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Stagnation Point Combustion of a Monopropellant
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Bayer AG, Leverkusen, Federal Republic of Germany

The steady-state stagnation point transport and reaction equations describing premixed monopropellant
combustion have been investigated approximating the chemical processes by an endothermic solid-phase
pyrolysis and a one-step exothermic unidirectional gas-phase reaction. The solution giving essentially the burn-
ing rate dependence upon external parameters was obtained for the limiting cases of frozen and equilibrium
flow in closed form. The general case was treated numerically. It is found that the burning rate in the whole
range depends upon the velocity U and the temperature T, of the freestream flow. This dependence is par-
ticularly strong in the vicinity of the ignition and quench limits. For low flow velocities the burning rate becomes
equal to the strand burning value. For high flow velocities the influence of the gas-phase reaction drops out.
Then the burning rate is determined by the rate of the pyrolysis only. It may lie above or below the strand
burning value. From these results steady-state ignition and quench limits can also be obtained. The numerical
results have been obtained for ammonium perchlorate data. The conclusions drawn are valid, however, as long

as the general physical model chosen applies.

Nomenclature

= velocity gradient du,/dx
»B; =molecular species
=linear burning rate
= frequency factor of the gas-phase reaction
= frequency factor of the pyrolysisreaction
=mean specific heat capacity of gas at constant
pressure
=mean specific heat capacity of solid
= activation energy of the gas-phase reaction
= activation energy of the solid-phase reaction
= nondimensional stream function,f" =u/u,
= specific enthalpy
=enthalpy of formation
=enthalpy of pyrolysis
=nondimensional enthalpy of pyrolysis,
AH =Ah/c,T,
= diffusion mass flux
= nondimensional diffusion mass flux,
Ji/N (pp) ,a= — ({Le;/Pr)dY,/dy
= Chapman-Rubesin parameter {= (op) / (op),
= Lewis number of species /
=burning rate
= nondimensional burning rate,
M=m/2~(pp) ,a
=molecular weight of species i
= temperature exponents in the rate law
= pressure
= Prandt! number
=rate of gas-phase reaction
=universal gas constant
=ratio of Damkdhler numbers
=absolute temperature
= tangential flow velocity
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= freestream velocity
=normal flow velocity
" =nondimensonal normal velocity,

V=pv/2V (pp) ,a

=mass rate of production of species / in the gas phase

=nondimensional mass rate of production of species
iin the gas phase, =w,/ap

=tangential coordinate

=normal coordinate

=mass fraction of species /

=relative mass fraction

=nondimensional boundary-layer coordinate,
dn=+as(pu),pdy -

= coefficient of viscosity

=stoichiometric coefficient

= coupling function

=nondimensional temperature, 7/ T,

= density
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Subscripts

e =edge of boundary layer
f =flame (a—0)

i =ignition

J = species j

0 = quiescent

r =reference

s =solid

u =inside solid (= — )

w =surface

7 =differentiation with respect to 5

Introduction

T is well known from rocket propulsion that the burning

rate of a composite propellant depends upon the flow
velocity of the gas passing over the propellant surface. This
effect has been investigated widely and is generally attributed
to turbulence.!? However, a dependence of this kind is also
present for monopropellants in laminar flow, as is suggested
by the influence of the Reynolds number upon ignition delay
times,>* but it has been investigated to a much less
satisfactory degree.® As a consequence of this state-of-the-
art either experimental rate data obtained under constant
volume conditions are used or results derived for composite
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propellants are applied to monopropellant systems for which
the influence of the flow velocities is to be accounted.’
Furthermore, the concept of a constant ignition temperature
is used widely when computing monopropellant ignition
processes.’

To elucidate this problem the steady-state transport and
reaction equations for stagnation-point flow are investigated.
The chemical reactions are approximated by a two-step
process consisting of an endothermic pyrolysis at the surface
and a one-step exothermic unidirectional gas-phase reaction,
the rates for both of which are described by an Arrhenius law.
Radiative losses are neglected and inside the solid only heat
conduction is taken into account. For the two limiting cases of
frozen and equilibrium flow, the gas-phase reaction drops out
and a closed-form solution is derived which relates the
burning rate to the conditions at the propellant surface and in
the freestream flow.

