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Dissociative Cooling: Effect on Stagnation Heat Transfer
of Gas Mixture Injection

Benjamin P. Lacy,* Dennis E. Wilson,' and Philip L. Varghese*
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By embedding a dissociating material into the porous outer structure of a projectile, stagnation-point heat
transfer may be reduced by transpiration cooling resulting from the outflow of the dissociated gas products.
The principal material considered is ammonium chloride, NH4Cl, which dissociates at temperatures over 613 K,
hence providing additional heat-transfer reduction. Stagnation-point heat-transfer solutions for the injection of
the dissociation products of NH4Cl into both equilibrium and frozen boundary layers are presented and compared
with those for the injection of other gases such as helium. Results show that dissociative cooling has the potential
to provide a significant reduction in stagnation-point heat transfer as temperatures rise, because the gas injection
rate increases with the temperature of the NH,Cl interface.

Nomenclatare xi = mole fraction of species i

C = pu/(pLL). Qp = diffusion collision integral
¢ = mass fraction, p;/p w; = mass rate of species formation
cp = specific heat per unit mass at constant pressure
Cp = mass-average specific heat of gas mixture Subscripts and Superscripts
D = multicomponent diffusion coefficient
D = binary-diffusion coefficient € = boundary-layer edge
f = quantity defined by Eq. (8) f = formation
B = enthalpy i = gth species o '
; e int = interface of dissociating material
J = diffusive mass flux . . ; .
A = thermal conductivity J = 1nc.1ex that dgﬁnes flow as two dimensional or
t =pu/(pw)w axisymmetric
Le = Lewisnumber, D,¢,/k m = mixture i
M = molar mass n = total numper of species o
M = blowing parameter, p,Vy//Prfick tr = monatomic value of thermal conductivity
N = molar flux wo = wall
Nu = Nusselt number, g, x /(T, — T,,)k .
P = pressure Introduction
Pr = Prandtl number, pc,/k HE use of transpiration cooling to reduce stagnation-point heat
q"” = heat flux transfer has been demonstrated to have significant potential in
R = gasconstant a number of analytical and experimental investigations.!~1° One
r = cylindrical radius variation on transpiration cooling was presented by Camberos and
Re = Reynolds number, u,x/v Roberts.!! They suggested use of an internal ablator placed behind
T = temperature a porous outer nose. Vaporized gas from the ablator would flow out
u = x-component velocity through the porous outer surface, providing transpiration cooling.
v = y-component velocity The present report investigates a further variation on transpiration
x = distance along body surface cooling called dissociative cooling.
y = distance normal to body surface ‘ Dissociative cooling involves the embedding of a dissociating
£ = well depth in intermolecular potential material into the porous outer structure of a projectile (Fig. 1). The
n = transformation defined by Eq. (6) principal material considered here is ammonium chloride, NH4Cl.
0 =T/T, Ammonium chloride begins to dissociate!? into ammonia and hy-
K = velocity gradient, du,/dx drogen chloride at temperatures over 613 K. As the resulting gases
|7 = viscosity flow through the porous structure to the hotter outer surface, the
v = kinematic viscosity gas temperature will increase further and the ammonia will begin
3 = transformation defined by Eq. (7) to break down into nitrogen and hydrogen. These dissociations will
P = density
o = collision diameter
®;; = function of molar masses, ,/M;/M;
¢ = porosity
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absorb energy that would have otherwise gone to heating the projec-
tile. The out flowing gas mixture will provide transpiration cooling,
which reduces the heat transfer to the surface.

Ammonium chloride has been chosen for study because of its

material properties. It has a high enthalpy of dissociation, around .

3100 kJ/kg. Other materials such as aluminum nitride and boron
nitride have even greater enthalpies of dissociation but dissociate
at much higher temperatures. The dissociation temperature of am-
monium chloride 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.

