solide sont supposés exister de
fagon intermittante dans le régime d’ébullition en film. Le contact transitoire et I'évaporation résultante d’une
fine microcouche de liquide améne une rapide diminution de la température locale de la surface. Si cette
température chute au dessous de la limite la plus basse, une ébullition de transition anticipée apparait bien que
la température moyenne de la surface soit élevée. La température minimale d’¢builition en film est plus élevée
lorsque 'épaisseur de la couche isolante augmente. Les résultats calculés sont en bon accord avec les données
expérimentales pour I'azote liquide en €bullition sur des plaques recouvertes de Teflon.

DIE MINIMALE FILMSIEDETEMPERATUR BEIM AB.KUHLEN VON ISOLIERTEN
METALLEN IN GESATTIGTER FLUSSIGKEIT

Zusammenfassung— Eine theoretische Studie wurde durchgefiihrt, um den vorzeitigen Wechsel vom Film-
zum Ubergangssieden zu untersuchen, der wihrend des schnellen Abkiihlens von heiBen Metallen, die mit
einer diinnen Schicht schiecht wirmeleitenden Materials beschichtet sind, auftreten kann. Es wird
angenommen, daB der Kontakt zwischen Fliissigkeit und fester Oberfidche im Filmsiedebereich pulsierend
auftritt. Der kurzzeitige Kontakt und die anschlieBende Verdampfung einer diinnen Flissigkeits-
Mikroschicht fithren zu einem starken Absinken der lokalen Oberflichentemperaturen. Unterschreitet die
lokale Oberflichentemperatur 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 fir die
Verdampfung von fliissigem Stickstoff an teflonbeschichteten Kupferplatten iiberein.

MHWHUMAJIbBHASA TEMIIEPATYPA TIJIEHOYHOI'O KHUIEHHUA 11 OXJAAXAEHUA
TEMJION30JIMPOBAHHBIX METAJIJIOB B HACHIIEHHON XHUAKOCTU

Annotanna—IIpoBeeHO TeopeTHYECKOE MCCIIEOBAHME PAHHErO MEPEXoda OT IICHOYHOTO KHMIEHUs K
NEPEX0AHOMY, KOTOPbIH MOXET HMETh MECTO MIPH PE3KOM OXJIAXACHHH TOPSYUX METAJII0B, MOKPhITHIX
TOHKHM CJI0€M H3O0JIMPYIOLIEro MaTepHuasa, obnalalolero HHU3Koil TemionpoBoaHocThO. [Ipeanona-
raeTcs, YTO MPH MIICHOYHOM KHIICHMHM TIPAMble KOHTAKTbI RHAKOCTH M TBEPAOTO TEJ1a HMEIOT MYIbCH-
pytoluii xapakTep. HecTauMoHapHble KOHTaKThl M MOCJCAYIOUIEE HMCHAPEHHE TOHKOTO MHKpPOCION
XKHIKOCTH NMPHBOAAT K OBICTPOMY CHMXKEHMIO JIOKAJLHOR TEMMepaTypbl NOBepXHOCTH. B ciyuae, ecnu
JIOKaJIbHAS TEeMNEpaTypa MOBEPXHOCTH MajaeT HMXe HAUMEHBLUEro npejdeia, HECMOTPS Hda TO, 4YTO
CpeNHAs TeMIepaTypa CTEHKM LOCTATOYHO BBICOKA, BO3HHMKAET Gojige paHHee NMEPEXOAHOE KHIIEHHE.
MMUHHMabHAS TEMOEPATYPA IZICHOYHOTO KHIEHHS PACTET C YBEJHHEHHEM TONLIMHBI W30JIHPYHOLIEro
c109. Pe3ynbTaTsl pacyeTa XOpOWIO COTNACYIOTCA € IKCMEPHUMEHTANBHBIMU AAHHBIMH, flOJYMEHHBIMH
1518 KMNCHUS )XUIKOrO a30Ta Ha MEAHbLIX N1aCTHHAX, NOKPBITEIX TEQIOHOM.



