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- Buoyant-Thermocapillary Flow with Nonuniform
Supra-Heating: II. Two-Phase Behavior

David N. Schiller* and William A. Sirignano?
University of California, Irvine, Irvine, California 92717

A computational study has been made of transient heat transfer and fluid flow in a cylindrical enclosure
containing ‘a two-layer gas-liquid system heated nonunifornily from above. The effects of gas-liquid phase
coupling, variable density and thermophysical properties, and vaporization have been considered. At all gravity
levels investigated (01 g,,), the presence of the gas has little effect on the liquid phase. Fuel vapor is transported
more quickly to the heat source at higher gravity levels, which indicates that ignition delay should decrease
with increasing gravity level. At reduced gravity, diffusion is dominant and surface tension significantly affects
the flow pattern in the gas phase. The variation of density and thermal conductivity are important in the gas
phase, whereas in the liquid phase, variable viscosity is most important.

Nomenclature
D;; = D;/D,, binary diffusion coefficient
H' = height of gas or liquid phase
h; = latent heat of vaporization
M = molecular weight
P; = Pg/P,, global pressure
P,,, = saturated vapor pressure
Y = mass fraction of species
At = time step
Subscripts
A = air
F = fuel vapor
g = gas phase
i = species index (e.g., air, fuel vapor)
Superscripts

r

= dimensional quantity

Standard symbols (p, u, k, etc.) are used for fluid prop-
erties. Variables not defined in the above nomenclature are
either defined in Part I of this paper, or are defined when
first used in the text. Unless otherwise specified, a varjable
without a superscript or subscript represents a nondimen-
sional quantity. All reference quantities are evaluated at 300
K, which is taken as the initial temperature of the fluid, 7.

Introduction

IRE safety problems of ignition and flame spread above
a pool of flammable liquid arise in many accident situ-
ations where a flammable liquid spills in the vicinity of a hot
ignition source. Another prototypical hazard situation might
be the rupture of a fuel tank when hot engine parts or exhaust
gases may appear in close proximity of liquid fuel. Heat and
mass transport which control ignition delay and flame spread
rates are complicated by multiple energy @and mass transport
processes, phase change, and chemical reaction.
The literature of liquid pool burning theory has for the most
part neglected the gas and liquid phase coupling, and con-
cerned itself solely with liquid motion.!> However, the most
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interesting scientific situation (and one of very practical im-
portance) involves not-so-volatile fuels whereby the coupling
between the liquid and gas phases is of critical importance.
That is, heat from the gas phase is required to vaporize some
portion of the liquid fuel in order to provide a combustible
mixture in the gas phase. Convective heat and mass transport
between the liquid and gas phases is critical and often dom-
inant during the preignition period. Other modes of heat
transfer, such as thermal radiation from the ignition source,
may also play a very important role in the liquid heating.
Temperature gradients in the gas and liquid phases, as well
as concentration gradients in the gas mixture, create hatural
convection currents. Temperature gradients on the liquid sur-
face initiate ‘“‘surface-tension-driven convection” which can
be a critical factor in the ignition delay and flame spread
phenomena. On account of nonuniform heating from above
due to the ignition source or the flame, liquid motion will be
driven by both surface-tension gradients and by buoyancy. If
only liquid motion were considered, then since these driving
forces generally support in concert surface fluid motion away
from the heat source, one would be led to believe that in-
creasing either buoyancy or surface tension would delay ig-
nition yet support flame spread (as the convection assists the
preheating process ahead of the flame). However, results of
Part I of this two-part paper® indicate that buoyancy and
thermocapillarity are highly coupled with nonuniform supra-
heating. Buoyancy stabilizes the hot subsurface liquid above
the colder core fluid, thus preventing the thermocapillary-
driven vortex from penetrating into the liquid volume. There-
fore, for a given heat flux profile incident on the liquid surface,
the liquid syrface temperatures are greater at higher gravity
levels, despite the fact that the liquid surface velocities are
also greater. Since vaporization rates increase with increasing
liquid temperature, increasing gravity could lead to shorter
ignition delay and faster flame spread. This hypothesis, based
solely on the uncoupled liquid behavior, may be altered when

