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Abstract

A computational model is developed to study the effects of alumina layer formation on an ablative surface, when

exposed to high temperature particle laden gas flow. The one-dimensional model is developed taking into consideration

the thermal loading, particle loading and the temperature dependence of the thermo-physical properties of alumina. A

fully implicit finite volume method is used to solve the coupled set of non-linear heat conduction equations. The

solidification interface is tracked using the Lagrangian interpolation technique. The particle mass flux was found to be

the major factor affecting the solid layer growth rate and the heat transferred to the ablative layer. The gas heat flux also

has a major effect on the solid growth rate and the heat transferred to the ablative surface, but only for the lower

particle mass fluxes. On the other hand the particle temperature has a linear effect on the solidification dynamics and the

heat transferred to the ablative surface for all particle mass fluxes. The heat transferred to the ablative surface is reduced

by approximately 40–90%, depending on the mass fluxes, due to the formation of the alumina layer.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Phase change phenomenon has been widely studied

over the past several decades. Phase change problems

with a moving boundary introduce the added complex-

ity of resolving the interface position as an inherent part

of the solution. A method for tracking this moving

boundary in a fixed domain is given by Crank [1] and

has been used by numerous researchers. A heat transfer

situation with a moving boundary and simultaneous

expanding domain is presented here. In this problem the

domain expands due to mass influx and an internal

moving interface is present due to phase change.

One area where this type of problem is of concern is

in the design of missile canister launchers. When the
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missiles are launched from canisters the exhaust plumes

impose severe thermal and surface erosion on the walls

of the plenum and uptake regions. To protect the

launchers from severe erosion, thick ablative liners are

used to absorb the thermal load. The aluminum used to

increase the performance of the solid propellant yields a

two-phase exhaust plume consisting of molten alumina

(Al2O3) and gaseous products of combustion. Some

exhausts contain up to 40% by weight of alumina in the

exhaust products [2]. The size distribution of the alu-

mina, and the complex supersonic exhaust flow results in

a range of local alumina number density impinging onto

the ablative layer. As the molten alumina impinges on to

the surface it forms a layer that, due to the ablative layer

thermal response, quickly freezes. In the early phase of

the missile launch the presence of alumina particles in

the exhaust plume results in a high mechanical and

thermal erosion of the ablative surface. Initially a solid

alumina layer forms over the ablative surface. Later, as

the solid alumina layer grows a melt layer begins to

form, consequently the alumina becomes a complex
ed.
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Nomenclature

cp specific heat capacity of alumina, J/kgK

H latent heat of solidification of alumina, J/kg

k thermal conductivity of alumina, W/mK

L instantaneous thickness of the alumina

layer, m

Lref length reference, m

_m00
p particle mass flux, kg/m2 s

_m00
s solidification rate of alumina, kg/m2 s

_q00ab heat flux at the ablative surface/solid alu-

mina interface, W/m2

_q00gas gas heat flux, W/m2

_q00s heat flux at the alumina/gas interface

_q00S=L heat flux at the solid/liquid alumina inter-

face, W/m2

_q00KE particle kinetic energy converted to thermal

energy, W/m2

_q00part particle thermal energy, W/m2

_q00lat heat released from solidification, W/m2

s thickness of the solid alumina layer, m

t time, s

tref reference time, L2
ref=ao, s

T temperature, K

Ta fail temperature of the ablative surface, K

Ti melting temperature of alumina, K

Tp particle temperature, K

Ts temperature of the alumina surface, K

Dt time step, s

y y-direction

Greek symbols

a thermal diffusivity of alumina, m2/s

d non-dimensional solid alumina layer thick-

ness

dl thickness of the liquid alumina layer, m

dn thickness of the deposited alumina in each

time step, m

ds thickness of the solid alumina layer, m

ds=L relative thickness of solid alumina layer

Df non-dimensional spatial step, Dy=L
Ds non-dimensional time step, Dt=tref
f non-dimensional thickness of the alumina