Previous work? examined the effect of air-to-air injection.
Weston® examined the case of equilibrium dissociating air injec-
tion. Several reports®~ have looked at the effects of the injection
of helium. Sparrow et al.* examined the effect on heat transfer and
recovery temperature of the Dufour effect (concentration-gradient-
driven heat transfer) for a number of different single-species gases.
This paper showed that the Dufour effect is most significant for
the injection of low-molecular-weight gases at high injection rates
with wall temperatures close to the boundary-layer edge temper-
ature. Sparrow et al.® also examined the effects of both thermal
diffusion (heat-transfer-driven diffusive flux) and the Dufour ef-
fect on heat transfer for helium injection at the stagnation point.
This report showed that the Dufour effect had a much greater ef-
fect on heat transfer than did thermal diffusion. Henline!'® used the
BLIMPK code to compare heat-transfer rates for the injection of dif-
ferent single-species gases under single-stage-to-orbit conditions,
with finite-rate surface reactions. All of these papers showed that
transpiration flow could reduce the convective heating to the stagna-
tion point, with low-molecular-weight gases being most effective,
particularly at high flow rates.

However, little work has been done on injection of multiple-
species gas mixtures. Solutions for the injection of a gas mixture at
the stagnation point are needed in order to examine the potential of
dissociative cooling more thoroughly. These solutions examine the
limiting cases of both a frozen and an equilibrium boundary layer.

Mathematical Model

The compressible boundary-layer equations to be solved are as
follows!314:
1) Continuity equation:

d(puri) | d(pur!)
“+ =
ox dy

6))

where j = 0 for two-dimensional flow, j = 1 for axisymmetric
flow.
2) Species continuity equation:

ac; dc; 9 M;M;  3x;
Zppvl = Ip;=Li)+w @
pu— +pv % 3y (PZ mz Py +w; (2

du + ou 0 ou arP 3)
pu ax pv 3y 9y “ay ax (
apP
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4) Energy equation:
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Uc,— vop— = — | k— — —
PuCpgy TPV dy  dy \ 9y H 3y dx
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In these equations both thermal diffusion and the Dufour effect
have been ignored. In view of the conversion of ammonia to hydro-
gen to water, this paper examines several limiting cases: a frozen

boundary layer with frozen injectants for both a fully catalytic and
noncatalytic wall, and an equilibrium boundary layer with both
frozen and equilibrium injectants. For the equilibrium boundary-
layer case additional equations relating the equilibrium concentra-
tions of the gases are needed and provide elemental conservation
for the species continuity equation. For air the reactions are taken
as O, & 20 and N; + O, <> 2NO. For the ammonia injec-
tant three separate cases are considered: frozen NHj; equilibrium
NH; <« 0.5N; + 1.5H;, where the hydrogen does not react to form
H,O0; and 2NH; + 1.50, < N, + 3H,0, where the ammonia is
assumed to react completely to form water. The speed of reaction
of the hydrogen with oxygen in the boundary layer will determine
which model is most suitable. At the temperatures involved it is
reasonable to assume HCl is nonreacting.

The flow equations are transformed to ordinary differential equa-
tions using the similarity transformations'>

y

ru,
n= 7% ), ©
E = pwl'l'wuer2 dx .

0

and the dimensionless dependent variables

fh=(/u.) ®
6=T/T. ©)

Transforming the equations of flow and eliminating the & depen-
dence at the stagnation point gives the following!*16:

’
4 M;M; , Bw
- (EZ —7L ,,xj) +fc,~+-l-<-;=0 (10)

j#i
11N 1 1 Pe N2
&y + rf +5(——(f))=0 an
0
Z oy A MM
(P_ ) Tero - ;r > —wz Leix®
J#i
E—Z =0 (12)
K
where ¢, = Z cicpi and p/p = 0()_, ¢;R))/R..