In the general case the nonlinear stiff second-order
boundary value problem is treated as an initial value problem
and solved numerically by a shooting method using the
EPISODE package of Byrne and Hindmarsh.® The com-
putations were carried out using the thermophysical data
given by Johnson and Nachbar® for ammonium perchlorate
(Ref. 9, Table 1, col. 2). The conclusions drawn from these
results are valid, however, as long as the physical model
chosen is applicable.

Balance Equations

The geometrical configuration investigated is shown in Fig.
1. A monopropellant surface is blown at with an inert gas
having the temperature 7, and the velocity v, at the edge of
the boundary layer. The monopropellant pyrolyses give the
gaseous reactants A; which may, in turn, react in the gas
phase to form the products B,. The stagnation-point region is
considered.

The balance equations for this axisymmetric stagnation
point boundary-layer flow are!'%-1!

- Mass:

dV+f =0 1
dy n ()
Momentum:
2Vf =), — (o /p—f2) =0 2
Energy:
L (%! 3 -
V0, - ( Pr 6n> + 2 (cpi/e,) I8, + 3, Wihi/c,T, =0
P n i=1 i=I
(3
Species i:
2VY, +J, ~W,;=0 4

where the nondimensional diffusion mass flux is, in the binary
mixture approximation,

J,=j,/N(op) ,a= —t(Le,/Pr)dY,/dy (5)

In Eq. (3) dissipative effects have been neglected.

solid / T //T
propellant ™~ Ye,.Te,
Y OVa \_L 8%
T Vi QYAz/ YA1 .YAZ e VeQ YBZ
g y

Fig. 1 Stagnation point region of monopropellant surface burning in
inert gas crossflow.
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The boundary conditions are
n=0: f,=0, —f=V,=M=rm/2N(pn),a

de Pr . c . .
— =2~—M[AHS+ s (GW—Gu)], J+2MY, =M; (6)
dn { , ! '

n—oor f,=ulu,=1, 0=0, Y=Y, @)

e

Assuming the gas-phase reaction to be a one-step,
unidirectional reaction,

N N

Y vid—~ Y B, @®)

i=] i=1
with
v,=v/—v]
the mass rate of production of species 7 is
w,=Mpr &)

where r is the rate of the gas-phase reaction
N pY vi
r=B]] (-—J)’Tnexp(—E/RT) (10)
j=r s M,

The solid-phase pyrolysis reaction is assumed to proceed via
the reaction
N

solid— Y »/A, (11)

i=1
with the mass rate of production

m=p B, Tlexp(—E/RT,) (12)

Transformed Boundary-Layer Equations
These equations may be transformed to allow the in-
troduction of a coupling function #(n) and also to make use
of constants introduced by Johnson and Nachbar.®
Introducing

, VZ,M i Vi’Mi
Yi= s Y= Y (13)
ZviM, Zv/M,
arelative mass fraction
Y,=(Y,—Y)/( Y/-Y)) (14)

may be defined. Substituting this quantity in Eqgs. (1-7),
assuming ¢, =c,; =const and Le, = 1, setting

o1 = ZMh (15)
PR LvM,

and replacing the velocity gradient a in the nondimensional
reaction rate term by M, we obtain

a—V+f =0 (16

an T a)
2Vf = W), — (0e/0=f}) =0 (16b)
¢ . )

2V9n'(1?,9n> ~ MR/, (Y,0)/1,(6,) =0 (160)

n

_ f . _
2vY, - (Fr Y,-,,> —MZR,f,(Y,0)/f,(6,) =0 (16d)

n
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with the boundary conditions

n=0: —f=V,=m/2N(pp),a=M (17a)
f,=0 (17b)
9 _Pr.
ol =2—rM[AH5+ b (ow—ou)] (17c)
dn { o
Y, _Pr.._
Y Py, (17d)

E‘r]_ ¢ iw
n—o: f,=1, 0=0, Y,=Y,=I (18)

Here it has been assumed that the composition of the ap-
proach flow is as specified by the right-hand side of Eq. (8).
R, is the ratio of the homogeneous to the heterogeneous
Damkohler number

4exp(— E/RT,)

