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Burning Rate of Liquid Supplied Through a Wick

Y.-X. TAO* and M. KAVIANY
Department of Mechanical Engineering and Applied Mechanics, University of Michigan,
Ann Arbor, MI 48109

Liquid fuel supplied through ceramic or metallic wicks is commonly used as a simulant for burning of planar liquid
or solid surfaces. When the liquid flow through the wick is at least partly controlled by capillarity, the partially
exposed wick matrix at the burning surface changes the concentration distribution adjacent to this surface. Here we
show that when the characteristic length of the exposed matrix is not significantly smaller than the convection
boundary-layer thickness, the burning rate from the wick deviates (being smaller for low thermal conductivity
wicks) from that for planar liquid surfaces. The study is guided by experiments using a ceramic wick, by a
one-dimensional gas-side diffusion analysis, and by a wick-side two-phase flow and heat transfer analysis.

NOMENCLATURE

b dependent variable in Eq. 2

B mass transfer number

Bo  Bond number, (p, — p,)gd*/0o
particle diameter (m)

binary mass diffusivity (m?/s)
saturation function in the capillary pres-
sure equation

height of the liquid column (m)
enthalpy (J/kg)

enthalpy of evaporation (J /kg)
gravitational constant (m/s?)
thermal conductivity (W/m — K)
permeability (m?)

liquid relative permeability

gas relative permeability

block height (m)

block length (m)

mass flux (kg/m? — s)

mass flow rate (kg/m?)

normal direction

pressure (N/m?)

heat flux (W/m?)

heat of reaction (J/kg)

gas constant for gas mixture (J /kg — K)
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temperature (K)

velocity (m/s)

«»  ambient, free-stream velocity (m/s)
horizontal coordinate axis (m)

mass fraction of the vapor

y,  mass fraction of the noncondensible gas
Z, Z coordinate axis opposite to gravity (m)

R R RN

Greek Symbols

o  thermal diffusivity, k, /(pc),(m?/s)

Ié] stoichiometric fuel-air ratio

o boundary layer thickness (m)

A surface roughness (m)

€ porosity

$ defined in Eq. 12

A mean free path length of gaseous molecules
(m)

" viscosity (Pa — s)

£ length scale variable (m)

p density (kg/m?)

o surface tension (N/m)

T tortuosity

Superscripts

- average

* evaluated at the liquid surface

! evaluated at the bottom of the boundary
layer

Subscripts

o evaluated at the back surface
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1 evaluated at the surface with flame
o ambient

app apparent

b burning

c capillary

eff  effective

f liquid film

g gaseous phase

im immobile or irreducible
{ liquid phase

n noncondensible
r relative

ref  reference

s solid phase

sat  saturation

v vapor
INTRODUCTION

In addition to their applications in heaters, wicks
are often used in experiments that simulate the
burning of liquid and solid surfaces [1-3]. In
these applications and under steady-state condi-
tions, the liquid is supplied to the burning sur-
face. It is generally assumed that a thin liquid
film is present on this surface. If capillarity is
used for the flow of the liquid, then a gradient of
the local liquid saturation exists. Local liquid
saturation is defined as the fraction of the local
void volume in the wick that is occupied by the
liquid. Gravity can assist or oppose the flow
depending on the surface orientation. The pres-
ence of this liquid saturation gradient requires
that at the burning surface the wick is not com-
pletely covered by a continuous planar layer of
liquid. This makes for a nonsmooth surface where
the wick matrix is exposed at various locations.
Generally, these surface roughnesses do not sub-
stantially influence the fluid dynamics near the
surface, especially in the burning of liquids,
whereas in other diffusion flames, mass diffusion
is the dominant mechanism adjacent to the burn-
ing surface. It is expected that this diffusion at
and adjacent to the burning surface can be notice-
ably influenced by the surface roughness resulting
from partial surface liquid saturation. Of course,
the influence is noticeable only when the length
scale associated with the exposed dry patches is
much larger than the mean free path of the evapo-
rated fuel molecules [4-6].

In a transient experiment {7], a cubic, metallic
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wick was initially fully saturated with a liquid
fuel, and then one vertical side was exposed to
otherwise stagnant air and ignited. As the fuel
was consumed on this surface, the liquid satura-
tion distribution changed in the wick and gradu-
ally the surface saturation was lowered to a
threshold value beyond which the flame quenched.
Although the time-averaged burning rate was
nearly that predicted by [8] for a fully liquid
covered planar surface, the burning rate de-
creased monotonically (except for a short period
when the wick was warming up and during which
the burning rate increased with time). Whether
this monotonic decrease of burning rate was asso-
ciated with a decrease in the surface liquid satura-
tion was not substantiated, however, because of
the limited accuracy of the experiment. It should
also be mentioned that throughout the experi-
ment, the surface temperature was the saturation
temperature of the liquid fuel and that the flame
was stable up to shortly before quenching. This
indicates that as the surface liquid saturation de-
creases, the liquid distribution over the surface
(which is partially covered with liquid) changes,
leading to a decrease in the burning rate. In-
versely stated, burning is stable even if the liquid
flow rate is below that corresponding to a flooded
(thin liquid film) surface.