layer, y=LðtÞ
h non-dimensional temperature, ðT � TaÞ=

ðTp � TaÞ
q density of alumina, kg/m3

s non-dimensional time, t=tref

Subscripts

l liquid alumina layer

o properties evaluated at the reference tem-

perature

s solid alumina layer
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structure of solid and liquid phases which protect

the ablative layer from further mechanical and ther-

mal erosion. The thermal load on the ablative layer

decreases during the course of the missile launch due to

the increasing thickness of the alumina layer. To incor-

porate design modifications to the existing missile

launchers and to design future missile launchers, accu-

rate estimates of these thermal loads during a missile

launch is required. Improving the design of the exist-

ing launchers would increase the number of missiles

that could be fired from a canister before ablator

refurbishment and will help in launching high-impulse

missiles from the canisters. Also, accurate heat transfer

predictions are needed in the case of missile launch

failure where by the ablative layer should be able to

withstand the thermal loading throughout the motor

burn.

The details of the two phase formation of this alu-

mina layer and its effects on the surface heat transfer and

ablation is still unresolved. This problem has been

analyzed by a number of previous researchers who have

allowed for a range of assumptions to simplify the

problem. All of the previous models either under pre-

dicted or over predicted the limited experimental results
of the ablation rate due to the assumptions made in

the course of developing the model.
2. Previous models

Soo Hoo [3] developed a heat transfer model taking

into consideration the particle kinetic energy and con-

vective heating of the gas plume. He used a two-phase

inviscid hydrocode to calculate the particle velocity and

exhaust gas flow field. In his model he assumed the melt

layer surface temperature to be equal to the particle

temperature. Due to this assumption the effect of the

particle thermal energy and the gas phase convection

was found to be negligible. His results under predicted

the experimental erosion results which were attributed to

the inviscid nature of the hydrocode. Yang et al. [4,5]

developed a model taking into effect the mechanical

erosion and thermo-chemical ablation of the ablative

layer. But they failed to account for the formation of the

melt layer. They assumed that the particles impinge on

the ablative surface and then bounce off. Later Cheung

et al. [6] extended Yang’s [4,5] model by taking into

account the formation of the melt layer on the ablative
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surface. They calculated the melt layer thickness near the

stagnation region. In their study they found that the

presence of the melt layer not only decreases the particle

velocity and hence the mechanical erosion, but also acts

as a thermal shield reducing the heat transferred to the

ablative surface. But their model fails to account for the

solidification of the alumina layer. Lewis and Anderson

[2] developed a model taking into account both the solid

and liquid alumina layer formation. In their model they

assumed that when the liquid layer is growing the solid

layer is of constant thickness and when the solid layer is

growing the liquid layer is of constant thickness. Their

model failed to account for the simultaneous growth of

solid and liquid alumina layers and does not account for

temperature variation of the thermo-physical properties.

Their model results under predicted the experimental

results for the ablation rate.
Fig. 1. Schematic of ablative layer exposed to particle laden

flow.
3. Present approach

In this work a transient, one dimensional heat

transfer prediction model that includes the combined

effect of melt layer formation and solidification is

developed. The goal is to relate the heat transferred to

the ablative surface to the parameters of the system i.e.,

particle mass flow rate, particle temperature, and gas

heat flux. In formulating the model the variation of the

thermo-physical properties with temperature is ac-

counted for i.e., thermal conductivity and specific heat

capacity. Also, the solid and the liquid layer are allowed

to grow simultaneously, albeit at different rates. A finite

volume approach is used in developing the model. The

model uses a transformed grid to account for the mass

influx and variable control volume size at the moving

phase change interface. The control volume size near the

solidification interface and the location of the interface is

calculated using a Lagrangian interpolation technique.

The model predicts the heat transfer effects inside a

recirculation region where the shearing effect of the

supersonic gas flow is small [2].

