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Unsteady Effects of Dissociative Cooling
Under High-Stagnation-Point Heat Loads

Benjamin P. Lacy,* Philip L. Varghese,” and Dennis E. Wilson*
University of Texas at Austin, Austin, Texas 78712-1085

By embedding a solid dissociating material into the porous outer structure of a projectile subjected to high-
stagnation-point heating, internal cooling may be achieved from the dissociation of the heated material and by
the subsequent outgassing of the products. Ammonium chloride, NH4Cl, which absorbs substantial energy upon
dissociation into ammonia and hydrogen chloride at temperatures over 613 K, is the principal material considered.
Stagnation-pointheat transfer solutions for the injection of the dissociation products of NH4Cl have been developed
and are coupled to a model of the internal heat and mass transfer through the porous medium to calculate the
transient temperature profiles during the flight of the body. Results show that dissociative cooling has the potential

to slow the rate of temperature rise of the body.

Nomenclature

= mass fraction of species i

= specific heat per unit mass at constant pressure,
J/kg-K

= mass average specific heat of gas mixture, J/kg - K

= binary diffusion coefficient, m?/s

= enthalpy, J/kg

= diffusive mass flux, kg/m? - s

= permeability, m?

thermal conductivity, W/m - K

molar mass

blowing parameter, 0, Uy, /+/ e ek

mass flow rate, kg/m? - s

molar flux, mol/s - m?

Nusselt number, g, x/(T, — T,,)k

= pressure, N/m?

= heat flux, W/m?

gas constant

Reynold’s number, u,x /v

temperature, K

= diffusion velocity, m/s

distance normal to body surface (into the body), m

= incremental spacing, m

T/T,

velocity gradient, du, /dx, at the stagnation point

= viscosity, kg/s - m

kinematic viscosity, m?/s

= density, kg/m*

one-dimensional velocity in the porous media, m/s

viscous dissipation

porosity

= mode fraction of species i
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Subscripts and Superscripts

amb = ambient

diss = dissociation

e = boundary-layeredge
eff = effective

f = formation
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i = ith species

int = interface of dissociating material
m = gas mixture

N = total number of species

S = solid

vol = averaged over entire volume

w = wall

Introduction

ROJECTILES, travelingathypervelocity,experiencehuge heat

fluxes that resultin ablation of the outer skin. The ablated mate-
rial absorbs and carries away energy and provides a boundary layer
to reduce heat transfer to the body. However, this loss of material
alters the body’s shape and the flow characteristics. This paper con-
tinues an investigationof an alternative means of providing cooling
called dissociative cooling."?

Dissociativecoolinginvolvesthe embeddingof a dissociatingma-
terial into the porous outer structure of a projectile (see Fig. 1). The
principal material considered here is ammonium chloride, NH,Cl.
At 1 atm, NH4Cl begins to dissociate into ammonia and hydrogen
chloride at 613 K (Ref. 3) and has a high enthalpy of dissociation,
approximately 3100 kJ/kg (Ref. 4). As the dissociation products
flow through the porous structure to the hotter outer surface, the
gas temperature will increase further, and the ammonia could break
down into nitrogen and hydrogen. The dissociations and gas flow
will absorb energy that would otherwise have gone to heating the
projectile. The outflowing gas mixture will provide transpiration
cooling, reducing the heat transfer to the surface. This effect was
first examined in Ref. 1, which examined the heat transfer reduction
for injection of NH,Cl into both equilibrium and frozen boundary
layers. These results were presented for various blowing rates and
also compared with more traditional transpiration studies that used
air and helium as injection gases. Reference 2 summarizes some
of the experimental results of this investigation, demonstrating that
the rise in temperature through porous beds doped with NH4Cl is
less than for undoped beds or beds doped with a control material
(MgSO,) that has similar thermal propertiesbut does not dissociate.
That paper also demonstrated that the transienttemperature profiles
inside the porous medium can be modeled if the mass distribution,
dissociation rate, and effective thermal conductivity of the bed are
known accurately.