In the following, we examine burning of the
fuel supplied through a wick at flow rates from
flooding to lower but stable rates where the sur-
face will be partially saturated. We report the
results of experiments performed where the fuel
supply through the wick is controiled. Then, we
analyze the mass diffusion adjacent to this surface
using a simple model to show that the surface
liquid saturation, i.e., the distribution of the lig-
uid in the surface pores, develops in a manner
which leads to smaller burning rates as the sur-
face saturation decreases. To do this, an estimate
of the saturation distribution in the wick, includ-
ing the surface saturation, is needed. This is
provided by analysis of two-phase flow in the
wick. We note that the study does not aim to
predict the burning rate of liquid supplied through
wicks, but uses experimentally measured burning
rates to point out that stable burning can result,
although at lower rates, when the surface is not
flooded. This is especially important in the design
of experiments using liquid supplied through
wicks as a simulant for liquid or solid surfaces.
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Secondly, we show that the extra impedance that
the vapor encounters when leaving the liquid
surface explains the decrease in the burning rate
when the surface saturation decreases (impedance
is caused by the passages created by partial expo-
sure of the wick surface).

The experiment uses a ceramic wick placed
flush to the bottom of a wind tunnel and con-
nected from below to a liquid ethanol reservoir.
The reservoir is cooled and is under controllable
hydrostatic pressure. The experimental results are
in the form of mass flow rate as a function of the
hydrostatic pressure, i.e., ri(h). This includes
the case of surface flooding for which a predic-
tion exists [9]. The air velocity in the tunnel is
varied. Regimes where buoyancy effects are sig-
nificant (low velocities) or where the flame is
nearly blown off (high velocities) are avoided.
This results in a small range of velocity between
these regimes. A single velocity is chosen in this
stable and inertia-dominated range for study of
the surface saturation effect. The temperature in
the wick is also measured at various locations.
This temperature distribution is used as an aid to
determine the distribution of noncondensible gas
(nitrogen) that exists in the wick along with the
fuel vapor, since a fraction of the pore volume is
not occupied by liquid.

Finally, we emphasize that the treatment of
vapor diffusion near the gas side of the surface
and the treatment of heat and two-phase flow in
the wick are simplified, one-dimensional treat-
ments. Therefore, the results only are expected to
be qualitative and the trends suggestive. Also,
our gas-side analysis considers vapor diffusion
only and does not address heat transfer from the
gas to a partially liquid covered surface. Since
this heat is transferred directly to the liquid and
also indirectly via the exposed solid, there is
expected to be a difference in the burning rate of
metallic and ceramic wicks once the wick is
exposed (i.e., when the surface liquid saturation
is less than unity).

EXPERIMENT

The experimental setup is shown in Fig. 1. The
wick is a porous ceramic (60% silica and 40%
alumina, made by Hamilton Porcelain in Brant-
ford, ONT) block of 4.3 x 4.3 x 3.0 cm. The
3.0-cm side is vertical. Liquid ethanol flows
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through the wick from the reservoir placed under-
neath the wick, by capillary and hydrostatic pres-
sures. The absolute permeability K (m?) of the
wick was measured using single-phase flows of
liquid ethanol and air. The procedure involves
standard flow and pressure measurement [10].
Because the air viscosity is small, the Darcy
regime was not realized, and the permeability
was determined using the Ergun extension of the
Darcy law [10]. The results for K are shown in
Figs. 2a and 2b. Based on these results, the
absolute permeability was taken to be 8.5 X
1072 m?. The porosity of the block was deter-
mined by comparing the measured mass of the
dried wick with the measured mass of the wick
soaked in a beaker containing ethanol. The mea-
surement was repeated for several temperatures.
Figure 2c shows the measured apparent porosity
€.pp- 1ts asymptotic value € as T, (351.5 K) is
used in the analysis. The air velocity in the tunnel
was measured with a hot wire anemometer: little
disturbance was found for velocities less than 1.8
m/s. Figure 2d shows typical velocity histories
measured a few centimeters above the wick. A
liquid-level-controller (type A-2297, Oil-Rite.,
Manitowac, WI) was used to maintain the hydro-
static height # (shown in Fig. 1). The flow rate
was measured from the volume change in a set of
graduated tubes. The liquid ethanol in the reser-
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1 Wick 7 Liquid-Level Controller

2 Manometer 8 Volume-Flow-Rate Mesureing Tubes

3 Wind Tunnel 9 Liquid-Fuel Reservoir

4 Fan 10 Marinite Plate
5 Liquid Fuel 11 Phenolic Plate
6 Magnetic Stirrer a.b,c,d Valves

Fig. 1. A schematic of the apparatus.



50

NA 8-
E
ﬁe 6}
x o Fluid: Liquid Ethanal
X 4}
Tsat
2 I " n L L
20 30 40 50 60 70 80
T(C)
(a)
16
o~
'e 15t
o 14}
x
= 13r
"’: Fluid: Air
12
Q.|N
°IT g
|
10 L L L
0.00 0.10 0.20 0.30 0.40
u (m/s)
(b)
€= 0.504
0.50¢+
Q
a
a
o
') o
0.45 e
0.40 n n n L " _
10 20 30 40 50 60 70 80
T(C)
(©)
3.0
E 2.4 M
g 1.8 ettt e o
2
S 12
]
> ospro

0.0 — N
10 11 12 13 14 15 16 17 18 19 20
Time (seconds)
(d)
Fig. 2. (a) The measured absolute permeability using liquid
ethanol, (b) using air, (c) the measured porosity, and (d) the
measured ambient air velocity.
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voir was cooled and kept at the room temperature
T,. This is necessary in order to avoid evapora-
tion inside the reservoir.