The intent of the present model is to understand the

heat transfer to the ablative surface as influenced by the

melt layer formation. The goal is a better understanding

of the melt layer growth rates, the solidification process,

and heat transport through the two phase layer. It is not

intended to integrate the gas plume, melt layer and

ablative layer heat transfer dynamics at this time. As-

pects of ablative layer decomposition with resultant

mass and heat transfer is not included. Any radiation

effects from the gas plume are incorporated into the

imposed melt layer heat flux at the melt layer surface. A

more comprehensive model of the ablative process

should eventually be coupled with both the ablative

dynamics as well as the gas plume convective and radi-

ative effects.
4. Development of physical and mathematical model

To facilitate mathematical formulation of the heat

transfer problem, the following conditions are em-

ployed: (1) the fail temperature of the ablative layer

(1600 K) is reached instantly and remains constant; (2)

the effect of the shear stress due to the exhaust gas on the

top of the melt layer is neglected; (3) there are no

advection effects due to the pyrolysis gases from the

ablative layer; (4) the solid/liquid interface temperature

is at 2327 K (melting temperature of alumina) i.e., a

fixed interface temperature and there is no mushy re-

gion; (5) the kinetic energy of the particles is fully con-

verted into thermal energy; (6) the ablative surface is

exposed to a constant average particle mass flow rate;

(7) the gas phase applies a constant heat flux on the

surface of the melt layer (this condition is valid during

the initial stage of development where the temperature

difference between the alumina and the gas plume is

large); and (8) the process of heat transfer is treated as

transient and one-dimensional.

Fig. 1 shows a schematic of the ablative layer exposed

to a particle laden gas flow. Since the mass flow rate per

unit area, _m00
p, of the alumina particles is assumed to be a

constant, the thickness of alumina deposited on the

ablative layer during any time interval Dt is given as:

dn ¼
_m00
pDt

q
ð1Þ

The mass flux is taken as a range of typical values in a

gas plume with particle sizes in the range of 1–100 lm,

with a mean value of 11.7 lm. The associated average

particle velocity is approximately 1650 m/s [4]. We

choose to use the total mass flux as the parameter of

interest in presenting the results while the kinetic energy

associated with this flux is accounted for in the overall

energy deposition, discussed later.

The temperature distribution in the deposited alu-

mina layer, considering both the solid (s) and liquid (l)



2622 T. Bala et al. / International Journal of Heat and Mass Transfer 47 (2004) 2619–2628
layers, is governed by the transient one dimensional heat

conduction equation [1]:

qscps
oTs
ot

¼ o

oy
ks
oTs
oy

� �
06 y6 sðtÞ ð2Þ

qlcpl
oTl
ot

¼ o

oy
kl
oTl
oy

� �
sðtÞ6 y6LðtÞ ð3Þ

In order to start the calculations, the initial condition

assumes the presence of a very thin layer of alumina

(0.1% of the total thickness at the end of calculations for

the thinnest layer case). This layer is at a uniform tem-

perature equal to the fail temperature (1600 K) of the

ablative layer. The temperature at the alumina/ablative

layer interface (y ¼ 0) is a constant temperature

boundary condition given by:

T ð0; tÞ ¼ Ta ð4Þ

At the gas/alumina interface (y ¼ LðtÞ) a constant heat

flux boundary condition is applied given by:

�k
oT
oy

� �
y¼L

¼ _q00s ð5Þ

The magnitude of the outer surface heat flux is affected

by different factors depending on whether the alumina

layer is in the early phase or late phase of development;

this is described in the following.

The early phase of alumina layer development is

defined as the phase of development in which near

instantaneous solidification of alumina occurs. This is

due to the large temperature difference between the

incoming alumina particles and the surface temperature

of the alumina layer. Consequently, during this time

only the solid alumina layer exists. Due to this near

instantaneous solidification the latent heat released from

solidification of alumina, the gas heat flux _q00gas and the

kinetic energy _q00KE of the particles sum to equal the

surface heat flux _q00s boundary condition.

