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Recent film boiling calculations:
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Abstract—A transient film boiling model was developed to study the film boiling dynamics that would
occur when a molten, spherical fuel droplet is immersed in a coolant. The focus of this study was to
investigate the effects of noncondensable gas, coolant temperature and ambient pressure on film boiling
during the initial growth phase. These parameters were found to have the greatest influence on the triggering
of the small scale fuel-coolant interactions. The results indicate that the film generally stabilizes with more
noncondensable gas present and higher coolant temperatures. Our calculations indicate that small ambient
pressurizations cause violent fluctuation of the film pressure while higher ambient pressures suppress these
oscillations. These results are in good agreement with Nelson's experimental data for a single fuel droplet
in water.

1. INTRODUCTION

For AN energetic fuel-coolant interaction (FCI) to
occur, film boiling between the fuel and coolant is
a prerequisite for a coarse fuel-coolant mixture to
develop. Only when there is an insulating vapor film is
there enough time to mix the hot and cold components
without premature rapid heat transfer taking place.
Only a few analytical studies have been done to simu-
late transient vapor film boiling around a hot sphere
[1, 2]. However, calculations were done up to only 1
ms, which was too short a time to describe even the
initial growth behavior of film ; usually it takes longer
for the vapor film to grow and enter a quasi-steady
state. The purpose of this study is to develop a
dynamic model of film growth which can give the
initial conditions for the film collapse phase which
triggers the FCI ; this is usually initiated by an external
pressure pulse in the small scale, single droplet experi-
ments [3, 4]. This dynamic model indicates interesting
trends in the transient behavior of the vapor film
before film collapse is induced and the explosion
begins.

2. FORMULATION OF THE MODEL

Our model is of a spherical fuel droplet immersed
in a large volume of coolant, Fig. 1, which is the
characteristic of small scale, single droplet experi-
ments. Our basic assumptions are :

1. The fuel—coolant system is spherically symmetric
it implies that the variation of the film thickness is
small compared to droplet radius and is observed
in the small scale FCI experiments [3, 4] that were
analyzed.

2. All the vapor produced is retained in the film ; no
vapor generated was detached from the film during
the initial film boiling in the experiments because

of the small droplet radius and the large water
subcooling.

3. The pressure in the film is spatially uniform; the
film around the droplet is very thin and the time
elapsing as a pressure disturbance is transmitted
across the film is much less than the time involved
in appreciable change in the average film pressure.

4. The vapor and other gases, if any, in the film are
considered to be perfect gases; the critical point
of the coolant is not approached during the film
growth.

5. A small gaseous film initially exists at the surface
of the sphere ; the initial gaseous film is comprised
of both the gas generated at the surface of the drop
due to chemical reaction and the gas swept into
the coolant as the droplet falls freely through the
surrounding gas upon entering the water pool. In
the model, only the gas swept into the coolant is
considered.

6. Coolant and fuel liquid are considered to be incom-
pressible ; the velocity of the film—coolant interface
is far less than the speed of sound.

7. The thermophysical properties are considered to
be constant except the latent heat of the coolant
and density of air; since the film undergoes severe
oscillations during growth, the latent heat of cool-
ant is given as a function of the saturation tem-
perature of the coolant.

Mathematical formulations

The dynamic film boiling process was modelled by
writing a momentum equation for film dynamics and
an energy equation for each region of the system (fuel,
coolant vapor and liquid) and linking each region by
the appropriate boundary conditions. The integral
approach was used in each region for the energy equa-
tions where the differential equation was integrated
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NOMENCLATURE
a acceleration é film thickness
C,  specific heat £ emissivity
G gas constant 0 surface tension
h heat transfer coefficient A boundary-layer thickness
Ay, latent heat of vaporization H Vviscosity
k thermal conductivity p density
M  molecular weight o Boltzmann constant.
P pressure
R droplet radius
R;  film radius Subscripts
r radius c coolant
T  temperature ¢i  coolant bulk
t time co  coolant surface
U  velocity f film
VvV volume. g gas
h molten droplet
Greek symbols hi  droplet center
o thermal diffusivity ho  droplet surface vs vapor surface at film—
B accommodation coefficient coolant interface
¥ gas index v vapor

over the region and a temperature profile was
assumed.