MASS DIFFUSION ADJACENT TO
PARTIALLY LIQUID SATURATED
SURFACES

Before considering the burning of liquid fuel on
partially covered wick surfaces, let us consider a
similar process as it occurs in the well-studied
convective drying of porous media. It has been
established that when the characteristic length of
the liquid discontinuity on the surfaces is not very
much larger than the mean free path of the gaseous
molecules, A, then the dry patches are practically
covered by the molecules drifting from the wet
patches. This characteristic length is the size of
the dry or wet patches or the depth of indenta-
tions (valleys) A measured from the top of the
solid to the liquid level. There is an additional
requirement that is generally satisfied in drying
processes. This requirement is that the concentra-
tion boundary-layer thickness, §, must be much
larger than A, i.e., A /& — 0. This results in no
change in the evaporation rate (or drying rate) as
the surface saturation decreases. These trends
continue until the surface becomes completely
dry. Then, drying proceeds as an interface sepa-
rating the dry and wet regions moving into the
porous media. Therefore, when the surface liquid
saturation s, is not zero, A /N is not very large
and A/6— 0, then the evaporation rate is a
constant called the constant drying rate.

The bounds for maximum values of A /N and
A /& for which the evaporation rate is nearly
constant have been studied in Ref. 6. The model
in Ref. 6 is based on liquid patches (having a
hemispherical shape) placed on a planar surface.
However, the line of reasoning used below is
independent of which phase (liquid or solid) pro-
trudes. The approach in Ref. 6 uses the addition
of the Knudsen (molecular) diffusion and the
Fickian diffusion (in series) over A and the Fick-
ian diffusion over 6 — A. The mean free path
[11] is

1.051kgT
© 2274 mzp ’

where the molecule diameter d,, is about 4 X
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107" m, T and p are saturation temperature and
pressure, and Kk is the Boltzmann constant.
While for low temperature (small vapor pressure
drying), A is relatively large, for burning where
the surface is at the saturation temperature and
pressure, A is relatively small (A = 7 X 1078 m
for ethanol at saturation conditions). The model
used in Ref. 6 shows that for small A /§ (A /8 <
100), the effect of surface liquid saturation s, on
the evaporation rate is not significant until s, <
0.3. For A/6 = 100, a A of 7 um is needed for
ethanol combustion. This shows that if the wick
is chosen with an average pore or particle diame-
ter of less than 7 um with ethanol as the fuel, the
surface does not need to be flooded. In practice,
consolidated porous media (e.g., sintered pow-
ders) made of particles of this size, offer a very
large resistance to liquid flow, and capillary-hy-
drostatic feeding becomes almost impossible. In
our experiments, for a reasonable hydrostatic
height, we had to settle for K = 8.5 x 10™ "> m?
which, when used along the Carman-Kozeny
relation assuming particles of diameter d, i.e.,

3
K= — &,
180(1 — €)

gives d = 55 pm. Therefore, we expect the sur-
face saturation to be important. We should con-
sider the prediction of Ref. 6 as an estimate since
no rigorous analysis of Knudsen-Fickian diffu-
sion at the surface is available. However, this
prediction suggests that the evaporation rate can
noticeably decrease when s, is small. In order to
examine and estimate this reduction in the evapo-
ration rate, a simple, one-dimensional model
(perpendicular to the air flow) is devised that
allows for the resistance offered to the diffusion
of the vapor through the passages created by the
exposure of the wick. The model is based on the
available, boundary-layer treatment of combus-
tion [12].

The model needs, as a parameter, the location
of the liquid surface in each passage. This menis-
cus is assumed to be planar for simplicity (the
actual meniscus is capillary-controlled and is
curved). The location of the liquid surface in each
passage is determined from the surface liquid
saturation obtained through the analysis outlined
in section on surface liquid saturation.
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In addition to the assumptions given in [12],
the surface model is based on the following as-
sumptions:

a. The porous surface is approximated by a layer
of packed spheres with the simple cubic ar-
rangement.

b. The effect of capillarity on the meniscus con-
tour is neglected. The partial saturation of the
surface is represented by a receding of flat
liquid surface.

¢. Local thermal equilibrium exists between the
liquid and solid phases in the unit cell.

d. The flame is stable, i.e., the flame location is
independent of time.

The surface configuration based on assump-
tions (a) and (b) is used to simulate the wick.
Assumption (b) is not fully justifiable because the
Bond number, Bo = (p, — p,) gd’/a, is not
large enough. On the other hand, computation of
the three-dimensional meniscus contour is rather
computationally intensive. For these computa-
tions to be of reasonable accuracy the dynamics
of the contact angle and the liquid motion within
the pore must be included in the analysis. Two-
dimensional, static menisci have been computed
in [4, 5] using the Young-Laplace formulation.
Comparison with experimental results [4] shows
that due to uncertainty in the specification of the
contact angle (depending on the procedure used
in the initial filling of the ceramic with the liquid,
the advancing or receding contact angle must be
used and these are substantially different), and
also due to the evaporation and some liquid mo-
tions, the Young-Laplace static formulation is not
valid. The experimental results [4] show that the
measured capillary pressure is smaller than the
static prediction. This supports the assumption of
planar menisci made in our analysis. Assumption
(c) neglects the difference in the thermal conduc-
tivity between the solid and liquid and is justified
for nonmetallic wicks. Also, the experiment
shows that the wick surface temperature is very
close to the saturation temperature at the atmo-
spheric pressure [7, 18]. It is, therefore, reason-
able to assume that the temperature gradient in a
surface pore (modeled by a unit cell here) is
negligible, which leads to the decoupling of heat
and mass transfer. The last assumption excludes
the discussion of flames near extinction condi-
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Fig. 3. The schematic of the problem of diffusion and convec-
tion from a partially wetted surface. The unit cell with the
spherical particle are also shown.