The boundary conditions are f'(0) = 0, f'(0) = 1,0(0) =
0,,0(00) = 1,cuir(00) = 1, and f, = —wv,/+/2v,k. The last
boundary condition is derived from the continuity equation, assum-
ing the injection rate is a known quantity. The edge concentrations
of all the foreign injectants are zero; the edge concentrations of
the products of air are determined from the equilibrium relations at
the boundary-layer edge temperature and pressure. The wall con-
centrations are the remaining boundary conditions to be defined.
For the equilibrium case the wall temperature will be assumed low
enough so that the concentrations of O and NO will be zero at the
wall, as they are for the frozen boundary layer and catalytic wall.
The concentration of the remaining species (and O and NO for the
frozen boundary layer and noncatalytic wall) are determined from
a flux balance of species at the wall. The mass balance will consist
of any blowing of species from the wall, any diffusion of species
at the wall, any creation at the wall (as of O, and N, for the frozen
boundary layer with catalytic wall), and any influx (as in the case
where H,O flows from the interior and O, flows into the interior).
The blowing from the wall of a species is determined by the speci-
fied injection rate and the fact that equal amounts of NH; and HC1
are produced by dissociation of NH4Cl. In the equilibrium case a
certain amount of the injected flow will exit the surface as N, and
H;, or N; and H,O. In the case where H,O forms, at higher blowing
rates the rate of H, flowing from the wall will be greater than the
flux of O, to the wall. At equilibrium all the NH; and H, will react
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to form water as long as sufficient O is available. Hence, at higher
blowing rates the formation of H,O is assumed to occur within the
boundary layer at a flame sheet,'” where the flux of hydrogen atoms
equals twice the flux of oxygen atoms. Additionally, § at the flame
sheet has to be such that the heat transfer from that point matches
the enthalpy of formation of the water reaction.

The species injection is related to wall concentrations by balanc-
ing the species flowrates at the wall with the known overall injection
rate and the known rate at which each element is injected. This can
be done using the equation for the diffusive flux:

Jiw = PiwWin — V) 13)
2 2 3
. o , K
w =75 ) MiM;Dyjx;| —— (14)
7P ; i ’(pmuw)

The relation to wall mole fraction becomes

1
Pw o 2\
’ M; My, (Vi — V) ; e ](P Hw)

w

For the mass flux of a given species, the wall concentration can
be related to the concentration gradients, so that wall concentration
may be solved for iteratively.

Heat-Transfer Rates

Once a solution has been obtained, heat-transfer rates can be
determined. At the stagnation point, neglecting the Dufour effect,
the surface heat transfer is defined here as the conduction term plus
the energy release at the wall due to any catalytic reaction at the
wall of N and O:

) aT
L e B (16)
Using Egs. (8) and (9), Eq. (16) can be transformed into

4l = kbl Ten/26/V0 — 3 _(PW)iuhis (7

Expressing this nondimensionally, we have

Nu g /ve/k
Ree - (Te - Tw)ke

1)

This paper does not examine possible radiation effects. Howe!®
showed that for a transpiring gas to have a significant effect in shield-
ing a body from incident radiation from the shock layer at the stag-
nation point, the injected gas would have to have an extremely high
absorption coefficient. It follows that the same would be true for
emission of radiation by the transpiring gas, since for most cases
(except for the flame wall) the boundary layer will be cooler than
the shock layer, and in all cases thinner. Dissociative cooling should
therefore have little effect on the intensity of radiation striking the
body.

The flow of the H, and NH; downstream of the stagnation point
could have a negative (or positive) effect on heat transfer away from
the stagnation point due to possible chemical reactions by these
species. However, the growth of the boundary layer and the drop in
concentration of these gases away from the stagnation point should
make the results of any chemical reactions negligible compared to
the rapid drop in heat transfer away from the stagnation point.

Another possible effect is of transpiration promoting an early
transition to turbulence and thereby increasing heat transfer to the
body. Transition is also influenced by the wall temperature ratio 68,
and the streamwise pressure gradient. E. R. van Driest!® showed that
cooling the surface can stabilize the boundary layer. Concurrently,
an adverse pressure gradient, such as that caused by the shape change
of a body undergoing ablation, can induce transition. So, though it
is possible that surface blowing can produce premature transition,
it is also possible that a properly designed system can have a more
stable boundary layer than an unprotected body, due to the reduction
in body surface temperature and maintaining a favorable dp/dx.

Solution Procedure

The similarity equations with appropriate boundary conditions
are solved on a SPARCstation IPC. The equations are solved us-
ing repeated shooting runs (with Newton iteration), until the wall
concentrations meet the appropriate boundary conditions, using at
least 500 points to ensure grid convergence. For the frozen bound-
ary layer the solution involves making an initial guess of the wall
concentration of the components of air (including NO and O for a
noncatalytic wall) and j — 1 of the j injected gases for the selected
injection rate. An initial guess of wall gradients is also made. The
shooting procedure repeatedly marches through space, solving the
equations and then modifying the wall gradients until the solution
matches the declared boundary-layer edge conditions.

