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Abstract

The numerical investigation of com-—
bustion in supersonic stationary flows of
hydrogen-air mixture past bodies is car-—
ried out. A two-component model with di-
rect and inverse reaction is assumed for
kinetics. The numerical method using cha-
racteristic compatibility relations is ap-
plied for computations. The structure of
combustion zone and the distributions of
physical parameters in a flow-field are
studied in various cases (cone at zero and
non-zero angle of attack, point-nose cy-

linder, nozzle).

1. Introduction

The investigation of supersonic staw-
tionary flow of a combustible gas mixture
is of interest in the connection with the
problem of fuel burning in supersonic
streams. Crossing the bow shock wave for-
med ahead of a body the combustible mixtu-
re can be heated to the temperature of ig-
nition and then exothermal reactions start
to run. In general, these reactions pro-
ceed with finite rates, and therefore a
flow in shock layer is essentially non-

eauilicrium,

The analysis of such flows may be car-
ried out with the aid of numerical methods.
However, the kinetics of combustion in ga-
ses is characterized by a considerable
complication, including chain-branching
mechanism with a great number of elemen-
tary chemical reactions, which is often
not sufficiently studied. llence a numeri-
cal calculation of combustion taking .into
account a comuylete kinetics is a very dif-

ficult problem especially in three-dimen-

sional case. Some aubthors confining Th
selves to several tasic reactions have corn-
puted the corbustion of hrdrorsen-oxyzen
or hydrogen-alr mixtures in a one-dimen-
sional stream (l) or in a axisymmetrical
shock layer on nose part of a snherc(g—%),
The process of combustion for the
mixtures mentioned has the following gene-
ral behavior. At first, within certuin
dictance behind the shock wave during the
induction period mesured by the induction
delay tine tL’ the reactions run without
any ticrnal effect. Subsecuently a zone of

i
reactions vith heat energy releage tales

nlace. There are the sharp changes of con-

centration and temperature at the front



boundary of this region(the ignition boun-
dary), but further & relatively slow tran-
sition to an equilibrium state occurs.
Such a regime is typical one for a certain
range of temperatures and pressures, In
this case it is possible %o consider some
simplified models of combustion kinetics,
which prove to be enough reliable for the
investigation of general properties of su-
personic flows of combustible gas mixtu-
res (5).

The simplest model of such a type is
the well-known model of detonation wave
while crossing which the momentary heat
release is assumed. The two-front model
was applied to treat the flow past nose
part of & sphere; here all the heat is
discharged on a combustion front closing
the induction zone downstream of the bow
shock wave (6). Calculating two-dimensio-
nal and axisymmetrical flows, the author
has considered an model with an exother-
mal reaction proceeding immediately behind
the shock wave and obeying the Arrhenius

(7

law « The author has also decveloned a

model with direct and inverse recactions

@)

after an induction delay time In the
present paper this model is used for the
numerical investigation of plane, axisym-
metrical and three-dimensional supersonic
streams with combustion past various bo-

dies and in nozzles. It should be mentio-

ned that a non-stationary one-dimensicnal

propagation of blast wave in a combustib-
le gas mixture has computed on the base

of similar model (9).

2.Governing equations and method of
solution

Let us consider the problem of super-
sonic stationary stream of combustible gas
mixture flowing past a body of the given
shape. We suppose that behind bow shock
wave the internal degrees of freedom are in
local equilibrium, but chemical reaétions
run with finite rates. All the transport
effects such as viscosity, thermal conduc-
tion, radiation, diffusion are neglected.
The chemical kinetics in the model will be
described by a single variable - the totel
mass cocentration € of unreacted molecules.
The direct reaction (combustion) and the
inverse reaction (recombination) start to
run in a time interval {'L after crossing
the shock wave by a gas particle. The ini-
tial mixture and the products of combus-
tion are assumed to be perfect gases with
different molecular weight ﬁ. and ratio
of specific heats 8’ . Kach moment the
gas mixture is also supnosed to be an uni-
Torm perfect ras with averaged thermodyna-
mical prowerties.

In the case under consideration the
system of gas dynamics equationg has the

form

dwfv=0 ,f%g+37adp=0, }(1)
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where V, P,f , T denote the velocity vector,

the pressure, the density and the tempera-
ture, respectively; FL is the universal
gas constant,q is the total heat release
per unit mass of combustible mixture.

The induction delay time, depending
on local values of flow parameters, will
be determined for the hydrogen—air mixtu-

re by the formula

ti. ::m_‘e P( ) (2)

where Ei. is the actlvcxtlon energy, kL

is the positive constant, M =2 ., We
introduce the fraction of induction delay

time @ which is defined by the equation
d<P 1 3)
T

The equatlon for concentration C
is taken in the form or Arrhenius rela-
tion describing a variation of this func-

tion due to direct and inverse reactions

d_— =-k,c" P exp( )
¥ kz(i—c)“‘p“exp(—?f“z) ,

where k‘ and kz are the constants of re-

p.