tions. Figure 3 is a schematic of the problem: a
unit cell of the surface layer and the edge of
viscous boundary layer located above. The thick-
ness of the boundary layer is 6. A Schmidt
number of unity is assumed, giving equal momen-
tam and concentration boundary-layer thick-
nesses. We also assume a Prandtl number of
unity. The vapor evaporates from the liquid sur-
face at its partial pressure p, saturation tempera-
ture 7%, and mass fraction y* and diffuses
through the distance A to a hypothetical surface
where Z = 0 and the vapor partial pressure,
temperature, and mass fraction are denoted by
p., T’, ¥, respectively. Then, the vapor diffuses
and convects through the boundary layer into the
ambient (p,,, T, ¥..). Since we expect 6 /A » 1,
the boundary-layer thickness is measured from
Z = 0 (this requires that we confine the effect of
the surface roughness to the thermal and concen-
tration boundary layers). The surface saturation
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of the liquid is defined as

volume of liquid in the void

total volume of the void

From the geometry in Fig. 3, we have the follow-

(25201
(1)

The problem can be divided into two parts: (a)
convection and diffusion through the boundary
layer, and (b) diffusion only in the layer made of
the exposed particles (here called the A domain).
Since /A » 1, convection within the A-domain
is negligible. As A = 0 (i.e., s, = 1), the prob-
lem reduces to (a) only.

A/d

s, =1 - ——
! 1-7/6

Stagnant Film Problem

The one-dimensional transport equation for a
stagnant film has the form [12]

db Dd2b )
iz = PP az @
where b is defined in Ref. 12. The boundary
conditions are

for0 = Z <6,

db
pu(E) = Pl = PU,

b(Z =0) = b,,
b(Z = §) = b,. (3)

The mass transfer flux can be obtained from the
solution of the above equation and is

oD
Tln(l + B),

4)

For

s -
m- = PsatUsar =

where B is the Mass Transfer Number.
complete combustion,

B = 'ByO,oc + Y cp(Too - T;at) + ByO,ooQ

1 ~ Ysat leo

(5)

where (3 is the stoichiometric fuel-air ratio and
Yo. is the mass fraction of oxygen in the air

s
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stream. It should be mentioned that B can be
modified to include the heat transferred through
the liquid and solid by simply adding an addi-
tional term Q, to i fe [9]. Our calculation, based
on the experimental data, indicates that adding
this term has a negligible influence on the pre-
dicted mass transfer rate, as is discussed later.

The total mass transfer rate along the wick
length / is

oD
m=Nd1—§—ln(1 +B), (6)

where N is the number of cells along the third
dimension perpendicular to the x axis and

1 1 pt dx

5 1Jy8(x)
For A =0 (s, = 1, i.e., fully liquid-covered
surface), we have

. pD N
= Ndl—g—ln(l + B*). (7)

If we use the same approximation used in Ref.
12 to fit the Emmons prediction [9], i.e., we
divide the left side of the above equation by
B%'3/2, we have

D In(1 + B*
_P____ (015 ) (8)
6 B* /2

Furthermore, by extending this treatment to cases
where the surface saturation is less than unity, the
normalized burning rate for any surface rough-
ness (0 < A < d) can be expressed as

m 1n(1+B’)(B*)°"5
i, I(l+B%\B | ~’

;= Ndi

©)

where B’ and B* are defined in the same way as
by Eq. 5 with T, and y, being replaced by T’
(or T%) and y’ (or y*) respectively, and ri, is
the Emmons prediction for thin liquid films.

Diffusion in a Variable-Area Passage
(A Domain)

When the surface liquid saturation is less than
unity, the solid matrix becomes exposed and the
evaporated vapor has to diffuse from the liquid
surface to the boundary layer. Then, the state of
the gas mixture at location Z = 0 (represented by
the vapor properties, p,, T', and y’) is different
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than at the liquid surface ( p*, T, y*, etc.) due
to the additional diffusion length A. For diffusion
only, the mass transfer rate per unit cell (see Fig.
3) can be expressed as

j A Ddy
m = — —— = constant
P dt

for0<¢ <A, (10)

where £ = Z + A (& varies from 0 to A when Z
varies from —A to 0), and A, is the liquid
surface area and is a function of A (or s, in Eq.
1) and is given by

A,=wd2{(§)2+cl(~z—) + 6|, (11)

L 1 A (A )2
c=1-2—; G=———=+|=].
: d " x d \d
The boundary conditions are
y(&=0)=y",
y(E=4)=y".
Integration of Eq. 10 yields
* ’
-y
w = pDd2— 2 (12)
where
2/m 1
¢ = / tan~!
4 4
— -1 — =1
™ T
- 2A/d
—tan" | ———

The total mass transfer rate along the surface of
length / (in the flow direction) is

! y -y
n=N—pDd ) 13
m dp Py ( )

When divided by Eq. 8, the above equation be-
comes

i y* g B*0'15/2

L . (14)

m,  ®d/§ In(1+ B
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Equation 14 gives a relation between the nor-
malized mass transfer rate and the surface satura-
tion (® is a function of s, through Eqs. 1 and 12)
for the given thin-liquid-film properties B* and
y*, and & /d. However, we still have an un-
known, the mass fraction of the vapor at Z =
0, y’. We can use the solution obtained from the
stagnant-film analysis (Eq. 9) to obtain y’, since
Eq. 9 contains an unknown B’ which is also a
function of y’ (Eq. 5). This is done by using a
matching condition based on mass conservation.

