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Transient, Stratified, Enclosed Gas and Liquid Behavior with
Concentrated Heating from Above

B. Abramzon,* D. K. Edwards,! and W. A. SirignanoJ
University of California, Irvine, California

A computational study has been made of transient heat transfer and fluid flow in a cylindrical enclosure con-
taining a two-layer gas-and-liquid system. The geometric configuration and the boundary conditions on the pro-
blem are relevant to the analysis of the prevaporization and preignition processes during the fire accident situa-
tion involving a pool of liquid fuel in the vicinity of an ignition source. It is demonstrated that the effects of the
natural and thermocapillary convection, radiative transfer, and thermal inertia and conduction of the walls
bounding the enclosure and the magnitude of the gravity field play important roles in the development of the
temperature and velocity fields in the container.

Introduction

WHEN a concentrated source of heat is placed above a
pool of liquid fuel, a number of complex ther-

mophysical processes are induced preceding the ignition of the
fuel vapors. If the initial liquid fuel temperature is below the
flash point, a substantial amount of thermal energy may be re-
quired to evaporate some portion of the fuel and to create a
combustible vapor air mixture. This energy is supplied from
the hot source by several heat-transfer mechanisms, including
heat conduction through the gas phase, natural convection in-
duced in the gas near the source, and thermal radiation. The
heat flux to the liquid surface is largest directly under the
source and decreases monotonically with the distance from the
hot source. The nonuniform heating of the fuel induces both
buoyancy and surface-tension-driven currents in the subsur-
face liquid layer. The latter effect is caused by the gradient in
surface tension due to the temperature variation along the gas
liquid interface.

The first stage of the preignition period essentially consists
of heating the liquid fuel near the surface. The second stage
starts when the partial pressure of the fuel vapor becomes suf-
ficient to yield a combustible mixture with the air above the
fuel. At this stage (and during flame spreading), evaporation,
diffusion, and chemical reactions play an important role..

An experimental study of liquid pool ignition has been
reported by Murad et al.1 In particular, it was found that the
heating of a fuel to the point of ignition is retarded con-
siderably by the surface-tension-driven currents induced in the
pool. Sirignano and Glassman2 found that the same subsur-
face flows also govern the process of the flame spreading over
liquid fuels. The latter phenomenon has been extensively
studied by many authors. A comprehensive review on the sub-
ject is presented in the recent paper by Furita et al.3 These
authors performed also a finite-difference study of a steady
laminar flame spread over the shallow fuel pool. Momentum,
energy, and mass conservation equations were solved
simultaneously both in the gas and liquid phases. The combus-
tion process was modeled using the flame sheet approxima-
tion. Radiative transport was neglected.

In contrast to steady-state flame spread, transient ignition
has not been treated theoretically in the literature. However,
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such a problem is relevant to many fire hazard situations. For
example, the prototypical accident situation might be the case
when an external fire source results in a sudden temperature
increase on one part of the fuel tank wall.

In the present paper, we consider the initial (prevaporiza-
tion and preignition) stage for the geometry shown in Fig. 1.
Here, the cylindrical enclosure of radius R' and height
H' = Hg+Hj contains a two-layer gas/liquid system. The in-
itial temperature of the system is uniform at T' = T0. At time
zero (/' = 0), the temperature of a small circular spot of radius
R' at the center of the top cover increases suddenly to
T' = T'h > TQ and then remains constant. The fluids can be
subject to a reduced gravity such as exists in space flight
vehicles. As is known, gravity is an important parameter in
both buoyancy and thermocapillary phenomena (see Ref. 15).

Note that an analysis of transient heat transfer and
hydrodynamics for a similar geometry was conducted by Ag-
garwal et al.4 The present study examines the influence of
some important factors, such as thermal radiation and the
thermal inertia and conductance of the container's walls.

Statement of the Problem
The mathematical formulation of the problem is based on

the following general assumptions:
1) Both the gas and liquid kinematic viscosities (vg,v(), ther-

mal diffusivities (ag,af), and volume thermal expansion coef-
ficients (]3g,|3f) are constant. Both fluids are taken to have con-
stant densities (pg,pg), except in the buoyancy force terms
(Boussinesq approximation).

