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DOUBLE TIME LAG COMBUSTION INSTABILITY MODEL

FOR BIPROPELLANT ROCKET ENGINES

INTRODUCT ION

Since it was first observed in the early 1940's, low frequency combustion
instability or chugging in liquid rocket engines has been the subject of many
analyses. Von Karman (1) was the first to propose that the phenomenon is due
to a combustion time delay between the instant of propellant injection and
subsequent conversion into combustion products. In 1950 Gunder and Friaat (2)
presented an analysis in which this combustion delay was the essential feature
but also included the inertia of the liquid in the feed system. This was
followed about one year lster with an analysis by Summerfield (1) which also
incorporated the combustion delay and feed system inertia. Gunder and Friant
treated both monopropellant and bipropellant rocket systems with a common
combustion delay for the latter case. Summerfield treated only the monopro-
pellant case. In both of these analyses the authors showed that instability »
is not possible if the pressure drop across the injector is greater than
one-half the chamber pressure. Crocco and Cheng (3) later refined the model
for the monopropellant case by assuming & time varying combustion delay which
for simplicity was correlated to chember pressure. Their analysis considered
feed system inertance and capacitance s well as resistance. Hurrell (k)

introduced the concept of an injection velo.ity-dependent combustion delay and



its effect on the neutral stability boundaries. More recently Wenzel and

Szuch (5) conducted an analysis of the bipropellant case by atlowing different
vaporization rates for the two propell. ts. However, feed system inertancr

and capecitance vere not considered. Aa interesting conclusion from this work
was that 1n some cases decreasing the ratio of the injection pressure drop to
chamber pressure results in a transition from unstable to stable operation. This
cannot be predicted from singles combustion delay analyses.

All of these analyses have served to establish the current knowledge and
understanding of lov frequency combustion instability and have guided the pre-
vention and/or elimination of the phenomenon in pas* rocket engine development
wvorh. However, in analyzing current high chamber pressu-e, bipropellant rocket
engines with propellants possessing distinctly different vaporization rates
(time lags), these analyses have certain shortcomings. First, the analysis of
& bipropellant rocket engine with a monopropellant model applied individually
to each propellant system yields questionable results because it neglects the
influence of the other system on the overall stability. Second, the use of a
bipropellant model with a common combustion delay to represent propellants with
distinctly 1ifferent vaporization rates is unrealistic. And third, in view of
the fact that feed system inertance and capacitance play an important role along
with injection pressuare drop in determining the stability of the overall system,
these factors should also be included in the model. It should be possible, at
lease in some cases, to stabilize the combustion with less impact to the overall
rocket system by optimizing these parameters rather than adjusting only the

pressure drop. Reliance on an injection pressure drop greater than one-half the
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chamber pressure to guarantee st: hility is unrealistic from both the standpoint
of high pump discharge pressures that would be required for today's engines and
from the results of the analysis or Wenzel and Szuch.

This report advances a bipropellant stability model in which feed system
inertance and capacitance are treated along witb injection pressure drop and
distinctly different propellant time lags. The model is essentially an
extension of Crocco's and Cheng's morovropellant model to the bipropellant
case assuming that the feed system .nertance and capacitance along with the
resistance are located at the injector. The uneutral stability boundaries are

computed in terms of these parameters to demonstrate the interaction among

them.
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Combustion Chamber and Associated Equations

Crocco's ingenious derivation of the combustion chamber equation is
based only on a limited number of fundamental assumptions and definitions.
First, like Summerfield, he postulates that the chamber pressure p is a
function of time t, even when the combustion process is a steady one. Next,
he suggests that the rate of combustion processes in the chamber is a function
of several variables, the two more prominent of which are pressure and temp-
erature; the rest of the relevant variables are lumped into a single group,
Z. Thus, without identifying the nature of the combustion process, he states

neatly,

Process Rate = £(p,T,2) = £(p,T,Z)[1 + p’

H.D.T.
=T ] (1)

where the bars on the variables indicate the steady-state values of these
variables, and p' = p - p is the small perturbation of the chamber pressure,

and H.D.T. denotes the higher derivative terms, such as

¢

o Q
|

, 0f dT of dZ) - - =
¥ dp 9Zdp’|{P*Ps T=T,7=212.

In so doing, Crocco singles out the predominant effects of pressure on
the process rate f, and disregards those of the others. As it will be
shown later that, out of this perfectly general and vague definition of f£,
Crocco was able to lay the foundation for the formulation of the relationship
between the burning and the injection rates of the propellant.