R, =K¥ip¥; 19
D= AP g pimexp(— 2E, /RT,) {19
The quantity
_ Tn-Lvf M Tyt - N Y/ \»:
Koj= u,B(—’) N v, <-f)’ (20)

has been introduced by Johnson and Nachbar® as K™=
K~¥. The functions f, (Y;,0) and f, (8,,) are given by

N v "_. ’ ph
5o =TI [ 1]

Jj=1 YI’
x (i)xyjAIO"exp [— 1-;% (g —1)] [e3))
£2(8,) =62mexp| - 125 (gi -1)] @2

Equations (16) and the boundary conditions of Eqs. (17) and
(18) pose an eigenvalue problem for M. A closed-form
solution is derived for the two limiting cases of frozen and
equilibrium flow. The general case 1is investigated
numerically.

Closed-Form Solution

In the following the gas-phase reaction is assumed to be
bimolecular,

A +A4,~B,+B, @3)
with equal molecular weight M, = M for all species. Then
Yi(n)=Y(n) 4

A formal solution is obtained from Eqs. (16) and (17) for the
coupling function

; 2MI Pr/t c
9 =e—y=——.e—[ 4 g
(n) 1+2MI,Pr/t (0 1)+cp (0. =0.)
I(m) —1
+AHS—0W]£;—Q+(09—1) (25)
e
where
" Pr/Pr T PrV
I(n) = w (zS —d)d 26
(n) 50 e, exp(2), = dn)dn (26)
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Making use of the boundary conditions given in Egs. (17¢)
and (17d), a relation for the nondimensional mass rate of
burning is obtained

. 0,-60,)—(I-7,
Ve ( ) @7

Pr Cps -
2—16[—”— (0w—0u)+AHS—YW]
? ¢,

which gives the burning rate dependence upon the conditions
of the surrounding atmosphere and at the propellant surface.
Here the surface concentration Y, is unknown initially and
can be determined only by solving Eqgs. (16-18). However,
limits of Y, may be given, which in turn give upper and lower
bounds of the burning rate.

Limiting Case

For the two limiting cases of frozen and infinitely fast gas-
phase reaction the mass fraction at the propellant surface ¥,
may be eliminated from Eq. (27) and one obtains

. 6,—10,
M= (28)
Pr Cps
2—Ie[i 6,,—6,) +AHS]
2 Cp
for frozen flow and
. 6,—-90,
M= 5 (29)
c
27’16[;@- 6,—6,) +AH5—1]

14

for an infinitely fast gas-phase reaction. o

These equations give a relation between M and 6, as
specified by the transport processes in the flowfield plotted-in
Fig. 2 for T,=705 K. The integral /, was computed making
use of Eqgs. (16a), (16b), and (26), assuming p and { to be
constant computed at the propellant surface temperature. The
relevance of this assumption will be discussed later in this
paper. A second dependence is given by the pyrolysis rate law
of Eq. (12). This is also plotted in Fig. 2 as a dashed-dotted
curve for three different velocity gradients a. The in-
tersections between these sets of curves represent the steady-
state solutions. Depending upon the location of the pyrolysis
rate curve, either one, two, or three intersections are obtained.
Point A represents an ignited state, C denotes a quenched
state, and the tangent points Q and I denote the steady-state

Two =Ty = 1205 K

—— M

R

0 12 1% 16 18 0 22 24 26

—— 118y

Fig. 2 Dependence of nondimensional burning rate upon surface
temperature: closed-form limiting solutions, numerical solution for
p=0.5,5, and 50 MPa.



1582 ' G. ADOMEIT AND W. HOCKS

quench and ignition limit. In the frozen-flow case only one
solution exists, point D, since the pyrolysis reaction was
assumed to be endothermic.

Since to each point of solution there corresponds a value of
the velocity gradient a, a dependence of the burning rate m
upon a is obtained and plotted in Fig. 3. For an infinitely fast
gas-phase reaction, which leads to equilibrium gas-phase
composition, an S-shaped curve is obtained, characteristic of
ignition and quench phenomena. For the frozen flow a
monotonous increase of 77 with a is observed. For high values
of a both curves merge, i.e., T,,— T, for a— [c.f., Egs. (28)
and (29)}.