2) The problem is axisymmetric and the gas/liquid interface
remains flat and horizontal. The latter assumption is valid if
the Bond number, Bo= (pe — pg)gR'2/a, estimating the
relative importance of the gravitational and surface tension
forces, is sufficiently large: Bo>l.

• 3) All of the solid surfaces as well as the gas/liquid interface
are assumed opaque and black and gas radiation is neglected.

4) The walls bounding the enclosure are taken to be so thin
that the temperature drop across the thickness is negligible
(the "fin" approximation). The top and side walls are
adiabatically isolated from the environment; however, the
wall temperature may change spatially and with time as a
result of the convective heat exchange with the fluids, the
radiative transfer between the different surfaces, and the ther-
mal conduction along the walls. The hot spot has no thermal
contact with the remaining part of the top cover. The bottom
wall is maintained at the constant temperature T' = TQ.

5) Liquid vaporization, diffusion, chemical reactions, and
radiative absorption in the gas phase are neglected.
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With primes denoting dimensional quantities, the following
characteristic values and nondimensional variables are
introduced:

Reference time, /; =R'2/vg
Reference velocity, U+=R'/t*
Reference pressure, AP; =pgU'*2

Reference temperature difference, Ar; = 7^ - TQ
Radial and axial coordinates, r = r'/R' andy=y'/R'
Radial and axial velocity components u = u'/U* and

v = v'/U'*
Pressure, P = P'/AP;
Temperature, T= (7" - T^/AT";
Note that the reference values of /;, £/;, and AP; are

defined using the physical properties of the gas.

The conservation equations of mass, momentum, and
energy in each phase are written in nondimensional form as
follows:

Continuity equation

du dv
T"dy

u
—r (1)

Momentum equation in radial direction

du du2 duv u2
______ I __ i __ . I _
dt dr dy r

dP 1 d2u d2u ]_du_ __ u_\
7"ir TV (2)

Momentum equation in axial direction

dv duv dv2 uv
dt dr dy r

1 Sd2v d2v

dP
i-l dy i—T' Re2

dy2
1 dv\

~T~a7/ (3)

Energy equation

dT d(uT) d ( v T ) uT
d t a r a y ~ ~ r

i /d2r i ar a2r \
~~^efr~\drr ~r~ ~aT a^2 /

where the subscript i = g or Prefers to the gas or liquid phase,
respectively.

The dimensionless Reynolds, Euler, Prandtl, and Grashof
numbers are defined or each phase as follows:

Note that in the present formulation, the Reynolds and Euler
numbers are constant: Reg=Eug = l, Ref-vg/v^ and
Eue = pg/Pl.

The hydrodynamic boundary conditions are as follows:
1) Zero velocity on all solid walls,

2) Symmetry of the velocity field at the axis r = 0,

at;
dr - = 0

(5)

(6)
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Fig. 1 Geometry of the problem.
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Fig. 2 Radiative heat transfer between different elementary rings on
the walls and the liquid surface.

3) Balance of the stresses and continuity of the velocity com-
ponents on the gas/liquid interface,

dr

0, ii. = i

^-) W

(8)

where /x=p^ is the dynamic viscosity and o — o( T') the surface
tension.

The thermal boundary conditions are as follows:
1) Constant temperature of the "hot spot" (r<rhfy =

H'/R),

T= 1 (9)

2) Constant temperature at the bottom end of the tank
(y=o),

3) Heat balance and continuity of the temperature on the
gas/liquid interface,

/oi\ _ /ai\ _ QRK
\dv)n

 8 \dy'g ~ Ar*^dy'e
q'RR'ATT

Tg = T,

(11)

(12)
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4) Transient heat conduction equations governing the one-
dimensional temperature distribution in the side and top walls,

(13)dt ?;,, vg \ dy2

at r= l and 0<y<H'/R', and

3TW_ q' «„ /92T 1 arw\
~9T"^7 VV"a^~ 7"~aT/ U4)

In the above equations, Tw is the local wall temperature;
q'=q'R+q'c the local dimensional heat flux including the
radiative and convective components; q'w^ = pwCwdwAT'*/t*
the characteristic value of heat flux that must be supplied to an
isolated wall to increase its temperature to A7"i during time
/;; 5W the thickness of the wall; and pw, Cw, and aw the den-
sity, heat capacity, and thermal diffusivity of the wall,
respectively.