. gas-phase heat and mass transport is considered. In the gas

phase, buoyancy-driven convection opposes the surface-ten-
sion-driven motion.* Buoyant convection opposes conduction
of heat to the liquid surface, yet assists transport of fuel vapor
toward the heat source. In contrast, thermocapillary-driven
circulation above the liquid surface assists conduction of heat
to the liquid surface, but opposes diffusion of fuel vapor to-
ward the heat source.

‘The effects of variable density and thermophysical prop-
erties on the flow will also be investigated. Variable density
is important in the gas phase because during preignition heat-
ing, high-temperature gradients are expected near the ignition
source. In such a situation, the use of the constant density
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Fig. 1 Geometry of the problem. Part I of this two-part paper con-
sidered only the liquid phase with radiant heating from the heater.

approach along with the Boussinesq approximation may pro-
duce very serious quantitative errors in the analysis of the
phenomena. The incorporation of variable thermophysical
properties in the liquid phase is also important since the vis-
cosity and volume expansion coefficient of many liquids vary
considerably with temperature. Vaporization is included in
the computational model in order to study the transport of
fuel vapor in the gas phase.

The geometry of the problem is shown in Fig. 1. Here, the

cylindrical enclosure of radius R’ and height H' = H; +
H, contains a two-layer gas/liquid system. The ‘initial tem-
perature of the system is uniform at T' = T,. Atr = 0, the
temperature of a small circular spot (heater) of radius R, at
the center of the top cover increases suddenly to 7' = T,
>> T! and then remains constant. The total pressure in the
gas phase is initially 1 atm. The initial condition for the mass
fraction of fuel vapor in the gas phase is Y(r, y, 0) = 0.
Unless otherwise specified, all results presented are for a 10
cm height and diameter plexiglass container (4-mm wall thick-
ness) with R, = 1cm, T;, = 800 Kor 1000 K, and H, = 5
cm.

Statement of the Problem

The mathematical formulation of the axisymmetric problem
is based on the following assumptions:

1) The gas/liquid interface remains flat and horizontal at
all gravity levels.> Recession of the liquid surface due to va-
porization is neglected.

2) All surfaces are assumed opaque and black, and gas
radiation is neglected. (Ref. 3 investigated the effects of vol-
umetric absorption of radiation in the liquid.)

3) The “‘hot spot” has no thermal contact with the re-
maining part of the top cover (i.e., the side of the heater is
insulated). The bottom of the liquid phase is maintained at
the constant temperature 7' = T, while the side wall in the
liquid phase is assumed adiabatic.

4) Chemical reactions are neglected.

5) The energy equation is simplified by the following ap-
proximations: (a) low Mach number flow, (b) work by body
forces is neglected, (c) no volumetric heat sources, and (d)
transport of energy by mass diffusion is neglected.

6) Solutocapillary forces are neglected since contamination
by surfactants is not applicable.

Variable density and thermophysical properties were in-
cluded in all simulations except for those used to test the
effects of variable properties without vaporization. The non-
dimensional conservation equations are the same as in Part [
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with the following exceptions. In the gas phase, the conser-
vation of species and energy are as follows

_(py) + —i{ puY; - Sf*Dléé* %ﬂ
+ % pvY; - scp;e* ?y/) ’ ;
- A3 o

Physical properties (e.g., p, ¢,) for vapar-air mixtures are
calculated using the standard additive rules for an ideal gas.
Curve-fits for physical properties are given in Ref. 5.

In the v-momentum equation, the Boussinesq approxima-
tion (used only for the nonvaporizing case) may be obtained
by replacing the last term, g(1 — p), by g(T — 1.0) for the
gas phase and gB. T (T — 1.0) for the liquid phase (where
T is evaluated at the center of the v-momentum finite differ-
ence control volume). For a constant property simulation, the
physical properties of the liquid are calculated at 77 = T,
while gas properties (unless otherwise specified) are evaluated
at T' = 0.5(T, + T,).