(4)

action rate, E is the activation energy,
t and N are the exponents.

Therefore,
to account the interaction of flow-field
and chemical processes in a particle. In-
deed, the heat release in the equations
(1) is determined by the total concentra-

tion, while the kinetic equations (2) - (4)

the present model takes in-

include local values of gasdynamic func-
tions.

The boundary conditions are as fol-
lows., The normal velocity component must
vanish on the body surface. The usual
Rankine-Hugoniot relations should be sati-
sfied on the shock wave being an adiaba-
tic surface of strong discontinuity; here,
@=0 and C=1 . The ignition boundary is
defined by condition §)=1 . Obviously

14=0

which

within the induction region C =1
and there is the adiabatic flow
allows to set initial data at some small

value of time t in comparison with the

induction delay time tL .

The e:stem of governing ecuations
in general three-dimensional supersonic
rerical

case will be intesrated by the nu

method usine two-dimensional characteris—
tic compatibility relations. This method
was worked out for the computations of

flows in presence of non-equilibrium phy-

sical-chemical processes (1G-12)

. The sys-
tem of equations (1) - (4) is taken in cy-
lindrical coordinates X ,T ,¥ connected
with the body. The flow region between
the body surface L=74(X,¥) and the shock
'Z==Zu,(X;V0
by the introducing a normalized variable
E=(1-14)/ (T4 -76)
The derivatives with respect to

wave is straightened out
instead of T

al'&

eliminated from

variables JC, ; 3%‘) Wit

the governing uyrtcm(fﬂu-

ritten in the

-3 -



the aid of the trigonometrical polynomi-
als with interpolation nodes on a number
of meridional planes \Y=const . As a
result we obtain the approximating sys-
tem of differential equations in the va-
riables 2C and ? , which define the
values of basic unknown functions on all
the meridional planes of interpolation.
This system is of hyperbolic type(under
uhe certain supersonic conditions) and

has two families of wave characteristics
and one family of analogucs of stream li-
nes in each plane of interpolation, Hen-
ce, a characteristic compucational scheme
of the second order approximation may be
constructed, In this scheme the solution
is calculated on successive planés:[:conﬁ
and characteristic lines are projected
from the fixed nodal points on the plane
to be calculated towards the previous pla-
ne. This computational scheme is also
suitable in particular cases of two- li-

mensional and axisymmetrical flows.

%.Analysis of numerical results

The numerical solution of the »nrob-
lem was carried out for various bodies
in supersonic stream of gstoichiometrical
hydrogen-air mixture. Now some numerical
results will be presented considering all
the functions in dimensionless form and
using as reference quantities the certain

value of induction delay time t’t , the

critical velocity of sound QL., and the
free-stream density j) .
[« <]
At the beginning, we discuss the re-
sults obtained for a circular cone with
. o
semi-apex angle W=30 , when the undie-
turbed stream has the following parame-
M_=5

angle of attackk = 0° , the temperature

ters: the Mach number

, the
L]
To= 685K and the pressure p =1atm;
o0
in this case the reference cuantitisc are

{-'L:O.Sz X

-6 v
x 10 sec and the critical velocity of

the induction delay time

sound

C1c7 =13%30 m/sec.

¢ 5 w0 15 20 25 x
Fig.l. The shock wave and the igni-
tion boundary for the cone at zero

angle of attack,

The bow shock wave (solid line) and
the ignition boundary (dashed line) are
shown for this flow in #ig.l ; the relu-

tive coordinate F_ of iepition boundary
L



is here depicted by dash-dotted line. Du~
ring the combustion process the thick-
ness of shock layer increases due to the
decreasing of density. Thus, the slope of
shock wave rises, the pressure and the
temperature behind the shock wave become
higher, the induction delay time dimini-
shes and, as the result, the boundary of

ingnition approches the shock wave.

\ - -
\ -’
\/ : _ _ 3

4 !

2500 . :
0 10 20 30 X mm

Fig.2. The distributions of concent-
ration and temperature along the cone at

various free-stream conditions.