Solution for i1 /ri1; as a Function of s,

The matching condition for the solutions from the
two domains is
mAdomain = mb.l. (15)

From Egs. 9, 14, and 15, we have

m  In(l + B’) [ B¥\*P
i, In(1 + B¥)

B B
y* _ y, B*0.15/2

" #d/5 (1 +8BY) (16)

This gives the relation between the evaporation
rate and the saturation with the ratio 86/d as a
parameter, i.e.,

/m; = f(s,6/d).

In order to obtain the above relation, we rewrite
Eq. 16 as

y*(l _ 7’) B/O.I5
®d /s 2 7

In(1 + B') =

where n = y’/y*. Inserting Eq. 5 into the above
equation yields

0.15
d ¢ 1 — y*y

gy* 6}’o‘m+y’77
1+ 8Y0 o
1 - y*y

p=1-2

X In

(17)

At a given §/d, for an independent variable s,,
A /d can be found from Eq. 1. Noting that

y:—: N 18
: (19)
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where p* is the vapor pressure and obeys
Clapeyron equation, 7* and y* can then be
solved for by iteration on Egs. 18 and 5, and 5
can be obtained by iterating on Eq. 17. There-
fore, a dependent variable ri7 /1, is determined
from Eq. 16 using # and y*.

In the above, we presented an analysis of con-
vection and mass diffusion in the stagnant film
(considering the average boundary-layer thick-
ness) in series with mass-diffusion in a surface
indentation (A domain). Mass conservation is
applied to the two solutions, which yields a gen-
eral relation between the normalized burning rate
and the surface saturation in an implicit form,
Eq. 16. This equation can be used to qualitatively
predict the effect of the surface saturation of the
liquid on the burning rate for wicks with low
thermal conductivities.

SURFACE LIQUID SATURATION

In order to determine the surface liquid saturation
required for the analysis of the mass diffusion
adjacent to the surface, the flow of liquid ethanol
in the wick caused by capillary and hydrostatic
forces is analyzed. The momentum equations (for
the liquid and vapor phases) are coupled with the
energy equation because the vapor pressure dis-
tribution depends on the temperature distribution
(through Clapeyron-Kelvin equation for the ther-
modynamic equilibrium states). Figure 4 gives
the boundary conditions used. The liquid satura-
tion at the lower surface of the wick (s(z = 0) =
5,) is not known. This follows, unless relatively
high flow rates or high temperatures (but less
than 7_,) are used, because the nonwetting phase
entrapped in the pores adjacent to this lower
surface cannot be removed. The transition from a
plain medium (the reservoir) to a porous medium,
and this discontinuity in the saturation, have been
addressed by Leverett [13]. Although we did not
make local liquid saturation measurements, our
analysis of flow through the wick also suggests
that 0.8 < s, < 1, i.e., a jump in the saturation
occurs in transition from the reservoir to the
wick.

The volume-averaged conservation equations
for thermal energy, linear momentum, and mass
for one-dimensional, steady-state, two-phase flow
in porous media are found by the proper reduc-
tions of the equations given in [14]. The energy
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and continuity equations are

d d

o (oui), + (Pui).,] = _d;(keff‘;_:)’ (19)

d
2 (Pt o) = 0. (20)

Now letting

34

m = pu,

and integrating Egs. 19 and 20 once, the follow-
ing emerges:

e The energy equation is
mii, + mli, = keffd—z +q”. (21)
e The mass conservation equation is

Yy + Y = i, (22)

where g” and 71” are the unknown heat and
mass fluxes (integration constants) that will be
determined from the boundary conditions.

o The liquid momentum equation is

K dp, L—h
m; = —p—K, | — -~ 23
! pl#z N\ gz 42 I (23)
e The gas momentum equation is
k,,dp dp
w4y = —p K—5— —%, (24)

by dz

where p, is the total pressure of the gas mix-
ture.
In Egs. 23 and 24 we have modified the perme-

3 dy T _ 2
XX oY _ 9l _0S _
Q /an on  on 0
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Fig. 4. The boundary conditions used in
solving for the surface liquid saturation.

ability used by Whitaker [14] in order to re-
cover the Darcy law for single phase flows.
This is also noted by Whitaker [15].

e The gas diffusion equation is

dy,

(m’I: + m’,’,)y,, = pgDeff—d—z—' .