From the definition of f just introduced, it is easily obtained by

transposition



L L PUH.D.T) _ £(p,T.2) - £F,T.0)

£(p,T,2) £(p,T,2)

(2)

where n is simply the percent change of process rate, with respect to the
steady state process rate, due 10 a small perturbation in pressure, p'.
Crocco and Cheng call this % change the interaction index. This index seems
to reflect, to some degree, the design of combustion chamber.

The next innovation that Crncco introduced at the outset of his in-
vestigation in combustion instability is the concept of a time lag, Tes
which is the total time elapsed between the instant when n = 0 and the instant
when n = 1. To simplify the ensuing analyses, he assumes further that during
a certain portion of this time lag, i.e. T the interaction index n is zero
and during the rest, i.e. T = T, - T, M= 1. Thus, L is the insensitive
part and 1 is the sensitive part of the total time lag Tyo

With these two quantities defined, the following statement concerning

the energy Ea contained in a certain element of propellant as it trans.lorms

from liquid state into gaseous products of combustion can be made

t

u[‘ f(t') dt' = Ea (3)
t-1

Note that the lower limit of the integial is the instant when the process
rates begin to be affected by the combustion processes. Note, too, that
this same level of energy Ea woula have been reached also, if the processes

of combustion had been steady. Thus, it is equally valid



t
f F(t) dat' = E_ (4)
t

-T

where the schematic variation of the rate function £ with respect to the

time lags 1 and T are shown in Figure R.

by
Process
R
ate 0
Time
] 1
Fig. A

Observing the schematic variation of f(t), one may write

t-T t t

d/ﬂ f(t') de' + -/ﬁ £f(t') dt' = Ea = J/P f(t") de (5)
t-1 t-v t-1T

The first integral on the left-hand side of (5) can be rewritten approximately,

t-t
£y dt' (e - -t -VITED = (.- (6)

t-t

Transposing,



t-1
- 1 ] !
£-7 = - _ff(t)dt Q)
f(t-1)
t-t
But, from (5),
t-1 t
[} ] ' - 1 '
ff(t)dt=-f [f(t ) - £(t )] dt
t-1 t-1
hence, (7) becomes
t 1 - ! ' t ] '
T-E=-f f(t)-f(t)dt~_ £(t) - f(t) dt
A f(t-1) toT f(t )
Using the definition of n from (2), we have
t
- n
- ff p'e)) (®)
Pt

Differentiation with respect to t of T-T under the integral sign yields then

-S—Z-= %.[P (t)-p(t )] (9)

P

This equation only portrays a part of the combustion chamber phenomenon.
The second part of the derivation of the chamber equation is con-

cerned with the mass balance in the combustion chamber. It begins with

the premise that the mass of propellant injected equals the mass burned

at an instant Tt later.
Gmi(t) dt = Gmb(t+rt) (dt + d1) (10)

where the subscripts i and b denote injection and burning, respectively.

The time lag T, in (10) is approximateiy equal to and will be later
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replaced by its counterpart ;t in the steady state process. Now let

t+tt a T or taT - Tt'

Eq. (10) becomes

cﬁi(i*-%t) (dT-dt) = smb(i*) at

R . e = dr
Gmb(T) = Gmi(T-rt) (1- 3?9
Renaming T as t. as the starting instant of the process is immaterial, we

have
s, (t) = &, (t-1.) (1 - &2 (11)
b i t dt
Eq. (1) is now modified slightly, with the understanding that in a steady-
state process ami a émb,

. z . = k dt . -
Smb(t) - Gmb = Gmi(t-rt) - Gmi " IF Gmi(t-T) (12)

If the injection rate is constant, i.e. &, (t) = Gﬁi = 6ﬁb, it follows
then
s (t) = 6f, (1 - 95y
b b dt’’
The next phase of investigation deals with the dynamics of the com-

bustion chamber. For a non-steady process we can write
B =0 (t) + S M (1) (13)
P e dt ¢

where mb(t) is the rate of generation of combustion products, me[t) is
the rate of ejection of gases through the nozzle, and Mg(t) is the mass
of gases accumulated inside the chamber. Since Mg(t) is proportional to

the chamber pressure, the rate of accumulation of Mg(t) is



where Mg is the steady-state value of Mg(t).