The convective component of the local heat flux to the wall
q'c is expressed as:

/*,Ar:\/arA
qc~ \ R' Aa/ iA

where i = g;£ and (dTf/dn)w is the nondimensional normal
derivative of the temperature near the wall.

Method of Solution
Calculation of the Radiation Fluxes

Consider differential ring elements on the internal surfaces
(see Fig. 2): ring 1 of radii r{ ±Ar{/2 on the top cover, ring 2
of radii r{ ± Ar^/2 on the liquid surface, and ring 3 of radius
Rf and height Ay' on the interior of the cylinder. The heat
transferred by radiation between two elementary rings j, k is
calculated as

(15)

where AAj is the area of the y'th ring, T- the mean absolute
temperature of the ring, OB the Stefan-Boltzmann constant,
and </>jk the shape factor kernel related to the configuration
factors Fjk or Fkj by5

The expressions for 4>Jk are

3/2

,
033 (^2+4)3

(16)

(17)

(18)

where Hg=H'g/Rr, r = r'/R', y=y'/Rf, and y' is the
distance between the planes of two ring elements (Fig. 2). The
values of <£23 = $32 are calculated similar to </>13 (except that r{
is replaced by r2). To find the local radiation flux q'R, Eq. (15)
was integrated numerically over all radiant surfaces.

Numerical Method
The finite-difference procedure applied to the hydro-

dynamic equations is a modification of the SMAC method
developed at Los Alamos Laboratory.6'7 This method utilizes
the primitive variables (u,v,p) and a staggered mesh.7'11 The

fluid velocities uitj and vitj are located at the middle of the
right and top sides of the (i,j) cell, respectively. The pressure
and temperature are calculated at the center of the cell. The
fluid domain is surrounded by a single layer of ficticious cells
that are used to set the boundary conditions.

To demonstrate the principal idea of the numerical ap-
proach, we will use the vector form of the Navier-Stokes
equations,

_ - + (W)v = ~ - r — T -

div v = 0

V2v (19)

(20)

Assume that the velocity and pressure fields are known at time
t: v = vt and P = Pt. To calculate the acceleration dv/dt in Eq.
(19), the pressure gradient is approximated in the implicit
form (at the time level t + At), while all terms containing
velocities are written using the previous state of the flow.
Then, the finite-difference approximation of momentum
equation (19) is expressed as

, -EuAtV (dP) (21)

where dP = Pt+At—Pf is the pressure change during the time
step At and

(22)

is the " tilde" velocity field representing a first, explicit guess
of the velocity field at the next time level.

The new velocity field v /+A/ must satisfy continuity equation
(20). Taking the divergence of Eq. (21) gives

(23)

This is the Poisson equation for the pressure correction dP.
The boundary conditions for Eq. (23) are

d(dP)
dn = 0 (24)

In the original SMAC method,6 the Poisson equation is
solved using the SOR technique. In the present study, the
faster ADI method with cyclical selection of the iteration
parameter8 was applied. Using the ADI method with
Wachspress iteration parameters gave a considerable saving
(by a factor of 3:4) of the computation time in comparison
with the original SOLA program.7

Equation (23) is written in the "pseudo unsteady" form as

(25)

where Z = EuAtdP, Z) = divv, and the false-transient term
d(Z)/dr is introduced in order to apply the ADI method. The
"time step" Ar plays the role of the iteration parameter. The
iterations are terminated when the maximum magnitude of
new velocity divergence becomes much less than the prescribed
small value: max \Dtj\n<e (where, n is the iteration number
and e was usually taken to be 0.03). Physically, this condition
means that the relative change of the fluid mass in each cell
must not exceed 3% during the characteristic time L2/vg. Note
that D"j may be easily found at each iteration as
Djj = -EuAt[d(5P)/dT]?j. The final values of 5P are used in
Eq. (21) in order to compute the velocity field at time (t + At).
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The calculations are performed simultaneously both for the
gas and liquid phases. The sequence of the steps inside each
calculation cycle may be summarized as follows:

1) Calculate the new temperature (at / + A/) in the internal
points of both regions. Here, the explicit scheme with hybrid
differencing of the convective terms11 was applied to Eq. (4).