_q00s ¼ _q00gas þ _q00KE þ qH
os
ot

ð6Þ

The late phase of alumina layer development is

defined as when the outer surface temperature of the

alumina layer rises above the melting temperature of

alumina so that both solid and liquid alumina layers co-

exist. With the solid and liquid alumina layers growing

simultaneously, although at different rates, the Stefan

condition should be satisfied at the solid/liquid alumina

interface [1], which is given as:

�ks
oT
oy

� �
s

þ kl
oT
oy

� �
l

¼ �qH
os
ot

at y ¼ sðtÞ ð7Þ

The heat flux boundary condition at the alumina/gas

interface, _q00s , for the late phase includes only the gas heat
flux _q00gas and the kinetic energy _q00KE of the particles

and is given by:

_q00s ¼ _q00gas þ _q00KE ð8Þ

Since the particle thermal energy is released after the

particle enters the melt layer, the thermal energy of the

particles is directly added to the top of the melt layer and

hence not included as a boundary condition. The ther-

mal energy of the deposited alumina particles is based

on a volume-averaged temperature. The averaged tem-

perature is assigned to the new expanded grid at the top

surface. This averaging uses the original volume of the

top surface grid at the current time temperature and the

added volume due to particle influx at its influx tem-

perature.

Prior to formulating the finite volume equations, the

coordinate system is transformed from the dimensional

space and time coordinates, y and t, to the correspond-

ing dimensionless variables f and s. The dimensionless

variables are defined as f ¼ y=LðtÞ and s ¼ t=tref , where
LðtÞ is the instantaneous thickness of the alumina layer.

Since the reference length, LðtÞ, is time dependent, using

this length to determine a reference time scale, tref ¼
LðtÞ2=ao, makes the problem indeterminate. Conse-

quently, the reference time is made independent of the

time dependent reference length by using an final time

reference length, Lref which is the layer thickness at the

end of the calculations. The time used to calculate the

reference length was chosen as the total time over which

the calculation was to be executed, which is 5 s. Thus the

reference time is constant throughout the calculation but

the reference length is determined at every time step.

After coordinate transformation and using a con-

tinuous function for the thermo-physical properties, the

non-dimensionalized governing equation is given by:

oh
os

¼ a
ao

L2
ref

L2

o2h

of2
þ 1

L
dL
ds

ofh
f

�
� h

�
06 f6 1 ð9Þ

The solution of this equation along with the appropriate

boundary and initial conditions results in the tempera-

ture distribution in the alumina layer. But the difficulty

in solving the equation arises in accounting for the mass

influx and tracking the solid liquid interface. To account

for the mass influx two methods were identified. One

procedure to expand the solution domain is to increase

the number of control volumes. An alternative method is

to keep the number of control volumes fixed but to in-

crease the size of the control volumes as the mass is

being deposited. In developing the numerical model a

fixed number of control volumes with increasing size is

used. This method is used for its reduced computatio-

nal time and storage requirements. In the equivalent y
coordinate the thickness of the alumina layer increases

with time and accounts for the mass influx by increasing

the size of the control volumes. But in the dimensionless
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f coordinate the thickness of the alumina layer at any

time is equal to unity. Employing a constant number of

control volumes yields a non-dimensional spatial step

size that is constant throughout the solution domain and

independent of time.

The solution domain is divided into equally spaced

control volumes and the general discretization equation

for any arbitrary control volume is derived by inte-

grating Eq. (9) over space and time. Using a piece-wise

linear profile for the variation of temperature between

grid points and a fully implicit method to march forward

in time [7], the discretized governing equation is given

by:

qcp
qocpo

ðhP � hoPÞ
Df
Ds

¼ L2
ref

L2

ke
ko

hE � hP
Df

�
� kw

ko
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�

þ 1

L
dL
ds

qcp
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ðfhÞE þ ðfhÞP
2

�

� qcp
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ðfhÞP þ ðfhÞW
2

� qcp
qocpo

hPDf

�

ð10Þ

The subscripts W and E represent the west and east grid

points respectively and the subscripts e and w represents

the east and west control volume faces (see Fig. 2). The

non-linearity caused by the variable thermo-physical

properties is solved by letting the properties lag one

time-step. The thermal conductivity at the control vol-

ume faces are calculated using the harmonic mean. Eq.