Considering the total amount of the combustion product from t = 0 to

the current instant t = t, we have

t t-rt
fmb(t') dt' = j iy (t) dt (14)
o [+]

Differentiation of (14) with respect to t gives

iy (2) = (1 - §9 m (t-1) (15)

Substitution of (9) into (15) yields

iy (t) = {1 +n (L8 R-;(E'jL];mi(t-rt)
P P

or, with a slight modification,

no(t) - mem ' - - ' ... (t- R
mb( ) m+m ﬁ . {1 . n[P— (t‘)--p.yp _ P (t"f)'P"'P}}ml(t Tt) m+m
m P P m
Denoting
i, (t)-m m. (t-1,)-m HPTR
___12:______ = ub(t) , 1—7_t_—-.—- = ui(t--rt) and P—LE)—.R— = ¢(t)
m m P
we have,

uptt) = n [a(e) - o(e-D)] + uy(t=r) + nlo(t) ~o(t-T)u, (t-1,)

or, approximately,

by (£ ~ M (t-1,) + n [o(t) - o(t-7 )] (16)
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Introducing the gas residence time

0= Me/z » (an

as the time an average element of products of combustion will remain in
side the chamber in a steady-state operation before it emerges from the

nozzle, Eq. (13) becomes

g% +u(2) = (2) (18)

where z = t/eg. (19)

The ejection rate can be calculated from the steady-state nozzle transfer

function [6] as

he(2) 2 6(2) (20)

Substitution of (16) into (18) gives the equation of combustion chamber

dynamics.

4 4 h@) = w7y + 0 [80) - 4(2-D)] an

where Ty has been approximated by the steady-state value ;t and has also
been non-dimensionalized by the use of eg.

The term ui(z-Et) in (21) can not be determined without an examination
of the machanics of the feed system of the rocket engine.

Obviosusly, if the injection rate is independent of the pressure

oscillations in the chamber, (21) reduces to its simplest form.

B @) 4(2) = - 0T (21)
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Derivation of Feed System Ecquation

A schematic feed system for a monopropellant rocket engine as shown as
in Fig. ZBcan be mathematically represented by several simple component

equations, each of which portrays a specific portion of the operation.

_ e S Ai
[ .
‘y'é"‘o“' i >‘]< Combustion
Chameber
Fig. B N%zzlc
. P,-P M -
Pump: °© 0 _._p ? 0 (22)
Py o
- . dpy
ine 0-1: o=y = e X Fr3 (23)
£ dino
PPy T T (24)
Line 1-2: p. = N2 ﬂl (25)
ine . M A 3t S
1 inzi
Injector plate: P,"P, 25 — (26)
241 2 A 2
Poii
th, = h, (No feedback ccntrol) (27)
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wnere D anl X are the proportional constuza. of the pump and the equivalenmt
spring constant of thﬁ feec. lire, respectively, X is closely related to the
feed line capacitance Cz.

H.S. Tsien [3] obtained a differential equation from (22) - (27) which

relates the feed system dynamics with the combustion chamber phenomeion.

1, 43 d2
Plo+ 0E (b +3) 3o+ Jry a—;}]

clien @bl ¢ (@ Ly o) ok
224 Y AT T
1 d?u, a3,
+ [DDE(L - y)(P + 7) * JEy] Y. I o JzEY(l'?)3;1~" 0. (28]
where
P = %-—g— (pressure drop parameter)
Ap
2A§pox
E = ~ (Elasticity parameter)
m Qg
I
J = —= (Inertia parameter)
2ApA%

Simplification of (28) is possible for specific .ases:
I. Constant feed pressure, D = 0

P(¢ + JBy T3 ¢ ug ¢ J g+ By gzt ¢ SEY(Ley) o 0 (29)

I1. Line elasticity or line capacitarce concentrated at injector plate, y=1

a2 iy d%ug ,
p(¢+JeE-z-$)+ui+sz + 0B o> = 0 | (29),




R

III. Constant feed rate, D + «

du. d2y.
- d¢ . X - - LR
PEq*w *Egg*t U0) JE e = 0 (29) 11,

IV. Line elasticity or Line capacitance concentrated at the tank end

of line, y = 0.

1. dé 1 1 duy
Plo + DE(P +3) G2 1+ [1+D(P + I, + [DECP + 3) + 3] &=
1 dz”i
+DJE (P+3) g7 =0 (29) 1y

For each special case (four sample cases are shown above) the feed

#

system equation F(ui,¢ ) 0 (29) must be solved simultaneously with the

chamber equation C(¢,ui) 0 (21). if one is intere:ted in the stability

aspects of the problem, only the characteristic equation is of importance.

Some sample analyses leading to this chamber equation will be given below.