The new wall concentration gradients can then be used to solve
for new wall concentrations from the wall boundary-condition rela-
tions. Since the solution will not necessarily converge using the new
wall concentrations, new guesses are made, and the whole proc-
ess is repeated until the concentrations found from the boundary
conditions match the guesses exactly. During this whole process,
property relations are constantly updated according to the new wall
concentrations.

For the equilibrium boundary layer the concentrations of N,, O,,
and H, (NHj3) are guessed through the entire boundary layer. The
concentrations of the products of these gases can then be determined
through the equilibrium relations for the reactions defined earlier.
Using the species continuity equation for each of these products,

the species production terms can be determined at each point in the

boundary layer using finite-difference techniques. The concentra-
tion gradients of these product gases through the boundary layer
are also found in this manner and can then be used to find the wall
fluxes of the various species using the diffusive flux relations given
earlier. Then, as with the frozen boundary layer, the shooting proce-
dure can be used to solve the equations through the boundary layer.
The newly determined concentrations of N,, O,, and H, can now
be used to again determine the concentration of product gases. As
before, new wall concentrations are selected, and the whole process
is repeated until all boundary conditions are met.

For the case of H,O formation, the similarity equations must be
solved from the wall to the flame sheet, and from the flame sheet to
the boundary-layer edge once H,O formation moves into the bound-
ary layer. The location of the flame sheet is the point where the flux of
hydrogen atoms equals twice the flux of oxygen atoms. The concen-
trations of H,, O,, NO, and O are zero at this point. The concentration
of the other species at the flame sheet must be such that the species
fluxes along with the species creation will match across it. The tem-
perature ratio at the flame sheet is set so that heat transfer from the
flame sheet matches the enthalpy of formation of water reaction.

Once all boundary conditions have been met, the temperature
gradients (along with any fluxes of NO and O at the wall) can be
used to determine the heat transfer to the surface. Solutions given
here are in terms of the blowing parameter

pwvw

N/ PelleK

This parameter was selected instead of f;, to be consistent with the
presentation method used by Sparrow et al.* We present here results
in terms of Nu/+/Re,.

M= (19)

Ammonium Chloride Injection Rate

To evaluate the effectiveness of the ammonium chloride disso-
ciation in providing transpiration cooling, a dissociation rate as a
function of temperature is required. Virnich and Hopfner®® provide
the forward reaction rate as a function of temperature at low tem-
peratures based on experiment. By extrapolating and fitting with a
InN-vs-1/T relationship, the following relationship is obtained (see
Fig. 2):

N = 9689¢~61264/Tiat gy mol/s m? (20)
or, in terms of the blowing parameter,

517.96'—6126'4/Ti“‘¢
A/ PelbeK

M= kg/s m? 21
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Fig. 2 NH4Cl dissociation rate.

Since the products of dissociation are flowing to aregion of higher
temperature, the forward reaction rate is taken as the actual dissoci-
ation rate, which equals the injection rate. With a given ammonium
chloride interface temperature, the injection rate can then be deter-
mined and the reduction in heat transfer due to the dissociation of
ammonium chloride can be seen for the given flow conditions.

Results

As a check, runs for air-to-air injection were made for C = 1
through the boundary layer, and the results were found to match
those of Ref. 1. With variable thermal properties, the results for he-
lium agree well with Ref. 5. In all runs the boundary-layer edge was
assumed to be in equilibrium. The edge concentrations of the prod-
ucts of air are determined from the equilibrium relations at the
boundary-layer edge temperature and pressure. The temperature and
pressure behind the shock is found from the compressible flow equa-
tions and the Mollier tables for equilibrium air based on the desired
flight conditions. The edge temperature and pressure can be deter-
mined from the gas velocity going to zero at the stagnation-point
boundary-layer edge and using the Newtonian pressure relation.