The momentum equation for film growth is mod-
elled by a general Rayleigh equation [5], where the
effect of viscosity and surface tension are included

w_1
dt R,
y [Pf—Pm—(zec/pRa)—(‘wc/Ra)U _ % Uz]‘ W

The evaporation or condensation rate is obtained
from a simple kinetic theory of gas model under a
nonequilibrium condition at the vapor-liquid inter-

face [6]
dm, M < Py _ P ) @
G \JTe /T

dr
where the accommodation coefficient was assumed to
be 0.04 in this application ; separate studies indicate
that the effects of accommodation coefficient are neg-
ligible.
The velocity of the vapor-liquid interface is then
given by

= 47 R}

dR, _  dM/dt

dt 4nRip.’ S
The heat transfer in the fuel droplet is governed by
Fourier’s conduction equation
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Since the temperature wave may not have penetrated
to the center of droplet during the time of interest, the
droplet is treated as a semi-infinite mass and inte-
grated fromr = R—A,tor=R

R 5 " a
2 = D
o Lﬂ%md [r o T, t)] = L«Ah(:) Y Tur,dr. (5)

A quadratic temperature profile satisfying the bound-
ary conditions within the thermally active region is
assumed as

R__ vl
Th(",f)=Thi+(Tho‘“Thi)(l“‘ 7 r) ©)

where the boundary conditions satisfied are

Ty(R= 4y, 1) = T,i(D) (72)
TR, D) = T ,() (7b)
T (r,
_%;2 —0; r=R-40 (70

When this temperature profile is substituted into
equation (5), the result is
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The energy equation for the coolant is similar to
equation (4) except that a radial convective term is
included to account for the movement of the vapor
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FiG. 1. Schematic diagram of dynamic film growth and collapse model.

film and the subsequent movement of the liquid
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where the last term on the RHS is the fraction of
radiation energy deposited in the thermally active
region of coolant. The radiation energy from the fuel
was considered as volumetric energy generation
within and without the thermal boundary layer. Con-
stant K is given as a function of the surface tem-
perature of droplet and the thickness of thermal
boundary layer in the coolant. Again a parabolic tem-
perature profile is assumed in the liquid thermal
boundary layer. Boundary conditions are

Tc(Rés t) = Tco(’) (loa)
TR+ 4c, 1) = T(1) (10b)
oT(r, 1)

=05 r=Retd).  (100)

The temperature profile in the thermally active region
of coolant becomes

_ 2
Tc(r’ t) = Tci+(Tco'— Tcl)(l - 4 ARJ) . (ll)

By substituting this temperature profile into equation
(9) and integrating over the thermal boundary layer,

it becomes

1+llc+1 A Y |dA,
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Using a lumped parameter energy equation for the
vapor film, the energy conservation equation is given
as

dv
dr

[ M | P,
+41[R52,B m l::/?" hv(Tco’ Pco)

P,
—\/Tvshv(Tvs’Pv)} (13)
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where

QV = 47[R62 [% (Tv - Tco) - %k—c(Tco - Tci)]
(14)

Tci)
(15)

u, and £, are the specific internal energy and specific
enthalpy of vapor, respectively. As long as the lumped
energy equation is used, the temperature profile
assumed for the vapor film does not affect the general
film behavior very much.

Another relation between the rate of change of T},
and 4, is obtained from the boundary condition at the
droplet—vapor interface given as

2y | 2k, 5 |97k
P B dr

hv(Tv, Pv) = va(Tv— Tco)+hfg+ Cpc(Tco_’

2k
= lzh(Thx Tbo)
dR; 2k, dT,
52(71,0 Ty +5 5 16

The heat transfer rate in the coolant was determined
by choosing the higher transfer rate between con-
duction and convection at the vapor-liquid interface.
The forced convective heat transfer coefficient is cal-
culated from the correlation for the flow past a solid
sphere {7] and is given by

Nu = 2.0-+0.6Re!?Pr'3, an

The final equation is obtained from the vapor film—
liquid coolant boundary condition given as

2%, = 2%\dT., 2, dT, d
P dt 6 dr dt
M (P, P
[hf‘ﬁ 2mG (J T. TH
2k, R; 2k, di,
+§2_(TV—TCO)"dT+A_c2(Tco"Tci)'a—; (18)

For a forced-convection-dominating heat transfer, the
rate of change of A, is neglected and the conduction
heat transfer coefficient in the coolant is replaced by
the forced-convection heat transfer coefficient.