2) Calculate the new temperature along the walls and the li-
quid surface. Equations (13) and (14) are solved using the ex-
plicit scheme. The temperature on the gas/liquid interface is
calculated from the finite-difference approximation of the
boundary conditions in Eqs. (11) and (12).

3) Calculate the "tilde" velocities for the gas and liquid
phases [Eq. (22)] and the interface velocities from the Eqs. (7)
and (8).

4) Calculate the pressure change 5P from the Poisson equa-
tion (25). For the typical computational run discussed below,
usually two to six iterations are needed for the gas phase and
two to four for the liquid phase.

5) Calculate the new velocity fields at (/ + At) and update the
interface velocities. Go to step 1.

The calculations were performed with a 22 x 22 mesh in
each phase. A denser mesh (32 x 32) was employed in one test
case with no significant differences in the results. The time
step was typically about 0.01 s and required about 1 s of CPU
time on a VAX-11/750 computer. The computer code was
tested by solving the standard problems of one-phase, steady-
state cavity flows driven by shear9 and buoyancy.10 Our
results are in good agreement with the literature when ob-
tained with the same mesh sizes. For two-phase systems, no
comparable data are presented in the literature (with the ex-
ception of the study12 whose authors reported later an error in
their computations).

Results and Discussion
The flowfield in the enclosure will be presented in terms of

the streamlines. In the polar coordinate system, the nondimen-
sional stream function $(r,y) is related to the velocity com-
ponents by

h = \ rvdr, \L= —r\ udy
Jo Jo

(26)

Test Case and Preliminary Remarks
Most calculations were made for the test case cylindrical

enclosure (Rf = 10 cm, H' =20 cm) containing a water/air,
two-layer system. The height of the liquid is 10 cm. The walls
are given the properties for mild steel (pvt, = 7800 kg/m3,
Cw = 470 J/kg-°C, kw = 4Q w/m-°C); and wall thickness is
taken to be dw = 1 mm. The radius of the hot source at the
center of the top cover is R'h = 2 cm, and its temperature is
maintained at T'h = 1000 K. The initial temperature in the
enclosure was T0 = 300 K. Physical properties of the gas are
calculated at the reference temperature 7" =0.5(7^ + T'h),
while the liquid properties are taken at T' — TQ. The Grashof
number for the gas phase at normal gravity conditions is
Grg = 3.05 x 106 and the Bond number is Bo- 1400.

The importance of radiative heat transfer for the problem in
the present configuration is illustrated in Fig. 3, where the
distributions of the radiant heat flux along the liquid and
cylindrical surfaces are plotted at time £ = 0. The average ra-
diant flux at the liquid surface is about 1100 W/m2. To
transfer the same flux from the gas by means of free convec-
tion with a typical heat-transfer coefficient of about 5
W/m°C, the temperature of the gas must be above 200°C.
Thus, during the initial period, the liquid and side walls are
heated primarily by thermal radiation.

Using the data from Fig. 3, we can calculate the temperature
and velocity on the liquid surface at small times after the start
of the process. During the initial short times t' <t'^ the ther-
mal and velocity disturbances are transferred from the inter-
face into the depth of liquid primarily by molecular diffusion.
Convection plays no essential role. Using the classical solution

for the transient one-dimensional heat conduction in a semi-
infinite body with constant heat flux on the surface,13 the local
interface temperature may be written as

(27)

where
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Fig. 3 Radiative heat flux on the liquid surface and the side wall at
time t' = 0.
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The velocity gradient induced by the variation of the surface
tension is now expressed from Eq. (7) in the form

(28)

where OT = da/dT' and the viscous stresses in the gas near the
interface are assumed to be very small in comparison with
those in the liquid; The velocity disturbance propagates into
the liquid according to the equation for the transient diffusion
of momentum,

dur

(29)

The solution of this equation, subject to the boundary condi-
tions [Eq. (28)] and u' = 0 at y-* oo may be also found in Ref.
13. For the surface velocity, one finally obtains

OT

dr' tr

(30)

In the test case shown in Fig. 3, dq^/dr' -16 X 103 W/m3 and
the average surface velocity increases approximately as
Ugg = \Q~3t m/s. The Reynolds number based on this velocity,
cavity radius, and liquid viscosity is Rea = 1200 after t' = 10 s.
It is apparent now that the subsurface liquid flow should be a
boundary-layer type. The average thickness of this boundary
layer is d^3R'/^fRea and the time t'L may be estimated as
t'L — d2/vg. For the test case conditions, t& — 30 s.