Figure 3 shows heat transfer vs M for different gases, including
the frozen products of ammonium chloride (NH3 and HCI), injected
into an equilibrium air boundary layer for an axisymmetric blunt-
body projectile traveling at sea level at Mach 8 and 6,, = 0.25,
and T,, = 786 K. The blowing uniformly reduces the temperature
gradient and hence the heat transfer. As can be seen, the NH;~HCI
mixture is superior to air at all injection rates and superior to helium
atlow injection rates. This is due to helium’s high thermal conductiv-
ity outweighing the effect of the high specific heat for low injection
rates. Otherwise, the results follow the general rule that the lower
the molecular weight of a gas, the more effective it is as a coolant.

Figure 4 shows heat transfer for the same flight conditions but
with the ammonium chloride products in equilibrium. For the case
without water formation, at low injection rates, NH; flows out and
breaks down into H, and N;, some of which flows back into the
wall. At higher flow rates both NH3 and H; flow from the wall. At
all injection rates the wall concentrations of H; are much higher
than for NHj. The breakdown of the remaining NH; in the bound-
ary layer causes some reduction in heat transfer. For the case with
H,O formation, all of the NH; converts to H,O in the interior until
the flux of O, is no longer sufficient to match the H,O flow out.
Until this point, the heat transfer is about the same as for the frozen-
NH; case. Once injection becomes great enough, H,O formation
moves out into the boundary layer, and heat transfer to the wall
undergoes a large jump. As blowing further increases, heat transfer
drops as the flame sheet is pushed out further into the boundary
layer. Figure 5 shows the concentration of O,, N3, H,, and H,0
and the temperature ratio through the boundary layer for such a
case, M = 1.0, where the flame sheet is at = 1.46 (approxi-
mately 50% of the boundary-layer thickness). N; has a small peak
at the flame sheet from the breakdown of NO, which also con-
tributes to the heat-transfer increase. It should be noted that for all
cases where reactions occur in the interior (NH; dissociation, H,O
formation), the effectiveness of the process depends on the effect
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Fig. 3 Heat-transfer parameter vs injection rate in equilibrium air
boundary layer.
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Fig. 4 Heat-transfer reduction for nonreacting NH3; vs NHj; in equi-
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Fig. 5 Effect of H;O formation on boundary-layer temperatures and
concentrations.
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Fig. 6 Effect of ratio of surface to bulk temperature on heat-transfer
parameter vs injection rate.

these reactions have on the heating rate of the projectile. As can be
seen from the heat-transfer jump in the case with H,O, this can be
significant.

Figure 6 shows the effect on the heat-transfer parameter of wall
temperature variation. The effect is only large for the case of reacting
NHj, since at higher wall temperatures the injectant is mostly N,
and HCI (with the much smaller injection mass of Hy), and with few
reactions occurring in the boundary layer.
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Fig. 7 Heat-transfer parameter vs injection rate for a frozen boundary
layer with a catalytic wall,
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Fig. 8 Effect of ratio of surface to bulk temperature on wall heat-
transfer parameter vs injection rate for a frozen boundary layer with a
catalytic wall.

0.7 ¢
Injectants
06 NH,&HCI
PO ]

o5k e AP
o
Tosf
= S A e N
Zo3bt T TN

02F

0.1 . L ) 1 ;

0.0 0.2 04 ., 08 08 1.0

Fig. 9 Heat-transfer parameter vs injection rate for a frozen boundary
layer with a noncatalytic wall.

Figure 7 shows heat transfer for the frozen-boundary-layer case
with fully catalytic wall (again 6,, = 0.25) and frozen injectants.
The boundary-layer edge conditions are calculated for a blunt-body
projectile traveling at 54.9 km (180,000 ft) at Mach 10. The recom-
bination of air products at the wall makes heat transfer uniformly
higher. Again the ammonium chloride products are superior to air.
Figure 8 shows the effect of wall temperature variation for this case.
Most of the differences here are due to the greater flux of O and
NO combining exothermically to form O, and N at the wall for the
higher-wall-temperature case.