(10) is a general equation for the internal grid points and

it is suitably modified to account for the boundary

condition.

When the multiphase layer begins to expand, the

solid/liquid interface is tracked by having a variable

control volume size near the interface. In this manner

the interface is always located between two adjacent

control volumes. To calculate the size of the control

volume near the interface, and hence the interface

location, the Stefan condition, Eq. (7), is used. The

partial derivatives in the Stefan condition are approxi-

mated using the three point Lagrangian interpolation

formula [1]. Since the interface location and temperature

is known they can be used to specify a constant tem-

perature boundary condition for those control volumes

adjacent to the interface.
Fig. 2. Schematic of the grid points for the one-dimensional

model.
5. Model verification

The model problem in this study does not have an

analytical solution. The best way to assess this com-

putational model is to suitably modify it to closely

represent an analytical solution. The closest analytical

solution available for this model is the Stefan problem

[1]. For the computational model to closely resemble the

Stefan problem, the mass influx was reduced to an

insignificantly small value such that the solution domain

does not noticeably expand between time steps. The

initial condition for the computational model is such

that there is sufficient amount of deposited material to

establish the grid. The surface heat flux is also reduced

to a very low value such that the heat flux does not affect

the temperature distribution of alumina layer. To com-

pare the solution of the computational model with the

Stefan analytical solution an initial alumina layer

thickness of 10 mm with a uniform temperature of 2800

K was used. A low mass flux of 1 mg/m2 s was main-

tained. The maximum error of the temperature predicted

by the numerical solution is less than 0.02% of the

analytical result. This comparison helps to partially

verify the accuracy of the computational model.

In addition, the model results were further evaluated

for spatial step and time step convergence. The variation

in temperature distribution for 100, 200 and 500 cells

was analyzed and was found that the maximum error in

temperature when the grid is refined from 100 to 200

cells is approximately 0.17%. Further refining the grid to

500 cells reduced the error to 0.10%. The temperature

distribution for diffusion numbers 0.5, 0.1 and 0.01 for

500 cells was also studied. The change in temperature

when the diffusion number is decreased from 0.5 to 0.1

was found to be about 0.023%. Further decreasing the

diffusion number to 0.01 results in a temperature change

of about 0.0006%. Based on these observations a diffu-

sion number of 0.01 was used. Although the number of

cells was fixed throughout the calculation procedure for

any given mass flux, the number was increased linearly

with the mass flux to maintain the same accuracy of the

computational solution. Thus spatial and temporal

convergence of the numerical solution was ensured.
6. Results and discussion

A total of 50 cases were evaluated to analyze the

effects of particle mass flux, gas heat flux and particle

temperature on the heat transfer process. A discussion

of all these cases is given by Thirunavukarasu [8]. Table

1 gives the range of the system variables that were used.

All the particles are assumed to have a uniform

velocity of 1650 m/s and the kinetic energy is calculated

based on this velocity. The fail temperature of the

ablative layer (1600 K), Ta, is used as the reference



Table 1

Test range for the system variables

Variables Test range

Particle mass flux, _m00
p 1, 2, 3, 4, 5 kg/m2 s

Gas heat flux, _q00gas 1, 3, 5, 7, 9, 11 MW/m2

Particle temperature, Tp 2400, 2600, 2800, 3000, 3200 K
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Fig. 3. Solidification growth rate for various mass flux for

_q00gas ¼ 3 MW/m2 and Tp ¼ 2800 K.
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Fig. 4. Relative solid layer growth rate for various mass flux

for _q00gas ¼ 3 MW/m2 and Tp ¼ 2800 K.
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temperature for the study and the reference thermo-

physical properties are evaluated at this temperature. An

initial time step, Dt, of 1 ms was used to form the initial

alumina layer for establishing the grid.