Other materials, such as aluminum nitride and boronnitride, have
even greater enthalpiesof dissociationbut dissociate at much higher
temperatures. Ammonium chloride begins dissociation at 613 K
at 1 atm. At 100 atm (from Antoine’s equation), the dissociation
begins at 869 K (Ref. 3). This temperature range is low enough to
provide thermal protection when needed but not so low that all of
the ammonium chloride will have dissociated before the projectile’s
flight is completed.
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Fig. 1 Dissociative cooling concept.

The present paper will utilize the results of Ref. 1, where the
stagnation-pointheat transfer rate reduction due to NH4Cl dissoci-
ation was computed. This solutionis a multispecies version similar
to previous studies that used similarity analysis to determine the ef-
fects on heat transfer of air injection at the stagnationpoint.>® Those
results will provide the surface boundary conditions needed to de-
termine the time-dependent temperature profile in a porous body
doped with NH4Cl. This will allow an examination of the overall
effectivenessof dissociativecoolingin extending the potential flight
time of a projectile or other body.

Mathematical Model

Surface Boundary Conditions

Reference 1 solved the exterior flow equations around the stagna-
tion point for the injection of the products of NH4Cl under a variety
of wall and boundary-layer conditions. The solutions provided the
heat transfer rate and species concentrationat the wall as a function
of mass injectionrate (dissociationrate of NH4Cl). The heattransfer
rate can be expressed nondimensionally as

Nu_ _ qulvve/k
Ree (Te - Tw)ke

0y

Figure 2 shows the heat transfer rate as a function of the injection
parameter M for a blunt-body projectile traveling at Mach 10 at an
altitude of 54.9 km for 6,, = 0.25 and 0.5, assuming a completely
frozen boundary layer with noncatalytic wall. As can be seen, for
this case the variation in Nu/+/Re, is principally dependenton the
variation in mass injection, not the wall temperature ratio. Similar
results are obtained for the concentration of the various species at
the wall.

The independence of Nu/,/Re from the wall temperature ratio
allows for a decouplingof the interior and exterior flow solutions, so
that the surface conditionscan be determined solely by the projectile
flight conditions and the mass injection parameter

Pw Vu

NITS

at the surface at a given time during the flight (where we assume
that the solution at one time has no effect on the solution at a later
time).

Reference 1 also showed the process to be most effective for
bodies of large radius, at high altitudes, because for a given injection
rate (dissociation rate) the mass injection parameter is inversely
proportional to radius and p,. The dissociationrate was estimated
using an empirical extrapolation of experimental results giving the
forward reaction rate of NH,Cl vs temperature’

N(mol/s m?) = $9689¢ 61264/ Tin 3)

M= )

Even at high temperatures, the recession rate given by

. m iss
Vi = ——— @)
Iovol.NH4CL
is found to be small for sufficiently large radius bodies, where the
process is reasonably effective in reducing heat transfer. All of the
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Fig. 2 Effect of temperature ratio on heat transfer in frozen boundary
layer with noncatalytic wall.
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Fig. 3 One-dimensional model of porous medium with dissociating
NH,4Cl.

flow is therefore assumed outward through the surface. Also, disso-
ciation will be greatest at the nose, which is the point of highestheat
transfer. The gas outflow will be prevented from moving laterally
because the sides will still contain the dissociating material. How-
ever, to ensure outflow to the stagnation point, it may be necessary
to design the porous matrix to preferentially direct the flow toward
the surface. The recession rate assumes that the interface is along
one surface in the body, with no NH,Cl beneath the interface disso-
ciating before all of the NH,Cl at or above the interface dissociates.

Flow Through the Porous Medium

The first step in developing a solution is the formulation of the
equations for the flow through the porous medium. Because the
recession rate, relative to projectile radius, was shown to be small
for most cases, we use a one-dimensional transient model (Fig. 3).
The model s a semi-infinite porous plane with stagnation-pointheat
transfer occurring at one side and a moving interface of ammonium
chloride within. All heat transfer and mass flow is assumed to be
in the y direction. For a known dissociation rate, at the NH,Cl
interface, the time-dependent flow through the porous medium can
be determined.

