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Objective of Study

— Describe a methodology to determine a steady

propagation speed of a projectile fired into a

gaseous fuel and oxidizer mixture.

— Perform a simple theoretical and numerical analyses

to illustrate the methodology.
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Modeling Difficulties

Multi - dimensional unsteady flow field

Diffusive processes:

- mass diffusion,
- momentum diffusion,
- energy diffusion.

Complex chemistry:

- multiple reactions,
- multiple species,
- complex chemical kinetics.

Complex wave interactions:

- COmMpression waves,
- expansion waves,

- combustion waves.
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Non-Dimensional Model Equations

Continuity:
dp aVi
E—-‘- P X 0,
Momentum: aP
dVi _1_
ar P Ix; 0
Energy:
dp P dp ( @)
oy TP A 1- —,
n Yp I (’y 1)p Kq( k)exp T
Species:
dA

- = (1)) exp(_,—?—) ,

Caloric Equation of State:
e=——-Aq,
Y-1p

Thermal Equation of State:

P=pT.
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Non-Dimensional Variables

p=L  p=L  T=_R T,
Po Py Po/po
u v = \ e:~€~
vV Py / po vV Po/ po Po/po
- = NN
x==2 , yzl , L= ,O_/pot
L L L

Non-Dimensional Parameters

—~— S

:~q~ , ®:~E~ , "Y_—_1+
Po/po Po/po -
K= E ; M()= 9:6~




Reaction Model

- Simple one-step, irreversible reaction:

A

B (exothermic reaction)
A\ = reaction progress variable
YA — 1 - 7L A YB — 7\, .

- Arrhenius kinetics:

kinetic rate o< exp(-E, /RT)

- high activation energy limit.




Thermal Explosion Theory

Reduced Equations (assumed v, = 0):

Cil_It) =(’y-1)p Kq(l—?»)exp - ("i)p) :

%%— =K (1—7\,) exp(_el))p) :

PO)=P, , AN0)=0 .

Linearize the equations:
P=P +P', A=A".

where

PP<<l1l, AM<<l1.

Solve for the pressure perturbation P'.



Solution:

Solve for the thermal explosion time:
(corresponds to the induction time)

Induction distance:

Lind =tind Yui + v}

/
/ 4 Lead Shock Flame sheet

y / Lind




Calculation of Surface Forces

1. Wave Drag:

FD-:% (Pl-Pg)tane .

2. Net Thrust Force:
E,.,=P; (2 L;,; cos O - 1) tan O
+ [P4 (2 -2 L,;,; cos 6) - Pl] tan O .

3. Combustion Induced Thrust:

Fc = Fnet = FD .



Jump Relations Across Lead Shock

P1=

1 +yM2 sin?B + VA |1
(v+ 1) Mg sin*B

u; = /Y My (‘—)1— sin’P + COSZB)
1 .

V1=«/7MocosBsinB(1 —L)

P1

P1

P, =1+yM? sinzﬁ(l i —1-)
where

(1 + v Mj sin”$3 ) - (Y + 1)y M5 sin*3
X (2 + (v - 1)M3 sin?B)



Flow Expansion Region

Prandtl - Meyer Function:

G R i o R ey
V(M3)= 'Y-—l tan 1/\/—'Y—-|_-—1(M3 - 1) -tanl M3 -1

Isentropic Relations:

1

-1

. 1+7M%Y—‘1_
PL 1+-71M%

o I
P, 1+-—2—M1Y1
Bi 1+_71M§

Velocity Components:

/ =P
uz =Mj 'y—g%cose, vz =-M;j Yp—isme



Jump Relations Across Flame Sheet

-1

p4_(1+vM%ifB‘

ps | (Y+ 1) M3
P, _ T
P3—1+7M3(1 p4)
P P -
u4=(p—i)u30036, Vy=- EZ—ugsmG

where

B =(1+yM3f-(y-1)Mj

X (2 +(y-1) M35 + 2 (Y-U%Q)



Tail End Compression Region

Ps [1+vyM; sinz(oc+6)i yC\!
P4 (y+ 1)Mj sin{0+0)

Us = J’YM4( sm?(oc+6)+cos2(oc+6))

= /Y M, cos (OL+9) sin (oc+6) 1 - %)
Ps _ P4
P, 1 +vyM; smz(oc+6) 1- ps)

where

C = (1 +y M3 sin%0+8)f - (v + 1)y M3 sin%0+6)
X (2 + (v - 1) M3 sin%oi+))



Numerical Analysis
RPLUS Code:

- developed at NASA Lewis,

- based on LU-SSOR numerical scheme.

Computational Grid:

- 199 x 99 fixed grid.

Convergence:

- 500 1terations,

- residual unsteady terms had scaled values
<1.0x10°.

Computations:

- run on IBM RS/6000 POWERSstation 350

- run time about one hour.



Parameters

Geometric:

0=5, L=0.10m.

Kinetic:
k=1.0x10"/sec, E=1.019x 10°J/kg,

1.295 x 105 J/kg < q < 1.704 x 107 J/kg .

Atmospheric free-stream conditions:

P,=1.01325x 10° Pa , po = 1.225 kg/m? .

Thermodynamic constants:

V==, R=287J/kgK), c =717.5J/kg/K).
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Pressure (Non-Dimensional)

Pressure on Wedge Surface
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- rise on forebody due to shock and reaction
- drop on aftbody due to rarefaction

- lack of crisp shock indicates more
resolution necessary

- propagation speed sensitive to local pressure

- trends plausible



Pressure (Pa)
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q, Heat of Reaction (J/kg)
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Conclusions

1. The interaction of kinetic length scales with geometric
length scales are important for determining steady
propagation speeds.

2. Bifurcation phenomena observed for equilibrium
Mach numbers:

- high Mach number solutions stable to quasi-
static perturbations.

- low Mach number solutions, unstable.

3. Near the bifurcation point, increasing heat release
increases steady propagation speed

4. Qualitative agreement exists between theoretical and
numerical results.

5. Higher resolution required for quantitative accuracy.