Table 2 shows the fractional distribution of energy at

time t ¼ 0 s for the base case conditions with Tp ¼ 2800

K and _q00gas ¼ 3 MW/m2 for various mass fluxes. The

table shows the various sources by which energy is ad-

ded to the system and the percentage contribution of

each source to the heat transferred to the ablative sur-

face. The gas heat flux, _q00gas, is the primary source for

lower mass fluxes. The particle kinetic energy, _q00KE, and

the particle thermal energy, _q00part, increase almost linearly

with mass flux. The latent heat released from solidifi-

cation, _q00lat, also increases with increasing mass flux and

eventually, at high mass flux levels, it becomes a con-

stant fraction of the heat flux to the ablative layer.

Fig. 3 shows the growth of the solid alumina layer, ds,
for different particle mass fluxes. There is a linear

solidification rate in the early phase of the alumina

formation where only the solid alumina layer exists. The

growth rate is obviously directly related to the mass flux

of the particles. In the early phase of development the

alumina layer is very thin and offers a minimal thermal

resistance to the heat flow through the alumina layer. As

the liquid alumina layer also begins to grow the solidi-

fication rate decreases. The time taken for the alumina

to enter into the later phase decreases with increasing

particle mass flux. This can be attributed to the larger

time scale associated with the solidification rate com-

pared to the deposition rate of alumina particles. Fig. 4

shows the relative solid layer growth rate ð _m00
s = _m

00
pÞ with

time. It can be observed that the solidification rate is

consistently much lower than the particle deposition rate

except for the lowest mass flux case at early times. This

results in a relative thickening of the liquid layer over
Table 2

Energy distribution for base case condition at t ¼ 0 s

_m00
p, kg/m

2 s 1 2

_q00ab, MW/m2 7.01 10.985

_q00gas= _q
00
ab 0.428 0.273

_q00KE= _q
00
ab 0.194 0.248

_q00part= _q
00
ab 0.234 0.298

_q00lat= _q
00
ab 0.144 0.181
time. The ratio ð _m00
s = _m

00
pÞ slowly decreases with time for

all mass fluxes beyond 2.5 s.

The effect of gas heat flux on the relative solid layer

thickness ðds=LÞ is presented in Fig. 5 for a particle
3 4 5

14.925 18.785 22.55

0.201 0.159 0.133

0.273 0.29 0.30

0.328 0.348 0.36

0.1966 0.201 0.202



0 2 4 6 8 10 12
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

q"
gas

 (MW/m2)

δ S
/L

m"p = 1kg/m2sec
m"p = 2kg/m2sec
m"p = 3kg/m2sec
m"p = 4kg/m2sec
m"p = 5kg/m2sec

Fig. 5. Effect of gas heat flux on the relative solid layer thick-
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Fig. 6. Effect of particle temperature Tp on the relative solid

layer thickness ðds=LÞ for _q00gas ¼ 3 MW/m2 at time t ¼ 5 s.
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Fig. 7. Variation of heat flux at the solid/liquid alumina

interface for Tp ¼ 2800 K and gas heat flux of _q00gas ¼ 3 MW/m2.
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temperature Tp ¼ 2800 K at time t ¼ 5 s. The effect

of the gas heat flux is found to be most predominant

for the lower mass flux of 1 kg/m2 s. For this low

particle mass flux, the relative solid layer thickness

decreases from 68% to 22% when the gas heat flux is

increased from 1 to 11 MW/m2. Increasing the gas heat

flux increases the heat flux at the solid/liquid alu-

mina interface. This increase in heat flux decreases the

solidification rate. The effect of the gas heat flux de-

creases with the increase in the mass flux. For a higher

mass flux of 5 kg/m2 s the relative solid layer thick-

ness decreases from 14% to 10% when the gas heat flux

is increased from 1 to 11 MW/m2. This small change

compared to the low mass flux case can be attributed

to a thicker liquid alumina. This thicker layer, due to

its increased sensible storage, transfers less heat to the

interface and the increase of _q00gas has a reduced impact

on the solid layer thickness.