The continuity equation for flow through the porous medium is

om op
I 2 5
2y ¢ P &)
The flow rate can be determined from Darcy’s law,?
K aP
U=——— (6)
u dy

which provides a relationship between the flow velocity, pressure
gradient,and material permeability. Thus, the mass flow rate is given
by
. - oP
m=pv=—K L 7)
u ay
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Assuming an ideal gas, the equation of state is given by
P = pRT (8)

Using these three equations, we obtain the combined equation of
flow

ao[K . 9 _
a—y[;Rl)a(ﬂT}} =¢ o ©

At the surface (y =0), the density at the stagnation point is deter-
mined from the given flight conditions. At the interface of the ammo-
nium chloride (y = yjy), the mass flow computed from Darcy’s law
is set equal to the dissociation rate determined earlier as a function
of temperature. These boundary conditions can be written as

p(y=0)=py (10)
K 93 )
__R/O_(IOT)}'"“ = Myigs (11)
uo 9y

The initial conditions are m1 (t = 0) = 0, except at the ammonium
chloride interface, T (t = 0) = Tipisa, and p (t = 0) = p,,.

To estimate the timescales for thermal and flow equilibration, an
idealized model is first solved. The combined equations of flow are
solved using finite difference methods. Figures 4 and 5 show the
mass flow rate as a function of position at several times in a porous
medium at a constantuniformtemperatureof 1000 K. The mass flow
rate at the interface undergoes a step increase from 0 to #7145, (Tin)
att = 0, and the gas phase is assumed to be NH; and HCl in equal
proportions with a stationary interface at y = 1 m. Figures 4 and 5
show different permeabilities. For a medium with reasonably high
permeability and low thermal conductivity, m goes to nigss on a
very short timescale (order of seconds) compared with the thermal
penetrationtime’ defined by

c,L?
t = u (12)
12k
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Fig. 4 Mass flow rate in a porous medium undergoing a step increase
in flow on one side with K =10~ m2 and ¢ = 0.8.
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Fig. 5 Mass flow rate in a porous medium undergoing a step increase
in flow on one side with K = 10712 m2 and ¢ = 0.8.

This time determines the rate at which temperature changes prop-
agate through the medium. For Al,O5; with ¢ = 0, the penetration
time is about 14 h. Hence the mass flow rate can be assumed to be
in equilibrium throughout the porous medium.

This allows a substantial simplification when solving the internal
flow problem because the flow rate through the medium does not
have to be solved continuously.Instead, the flow rate at any pointin
the body will be equal to the instantaneous/current dissociationrate.
As the dissociationrate changes, and the interface moves, only the
pressure field in the medium need be computed. This can be done
using Darcy’s law in the form

. K P 0P
Miiss = —— . (13)
1« RT 9y

which can be solved through the medium to the interface from the
known pressureat the surface. The m4;s is determined using Eq. (3).

Energy Equation

Having evaluated the effects of bulk flow through a porous
medium, the specific problem of heat-up of a porous medium em-
bedded with a dissociating material is now addressed. The energy
equations in enthalpy form must be solved to obtain the tempera-
ture profile throughthe porous medium as a function of time. Down-
stream of the dissociatinginterface, the equation for the gas mixture

lSlO

ah, v ah, 3P 9P
m m - o ——
P N MY
9 Y a—
= - ke -_— iUihi (I) 14
3y ff 3y Ei el +u (14)

and for the porous solid it is

ohy 0 oT
= —key— (15)
ot ay ay

Ps

where there are N gas products plus the porous solid. These equa-
tions are based on the following assumptions:

1) The flow is approximately one dimensional.

2) The temperature at each point is the same for both the gas and
the porous medium (one-temperature approximation).

3) The thermal conductivity k.;; can be reasonably estimated.

4) Radiation heat transfer is neglected.