The dimensionless Reynolds, Schmidt, Prandtl, and Euler
numbers are defined for each phase (with the exception of
the Schmidt number) using reference quantities as follows:
Re, = U,L,/v,, Sc, =-v/D,, Pry, = v,/a,, and Eu* =
(AP),/p,U%. Note that these numbers are constant, since
they are defined with reference quantities evaluated at 300
K, although they differ between the gas and liquid phase.
Since the properties are highly variable (especially density),
there is some arbitrariness in the selection of the reference
parameters. Reference parameters used in the computations
were selected as follows L,=R',U, =1cm/s,and t, =
L./U,.

The hydrodynamic boundary conditions are as follows: a)
zero velocity on all solid walls (u = v = 0); b) symmetry of
the velocity field at the axis (u = 0, dv/dr = Oatr = 0); and
¢) balance of the stresses and mass flux and continuity of the

radial velocity on the gas/liquid interface
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Here v, is the mass-average vaporization velocity based on
the Stefan flow assumption.® The mass fraction of fuel vapor
at the liquid surface, Yy, is determined by
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When vaporization is not included in the analysis, the bound-
ary condition becomes v, = v, = 0. A zero flux boundary
condition for Yy is used at the walls and along the centerline
in the gas phase. .

The thermal boundary conditions are as follows: a) constant
temperature of the hot spot (T = T,atr<R,,y, = H;/L.);
b) constant temperature at the bottom of the liquid phase (T
= 1 at y, = 0); c) heat balance and continuity of the tem-
perature on the gas/liquid interface

ﬂ‘)zﬁ&(kﬂ')Jrq_k_eézéﬁég o)
ay i klk*.l ay,g qg.* qg‘*
I,=T, (10)

d) adiabatic side wall in the liquid phase (87/or = O at r =
1,0 <y < H//L,); and e) transient heat conduction equation
governing the two-dimensional temperature distribution in
the side -and top walls in the gas phase using constant prop-
erties for the walls

o, _ e (92T, 19T, 3T,

= + 1
ot Pe, , \ or? r or ay? (11)

Here Pe, , = Pr, ,Re, . For plexiglass, the properties used
wereS: p,, = 1185 kg/m?, ¢, = 1470 J/kg-K, and k|, = 0.21
W/m-K. Shape factors used for radioactive heat transfer in
the gas phase are given in Ref. 7.

Equation (11) is solved explicitly using the total heat fluxes
from the gas phase from the beginning of the time step for
the inner wall boundary condition and Newton’s law of cooling
for the outside wall boundary condition. The external heat
transfer coefficient, .,,,, is taken as®

k’ Pr 1/4

L’ 0.952 + Pr) ] (12)

[t
h conv

[0.678 Ra"*

where

_gL(T,, - T.I/T,)

via'

Ra

(13)

is the Rayleigh number of the air and T, is the outside en-
vironment temperature (assumed 300 K). In Eqgs. (12) and
(13), properties are of air evaluated at T' = 0.5(T, + T}, ,).
Also, T, , is the boundary temperature of the wall and L' is
the length of the wall. Although Eq. (12) is a correlation for
vertical walls, it is also used in the present study for the
external heat transfer for the top wall of the cylinder. Little
error is introduced here as k., is approximately 5 W/(m?-K),
which leads to external heat fluxes that are a full order of
magnitude less than the total heat fluxes on the inner walls.