The effect of particle temperature, Tp, on the relative

solid layer thickness ðds=LÞ is presented in Fig. 6 at time

t ¼ 5 s for a gas heat flux _q00gas ¼ 3 MW/m2. As the

particle temperature is increased the relative solid layer

thickness ðds=LÞ decreases. This is because the heat flux

to the solid alumina layer increases with particle tem-

perature and causes the solidification rate to decrease.

The effect of the particle temperature is approximately

linear with nearly the same slope for all mass fluxes.

Fig. 7 shows the variation of the heat flux at the solid/

liquid alumina interface with time. The heat flux at the

solid/liquid alumina interface is the energy leaving the

liquid alumina layer. This does not include the latent

heat of solidification of alumina. It can be observed

from the graph that the solid/liquid interface heat flux

decreases with time. The heat flux at the interface de-

creases with time due to the development of the liquid
alumina layer. The rate of decrease of the heat flux at the

interface depends on the particle mass flux. For the

highest mass flux of 5 kg/m2 s the interface heat flux

decreases approximately exponentially from 13 MW/m2

to as low as 2.5 MW/m2 over 5 s, which is about a 81%

decrease of the interface heat flux. For the lowest mass

flux of 1 kg/m2 s the heat flux decreases by 20%. A higher

mass flux results in a thicker alumina layer which in-

creases the sensible energy storage capacity and results

in a reduced heat flux at the interface. Different starting

times are observed for different mass fluxes in Fig. 7

since these results are meaningful only in the late phase

of alumina layer development. A longer time is required

to reach the late phase of liquid layer initiation for lower

mass fluxes.
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Fig. 8 presents the variation of the heat flux to the

ablative surface versus time for a particle temperature

Tp ¼ 2800 K and a gas heat flux _q00gas ¼ 3 MW/m2. The

heat flux to the ablative surface decreases with the

development of the alumina layer. During the early

phase, the ablative surface is exposed to very high heat

flux. As the alumina builds up on the ablative surface,

the heat flux decreases drastically to values below 5

MW/m2 after 2 s. Beyond this time results vary slowly.

This shows that over time alumina particles, although,

they impose a high heat flux during the initial phase,

form a protective layer over the ablative surface and

reduce thermal loading. The extent of this protection

depends on the thickness of the alumina, and hence

a higher mass flux of alumina particles tends to shield

the ablative surface more effectively.

The heat flux to the ablative surface for a particle

mass flux of 1 kg/m2 s is reduced by 39%, over a time

period of 5 s, by the development of the alumina layer.

Increasing the particle mass flux to 5 kg/m2 s, the heat

flux to the ablative surface is reduced by 88% over the

same time period. For this mass flux during the early

phase of development where only the solid layer exists,

the heat flux is reduced by 25%. But as soon as the

alumina enters the later phase of development, where

both the solid and the liquid alumina layers co-exist, the

heat flux to the ablative surface is reduced by 66%. Fig.

8 also shows that the thicker liquid alumina layer, which

is a result of higher mass flux, offers more thermal

resistance than the solid layer. This is evident from the

slope change in Fig. 8 when the liquid alumina layer

starts growing. This can be attributed to two effects.

One, there is a decrease in the thermal conductivity for

the liquid of up to 38% due to the temperature varia-

tions in the liquid region from 2400 to 4200 K. Second,

the thickness of the liquid layer becomes greater than
the solid layer with higher particle mass flux cases

having a higher thickness.

The effect of the gas heat flux on the energy trans-

ferred to the ablative surface is presented in Fig. 9 for a

particle temperature Tp ¼ 2800 K at time t ¼ 5 s. It can

be observed that as the gas heat flux increases the heat

flux to the ablative surface also increases, essentially

linearly. But for higher mass fluxes the rate of this in-

crease is less due to a thicker liquid alumina layer. As an

example, 21% of the 11 MW/m2 gas heat flux supplied to

the top surface does not reach the ablative surface for a

mass flux of 1 kg/m2 s versus 64% of the 11 MW/m2 gas

heat flux reaching the ablative surface for a mass flux

of 5 kg/m2 s.