Numerical Solution and Discussion of Results

A numerical solution of the nonlinear stiff second-order
boundary value problem posed by Eqs. (16-18) is obtained by
replacing Y in Eq. (16c), making use of Eq. (25), and solving
Eq. (16c) for 8(n). This was done by employing the shooting
procedure based upon the EPISODE package of Byrne and
Hindmarsh® after introducing an initial assumed value of
6(n) and £(n) into Egs. (16a) and (16b). Correcting 6 and ¢
with 0 () and assuming £=60-%%, an iterative process leads to
the final solution of the problem. As will be discussed later,
this iteration may be avoided without introducing too large an
error if, for p and {, values at the propellant surface are used
to compute /(n). Furthermore Pr=0.7 and c,;/c,=1 were

2 1
- Two=Tf = 1205 K
" [/ W0 fl ' 1205
TW
s ! /-equilibrium — -
‘%. | Tuo= 1071 K 1105 K
S I P Y.
°1 O/ T-eos k| foos
. o selected for / e=
-1 {— . boundary p=5MPa
layer ’ ( 905
-2 1— profiles —! k
-3 l 1 L N | — | 05
\i c /

- L -
‘ frozen

L \ 705

6 8 10 12 14 16 18

In (%)

Fig. 3 Dependence of burning rate upon velocity gradient: closed-
form limiting solutions, numerical solution for p=5 MPa.

0 M T‘,‘o=1205lir

-6 11205905 [-705-60S }-505 405 T,=305K
| |

-7 J— = +H— 1 ]

-8 | i
12 16 20 24 28 32 36 40 44 48 52
118y,

Fig. 4 Nondimensional burning rate vs surface temperature, p =50
MPa.
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introduced. Since the velocity component perpendicular to the
surface reaches high values, the balance of momentum Eq.
(16b) had to be modified to obtain the numerical results. The
transformation given by Kubota and Fernandez!? was used.
In this way M=M(8,,) represented in Fig. 4 is obtained for
p=50 MPa and various free stream temperature, 7,. The
general character of the curves is the same as for the
equilibrium case (cf., Fig. 2). Taking into account the
pyrolysis rate the burning rate law m=rm(a) is obtained,
which is plotted for p= 50 MPa and various 7, in Figs. 5 and
6.

It is seen that the burning rate of a monopropellant depends
in the entire field of parameters upon the temperature 7, at
the edge of the boundary layer and the velocity gradient g,
which for a finite body is proportional to the freestream flow
velocity U. This dependence is particularly strong in the
vicinity of the ignition and quench limits. For low flow
velocities the burning rate becomes equal to the rate observed
in strand burning experiments b, (cf., Ref. 9, Fig. 1). In this
case the surface temperature T, has a definite value T,
which in this model depends only upon pressure. It lies below
the adiabatic flame temperature 7,=1205 K. For high flow
velocities the influence of the gas-phase reaction drops out. In
this case the burning rate is determined by the rate of pyrolysis
and by the heat transfer. The burning rate lies below or above
the strand burning value, depending upon whether the free-

1205
1105

1005
L
905 K

805

705

605

505

-6 -4 -2 0 2 4 6 8 10 12 14 16 18

ln(%)

Fig. 5 Burning rate dependence upon velocity gradient (logarithmic
representation).

20 40 | I l
" o 35 /Tw,°= 1166 K p:50MPu /'l'ez 1205 K
a % € g
i
1.5
10
05
0
0 0.2 04 06 0.8 1.0
a
10%s™!

Fig. 6 Burning rate dependence upon velocity gradient.
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flow temperature 7, lies below or above the surface tem-
perature T, when the propellant burns in a gas at rest.
Similar behavior has been observed experimentally by
Churchill,’ who found that under high flow rate conditions
the propellant frequently decomposed completely without
visible ignition.

Except for a free-flow temperature T, close to the adiabatic
flame temperature 7, the burning rate decreases initially with
increasing free-flow velocity U, increasing again for larger
values of U, when the surface temperature T, approaches the
free flow temperature T,,. If the gas temperature 7, is close to
T, the burning rate increases all the way with increasing flow
velocities. However, the gradient of this dependence is rather
low.