The pressure in the vapor film is determined from
Dalton’s law of partial pressure

P;=P,+P, (19)

where vapor is treated as an ideal gas and non-
condensable gas is assumed to behave isentropicalily.
The initial noncondensable gas film thickness is con-
sidered to be some fraction of the boundary-layer
thickness of the flow over sphere before it enters the
coolant pool and given as

8, = CD*(Rep)~' (20)
2
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where the constant C was parametrized and varied
from 0.01 to 0.1 in this model.

Equations {1)-(3), (8}, (12), (13), (16) and (18} con-
stitute a set of nonlinear, first-order differential equa-
tions in the eight time-dependent variables R;, U, T,
Teor Thos Ans A, and M,. A simultaneous solution has
been obtained by using the one-step Runge—Kutta—-
Merson technique which is a modification of fourth-
order Runge-Kutta integration [§].

3. APPLICATIONS OF THE MODEL:
RESULTS AND DISCUSSIONS

The model developed has been applied to the
growth of a vapor film around a molten iron oxide
droplet in water; this fuelcoolant pair was used by
Nelson [3, 4] in his single droplet FCI experiments.
The initial conditions for the base case experiments
are given in Table 1. Initially the rapid vaporization
results in a pressure rise in the film which accelerates
the film—coolant interface outward. However, the out-
ward motion of the interface continues beyond the
equilibrium position. Thus the film pressure falls
below the ambient pressure leading to deceleration
of the interface. The movement of the film—coolant
interface is reversed and the film starts to collapse.
This cycle of growth and partial collapse repeats with
an increase in the film thickness and the amplitude
of the film pressure oscillations until it reaches its
maximum values. Then the film oscillation amplitude
eventually decreases, and appears to enter a stable
state. This stable state occurs when the film thickness
reaches a quasi-steady-state value and the heat trans-
fer rate across the film equals the heat transfer into
the liquid water [e.g. see Figs. 2(a) and (2b)]. Under
certain sets of initial conditions (i.e. fuel and coolant
temperature, ambient pressure, noncondensable gas
film thickness) we have observed that the film oscil-
lations do not die away but continue for long pertods
of times at large amplitude. We have verified that
these prolonged oscillations are not numerically
based. Therefore, it appears that they represent the
case where the film is not inherently stable and surface
instabilities (e.g. Taylor instabilities) would cause
fuel-coolant contact and local film collapse. This
occurs when the film pressure oscillations become
large enough to induce the coolant vapor-liquid inter-
face to become unstable. For example, if the film
pressure increases significantly above ambient pres-
sure conditions, there is an acceleration from the less

Table 1. Initial condition values used in these calculations

Droplet composition iron oxide (FeO, ;)

Droplet radius 1.4 mm
Initial droplet temperature 2233 K
Coolant composition water
Coolant bulk temperature 300K
Ambient pressure 0.1 MPa




Film boiling calculations 1163

&
£
17}
3
o
o
g 4
I
b
o C=.01
=
1.0 . . R . . . N . .
0 10 20 30 40 50
Time(ms)
—~ 10,0 T T T T T T v Y T
o E (b) ]
Z : § =9 um
v g
~ 4
3
wu -
m
Iy
¥
ny
E -
—
o
= [
0 01 1 1 i A A L A L 'l
0 10 20 30 40 50
Time{(ms)
~ 3
E -
w
g 3
o} 3
s 3
d -
m -
S
- 45 pm 3
o 3
1-4 A L A L A L Fy Il 'Y
0 10 20 30 40 50
Time (ms)
1.8 Y v T
—_ 3
= E
8
— &
= 3
:_6‘
g 1.6 3
m -
=
o 3
E;‘ E 90 pm j
1.4 i i A i A L A 1 i
0 10 20 30 40 50

Time(ms)

Fi1G. 2. (a,b) Vapor film radius and pressure as a function of time during film growth. (c,d) Effect of initial
gas film thickness on vapor film radius—-time history during film growth.
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dense vapor to the more dense liquid coolant and
Taylor instabilities would form at the interface. As
the pressure becomes larger the wave number for these
instabilities become larger (wavelength smaller) and
their growth rate increases. Based on Taylor linear
theory the fastest growing wavelength is given by

/30
2n A—pt—l
where the acceleration, a, is derived from the film

pressure difference, AP, as

AP
piR;’

m

@n

(22)

For example, using conditions in Table 1, the pres-
sure difference required to impose a wavenumber of
20 on the vapor-liquid interface around the fuel drop
(i.e. 20 unstable waves around the circumference)
would be a AP of 0.1 MPa. This type of pressure
difference can occur in certain situations.