Estimates show that the thermal inertia of the walls is also a
very important factor in the thermal regime at the upper part
of the enclosure. The average radiative flux on the side wall is
about q'R = 500 W/m2. Part of this heat is accumulated by the
wall, while the remainder is transferred to the gas. The in-
crease in the wall temperature, Ar; = T'^-T'^ during the
short time interval At' may be estimated by assuming that the
heat transfer from the wall to the gas occurs primarily by tran-
sient conduction. Then, from Ref. 13, AT^~(2q^g/kg)
Vc^Af/ir, where q^g is the time-averaged heat flux trans-
ferred from the wall to the gas phase.
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If the thickness of the wall is infinitesimally small (6W—0),
then q^g = qj^9 which yields Ar; = 106°C at A/' = l s. This
large value is, of course, a physically meaningless result. In
reality, with a wall thickness of 5^ = 1 mm, the maximum
temperature growth does not exceed the value AT^<q'RAtr /
(pwCwdw) ~0.14°C. Note that the total heat capacity of the
walls at the upper part of the enclosure is approximately 200
times greater than the total heat capacity of the gas phase.
Clearly, the heating rate of the gas in the container is con-
trolled by the thermal inertia of the walls and liquid.

It is interesting that the same conclusion remains valid even
if the walls are made from a poorly conductive material. In
this case, the wall surface temperature will not exceed the
value AT^=2q^At'/(TrkwpwCw). For intance, for the com-
mon brick wall (pw= 1900 kg/m3, Cw = 800 J/kg-K, kw = 0.7
W/m-^0 AT'W is less than 5.5°C after At' = 100 s.

Decoupled Gas-Phase Calculations
We consider first the simple case of heat transfer and fluid

motion in the gas phase only, assuming that the liquid surface
is motionless and maintained at the constant temperature
T' = T0.

Figures 4a and 4b present streamline and isotherm contours
at £' = 100 s and normal gravity conditions. Positive and
negative values of \l/ correspond to clockwise and counter-
clockwise circulation, respectively. Near the hot source, gas
moves along the top cover in the outward radial direction. At
t' = 100 s, the flowfield consists of two large vortices whose in-
tensities are of the same order of magnitude and a weak third
vortex at the center of the bottom. Note that the free convec-
tive motion of the gas arises first in the vicinity of the hot spot
and, initially, a single positive circulating vortex ring occupies
the full volume of the gas cavity. At t' ~ 1 s, the small second-
ary negative vortex originates at the corner of the bottom. As
time elapses and the side wall is heated by thermal radiation,
the free-cohvective currents near this wall strengthen the
secondary vortex and slightly weaken the circulation in the
primary vortex.

One of the interesting characteristics of the fluid motion in-
side a particular vortex ring is the average period of circula-
tion, which can be estimated as

w
(31)

where W\$ the volume of the circulating vortex and ^max, ^min
the maximum and minimum values of the stream function in-
side the vortex. Using Eq. (31), we find that the circulation
periods for the vortices shown in Fig. 4a are equal to about 8
and 22 s for the primary and secondary vortex, respectively.
For the third vortex at the center of the bottom, £c'irc ~ 100 s.

The isotherms in Fig. 4b indicate that substantial increase in
the temperature occurs only in the small region near the hot
source. In Fig. 5, the volume-averaged temperature of the gas
is plotted as a function of time for different cases. We con-
sider first the cases shown by dotted lines, for which the ther-
mal radiation was neglected and the walls assumed to be
adiabatic (dT/dn = Q). Such a model is considered in more
detail in Refs. 4 and 14. It predicts the "normal" behavior of
the gas heating rate, which increases with the growth of the
Grashof number. At time t' =200 s, the average temperature
of the gas approaches its asymptotic value and the steady-state
thermal regime is established in the gas phase.