(25)

In order to solve the governing equations, the
constitutive equations found in Ref. 16 are used.
These are as follows:

¢ Clapeyron-Kelvin equation (includes the effect
of the meniscus curvature on the thermody-
namic equilibrium state),

Paa 1 1YV
o exp(___)ﬁ
l_yn T;at T/ R
pb,—p
_pohl (26)
p,RT

¢ The equation of state (ideal gas behavior),
P, = 0o, RT. (27)

o The capillary pressure (as a function of liquid
saturation) is given by

p,—p=p. = W[Hz(l - 5)
—2.12(1 - §)* + 1.26(1 - §)7]
L 28
(K/e) 0



56
where
§ = Sim
S = ,
1 - sim

and the immobile saturation s,,, was estimated
as 0.05.
e The effective thermal conductivity is given by

kcff=k51+sl/2(ksl+ksg)' (29)
e The effective mass diffusivity is taken as

e(l —s)D,,

Dy = ———. (30)
T

The relative permeability of the porous medium
is determined from the following approximations:

K,=8, K,=(1-58). (31)

The gradient of the capillary pressure can be
found by taking the total derivative of Eq. 28,
i.e.,
dp. 1 df ds N do dT

= ———|0— — — — .
dz  (K/e)'?\ dsdz “dT dz

(32)

It should be noted that the surface tension gradi-
ent also influences the liquid flow by influencing
the shear stress at the liquid-gas interface. This
influence is not yet satisfactorily treated [17] and
is not included here.

The boundary conditions are

s+s,, T=T,, and y,=y,,, at
z=0, (33)
Py = Dsars T=T,, and m" =rmj, at
z=1L, (34)

where p,, is the pressure in the wind tunnel
(assumed to be the atmospheric pressure). As
shown in Ref. 18, four of the above boundary
conditions are used to solve the initial value
problems for 7', s, y,, and Py The last two are
used to determine ¢” and rn”. The value of s,
was selected such that the calculated temperature
distribution would match the measured tempera-
ture. This was done through iteration, and, in
general, we found s, to be approximately 0.83.
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Further discussion on two-phase flow and heat
transfer in porous media can be found in Ref. 19.

The governing equations can be reduced to
four initial value, first-order ordinary differential
equations. The equations are solved by a fourth-
order Runge-Kutta method. The specification of
the values for s, T, y,, and p, at z=0s
required. The net mass flow rate through the wick
(which is equal to the burning rate) is obtained
from the experiments, and a linear approximation
is made to these results (Fig. 5). The details and
solution steps are given in Ref. 18. The saturation
distribution [including the surface saturation, i.e.,
$,(z = L)] is found for various r1(h). This leads
to the relations between the burning rate and the
surface saturation.

RESULTS AND DISCUSSION

Since we use the case of the flooded surface (a
planar, thin liquid film present on the surface) as
the baseline, and also in order to compare our
measured burning rate with some existing mea-
surements and predictions, experiments were also
performed for s, = 1. In the following, the ex-
perimental results for s, are given first. Then, the
experimental results for s, < 1 follow, where the
predicted surface liquid saturation and the effect
of this surface saturation on the burning rate
(obtained through the diffusion model discussed
in the section on mass diffusion) are presented,
and the general behavior of 7i1(s,, A /A, A /3, Re)

4.0
3.0
£ [0}
£
i e}
E [¢]
20
u_ =171 (m/s)
1.0 L L '
0 5 10 15 20
h cm

Fig. 5. Variation of the burning rate with respect to the
hydrostatic pressure (height), for u, = 1.71 m/s.
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TABLE 1

Numerical Values for Parameters Appearing in the Analyses

Parameters Unit Magnitude
B 3.26
D,, m? /s 1.47 x 1073
do/dT N/m - K ~-8.602 x 1077
ire J/kg 8.8 x 10°
kg W/m — K 0.022
k, W/m - K 0.155
k, W/m - K 1.89
kg W/m - K 0.90
kg, W/m — K 1.012
K m? 8.5 x 10~
! m 0.043
L m 0.03
Pe 76.2
R J/kg ~ K 180.5
T, K 298.2
T K 351.5
T, K 297
Sim 0.05
Uq m/s 1.71
a; m?/s 5.36 x 1077
€ 0.5
fe Pa —s 1.1 x 1077
w Pa —s 5% 1074
Py kg/m’ 770
G N/m 0.02
T 2

is examined. Table 1 gives the values of the
properties and parameters used in this analysis.

Burning Rate of Planar Liquid Surface
(S, =1)

Experiments were performed where the wick was
placed in an aluminum casing with its upper
surface placed about 3 mm below the top edge of
this casing. Then the liquid fuel was allowed to
totally fill this void by applying back pressure.
The burning rate of this planar liquid surface was
then measured. Figure 6 shows the experimental
results, along with the experimental results of
Ref. 20 and the prediction of Ref. 9. The latter
can be expressed by the Glassman approximation
[12] as

L, too ln(l + B) 0.5
m = TT?TBOTReI . (35)

Our measured 7i7” is higher than the Emmons
boundary-layer solution. This supports the argu-
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S
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g
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(h=9.0 cm)
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40 L L
2000 5000 8000
Re,

o Partial Saturation, Different Hydrostatic Pressures

g Thin-Liquid-Film Combustion, Experiment

o Thin-Liquid-Film Combustion, Experiment (Hirano) {19]
== Thin-Liquid-Film Prediction (Emmons) (9]

Fig. 6. Comparison of the experimental and predicted results
for burning of a planar, thin-liquid-film surface. Also given
are the experimental results for various partial liquid cover-
ages and u,, = 1.71 m/s.

ment [21] that the burning rate obtained from the
solution of the complete Navier-Stokes equations
is higher than that based on the boundary-layer
approximations. This is due to axial diffusion
of species and heat at the leading edge. In the ex-
periments, additional effects, not included in
Emmons treatment, are also present. These are
buoyancy, the slight surface indentation where
the wick is imbedded, and the initiation of the
momentum boundary layer upstream from the
wick location. Note that the difference between
the burning rate obtained from the boundary-layer
solution and that obtained from the experiment is
almost a constant.