Figure 9 is for the same edge conditions as Fig. 7 but with a
noncatalytic wall. The heat transfer is uniformly lower, since no
recombination of air occurs in the boundary layer or at the wall.
The relations have the same form as those of Fig. 3. Figure 10
shows the small effect of temperature variation for this case.

Figure 11 relates the heat transfer to the dissociation rate of am-
monium chloride given by Eq. (20), as a function of the ammonium
chloride interface temperature and the blunt-body radius, under the
same conditions as Fig. 3 for a body of ¢ = 1.0. The interface tem-
perature and body radius are used to calculate the mass injection
parameter, which in turn is used to determine the heat-transfer pa-
rameter. For a 0y, = 0.25, Tin = 786 K (top two curves of Fig. 11)
the heat-transfer reduction is small except for a very large blunt
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Fig. 10 Effect of ratio of surface to bulk temperature on wall heat-
transfer vsinjection rate for a frozen boundary layer with a noncatalytic
wall.
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Fig. 11 Effect of NH4Cl interface temperature on heat-transfer pa-
rameter as a function of blunt-body radius for a equilibrium air bound-
ary layer.
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Fig. 12 Effect of NH4Cl interface temperature on heat-transfer pa-
rameter as a function of blunt-body radius for a frozen boundary layer.

body radius. However, for 8, = 0.5, Tip, = 1572 K the reduction is
substantial even for very small bodies because of the much higher
dissociation rate of NH,Cl. This shows an advantage of dissociative
cooling in that the cooling increases as the temperature of the body
increases.

Significant heat-transfer reduction is seen to occur at even smaller
radii in Fig. 12; this is the same as Fig. 11 but at the upper-
atmosphere frozen-boundary-layer conditions outlined for Fig. 7,
with T = 794 K for all cases. The reason for this greater effec-
tiveness is that the lower p, at these altitudes increases the injection
parameter for a given injection rate. This is similar to the effect of
body radius where x decreases as radius increases. Figures 11 and
12 also show the NH,Cl interface recession rate for the given in-
terface temperature with ¢ = 1.0 and the nose fully packed with
NH,Cl. For most cases the recession rate is very slow, and only a
very small recession occurs relative to the blunt-body radius during
a typical flight duration.

Conclusions

As has been shown here, transpiration cooling can provide a
significant reduction in heat transfer at the stagnation point. Dis-
sociative cooling can also provide a reduction in stagnation-point
heat transfer based on the interface temperature of the dissociating
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material. The effectiveness of this process increases with body ra-
- dius and altitude. Another advantage of dissociative cooling is that
it is self-regulating: since blowing increases with temperature, ad-
ditional cooling is provided when needed most.

Appendix: Property Relations

Reasonably good estimates of property values are critical to the
solution of this problem. The mixture relations®! are particularly
important. For viscosity, the relation used is

Xili
Hmix = E — (AD)
mix i Zj de>ij

where ®;; = /M ;/M;. For thermal conductivity,
Xiki
kmix = = (A2)
l Z 2 XA

1 112
km' ktr' Mi M;)s
A = [1 4+ (Kt / ) 3 ( /1» ] A3
[B(1 + M;/M))]2

The binary-diffusion relation?! between gases was taken as

0.00266T %
ij = T

. (A4)
PM}o?Qp

where M;; = 2(1/M; + 1/M;)~!, 61j = (0; + 0;)/2, and Qp is a
function of (kT /¢;;). The multicomponent diffusion coefficients of
the gas in the mixture can be approximated® by

X M x

P AS
AT (A3)

F;; =
/ Dik

k#i

_ M (_1)i+inj __Aii

D;;
YT M, A

v(A6)

where A is the determinant of F;;, and AV and A* are minors of A.

The results for air-helium mixtures were compared with results
from Ref. 23 and were found to be reasonably close. The property
relations for the injected gases and undissociated air were taken
from Refs. 21, 24, and 25. For O, the collision integrals of the
O-0 interaction were used?® to determine o and £o/k as a func-
tion of temperature so that the binary-diffusion coefficients involv-
ing O could be solved for. The relations for the individual gases
were compared with values?’” over a range of temperatures to en-
sure reasonable accuracy. Freestream air conditions as a function of
altitude were obtained from Ref. 28.
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