The solid curves in Fig. 5 refer to the more realistic model of
the transport processes, including both the effects of thermal
radiation and wall thermal inertia and conductance. Surpris-
ingly, the heating rate of the gas appears to be considerably
slower than before. In addition, the volume-averaged gas
temperature in the zero-gravity case (Gr=0) is found to be
lower than that at normal gravity conditions (Gr= 3.05 x 106).
To explain this phenomenon, it may be noted that a major
part of the heat obtained by the gas from the hot source is
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transferred via convection to the cold top wall. This strong
convective cooling is not present in the zero Grashof number
case. Note also that the surface area of the cold top wall is 24
times greater than the area of the hot spot. In the presence of
gas motion, the heat transfer from the hot spot increases. But
simultaneously, the convection causes better spreading of the
hot gas along the top cover and, accordingly, the heat lost by
the gas increases.

Various components of the heat flow balance in the
enclosure are presented in. Table 1 at time t' =20 and 200 s.

From Fig. 5 it is evident that the steady-state thermal regime
is far from being attained at t' = 200 s. This lag occurs because
the wall temperature increases very slowly and the temperature
distribution in the gas must adapt itself to the continuously
changing boundary conditions. Also, note that the average
period of gas circulation in the enclosure is about 15s.

Two-Fluid System
Now we examine the two-fluid system, taking into con-

sideration that the transport processes in both phases are
coupled on the interface through the boundary conditions
established in Eqs. (7), (8), (11), and (12).

It must be noted that the finite-difference approximation
for the interface temperature yields a considerable truncation
error at small times. For example, at the first time step, the in-
terface temperature T(g is calculated from

<32>
where Aye and Ay^ are the mesh sizes in vertical direction for
the liquid and gas phases, respectively.

For the test case geometry with Ay/=Ay|=0.5 cm and
<?£ = 2000 W/m2, one obtains 7*4 « 307. 6 K. This value seems
to be too large; in addition, it does not depend on the time
step. The error results from the assumption implied in Eq. (32)
that the thermal disturbance immediately penetrates the
distance O.SAy,, into the liquid. In truth, however, the time re-
quired for the disturbance to propagate this distance is of
order 0.25 Ayf/a^ which is about 40 s in our case and con-
siderably greater than the time step At' =0.01 s. To overcome
this difficulty, we can assume that, during an initial short time
t' < t±, the surface temperature and velocity may be calculated
from the analytical solutions of Eqs. (27), and (30).

Note that the finite-difference solution also would predict
the time-independent local value of the surface velocity at
short times,

Uo=-

/ 2 /dg ' (r) \
", V dr' /

(33)

In the present study, the analytical solutions (27) and (30) were
used at times less than t' =0.5 Ay? VP>y^. At this
time, the analytical and finite-difference values of uig are
equal.

We start the discussion of the numerical results with Figs.
6a-6c, where the temporal development of the velocity field at
normal gravity is illustrated at times t' =5, 50, and 100 s,
respectively. The isotherms at t' = 100 s are shown in Fig. 6d.
Note that both thermal radiation and transient heat conduc-
tion in the walls are taken into account. The nonuniform ra-
diant flux on the liquid (Fig. 3) results in a temperature gra-
dient along the liquid surface. In turn, this gradient induces
surface-tension-driven convection in the gas and liquid phases
at both sides of the interface. The patterns of the gas motion
are very similar to those obtained in the one-fluid case (Fig.
4a). However, the circulation in the negative vortex at large
times is now strengthened due to a contribution made by the
surface forces.

The liquid motion is initially a weak single vortex whose in-
tensity increases monotonically with time. At larger tirries, this
vortex is separated into two and later into three vortices. From

inspection of the isotherm contours iri Fig. 6d, it is inferred
that the buoyancy forces are responsible for the disintegration
of the primary vortex. Such a vortex disintegration is not
observed under reduced gravity conditions and lower Grashof
number (see Fig. 7a).

Figure 7 shows the flow and temperature fields occurring at
low gravity, g=10~4 m/s2 (Grg-3l.2). Surface tension in-
duces a single vortex in each phase, while buoyancy convec-
tion does not play any role. Near the axis of symmetry, the gas
moves toward the bottom and, hence, the isotherms under the
hot source are elongated in the same direction. Since the hot
gas does not spread along the cold top wall, the heat loss
transferred from the gas to the walls is smaller and the average
gas temperature higher than in the case of normal gravity.
This conclusion is also supported by Fig. 8 where the average
gas temperatures are plotted vs time at normal and reduced
gravities. In the same figure, the maximum and minimum
temperatures on the gas/liquid interface are presented. Note
that the maximum and minimum of the liquid-surface
temperature are always observed at the center and in the
vicinity of the side wall, respectively.