Method of Solution

Pressure Splitting

The total pressure (P') is divided into three parts in the
computational model: global pressure (P ), dynamic pressure
(Pp), and the hydrostatic pressure (p.g,y' = —p.g'y’).
Hence

P' = P5(t) + Pp(r,y) — psg'y’ (14)

The global pressure (used only in the gas phase) is calculated
as

1
PL = FJ f f (p'T'%' 2 Y/M!|dv’ (15)
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where V' is the volume of the gas phase and R ' is the universal
gas constant. Since P ~ 105 N/m? while

Pb,’max ~ p*l‘-)/lfnax ~ 1072 N/m?
and
(p*g Iy’)max ~1 N/m2

we can make the approximation P' = P. Thus, the global
pressure is used to calculate density in the gas phase using
the ideal gas law at each cell location. The global pressure
increases during the heating and vaporization processes.

Numerical Method

The numerical method uses the SIMPLE algorithm® with
the SIMPLEC modification'® and the hybrid-differencing
scheme. Gas and liquid properties are calculated at the be-
ginning of the time step. Only values of c, are updated during
the iteration cycle of the SIMPLE algorithm. This helps sta-
bilize the solution. Values of ¢, are updated in order to update
values of enthalpy. The gas-phase and liquid-phase solutions
are phase-split in that the solution at time ¢ represents the gas
phase at time ¢ and the liquid phase at time ¢ + 3Az. The
sequential calculation procedure for each time step is as fol-
lows:

1) Using values of the total heat flux (radiative plus con-
ductive) to the walls in the gas phase at time ¢ as a boundary
condition, wall temperatures in the gas phase at time ¢t + At
are calculated using an explicit scheme. These wall temper-
atures are then used as a boundary condition for the gas phase
solution below. v

2) Determine gas-phase solution at time ¢t + Af. Boundary
values of wall temperatures (from explicit solution) and liquid
temperatures and velocities (from time ¢ + 3At) are used [see
Egs. (4), (5) and (10)].

3) Determine liquid-phase solution at time ¢ + $Az. Bound-
ary values of v, and gradients of T, and u, (from time t + Af)
are used [see Eqgs. (3), (6) and (95].

The calculation procedure for a single-phase, gas-only sim-
ulation is similar to the above except that a relatively thick
(1.2 cm), isothermal wall is used at the bottom of the gas
phase. The convergence criteria used for the governing equa-
tions were discussed in Ref. 3 (the convergence criterion for
the species equation is the same as that for the momentum
and energy equations).

Based on results of a grid dependence study,® 42 grid points
(40 uniformly spaced cells plus 2 columns of boundary node
points) were used in the radial direction. In the axial direction,
a mesh size of ~4 mm or less was used for the first 5 mm
below the liquid surface. Unless otherwise specified, in the
liquid phase a total of 40 cells (42 grid points) were used in
the axial direction for a pool depth of 5 cm (less cells were
used for shallower pools). A nonuniform mesh with geometric
progression was used after the first 5 mm below the liquid
surface. A nonuniform mesh (42 grid points) was also used
in the axial direction of the gas phase. A mesh size of ~1 mm
was used for the first 5 mm below the top wall, while a 0.5
mm mesh was used for the first 5 mm above the liquid surface.
Four cells were used for the 4 mm thickness of the top and
side wall, with the cells aligned longitudinally with the cells
from the adjacent gas-phase domain. Ten cells were used for
the bottom of the gas phase in the single-phase (gas-only)
simulations. The time step was typically 0.005-0.01 s and
required approximately 0.5 s of CPU time on a CRAY Y-
MP for a 42 X 42 grid in each phase.

Results and Discussion

The flow field in the enclosure is presented in terms of the
streamlines and the fluid velocities and temperatures. In polar



116 D. N. SCHILLER AND W. A. SIRIGNANO

coordinates, the nondimensional quasi-steady stream function
¥(r, y), used here only for graphical purposes,® is defined by

Y= — Lr prudr, y=r J; pudy (16)

where ¢ = O atr = 0, y = 0. Unless otherwise specified, all
results will be shown for t' = 100 s. At this time, the flow
reaches a quasi-steady state, characterized by stabilized
boundary layers and vortical structures whose shapes remain
essentially constant.