Integrating over the pore area, one can show!! that

oP
u/ ®dA = —vA— (16)
ay

The one-temperature approximation and Eq. (16) for £ ® are com-
bined to give

(- oh, +o oh,, i oh,, ¢8P
- s m o, m——— — Q-
Pmyr TP dy o1
3 T &
= — | ky— — U h; 17
dy ( ff 3y ZP ¢ (17)
where m = —niy;s. This equation can be converted to temperature
using
ahm _ oT aCi
—=C,— hy— 18
Ty = Oy T Z n (18)
ahm _oT aCi
=c,— h,— 19
TR T Z ot (19)

and species continuity

aCi aCi apl Ui
it 2R 20
P ot tou ay ay (20)
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to obtain the equation that applies downstream of the interface:

lovc(l LG ]aT N aT AP
psc(1 — @) + pncp ” me,— o </>
9 AT aT
= —ke— — piUip—c,, 21
Iy oy & dy

Upstream of the interface, the energy equation is the solid body
transient conduction equation

[ose(1 = @) + P (pc)) ]aT iy oz (22)
SC - c - = €] .

L. PCp)NH,CI T dy £ dy

This assumes a porous medium that is fully packed with NH,Cl in
the matrix interstitial sites. The k. for the differentregions depends
on the porosity, the materials involved, and how they are arranged
in the matrix.

The boundary conditions at the surface are

aT

Xiw = Xi(y=0) (24)
At the interface, an energy balance yields
(0c,) oT + arhT _ Tam ¢8P
Cp)vo Cp —Cc,T— —¢p—
P ol g T T T Sy T P
apiUlT aszz
- —Zm—m L
d AT  mgsh
+ —ke— —= (25)
ay ay 1)

All dissociationis assumed to occur at the interface with no recom-
bination in the gas flow. At y = 00

T (OO) lmb (26)

The initial conditionsare 7 = T, Xair = 1.0, and y;,, = 0.0. The
recession rate is then calculated and the interface location tracked
with time.

Gas Mixture Concentrations

The wall boundary conditionsare determined from the solutionto
the outer flow problem as described in Ref. 1. The heat transfer and
wall concentrationscan be found from the known wall temperatures
at the selected flight conditions. The gas concentrationsof different
speciesat a given time and the diffusional velocities of those species
through the medium are also needed to solve the energy equation.
Knowing the surface concentrations at a given time and the mass
flow rate from the dissociationrate equation, these quantities can be
obtained using the Stefan-Maxwell equation'?

3 M, .
2 _ E N, 27
3y pD;; — XN @7

This equation can be solved iteratively to find the concentration
profiles from the surface to the interface. Using the concentration
and pressure profiles, one can find M,,, p,,, and the species velocity

Mm mdlbb

MNH4C1 Pm Xi

(28)

v =

for the NH4Cl products. Assuming no net air inflow, v; = 0 for the
air products. (Recession rate will be slow relative to gas velocity
out.) The diffusional velocity is

U, =v, — v, (29)

At a given time step, the Stefan-Maxwell equation must be solved
concurrently with Darcy’s law in the form given by Eq. (13).

Numerical Solution and Results

The compressible boundary-layerequations were transformed to
boundary value problems and solved using shooting with Newton

iteration. A fourth-order Runge-Kutta integrator was used to solve
the mass, species, momentum, and energy equations. A minimum of
500 points was used on all equations,and the iteration was continued
until the wall boundary conditions were satisfied using a relative
error tolerance of 107°. Reference 1 contains further details of the
numerical solution procedure.

The solution of the energy equation, Darcy’s law, and the Stefan-
Maxwellequationwere solved through the porous media using finite
differencing. Darcy’s law and the Stefan-Maxwell equation were
solved simultaneously using forward differencing for a truncation
accuracy on the order of Ax.

At each time step, the solution of these equations was used in
solving the energy equation for that time step. The energy equa-
tion was solved using forward time, centered space differencing for
truncation errors on the order of Ar and Ax?. A Ax/L of less than
0.0001 was used to minimize truncation error. Both time and spatial
step size were successively varied until the results were independent
of their size. Stability was ensured by selecting a sufficiently small
time step relative to Ax.

Both the external boundary-layer heat transfer problem and the
internal equationsmodeling the flow through the porous media were
solved on a SPARC Station IPC.