Given this instability growth the FCI could be trig-
gered by the local film collapse. This set of initial
conditions is of importance to us because they prob-
ably represent the conditions where Nelson found the
single fuel droplet tests to be easily triggered shortly
after entering the water pool. Therefore, we have para-
metrically investigated the set of initial conditions
which Nelson found to be important in affecting the
triggering of the FCI in the single droplet tests (i.e.
gas entrained, coolant temperature and ambient
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pressure). We feel one can explain the change in trig-
gerability due to the film growth dynamics when these
initial conditions are varied.

Effect of initial noncondensable gas film thickness

The influence of the initial noncondensable gas on
the film growth is significant (Fig. 2). The oscillations
of film were diminished enormously with an increase
of the initial noncondensable gas film thickness due
to its retardation of the initial heat transfer across the
film and its damping effect on pressure fluctuation.
Figures 2(c) and (d) suggest that as the amount of
noncondensable gas is increased the initial heat trans-
fer rate decreases proportionally. This decreases the
rate of growth of the film and film overexpansion and
subsequent oscillations are eliminated. In Figs. 2(c)
and (d) the initial gas film thickness was increased by
a factor of 5 and 10 from that in Figs. 2(a) and (b),
respectively. This result suggests that the occurrence
of spontaneous triggering of the single droplet FCI at
a lower drop fall height can be explained by a smaller
amount of noncondensable gas; i.e. the lower drop
fall height reduces the entry Reynolds number and
therefore the amount of noncondensable gas
entrained in the film causing large film and pressure
oscillations, film collapse and FCI triggering.

Effect of coolant temperature

Figure 3 shows that the decreasing water subcooling
stabilizes film boiling, which is consistent with exper-
imental data [9]. Damped oscillations at lower sub-
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cooling are due to the continuous and higher evap-
oration rate which tends to prevent the pressure in the
film falling below the ambient pressure. Thus lower
water subcooling makes film collapse more difficult
due to these effects on forming a more stable and
thicker vapor film around the drop.

At constant water subcooling, the oscillations of
the pressure in the film have a smaller amplitude and
damp more quickly with higher ambient pressure (Fig.
4). Higher ambient pressure suppresses the oscillation
of the film and higher water temperature induces eas-
ier vaporization leading to the more stable film. These
effects are synergetic and stabilize the film almost from
its first growth stages.

Effect of ambient pressure

The duration of film pressure fluctuation becomes
shorter as ambient pressure increases as illustrated in
Fig. 5. Also the time required to reach its maximum
film pressure during the film growth also decreases
with ambient pressure. The maximum film pressure
increases sharply as the ambient pressure increases
from 0.1 to 0.2 MPa and then remains almost
unchanged as P, increases up to 0.4 MPa. For further
increases in ambient pressure, the peak film pressure
generated decreases relatively slowly. In some aspects
this film behavior explains why small ambient pres-
surizations lead to the easier initiation of FCI and
shorter interaction time. These effects of ambient
pressure are related to the suppression of oscillation
and easier vaporization due to the lower latent heat

of vaporization of water at higher ambient pressure
against the higher subcooling of water.

4. CONCLUSIONS AND RECOMMENDATIONS

Our conclusion is that a simple model of film boiling
dynamics can qualitatively predict the characteristics
of small scale, single droplet film dynamics in terms
of film growth and thickness, film pressure oscillation
and amplitude, and time scale—which are strong
functions of evaporation rate throughout the boiling
process. The initial noncondensable gas film thickness
and coolant temperature have consistent and pre-
dictable effects on film growth by diminishing the
oscillation of film pressure. Ambient pressure affects
film behavior depending upon the magnitude of pres-
surization, and results in the most violent pressure
oscillation at a certain intermediate ambient pressure.
However, the influence of any one parameter on the
film boiling can be suppressed or enhanced by varying
another parameter; they are closely interrelated to
each other.