The computer code was tested successfully in three ways:
a) a single-phase, constant property, planar geometry com-
parison with the benchmark solution of De Vahl Davis and
Jones,!! b) comparisons with experimental results for heating
from above with both single-phase (air-only) and two-phase
(with silicone oil) configurations,'? and c) constant-property
comparisons with numerical results obtained with a modified
SMAC method.” Details of these comparisons are given in
Refs. 12 and 13. Silicone oil was used for the comparison with
experiments because of its well-known properties and its
resistance to surface contamination.' '

Effects of Gas-Liquid Coupling

As shown in Figs. 2 and 3, at all gravity levels investigated,
the radiative heat flux to the liquid surface is much greater
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Fig. 2 Components of the stress at the liquid surface due to surface
tension and gas-phase shear at a) 1 g, and b) 10~ g, (' = 100 s).
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Fig. 4 Nondimensional stream function contours in the gas phase at
a) 1 g, and b) 107 g,. The left side of each plot corresponds to the
axis of symmetry of the cylinder.

than the conductive flux and the enthalpy flux, and the gas
shear is negligible compared to the surface-tension stress.
Therefore, the presence of the gas phase has very little effect
on the liquid behavior. The isotherm contours in the liquid
phase are similar to the previous liquid-only study?®: the sub-
surface isotherms are flat at 1 g,,, which leads to larger surface
temperature gradients (due to the nonuniform supra-heating)
and thus larger velocities on the liquid surface compared to
reduced gravity simulations. At reduced gravity, warmed su-



JAN.-MARCH 1992

Table 1 Liquid surface data from two-phase simulations (800 K heater)
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Tl max (AT), Ulgavg —
Run No. g'lg, H|/R’ [‘i(] K]" Ma [mm/s] Re,
1. 1 1 310.19 0.8285 5.68 x 10* 1.489 69.19
2. 1 1/4 310.19 0.8300 5.69 x 10* 1.492 69.33
3. 1 1/10 310.05 0.8201 5.62 x 10* 1.426 66.26
4. 1 1/20 308.02 0.9441 6.47 x 10* 1.477 68.63
5. 10-2 1 308.69 0.0958 6.57 x 10° 0.443 20.59
6. 10-2 1/4 308.79 0.0956 6.56 x 10° 0.434 20.17
7. 10-2 1/10 309.17 0.1990 1.36 x 10* 0.643 29.88
8. 10-2 1/20 307.89 0.8175 5.61 x 10¢ 1.393 64.73
9. 104 1 308.36 0.0256 1.76 x 10° 0.303 14.08
10. 10—+ 1/4 308.64 0.0536 3.68 x 10* 0.360 16.73
11. 10—+ 1/10 309.28 0.1935 1.33 x 10* 0.652 30.30
12. 10~4 1/20 308.05 0.8466 5.81 x 10* 1.445 67.15
13. 0 1 308.37 0.0245 1.68 x 10° 0.301 13.99
Table 2 Maximum and minimum values of stream function from two-phase and gas-only simulations (800 K heater)
Run
No. 8'/g. Hi/R' Pg max @r,.y, =Yy min @r,,y, = Yr.min @r,y
Two-Phase Results
1. 1 1 222 x 10~# 0.45, 0.01 3.85 x 107! 0.75, 0.60 9.78 x 16— 0.73, 0.980
2. 1 1/4 2.23 x 10-* 0.45, 0.01 3.85 x 10! 0.75, 0.60 9.79 x 10—+ 0.73, 0.230
3. 1 1/10 2.01 x 10~* 0.45, 0.01 3.82 x 10! 0.75, 0.60 9.05 x 10+ 0.73, 0.080
4. 1 1/20 7.60 x 10~¢ 0.70, 0.01 3.44 x 10! 0.78, 0.69 8.92 x 10—+ 0.70, 0.035
5. 102 1. 6.56 x 10~* 0.75, 0.04 5.38 x 102 0.60, 0.69 7.37 x 10—+ 0.70, 0.953
6. 10-2 1/4 6.09 x 10-* 0.78, 0.04 5.37 x 102 0.60, 0.69 7.14 x 10—+ 0.68, 0.203
7. 102 1/10 1.25 x 10-3 0.73, 0.05 5.39 x 10-2 0.60, 0.69 7.73 x 10~ 0.70, 0.067
8. 102 1720 4.81 x 103 0.70, 0.08 5.21 x 10-2 0.60, 0.69 9.01 x 10* 0.70, 0.035
9. 104 1 1.56 x 103 0.58, 0.16 1.10 x 1073 0.55, 0.69 2.33 x 1073 0.60, 0.779
10 104 1/4 1.92 x 103 0.60, 0.16 1.03 x 10—3 0.55, 0.69 1.02 x 10-3 0.63, 0.170
11 104 1/10 3.95 x 1073 0.65, 0.17 6.85 x 10—+ 0.50, 0.73 8.06 x 10+ 0.70, 0.067
12. 10-4 1720 9.66 x 103 0.65, 0.17 2.07 x 10—+ 0.38, 0.82 9.35 x 10—+ 0.70, 0.035
13. 0 1 2.08 x 10-3 0.58, 0.22 1.14 x 10-+ 1.00, 0.00 2.39 x 1077 0.60, 0.779
Gas-Only Results
Run No g’/gn ‘llg,max @ Tes Vg - ll’g.min @ Tes Vg
1. 1 0 0,0 3.58 x 107! 0.78, 0.67
5. 102 2.48 x 10-¢ 0.98, 0.98 572 x 102 0.60, 0.67
9. 104 9.45 x 10-¢ 0.70, 0.98 1.79 x 103 0.55, 0.57