Numerical simulations were conducted to assess the relative ef-
fect of porosity, permeability, and nose radius on the temperature
profiles at various times. In all cases, the aerothermodynamicenvi-
ronment was constant, as defined by a Mach 10 flight at 54.9-km
altitude with a frozen boundary layer and noncatalytic wall assump-
tion. Figures 6-9 show data for a low-porosity (¢ = 0.2) matrix,
and Figs. 10-13 show data for a high-porosity (¢ = 0.8) matrix.
The effects of first varying permeability and the nose radius are
investigated to determine the overall effectiveness in reducing the
temperature. The last result, given by Fig. 14, shows the effect of a
two-layer model for permeability.

Figure 6 shows the temperature profiles for a body of radius 0.1 m
with a fully packed porosity of 0.2. The porous matrix has pc equal
to that of aluminum oxide ceramic. An effective thermal conductiv-
ity of k.y = 0.1 W/mK was used throughoutthe body. Low thermal
conductivities were used throughoutthis section because the higher
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Fig. 6 Temperature profiles at various times for a large (0.1-m) nose
radius body with ke = 0.1 W/mK and ¢ =0.2.
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Fig. 7 Temperature profiles at various times for a large (0.1-m) nose
radius body with ke = 1.0 W/mK and ¢ =0.2.
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Fig. 8 Temperature profiles at various times for a small (0.01-m) nose
radius body with ke = 1.0 W/mK and ¢ = 0.2.
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Fig. 9 Temperature profiles at various times for a small (0.01-m) nose
radius body with kg = 5.0 W/mK and ¢ =0.2.
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Fig. 10 Temperature profiles at various times for a large (0.1-m) nose
radius body with ke = 0.1 W/mK and ¢ = 0.8.
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Fig. 11 Temperature profiles at various times for a large (0.1-m) nose
radius body with ke = 1.0 W/mK and ¢ = 0.8.

the thermal conductivity, the longer it took to obtain sufficient tem-
perature rise and, hence, the longer the computer run time. As will
be seen, the magnitude of the thermal conductivity is much less
significant than the differencesin thermal conductivity through the
body. Figure 6 shows that temperatures for the case where disso-
ciation and subsequent transpiration occurs are significantly lower
than for the case without dissociation. At 20 s into the flight, the
surface temperature difference has peaked and started to decrease

2000 ¢
\\ Diss., t=10.0s
AN No Diss., t«10.0s
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0.0000

Fig. 12 Temperature profiles at various times for a very large (1.0-m)
nose radius body with ke = 0.1 W/mK and ¢ = 0.8.
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Fig. 13 Effect of artificially increasing pc on the temperature profiles
at various times for a large (0.1-m) nose radius body with ke = 0.1
W/mK and ¢ =0.8.
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Fig. 14 Effect of discontinuous permeability, k. = 0.1 W/ mK down-
stream and kegr = 1.0 W/mK upstream, on the temperature profiles for
a large (0.1-m) nose radius body with ¢ = 0.8.

slightlyas the interfacerecedes. At this time, the interface,identified
by the discontinuity in the slope of the line, has receded about 1%
of the body radius into the body. The interface temperature initially
increasesrapidly and then levels off and remains relatively constant,
decreasing slightly as it recedes deeper into the body.

Figure 7 is for the same body but with k.y = 1.0 W/mK. As
can be seen, the temperaturerise is much slower, but the maximum
temperature difference is about the same, though it occurs at later
times and with the interface fartheraway from the surface due to the
swifter conduction of heat into the body. The interface temperature
is about the same.

Figure 8 illustrates a body with the same thermal properties and
geometry as Fig. 7 but with a radius of 0.01 m. This corresponds
to a higher heat transfer rate and hence a more rapid temperature
rise. Because the heat transfer rate is greater, the interface tem-
perature is higher, and therefore the interface recession is faster.
The temperature differences are not quite as great but are still
fairly large, even after the interface has receded significantly. The
one-dimensionalapproximationis probably not adequate for a body
this small, as the recessiondistance is significant compared with the
radius. Figure 9 is for the same body but with k. = 5.0 W/mK.
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As expected, the temperature rise is slower, but the magnitude of
the difference is about the same. The interface temperature is also
about the same as in Fig. 8.