Burning Rate of Partially Liquid Covered
Surface (s, < 1)

Also shown in Fig. 6 are the results for 5, < 1
and an ambient free-stream velocity of 1.71 m/s.
At this velocity, the flame is stable and the buoy-
ancy effect is small. The results show that the
burning rate decreases as the hydrostatic pressure
decreases (see also Fig. 5).
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The burning rate is controlled by capillarity-
gravity and by the hydrostatic pressure. A de-
crease in the hydrostatic pressure results in a
decrease in the surface liquid saturation, which
leads to an increase in the capillary pressure. If
the increase in the capillary pressure compensates
for the decrease in hydrostatic pressure, then the
flow rate remains the same. As shown in Figs. 5
and 6, this is not found here. Since the capillary
pressure is strongly influenced by the microstruc-
ture of porous media, one can expect that the
mean particle size of the wick (as a characteristic
length) plays an important role among all the
influencing factors. On the other hand, vapor
diffusion through the indentations and the bound-
ary-layer region is also affected by the mean wick
particle size. The combined effects of the internal
two-phase flow and the vapor diffusion near the
surface determine the burning rate. These are
discussed below.

Surface Liquid Saturation

The formulation for internal, two-phase, momen-
tum, heat and mass transfer given in the previous
section on surface liquid saturation yields the
distribution of the liquid saturation s, gaseous
pressure p, temperature 7, and mass fraction of
the noncondensible gas y, throughout the wick,
including the surface. Figure 7 shows these distri-
butions for u, = 1.71 m/s. In the case where the
hydrostatic pressure dominates the liquid flow
(Fig. 7a for h = 9 cm), the surface liquid satura-
tion s, is just slightly less than saturation at the
lower surface s, (note that s, < s,). When capil-
lary pressure is important, i.e., when (L — h)/L
— 0 (as shown in Fig. 7b), the negative, local
saturation gradient causes the liquid motion to-
wards the wick upper surface. This saturation
gradient has a maximum absolute value at z = L,
because the surface liquid saturation is smallest
there. It should be noted that Eq. 32 includes the
effect of the surface tension gradient as it influ-
ences the capillary pressure. When ethanol
do /dT < 0 and the temperature gradient is posi-
tive (Fig. 7), then the surface tension variation
opposes the upward flow. For the hydrostatic-
dominated flows (Fig. 7a), this effect is small
because of the weak influence of capillarity. When
the capillary pressure is important (compared with
the hydrostatic pressure) (Fig. 7b), the effect of

Y.-X.TAO AND M. KAVIANY

measured
temperature
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(b)
Fig. 7. Distributions of the temperature, saturation, mass
fraction of the noncondensible gas, and gas pressure for
u,, = 1.71 m/s. (a) Hydrostatically controlled flow (s; = s,),
(b) capillary and hydrostatically controlled flow (s, < s,).

the surface tension gradient is also negligible
where the temperature gradient is small.

Since the wick surface is permeable, a portion
of the vapor produced by surface evaporation can
flow back into the wick. This is through diffusion
caused by the vapor concentration gradient in-
duced by the temperature gradient in the wick.
This also occurs through convection if a gaseous,
total pressure gradient exists. As shown in Fig. 7,
this inward vapor flow is most noticeable for high
burning rates because of the large pressure and
temperature gradients near the upper surface (Fig.
7a), but is not noticeable for the low burning
rates (Fig. 7b). It can also be seen that the
noncondensible gas is trapped near the cold sur-
face of the wick (z = 0) as a consequence of this
inward vapor flow.
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Mass Diffusion Adjacent to Surface for s, < 1

In the section on mass diffusion, we showed that
vapor diffusion adjacent to the wick surface is
greatly influenced by the ratio of the mean parti-
cle size to the concentration boundary-layer thick-
ness. The effect of A /\ is not significant because
for the problem considered, A\ is much smaller
than A. The predictions based on the develop-
ment made above give the variation of the nor-
malized mass transfer rate (Eq. 16) with respect
to the surface saturation defined in Eq. 1 and
6/d. The results are shown in Figs. 8 and 9 for
the conditions corresponding to the experiments.

0.8

0.7 -
06 -
0.5
Y 04

03

0.2

0.1

0.0 1 Il ] 1 | 1 L L L
0.0 0.5 1.0

S

Fig. 8. Variation of the mass fraction of ethanol y’ (at
Z = 0), with respect to the surface saturation, for several
8/d.

1.0 | Emmons’ prediction
09
0.8 I~
§ 0.7 -
‘B
06 -
05 o experiment
— prediction based on
external boundary layer
0.4 ~ ~—— prediction based on
internal two-phase flow
0‘ 3 1 1 4 1 1 1 1 1
0.0 0.5 1.0

5

Fig. 9. Typical variation of the burning rate with respect to
the surface saturation, for various é/d.
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As expected, the magnitude of ] /d greatly
influences the variation of the burning rate with
respect to the liquid saturation. As shown in Fig.
8, for & /d = 100, the normalized burning rate
has a magnitude of near unity, i.e., nearly inde-
pendent of 5,. As §/d — oo, the constant burn-
ing rate is reached, i.e., complete independence
of m/m, from s,.