30—

400

320 < T} < 400

b) 1074 g,

Fig. 5 Isotherm contours in the gas phase at a) 1 g, and b) 104 g,..

pra-heated surface fluid recirculates downwards near the side
wall. Therefore, at a given height below the liquid surface,
the temperature increases with increasing radius. This leads
to smaller liquid surface temperature gradients, since the su-
pra-heating is nonuniform, and smaller liquid surface veloc-
ities due to Marangoni convection. Table 1 shows that, con-
sistent with the liquid-only results: a) for shallow pools (viscous
flow), the liquid surface temperature and velocity profiles are
insensitive to gravity level and b) for deep pools (depths greater
than the subsurface vortex height, i.e., boundary layer flow),
T, and U,, are insensitive to H;.

In the gas phase, two primary vortices are generally formed
(Fig. 4): a clockwise rotating vortex below the heater (driven
by buoyancy) and a counterclockwise rotating vortex imme-
diately above the liquid surface (driven by the liquid surface
motion). The surface-tension-driven cell in the gas phase was
predicted numerically by Furuta,* and was theorized by
Sirignano' and Glassman'® to play an important role in flame
spread over liquid fuels. The present study shows that, at 1
g., the buoyancy-driven cell dominates the flow in the gas,
while the height of the surface-tension-driven cell is O (1 mm).
As the gravity level is reduced, the strength and height of the
surface-tension-driven vortex increases relative to the buoy-
ancy-driven cell, until at zero gravity, one counterclockwise
rotating vortex fills the gas phase.

Table 2 summarizes the strength and location of the vortex
centers for various gravity levels and liquid pool heights. Com-
parison with gas-only results shows that the surface-tension-
driven cell has very little effect (less than 10%) on the strength
of the buoyancy-driven vortex in the gas for g’ = 10-2 g,
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Fig. 6 Mass fraction of fuel vapor (Y;) just below heater (r' = 4
mm, H; — y, = 2.5 mm) as a function of time for different gravity
levels and heater temperatures.

while at 10-* g, the difference is ~60%. Note that, for 104
to 1 g,, one clockwise rotating vortex filled the majority of
the gas phase in the gas-only simulations. Figure 5 shows
isotherm contours in the gas phase at 1 g, and at 10~* g, (from
two-phase simulations). At 1 g, , natural convection forces the
hot isotherms to remain within ~1 cm of the heater, while at
10-4 g, conduction is clearly dominant.