Figure 10 shows results for a body with a radius of 0.1 m and
ke =0.1 W/mK but with a fully packed porosity of 0.8, which gives
ahigherdissociationrate for a giveninterface temperature. The tem-
perature differences are much greater than those in Fig. 6, the inter-
face temperatures are lower, and hence the recessionrate is slower.
Thus, the time the body will be protected is greater. Figure 11 is for
the same body but with ke = 1.0 W/mK. The maximum tempera-
ture differenceis about the same as the difference shown in Fig. 10.
The principal change is the time lag before the temperature rise,
similar to what was seen when varying kg for a body with ¢ =0.2.

Figure 12 is for a body with the same thermal properties and
geometry as Fig. 10 but with a radius of 1.0 m. Because the heat
transfer is reduced and the transpiration cooling part of the process
is more effective as discussed earlier, the interface temperature is
lower and the recessionrate slower. The temperature differencesare
very substantial even at long times.

Figure 13 is for a body with the same thermal properties and
geometry as Fig. 10 but with a heat capacity 10 times as large.
Because of the large heat capacity, the temperature rise is slower,
and interface temperatureis slightly lower. Temperature differences
arereduced, thoughthey are stillsignificant, particularlyconsidering
the magnitude of the increase in heat capacity and the consequent
reduction in the rate of temperature rise.

Figure 14 is for the same body as Fig. 10 but with k. = 0.1
W/mK downstream of the interface and 1.0 W/mK upstream of the
interface. As the interface moves away from the surface, the tem-
perature downstream of the interface rises rapidly above that for
the case without dissociation. Obviously the much higher thermal
conductivity outweighs the effects of dissociationin carrying away
heat. It therefore follows that dissociativecooling may not be effec-
tiveif there is a substantialchangein thermal conductivityacross the
interface. One may conclude that, if the thermal conductivity of the
solid is decreased significantly by making it into a porous matrix,
the process may not be as effective as using a solid projectile tip.

The other major unknown in all of these calculations was the
permeability K. However, the variation of K has almost no effect
on the temporal results. Substantial changes in flow density and
pressure in the body have little effect on the energy equation, even
at porosities approaching unity. The temperature gradient effects
outweigh these effects by a large margin. However, pressure and
density changes do have an effect (not considered here) because
they can alter the dissociationrate from the empirical relation used
in these calculations, and they also affect any subsequentdissocia-
tion/recombination within the flowstream.

Although the effect on the heat transfer to the surface by the out-
gassingof the dissociated NH,ClI can be compared with the standard
works,° there are no data on the composite effect of breakdown
and outgassing of a dissociating material in a porous medium to
compare with the results presented here. An experimental test will
be required to confirm these results.

Conclusions

It has been shown that dissociative cooling can provide a sig-
nificant reduction in the rate of temperature rise of a body sub-

jectedto high-stagnation-poirt heatloads. This thermal protectionis
achieved through a combination of internal cooling from the NH,Cl
dissociation and a reduction in heat transfer to the body from tran-
spiration cooling.

Results of modeling a projectile traveling at Mach 10 at 54.9 km
with a frozen boundary layer and noncatalytic wall show the scenar-
ios for which the dissociative cooling process is most effective. For
a projectile of ¢ = 0.2 and r = 0.1 m made of Al,Os3, the surface
temperature is about 16% less 2 s into the flight and still 8% less
20 s into the flight. If porosity is increased to ¢ = 0.8, the surface
temperature is reduced about 30% at 2 s and 20% at 40 s. If the ra-
dius is increased to 1.0 m with ¢ = 0.8, the surface temperature
is reduced 30% at 10 s, about 39% at 60 s, and 30% at 200 s. The
process can be seen to be most effective for large-radiusbodies with
high porosity, i.e., more NH,Cl.

The thermal conductivity of the material to be protected is also
important. If the thermal conductivity of a solid is decreased sub-
stantially when formed into a porous matrix, then dissociative cool-
ing may not be effective. Also, if the effective thermal conductivity
decreases significantly downstream of the interface from upstream,
then dissociative cooling may not be effective.
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