From these results steady-state ignition and quench limits
may also be obtained (see Fig. 6). They show that the surface
temperature at which ignition occurs, T,;, depends strongly
upon the flow velocity U. Burning rates between ignition and
quench limit are unstable. Small disturbances in the velocity
gradient result in either the high or low burning rate solution.

All of these results are of particular importance with
reference to states and systems where the free-flow tem-
perature differs from the adiabatic flame temperature.

Figure 7 gives a three-dimensional representation of the
dependence of w1 upon T, and a. It is seen that the S-shaped
character of this dependence holds with respect to a as well as
with respect to T,, i.,e., ignition and quench phenomena
occur when g or T, are varied.

Boundary-Layer Profiles

The boundary-layer profiles of the nondimensional tem-
perature 6, the fuel species Y ,, the product species Y, and
the nondimensional homogeneous production rate of species
W are plotted in Figs. 8-11 for p=5 MPa and T, =805 K. In
these figures five different states have been selected, indicated
by circular points in Fig. 2. They were chosen such that
various typical cases are included, Q and I representing states
coinciding with the quench and ignition limits, A and C being
sufficiently removed from these limits. The temperature
profiles drawn in Fig. 8 confirm the conclusions drawn from
Figs. 5-7. Case C corresponds to the frozen-flow solution, no
homogeneous reaction takes place, and the temperature
profile looks like a simple heat flux profile. Decreasing the
freestream velocity the ignition state I is reached, as is in-
dicated by the temperature rise at p=0.5. For the case A, the
flame is fully developed. After a steep rise close to the
rropellant surface the temperature has a relatively broad

Y\
%
22\
7

\/

Fig. 7 Three-dimensional representation of data of Fig. 6.
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equilibrium profile, being constant over some distance. The
temperature profile for case Q shows that in the quench limit
the maximum flame temperature has decreased and the
equilibrium regime has vanished.

The mass rate of production Wg(n) of products B is
plotted in Fig. 11 with a stretched boundary-layer coordinate.
It is seen that the maximum of the production rate lies directly
at the wall in spite of the fact that the temperature maxima are
removed from the wall. Apparently the influence. of the
concentration outweighs the temperature effect. There is,
however, a dependence upon pressure, as will be demon-
strated.

o I T T 1

= 3
088 1~ M=1470 — (A)

Te =805 K
p=5MPa

0,80 11,361 A,)
0.72F \ \
0.64 1,074 (Q) N

0056 (1) < N

L
056 1 =—"T503210 |
0.48 - |

0.40

0 1 2 3 4 5 6 7 .

n
Fig.8 Boundary-layer profile of temperature.

0.05 T T
YZ“ T T, = 805 K
p=5SMPa
0.04
!
0.03 {- |
0.02 M = 0,032 —3— (©)
cmes
0,056 (1)
0.01 1,074 (@)
1,470 (Ay)
o | |
0 1 2 3 4 5 6 7
n
Fig. 9 Reactant mass fraction profile.
0.50 T— : 0
Y, fa NG J
A t = 0,032 — 5 (C)
ous W/ < 0,056 (1)
1,074 (Q)
1,470 (A}
0.48 ;
!
1
0.471
T. = 805 K
p=5MPa
0.46
——
0.45 -
0 1 2 3 4 5 6. 7
n

Fig. 10  Profile of product mass fraction (Y, =0.5).



1584 G. ADOMEIT AND W. HOCKS

100 -
Te = 805 K
Yo p=5MPa
80 \
60
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S~ |
0
0 0. 02 0.3 0.4 05
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Fig. 11 Boundary-layer profile of rate of gas-phase reaction.

» | Muo=1166 K |
€5 0 1 o= 1071 K —
(=]

a
ln(—sj

Fig. 12 Burning rate vs velocity gradient for p =5 and 50 MPa.

Influence of Pressure

The influence of pressure is represented in Figs. 2 and 12-
14. It is seen in Fig. 12 and particularly in Fig. 2 that with
increasing pressure the equilibrium solution is approached.
On the other hand, in the quenched state the coincidence with
the frozen-flow solution becomes better the smaller the
pressure. In this case the burning rate depends upon p as the
square root of p. In Fig. 13 the mass rate of production
Wg(n) has been plotted for three different pressures. It is
seen that with decreasing pressures the reaction zone shifts
away from the wall. However, at p=5 MPa it still appears to
be well attached to it. This behavior is corroborated by the
temperature profiles shown in Fig. 14. It has due con-
sequences upon approximate flame theories imposing
corresponding matching conditions to the wall region.