Vaporization Effects

Over the investigated range, including vaporization in the
above variable property simulations did not significantly change
the temperature or radial velocities in the gas or liquid phase.
Area-weighted average vaporization velocities, 9, at y, = 0,
are O (5-15 um/s) and increase with increasing gravity level.
These velocities are 2—4 orders of magnitude less than the
velocities in the bulk of the gas phase.

Since liquid surface temperatures are greater at higher grav-
ity levels, the mass fraction of fuel vapor near the liquid
surface is also greater. Moreover, at 1 g,, buoyancy-driven-
convection transports the fuel vapor quickly toward the heat
source, whereas at reduced gravity levels the transport of
vapor toward the heater is slower since the surface-tension-
driven convection opposes the diffusion of fuel vapor (see
Figs. 6 and 7). Since the reaction rate is linearly dependent
on Y, and exponentially dependent on T, results from the
present study indicate that increasing the gravity level should
decrease ignition delay. This is consistent with the results of
a related open pool study,® in which a small hot spot was
placed 1-4 mm above the liquid surface. Figure 7a shows
that, at 1 g,, the mass fraction of fuel vapor immediately
above the liquid surface reaches the lean flammability limit
of n-decane in air (which is cited as 0.033-0.038 by Coward
and Jones).!” However, it is erroneous to imply that ignition
will occur at this point since the maximum reaction rate is
expected to be near the heater due to the exponential de-
pendence of reaction rate on temperature. The effects of fi-
nite-rate chemical kinetics must be included in the analysis to
predict quantitatively the ignition delay.

Variable Property Effects

Four simulations were used for this comparison: a) constant
properties with the Boussinesq approximation (gas properties
evaluated at T',), b) constant properties [gas properties eval-
uated at 0.5(T, + T,)], c¢) variable density (no Boussinesq
approximation) with the other properties (u, ¢,, and k) held
constant [gas properties taken at 0.5(7, + T,)], and d) all
properties variable. Each case did not include the effects of
vaporization. As shown by Table 3, the constant property
assumption with the Boussinesq  approximation significantly
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Fig. 7 Mass fraction of fuel vapor confoilrs ata) 1l g, and b) 10-4
g, (T, = 1000 K).

underpredicts gas temperatures immediately below the heater,
overpredicts velocities in the majority of the gas phase, and
underpredicts liquid surface velocities. Variable density and
thermal conductivity are important in the gas phase, whereas
in the liquid phase, variable viscosity is most important.

In the gas phase, evaluating constant properties at 7', rather
than 0.5(T, + T,) resulted in a poorer prediction of the
temperature field near the heater, but a better prediction of
the velocity field in the gas phase at normal gravity. This is
because the volume-averaged temperature in the gas phase is
~310-320 K at 1 g,, as convection causes the hot isotherms
to remain close to the heater. The average density of the
fluid, which is inversely proportional to this temperature, is
related to the inertia of the fluid (i.e., the fluid’s resistance
to a buoyant driving force). Although evaluating the density
at 550 K or 650 K everywhere in the gas phase is more accurate
close to the heater, the buoyant driving force acts over a large
characteristic length (on the order of the radius of the cyl-
inder), and hence, the underprediction of the average density
results in an overprediction of the velocities in the gas phase.