The distribution of temperature T
(dashed line) and the distribution of con~
centration C (solid line) along the co-
ne surface are drawn 1n Fig,2. Here in ad-
dition to the curves 1 for the basic va-
riant of calculation ( Tm = 685°K ,
P.=1latm) we also present the curves 2
( Te=1000°K , P_=1atm ) and the

curves 3 (Tw: 685°K) Poo = 0.25 atm)

for other cases. To illustrate the influ-
ence of free-stream parameters this graph
is given with respect to dimensional quan-
tities., After the induction period the
combustion process develops intensively
being accompanied by a sharp increase of
temperature, but later on it slows dovn.
The concentration drops rapidly along the
stream lines approaching to a value cor-
responding to the equilibrium of direct
and inverse reactions, that is the com-
plete burning and the complete heat relea-
se do not achieve in this case. When the
free-stream pressure decreases ( P, =

= 0.25 atm), the combustion proceeds less
fastly, but the temperature and the con-
centration on the body at large distance
X tend to the same equilibrium values
as in the case with Poo= 1l atm. As
concernes the pressure, it somewhat incre-
ases along the surface of cone having a
slight maximum. At further di;tances x
‘usually some oscillations have been ob-
served in the flow-field, and their cha-
racter depends, mainly, on the activation

energy.

The shructure of combustion zone for
the basic variant of calculation is illus-
trated by the distributions of concer’ra-
tion, temperature ond density across the
layer between thec shoclk wave (F =4) and
the cone surface(? =0Q).In Figs.?-5 these
Le ?

functions are plotted versus the varien

for a series of planes o€ =const,
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effect — the maximal temperature before

c ‘ the equilibrium takes place on the body

1 ! surface, and subsequently it occurs insi-

| de the flow-field. The profiles of densi- -
ty in shock l&yer (Fig.5), as the profi-
les of pressure, have a complicated form

with peak at the ignition boundary.

0 05 1 &

Fig.3. The shock:layer distribution
of concentration on the cone. 3.0

)

Rl

mi B E- = - yE=—— A -
51 0 o3 1 ¢
I'ig.5. The shock layer distribution

of density on the cone.

e —
400 s506 X

Fiz.6.The shock wave and the ignition

Fig.4. The shock layer distribution voundary for the pointed cylinder.

of temperature on the cone.

in the induction zone ( at x £ 1,58

a1l the functions change as in the adi- Now we consider the case of super-
abatic flow, and they have discontinui- sonic axisymmetrical flow ( r1°°:7,
ties of their derivatives at the ignition 7“00 :2880K, Pod =1 atm) past & long
boundary. The field of concentration is circular cylinder with pointed ogive nose
presented in Pig.3. The graph of tempera- part which has the form shown by a daszh-

ture (Fig.4.) demonstrates an interesting dotted line in Fig.?7. Here the flow-field

-6 -



pattern and distributions of parameters
in the combustion zone have different
features,than in the preceding example

of cone. The induction delay time is much
more in this case through the decay of
shock wave (fig.6). The ignition bounda-
ry (dashed line) is situated close to the
body surface, where there is a narrow
layer of burned gas with the thickness
depending on the intensity of reaction

behind the shock wave,

Fig.7. The distribution of physi-

cal parameters along the pointed

cylinder.

The distribution of various parame-
ters on the nose part of the pointed bo-
.dy is given in Fig.7. The interaction be-
tween the heat release in exothermal reac-
tion and the acceleration of flow around
the ogive nose body surface causes the
non-monotonic behavior of temperature.

The density and the pressure signiticant-

1y decrease on the nose part of the body,

but they change only slightly on the cy-
lindrical part,.

It should be noted that the combus-
tion process for the supersonic flow
past a wedge proceeds in the same manner
as in the case of cone. lowever, the
shock wave in front of a wedge (for the
same free-stream conditions and the came
apex angle) is stronger, therefore the
combustion in the two-dimensional case
runs more intensively than in the axisym-

metrical one.

0w 20 30w 0 60 %

Fig,.8, The distribution of physical
parameters in the axisymmetrical noz-

zle and the form of nozzle.
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We have also computed the combustion
of a hydrogen—air mixture in supersoniec
two-dimensional and axisymmetrical noz-—
zles with a inner body of various shape.,
Along the head part DE of the inner body
(see the bottom part of Fig.8) the super-
M
ABC of
AE

which the combustion is initiated, passes

sonic stream with the Mach number
impinges the external wall
nozzle, The shock wave behind
trom the leading edge A of extermal
wall to the angle point E on the con-
tour of inner body. The inclination of in-
ner body profile in the point E is cho-
gen so that any other shock waves do not
arise in the narrow section BE of
nozzle,

As an example we present in Fig.8
the flow inside the short axisymmetrical
nozzle with the following parameters of
M g0 =55
This

the impinging streem -

Too =685°K, Poo =1

eraph gives the distributions of concent-
grapil g

atm.

ration (C

sity P

ternal wall (solid lines) and along the

, temperature T /'T'oo)den—
and pressure P along the ex-
inner body (daéhed lines) behind the nar-
row section of nozzle ( 2 =10). The exo-
thermal reaction on the inner body starts
to run immediately after the point E
and results in the rapid alteration of
flow parameters. The combustion process
on the external wall develops fastly along
the portion AB (the correspending data
do not present in Fig.8), but it gets wea-

ker after the narrow section. Ven the

equilibrium of direct and inverse reactions
is achieved, the rarefaction of gas in a
channel begins to play a principal role,
resulting to the drop of temperature and
pressure. The very sharp growth of tempe-
rature and pressure takes place near the
end polint F? of inner body in axisym-—
metrical nozzle (in contrast to two-dimen—

sional one), and a rear compression shock

must arise there.