Density Iteration

It has been pointed out at the beginning of this section that
the numerical procedure is based upon an iteration process as
far as the determination of the integral function I(n) is
concerned. It turned out, however, that this may be avoided if
in Eqgs. (16a) and (16b) values at the propellant surface are
used for p and £. This result is demonstrated in Fig. 15 where
M is plotted'vs 1/6,, for two freestream flow temperatures.
It is seen that the values obtained by iteration coincide closely
with the results obtained with p=p,, and £={,, whereas the
results obtained with p=p, and ¢=1 differ noticeably at lower
values of 7.

ATAA JOURNAL
100 T
Wa \ Te = 705 K
80 M=0.75 —‘
60 1~
| }— p=5MPa
40 1— —
/p:OASMF’cl
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20 / ‘
, |
0 /&¥
0 0.1 0.2 0.3 0.4 05
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Fig. 13 Boundary-layer profiles of rate of gas-phase reaction for
p=0.1,0.5, and 5 MPa.
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Fig. 15 Influence of density iteration.

Conclusions

In the entire field of parameters the burning rate # of a
monopropellant depends upon the velocity and the tem-
perature of the freestream flow. This dependence is strong in
the vicinity of the ignition and quench limits.

For low flow velocities the burning rate becomes equal to
the strand burning value with a surface temperature T,
below the adiabatic flame temperature. For high flow
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velocities the influence of the gas-phase reaction drops out
and the surface temperature approaches asymptotically the
free-flow temperature. Then the burning rate is determined by
heat transfer and pyrolysis only. This burning rate lies below
or above the strand burning valueif 7, < T, ,0r T,> T .

Except for a free-flow temperature close to the adiabatic
flame temperature the rate of burning decreases initially with
increasing free-flow velocity U, increasing again for higher
values of U. If the temperature 7, is close to the adiabatic
flame temperature, st increases slowly all the way with in-
creasing U. The steady-state ignition and quench limits ob-
tained show that the surface temperature T, at which ignition
occurs depends strongly upon the flow velocity.

All of these results have a particular importance with
reference to those states and systems where the freestream
temperature differs considerably from the adiabatic flame
temperature.

For the limiting cases of frozen flow and for very fast gas-
phase reaction a solution was derived in closed form.
Comparison with the numerical solution shows that the
limiting case of fast gas-phase reaction is approached with
increasing pressure, whereas the frozen-flow limit is ap-
proached with increasing flow velocity or decreasing pressure.
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AERODYNAMICS OF BASE COMBUSTION—v. 40
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It is generally.the objective of the designer of a moving vehicle to reduce the base drag—that is, to raise the base pressure to a
value as close as possible to the freestream pressure. The most direct and obvious method of achieving this is to shape the
body appropriately—for example, through boattailing or by introducing attachments. However, it is not feasible in all cases
to make such geometrical changes, and then one may consider the possibility of injecting a fluid into the base region to raise
the base pressure. This book is especially devoted to a study of the various aspects of base flow control through injection and
combustion in the base region.

The determination of an optimal scheme of injection and combustion for reducing base drag requires an examination of
the total flowfield, including the effects of Reynolds number and Mach number, and requires also a knowledge of the
burning characteristics of the fuels that may be used for this purpose. The location of injection is also an important
parameter, especially when there is combustion. There is engineering interest both in injection through the base and injection
upstream of the base corner. Combustion upstream of the base corner is commonly referred to-as external combustion. This
book deals with both base and external combustion under small and large injection conditions.

The problem of base pressure control through the use of a properly placed combustion source requires background
knowledge of both the fluid mechanics of wakes and base flows and the combustion characteristics of high-energy fuels such
as powdered metals. The first paper in this volume is an extensive review of the fluid-mechanical literature on wakes and
base flows, which may serve as a guide to the reader in his study of this aspect of the base pressure control problem.
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