When 6/d is finite (say less than 30 in the
examples shown in Figs. 8 and 9), the depen-
dence of the burning rate on the surface satura-
tion becomes more pronounced. The normalized
mass transfer rate, ri1 /1, decreases rapidly with
s, for 8/d less than 10. This indicates that the
additional diffusion in a space (A domain) caused
by the surface protuberance /indentation is impor-
tant for small values of §/d and can result in a
significant reduction of the vapor mass fraction at
the surface, y’(Z = 0). This observation is sup-
ported by a qualitative comparison of the predic-
tion (based on one-dimensional internal and ex-
ternal models) with the experimental resulits,
shown in Fig. 9. The experimental results are
close to the predictions for §/d = 15. If we
estimate the concentration boundary-layer thick-
ness for the experimental condition (Re, = 4200,
/ = 0.043 m), using the Blasius approximation
and assuming Sc = 1, we have

_ 152
5=—"Re, '?,
2

which gives 6 = 1.7 mm. The Carman-Kozeny
relation (based on nonconsolidated spherical
particles) gives the average particle size of the
ceramic wick as 55 um. Therefore, from the
experiments, we have 5 /d = 27. The differences
in 6/d between the predictions and the experi-
ments is mainly because the wick is not made of
nonconsolidated spherical particles and may have
a larger equivalent mean particle size than that
predicted from the Carman-Kozeny relation. De-
spite this difference, the above comparison points
out, from a mass diffusion point of view, the
importance of the effect of the surface saturation
on the burning rate for small &/d. Since & is
inversely proportional to the Reynolds number (to
the power —0.5 for laminar flows), the liquid
saturation dependence of the burning rate would
be more pronounced at high Reynolds numbers.
We can also view the influence of vapor diffu-
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sion in the A domain on the burning rate in terms
of a total resistance to diffusion, R, where R is
defined such that iz /i, = (R /R ;)~'. From Eg.
14, we arrive at the following approximation
(assuming In(1 + B) = B):

R d

= 3 for fixed B* and s,,
S

and

R &

o B**®, for fixed 5 and s,.
S

Then, as the ratio §/d decreases or as B* in-
creases, the total resistance to the diffusion in-
creases, resulting in a decrease in the mass trans-
fer rate. The first relation above is consistent with
the results shown in Fig. 9. The second relation
suggests that using fuels with high mass transfer
numbers may result in larger reduction in the
burning rate (for a given wick and surface satura-
tion).

In the vapor diffusion model given in the mass
diffusion section, the heat penetration into the
wick, which is a form of heat loss, was ne-
glected. This heat loss, which is due to the sub-
cooled state of the liquid supplied at the lower
wick surface, can be accounted for by modifying
the mass transfer number as [9]

Cp(Too - T’) + ByO,ooQ
ifg + Qc

where Q. is the heat penetration through the
wick, which is a function of the surface liquid
saturation. Our calculation indicates that Q. in-
creases slightly as s, decreases. Inclusion of Q.
reduces the value of B’, and, therefore, reduces
the predicted burning rate. For the typical case
shown in Fig. 5, Q. is less than 10% of the heat
for the evaporation of ethanol at the upper wick
surface. This gives a reduction of 10% in B’
However, since the liquid fuel used in the experi-
ment for the fully liquid covered surface is also
subcooled, we have a reduction in B* that is the
same order of that in B’. From Eq. 9, it can be
seen that these reductions may cancel each other
(if they are the same) in the expression of the
normalized mass transfer rate 7/ ,. Our calcu-
lation indicates that the difference in the predicted
m [, caused by including Q. is less than 2%.
This shows that in our experiments, the effect of

’

>
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the surface roughness is more important than that
of Q. because the effective thermal conductivity
of the ceramic wick used is rather small (Table
1). For wicks with larger k. (e.g., metallic
wicks), this subcooling effect becomes signifi-
cant. The exposed solid matrix transfers more
heat from the ambient gas to the liquid. There-
fore, the burning rate can remain the same or
even increase as the surface saturation decreases.
This effect of thermal conductivity of the solid
matrix on the burning rate has been observed
experimentally [18].

CONCLUSIONS

For liquid fuels supplied through wicks, the va-
por pressure at the surface being burned is high
enough so that the ratio of the characteristic
length of the exposed matrix (i.e., the surface
roughness) is much larger than the mean free path
of the vapor molecule. However, the ratio of this
characteristic length to the boundary-layer thick-
ness (momentum, thermal, and concentration)
may not be small, especially when the flow is at
least partly due to capillarity. Then, our results
show that the burning rate for partially exposed
wick matrices is less than that for fully liquid
covered surfaces. The permeability of 8.5 X
10~ '2 (m?) and porosity of 0.5 are typical of
wicks that offer large enough capillary pressure
(especially, suitable for surface orientations other
than horizontal) and yet their resistance to liquid
flow is not so large as to require an external
driving pressure. Therefore, we expect some de-
viations from the ideal behavior of planar,
liquid-film-covered surfaces when these wicks are
used as simulants. We also mentioned that the
ceramic wick used here has an effective thermal
conductivity that is much closer to that of the
liquid than some of the metallic wicks that have
been used as simulants. In the case of metallic
wicks, the exposed matrix of high thermal con-
ductivity tends to increase the burning rate.
Therefore, partial-liquid-covered metallic wicks
can, under certain conditions, have burning rates
as high as or even higher than that for the planar-
thin-liquid film covered surfaces.
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