Fig. 10 illustrates the effect of the particle tempera-

ture on the energy transferred to the ablative surface for

a gas heat flux of _q00gas ¼ 3 MW/m2 at time t ¼ 5 s. Fig. 10

shows that the heat flux to the ablative surface increases

linearly with the particle temperature. The slope is not

affected by the mass flux, but the temperatures are sig-

nificantly lower for higher values of mass flux. These

linear effects can be attributed to the direct addition of

particle energy to the alumina instead of applying it

through a boundary condition.

The computational model for this study was devel-

oped to better understand the heat transfer character-

istics associated with growth of solid and melt layer that

occur in vertical missile launch systems. Experimental

data from the missile launch systems is required to val-

idate the results of this computational model. The model

presented here imposes a constant heat flux boundary

condition at the outer surface which simulates the

gas interaction with the growth layer. In an actual sys-

tem the gas flow over the ablative surface imposes

a convective boundary condition, or a mixed thermal

boundary condition. To use the mixed boundary con-
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dition instead of the Neumann boundary condition, the

properties and the conditions prevailing in the exhaust

gas have to be known accurately. Due to the complexity

involved in the high speed supersonic flow, the convec-

tive effects of the exhaust gas was neglected. The use of

the Neumann boundary condition instead of the mixed

boundary condition causes the temperature of the alu-

mina to rise to high values, which might not be the case

if a mixed boundary condition were to be used. In spite

of this limitation of the model boundary condition, the

Neumann boundary condition is justified for studying

the heat transfer characteristics in the early stages of the

alumina formation. This is because the surface temper-

ature of the alumina is much lower than the gas

temperature resulting in a high heat transfer rate equiv-

alent to a Neumann boundary condition. The Neumann

boundary condition is also justifiable in situations where

the radiation heat effects are high and also in case of

high mass fluxes where the particle kinetic energy is high

enough to impose a constant heat flux boundary condi-

tion. Whether a constant heat flux boundary condition is

used or a mixed boundary condition is used, the effect of

the alumina is to protect the ablative surface, which

is evident from the results presented.

The flow characteristics of a supersonic exhaust gas

were investigated by Lewis and Anderson [2]. They

reported that the exhaust gas forms a characteristic

recirculation region, near the stagnation point, having

very low shear stress values inside the region. In this

region the alumina melt layer will not be smeared as it

would further away from the stagnation region. Hence

the computational model presented here is expected to

more accurately predict the melt and solid layer growth

rates and corresponding heat transfer in this stagnation

region since the melt layer is not convected. The
amount of particles entering this stagnation region de-

pends on the size distribution of the particles. It was

reported in the previous study [2], that only small size

particles are carried along the gas flow path, where as

the heavier particles impinge inside this stagnation re-

gion. Hence the predicted results of the computational

model will be close to the experimental results if the

particle distribution consists of larger size particles. In

this region liquid and solid alumina layers tend to grow

simultaneously as predicted in the model. The compu-

tational model can be extended to predict the heat

transfer characteristics away from the stagnation region

but with some error, which can only be found using

experimental data.
7. Conclusion

A more accurate heat transfer model of the alumina

layer was developed to study the solidification dynamics

of simultaneous growth of solid–liquid layers. The

model provides insight into the heat transferred to the

ablative surface. The effects of the thermal loading,

particle loading and temperature dependence of the

thermo-physical properties of alumina are included in

this investigation. The computational model was par-

tially verified using an analytical solution to the Stefan

problem. To further validate the computational model

experimental data are required. It can be concluded that

the particle mass flux is the major factor affecting the

solidification growth rate of alumina and the develop-

ment of the liquid alumina layer. However, the effect of

the gas heat flux was found to have a major effect on the

solidification dynamics for the lower mass fluxes. As the

mass flux increases to higher values, the thermal resis-

tance of the alumina layer also increases and helps to

reduce the influence of the gas flux effectively. The par-

ticle temperature has a linear effect on the solid layer

growth rate.
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