Figure 9 exhibits the temperature and velocity distributions
along the gas/liquid interface at t' = 100 s. In the case of
reduced gravity, the surface temperature gradients and
velocities are slightly higher than those at normal gravity. The
fact that surface values for the two differ only slightly in-
dicates that radiation and surface tension are the most impor-
tant factors governing the temperature and velocity distribu-
tions along the gas/liquid interface.

In Fig. 10, the horizontal velocity profiles C/= U(y) at mid-
radius r = 0.5 are given for both liquid and gas phases at
t' = 100 s. These data, together with Figs. 6d and 7b, show
that the major changes of liquid velocity and temperature oc-
cur in a thin region very close to the surface. After the initial
transient period of about 50 s duration, the temperature and
velocity on the liquid surface vary very slowly (see Fig. 8). This
quasi-steady behavior may be an indication that both the ther-
mal and dynamic boundary layers have already stabilized.

The average temperature on the liquid surface is Tg( = 306
K. Note that the liquid in the container is heated primarily by
thermal radiation. The time required for the entire liquid to
approach the average temperature Tgl is estimated to be 2400
s. Therefore, for the present configuration, the characteristic
times of stabilization of the thermal and velocity boundary
layers below the surface are much shorter than the
characteristic time of heating of the liquid in the container.
After the initial transient, the hydrodynamic and thermal pro-
cesses in the liquid boundary layer at the interface may be con-
sidered as quasi-steady.

The Grashof number for the liquid phase has been previ-
ously determined in Eq. (3) using the reference temperature

Table 1 Components of heat flow at t' = 20 and 200 s, W

Grashof No.
0 3.05 xlO6

Time, s
Component of heat flow
Convective transfer

From hot spot
To the liquid surface
To the top wall

(excluding hot spot)
From the side wall

Heating of the gas

20

4.17
0.35
3.55

0.55

0.32

200

4.09
0.95
3.64

0.57

0.07

20

7.91
0.15
7.82

0.24

0.18

200

7.61
0.89
7.59

0.96

0.09

Radiative flow
To the liquid
To the side wall

Average temperature of the
gas, K

35.1
35.4

37.9
33.1

312.3 322.7

35.5
35.2

304.5

38.4
33.6
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Table 2 Parametric study of the gravitation, radiation, and surface tension effects

Run
no.

1
2
3
4
5
6
7
8
9

10
11
12

s/gn
1
1
1
1

io-2

io-2

io-2

io-2

io-4

io-4

io-4

io-4

Rada

1
1
0
0
1
1
1
0
1
1
0
0

Surface
tension3

1
0
1
0
1
0
0
0
1
0
1
0

^?,max'
cm/s

4.97
4.03
4.18
4.18
5.21
0.79
0.80
0.80
5.51

0.25 X 10' l
0.217
0.026

^g,max»
cm/s
4.97

0.96xlO~2

0.83 x!0~2

0.75 x l O ~ 2

5.21
0.69xlO~2

0.6X10-1

-O.SxIO-2

5.51
0.6X10-4

0.217
-0.145X10-3

•* tg,max,

309.77
313.02
300.003
300.003
309.42
315.63
300.033
300.033
310.31
315.78
300.168
300.184

Re?
6010.
il.6
10.04
9.07

6300.
8.4
72.
3.63

6670.
7.3X10'2

260.
1.75

Gif
2.4 XlO 7

2.9 xlO7

1.2X104

1.2 XlO 4

2.46 XlO 5

4. x IO5

1.2 xlO3

1.2 xlO3

2.8 XlO 3

4 XlO 3

58.4
71.1

Mflf
8.5 XlO 5

0
420
0

8.8 XlO 5

0
1.X106

0
l .xlO 6

0
2.1 xlO4

0
aThe value 1 or 0 in these columns means that the radiation (surface tension) effect is present or absent, respectively.
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Fig. 7 Contours at ^'=100 s (reduced gravity, g=W~4 m/s2, Gr = 3l.

difference AT7; =T'h-T^ ( = 700°C). However, the actual
temperature drop in the liquid is much lower and does not ex-
ceed the value AT' = 7^max- TQ. Here, 7^max is the max-
imum surface temperature. Therefore, the actual Grashof
number governing the natural convection in the liquid volume
may be expressed as

(34)

where subscript p denotes that this parameter is not known
beforehand and needs to be determined experimentally or by a
numerical analysis a posteriori.