/T ‘ 13.3

5.0

44.2

. - . - —
9 5 1k
Fig.9. The temperature variation in

cross—-sections of nozzle.

Fig.9 and 10 show the variations of
temperature and pressure as a function of
the vgriable§(with on the external wall

F =0 and on the inner body F =1) for
a series of cross—section.of nozzle. The-
se curves illustrate the flow smootheninge
with respect to the nozzle lensth.The dif-
ferences of parameters on the wall znd on

the inner body at large values X are,

-8 -



naturally, smaller for longer nozzles.

i 16.6
15+
21.5
10+
— 79.2

Fig.1l0. The pressure variation in

cross-sections of nozzle.

The analysis of three-dimensional su-
personic flow with combustion past a body
set at an angle of attack is a very inte-
resting problem. We treat some numerical
results for a cone with semi-apex angle

W =30° in the stream of stoichiometric

hydrogen—-air mixture at Mach number Mm:’7,

angle of attack of =10°, temperature

T oo =400°K and pressure Poo =1 atm.
In this case the refcrence quantities are

'{:L:O.Gx

and the critical velocity of

the induction delay time
-6
x 10 " sec

sound a =1410 m/sec.

<

'he distributions of concentration

(solid line) and temperature (dashed line)

-

Fig.ll.The distributions of concent-
ration and temperature along three
generators of the cone at angle of

attack.

along three generators of cone

¥ —0°
(windward side), W =90° and W =180°
(leeward side) are plotted in Fig.ll. The

temperature and the pressure on the wind-

ward side are higher, the induction delay

time is significantly less than one on
the leeward side, by this reason the com-
bustion proceeds there intensively. The
variation of concentration and of tempera-
ture are essentially smaller on the lee-
ward side at the same distances from the
cone apex., It should be noted that the
pressure varies rather weakly along the
body.

The relative coordinate . of igni-
tion boundary is depicted in Fig.l2 with
respect to variable vy for different
planes X = const. At large valuegs of

x the ignition boundary is situated

-9 -



FPig.1l2. The pocition of ignition
boundary in the shock layer on the

cone at angle of atte k.,

on the windward side near the shock wave
and on the leeward side near the'body.This
fact, naturally, defines a different be-
ravior of physical parameters across the
shock layer in different meridional pla~
nes., For example the profiles of concent-
ration and of temperature in the windward
plane \p =0° are given in Fig.13 and l4;
they are similar to the corresponding
praphes for the case of cone at zero ang-
le of attack.

in interesting effect concerning the
form of shock wave 1s found in the three-
dinPGinn“F case of flow around the
cone., The variation of shock wave radius
2w versus the angle \¢ 1is plotted

in #ie.15 for a scries of values of ¢ .

- 10 -

Fig.13, The distribution of concent-
ration in the windward plane for the

cone at angle of attack.

Fim,14, The distribution of temperatu-
re in the windward plune for the cone

at anzlec of attack.
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&0 \
50 -
1 ———’f”\
30 -

303
20 - TR

9.4
10 + 10.4

32

w21
0 xy - + — — -
45 90 135 180 v°

Fig.15. The shape of shock wave for

the cone at angle of attack.

The cross-section of shock wave for the
corresponding adiabatic flow past the co-
ne at angle of attack represents a curve
very close to a circle. Due to non-uni-
form heating and cross gas flow the defor-
mation of shock wave appears, The shock
layer becomes the most thick inside the
region 0° < Yy < 180°. When the coordina-
te OC grows, the magnitude of this maxi-
mumn increases, and its position moves to-
wardc greater values of \V « The shock
wave on windward side is set closer to the
body, than on leeward side. The remarked
effeet ic also observed in an adiabatic
flow past a coné, when an angle of attack
increases[éee the tables (13)]. Thus, the

exothermal reaction intensities the three-

dimensional structure of stream past a co-

ne at angle of attack.

The numerical computations based
on the model, approximating the kinetics
of combustion, have given a possibility to
study the structure of combustion zone and
the physical features of supersonic flow
past various bodies and for vsrious condi-
tions. The model has taken into account
the inverse reaction which is importent;
this conclusion is maintained by compari-
son with work(7) where the inverse reac-
tion was not consider, Some new physical
effects were found by calculations of pla-
ne, axisymmetrical and threc—dimensional
supersonic streams of combustible gas mix-—
tures. However, it should be remarked that
numnerical computation:z with more complefe
kinetics of combustion would be viry in-

teresting,
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