The importance of variable viscosity in the liquid is con-
sistent with the results of Napolitano et al.,'® who showed
that for Marangoni convection in a cylindrical floating zone
geometry, higher liquid velocities are calculated with variable
viscosity. Comparison of properties of liquid n-decane shows
that, as expected, viscosity varies more with temperature than
does either thermal conductivity, heat capacity, or density.
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Table 3 Effects of variable properties (no vaporization), t' = 100 s
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T;l T;g.max (A T);g Ul’gvmax Ué,max Vg"max Tg” (0’ 095)3
8'lg. K] IPROP® [K] K] {mm/s] [em/s] [em/s] K]
1 800 3 310.19 0.8285 1.955 5.97 4.05 535.3
1 800 2 310.04 0.9287 1.885 5.47 4.53 496.6
1 800 1 310.06 0.9379 1.871 8.02 6.40 483.2
1 800 0 310.12 0.8632 1.812 5.25 5.54 394.6
1 1000 3 324.56 1.266 3.005 7.80 7.19 628.9
1 1000 2 323.83 1.642 2.881 7.11 7.61 559.0
1 1000 1 323.83 1.654 2.742 10.79 11.72 546.8
1 1000 0 324.26 1.475 2.516 7.86 10.50 407.6
10— 1000 3 320.50 0.0248 0.5040 0.050 0.029 882.8
10-+4 1000 2 319.46 0,0331 0.5312 0.053 0.013 836.4
104 1000 1 319.39 0.0327 0.5281 0.053 0.024 836.3
10-4 1000 0 0.043 831.2

320.04 0.0264 0.4632 0.046

a'l;emperauue in gas phase atr = 0,y = 0.95.

®3, variable properties; 2, variable-density-only; 1, constant properties [gas properties evaluated at 0.5(7, + T#)]; 0, constant properties (gas properties evaluated

at T,). :

Conclusions

A computational study was made of the transient heat trans-
fer and fluid flow in a cylindrical enclosure containing a two-
layer gas-and-liquid system heated nonuniformly from above.
At all gravity levels investigated (0-1 g,,), the radiative heat
flux to the liquid surface is much greater than the conductive
flux and the enthalpy flux, and the gas shear is negligible
compared to the surface-tension stress. Therefore, the pres-
ence of the gas phase has very little effect on the liquid be-
havior for the configuration studied. Conversely, at reduced
gravity levels surface tension significantly affects the flow pat-
tern in the gas phase. Surface-tension-driven convection op-
poses the diffusion of fuel vapor at reduced gravity, causing
transport of fuel vapor toward the heat source to be much
slower than at normal gravity. Since the reaction rate is lin-
early dependent on Y and exponentially dependent on T,
this suggests that ignition delay should decrease with increas-
ing gravity level. The constant property assumption with the
Boussinesq approximation significantly underpredicts gas
temperatures immediately below the heater, overpredicts ve-
locities in the majority of the gas phase, and underpredicts
liquid surface velocities. Variable density and thermal con-
ductivity are important in the gas phase, whereas in the liquid
phase, variable viscosity is most important. The detailed ge-
ometry of the problem does not modify the conclusions about
the coupling between buoyancy and surface tension, the trans-
port of fuel vapor in the gas phase, or the effects of variable
properties. Ignition delay will be affected by these behaviors
for most scenarios of liquid pool fires.

Appendix: Small-Time Solutions for T';, and U,,

As was done by Abramzon et al.,” small-time analytical
solutions were used for the temperature of the liquid-surface
and inner walls of the gas phase, and for the liquid surface
radial velocity. This was necessary because the values for these
boundary conditions, when derived from Egs. (3) and (9)
(with an analogous boundary condition equation for the inner
walls), are not an explicit function of time. Therefore, when
radiation is included in the analysis, initially unrealistic values
will be calculated. For the liquid surface, the analytical so-

lutions are’
’ t!
Ti(t) =T, + 2;1—’?1 /——“*7; (A1)
%,

o7

204 ko NV Pry

dq

’ — —
hig = dr’

% (A2)

where o = (8¢'/dT"), = ~9.2 x 10=% N/m-K for liquid n-
decane. The analytical solutions given by Eqs. (A1) and (A2)

are used only for ' < 0.25 s and ¢’ < 0.18 s, respectively.
For a given mesh size immediately below the liquid surface,
at these “cutoff” times the analytical solutions correspond to
the solutions found from the boundary conditions.
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