The other fundamental dimensionless parameter of the
problem is the Marangoni number

which is also evaluated a posteriori. Here ATfg is the
temperature drop along the liquid surface. The Marangoni

number governs the intensity of the convection in the ther-
mocapillary flows.15 In particular, for the boundary-layer
flows induced by the surface-tension gradient, the surface
velocity may be estimated from the expression

(36)

In the general case, however, the pre-estimation of the sur-
face velocity is a difficult task, especially for the present con-
figuration with the heating from above. To classify the struc-
ture of the subsurface flow, we introduce the Reynolds
number

Relp = Ug>maxR' /v( (37)

Table 2 illustrates some results of the parametric study of
how gravity, radiation, and surface tension affect the surface
velocity and temperature. These results refer to the standard
geometry case and the time f = 100 s. The value vg>max denotes
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300
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Time, sec
Fig. 8 Volume-averaged gas temperature and the maximum and
minimum liquid surface temperature as functions of time (standard
case, air/water system, __ g/gn = 1, -- g/gn = 10 ~4).

300
2 4 6 8 10

Radius, cm
Fig. 9 Temperature and velocity along the gas/liquid interface
(r=100s).

the maximum velocity in the gas phase. A few conclusions can
be drawn from Table 2 as follows:

1) When both radiation and surface tension effects are
taken into the consideration (runs 1, 5, 9), the surface velocity
is at least one order of magnitude greater than in all other
cases. The maximum fluid velocity in the system occurs on the
gas/liquid interface. The subsurface flow is a boundary-layer
type.

2) When the surface tension effect is not included (runs 2, 6,
10), the surface velocity is considerably lower. The surface
temperature, however, is larger than that in the previous case
due to the weaker mixing.

3) When radiation is neglected but the surface tension effect
is included (runs 3,8,11), the surface velocity increases with
the reduction of the gravity.

4) When both radiation and surface tension are not con-
sidered, the surface velocity is negligibly small.

It is interesting to note that at low gravity conditions, the
surface velocity induced by the surface-tension gradients may

Liquid

- 4 - 2 0 2 4 6
Horizontal Velocity, cm/s

Fig. 10 Horizontal velocity profiles at mid-radius (standard
geometry, air/water system, t' = 100 s).

be reasonably estimated using Eq. (33) (see runs 9, 11). All of
the above results were obtained for the water/air system. In
addition, the calculations have been made for the case of the
«-decane-air system with the standard geometry and normal
gravity conditions. The flow pattern in the gas phase is
qualitatively similar to that of the water/air case; however,
more circulatory cells occur in the liquid phase. Both the
temperature and velocity on the surface of the decane are con-
siderably higher than in the case of water. To explain these
results, it may be noted that the thermal conductivity of the li-
quid decane is approximately five times less than the conduc-
tivity of water. Thus, the thermal resistance of the surface
layer is considerably higher.

Conclusions
The time-dependent fluid flows and thermal transport

associated with the nonuniform heating from above of a two-
layer gas-and-liquid enclosure have been investigated by finite-
difference methods. The calculations demonstrated the great
importance of including the effects of thermal radiation and
thermal inertia of the walls bounding the enclosure.
Nonuniform radiative heating of a liquid surface appears to be
the principal factor in the initiation of a surface-tension-
driven convection along the gas/liquid interface. The thermal
inertia of the walls controls the temperature growth in the gas
phase. The gas and liquid motions are the net result of both
surface tension and buoyancy forces.

Future study of this problem should include the effects of
variable density of the gas phase, liquid evaporation, diffu-
sion, and chemical reaction for specific air-fuel systems.
Allowances for nonblack walls and gas radiation transfer are
also of interest. In order to improve the accuracy of the
numerical simulation in the subsurface layer, a nonuniform
refined grid should be used in this region.
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