Once the initial conditions for the collapse phase
are obtained, film collapse behavior due to external
pressure pulse can be examined. During this phase,
film pressure is considered to increase rapidly and
closer liquid-liquid contact due to the surface insta-
bilities is very likely. Therefore we are continuing to
study film collapse behavior in connection with sur-
face instabilities and local fuelcoolant contact.
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NOUVEAUX CALCULS D'EBULLITION EN FiLM:
INTERACTIONS ENTRE COMBUSTIBLE ET REFRIGERANT

Résumé—Un modéele d’ébullition en film est développé pour étudier la dynamique de 'ébullition en film
qui se produit lorsqu’une gouttelette de combustible sphérique est entourée d’un réfrigérant. Le point
central de I'étude est de dégager 'effet de gaz incondensable, de la température du réfrigérant et de la
pression ambiante sur 1’ébullition pendant la phase initiale. Les résultats montrent que généralement le
film se stabilise quand augmentent la présence d’incondensable et la température du réfrigérant. D’aprés
les calculs, une faible pressurisation de 'ambiance cause une fluctuation violente sur la pression du film,
tandis que des pressions ambiantes plus élevées suppriment ces oscillations. Ces résultats sont en bon
accord avec les données expérimentales de Nelson pour une gouttelette de combustible dans I'eau.
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NEUE BERECHNUNGEN ZUM FILMSIEDEN: ANWENDUNG AUF BRENNSTOFF-
KUHLMITTEL WECHSELWIRKUNGEN

Zusammenfassung—Ein instationdres Filmsiedemodell wurde entwickelt, um die Dynamik des Filmsiedens
zu untersuchen, die auftreten wiirde, wenn ein geschmolzener kugelférmiger Brennstofftropfen in ein
Kiihlmittel fallt. Das Ziel dieser Studie war es, die Einfliisse von nicht kondensierbaren Gasen, Kiihlmit-
teltemperatur und Umgebungsdruck wihrend der anfinglichen Wachstumsphase zu untersuchen. Es stellte
sich heraus, daB diese Parameter den groften EinfluB auf den Auslésemechanismus der Brennstoff—
Kiihlmitte] Wechselwirkungen im Kleinen haben. Die Ergebnisse zeigen, daB sich der Film grundsitzlich
bei Anwesenheit von mehr nichtkondensierbarem Gas und bei héheren Kiihlmitteltemperaturen stabilisiert.
Unsere Berechnungen zeigen, daB kleine Umgebungsdriicke starke Schwankungen des Filmdruckes verur-
sachen, wihrend héhere Umgebungsdriicke diese Schwingungen unterdriicken. Diese Ergebnisse stimmen
gut mit den experimentellen Daten von Nelson fiir einen Brennstofftropfen in Wasser iiberein.

HOBbBIE PACYETHI IMJIEHOYHOT'O KUITEHWA: MPUMEHEHUE K
B3AMMO/JENCTBUAM TOIJIMBO-OXJIAJAUTEJIb

AnHoTauMs—Mozenb NEPeXOAHOrO MIEHOYHOTO KHIleHHs pa3paboTaHa IS M3yueHHs OMHAMMUKM IL1e-
HOYHOTO KHIIEHMs, MMEIOLIErOo MECTO B C.Tyyasix, KOra pacnjaBjieHHas chepHyeckas 4acTHUA TOMTUBA
norpyxena B oxjaauTens. Llesnp paboTei—uccienoBaHue BIMSAHHS HEKOHAEHCHPYIOLLETOCS ra3a, TeMiie-
paTypbl OXJAAMTESIsS W JaBJICHHA OKDYXAIOWER cpelbl HA MIIEHOYHOE KMIIEHHE B HA4a lbHBIH NepuHoa
pocTa ¢a3bl. HaiiaeHo, 4To 3TH mapaMeTpbl OKa3bIBalOT HAHOONIbilEE BMSHHUE HA BOSHUKHOBEHHE MeE.l-
KOMAacIITaOHBIX B3aUMONEHCTBHA TOTIMBO-OXJAOHTEMb. Pe3ylLTaThl MOKA3BLIBAIOT, YTO II€HKA B
OCHOBHOM CTaOMJIM3MpYyEeTCH B NPHCYTCTBUH HEKOHAEHCHPYIOIIETOCH ra3a M NpH OOJbIIHX TeMnepaty-
pax oxiaanurtens. M3 pacyeToB BHIOHO, 4TO HeGOnbliMe MOBBILIEHHS NABIECHHS OKPYXaloleR cpelbl
BbI3LIBAIOT CUJIbHBIE (IYKTYalUHH AaBJIEHNA IJIEHKH. B TO BpPeMs Kak GOJbILME AaB/ieHHS OKpYXatoLei
cpelbl TMOAABAAWT 3TH Kojebanua. Pe3ynbTaThl XOpOLIO COMJAcyrOTCs ¢ 3IKCNIEPHUMEHTAIbHBIMU
naHHbIMH HeslbcoHa 11 0AMHOYHOM Kanju TOILTHBA B BOJE.
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