Case I. Define a differential operator
_ d ., 42 2 d3
9-1+J-J—Z- +JBy o7 + J%y (1 - y) 373 - (30)

Then (29), becomes for the instant of z-?t

d2
P [1 + JEy a;QJq%z_;) + 9 ui(z-;t) =0 (31)
Applying the different_al operator P defined by (30) into (2i) we have

O HOREINGORE I EE FHCES (32)

Substitution of (32) into (31) yields a differential equation in ¢ only.
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] 2 3
[1+3 o0 JBy $z + 92700 - y) S5] [amyem) + G - nélz - 9]

2
+ P[1 + JEy %t] $(z -%) =0

or

2 3
{am v amal &5 00 amEy] S 9By [aWIA-y + 1) &

I
v 3%y (-0 S | 0@

d2

3 i
b [P -n-nd S+ (P-n)IBy Sz - 032y (1-y) g—z-g] $(z-3) = 0 (33)

dz
Equation (33) can be written symbolically

Ly [e(2) 1+ 1, [9(z-1) 1= 0

where

L, = (1-n) + [1 + (1-n)J] 4 . (1 + (1-n) Ey] a2
1 dz dz*

a3 2 d*
+ JEy [(1-n) J (1-y) + 1] 323 * JEy (1-y) ¥
and

L, = (P-n) - nJ 4. (P-n) JE ¢ -n J%Ey (1-y) L
2 dz Y 372 dz3

(34)

(35)

Now we relate the function with a retarded variable (z-t) with ¢(z)

by the use of Laplace transform, namely,

o(s) = f e 5% ¢(2) dz
0
and
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‘/P e %% ¢(z-7) dz = e-s; ¢(s) (36)

o

Thus,

{(l-n) + [1+ (1-n)J]s + J [1 + (1-n)Ey]s? + JEy [1 + (1-n)J(1-y) )s3
. Jzem-y)s“} o(s) - [1+ (1-m)J3] 4(0)
- [+ (-m)EyIlseo) + St | o]
2 d d?
~Ey[1 + (1-mI-ns2600) + 5 $9 | 1o 720 | 1o
2 3 2 d4¢ d2 L - I
-32%y(1-y)[s%(0) + s2 J| .0 * 8 To2thao® T3¢ zeo)

v ST {[(P-n) - nJs + (P-n)JEy s - nJ2Ey(1-y)s®] ¢(s)

+ nJ¢(0o) - (P-n)JEy [3¢(0) + %% | z=0 |

d2
¢ na2%Ey(1y) [s20(0) + s S|+ &

,.o]} = 0(37)

Solving for ¢(s), we have
P(s) = B,(s)/85(s) (38)

where

g,(s) = [1:(1-n)3]$(0) + [2+(2-n)Ey][s$(0)+¢' (0)] «JEy[1+(1-n)i(1-y)]
[529(0)+9$1 (0)+¢1(0)] + 32Ry(1-y) [579(0)+8%41(0)+8¢"(0)+¢' ' 1(0)]

- e'Bf{nJ¢(0) - (P-n)JEy [a¢(0)+¢n(o)], nJgEY(l-y)[ﬂzﬁ(O)*sﬁ'(0)o¢"(oﬂ}
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do(s) = (1-n)+ [1+(1-n)d] s + J[1+(1-n)Ey] 52
+ JEy[l+(l-n)J(1.\.y)] g3 4+ JZF&(lwy)sh

- e-ST [(P—n)—an+(P-n}JEy92 - nJZEY(l-y)SB]

Eq (38) can now be inverted. The inversion process involves the
evaluation of the residues at the poles inside a contour which encloses
all the poles of the integrand. Since there are no poles other than those
introduced by the vanishing of the denominator, we only need to set it to

zero and seek its roots, either real or complex. lence

(1-n)+[1+(1-n)J] s+J [1+(1-n)Ey] s2+JEy [1+(1-n)J(1-y)] s3+J2By(1-y)s*

= ¢ ST [(P-n) - nJs + (P-n) JEys? - nJ2Ey (1-y)s?] (39)

It y = L, such that the line capacitance is concentrated at the injector plate

end of the Jine, (39) further reduces to

(o) + [1+ (-3 s ¢ J[1 ¢ (1-mEJs? + JES _ -Ts 4
P -n -nJjS+ (P-n) JEs? ° o

For given values of J,E,P,N and T, the roots (either real or complex)
can be solved from (40). Since these roots will give rise in the solution

¢(z) to such terms as

ce i=0,1,2,...» (41)
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We are certain that a real positive root Si or a positive real part of a

complex root will cause ¢(z) to increase without bound as z increases. In

other words, the existence of such a root signifies instability, whereas the

existence of a negative real root Si or a negative real part of a complex

root indicates stability.

Case II. Constant feed rate Dre

. . d d2
Define ® =1 + E T (1-y) JE Frx3

then (29)III becomes for the instant of z - ?;

PE 300z - ) + By (2-T) = 0

But ﬁui(z - ?t) is, from (21),

Pu (2 - T,) = L1 -+ De(2) + niC -

Hence

2
PEg-z-:b(z-?)+[l+E§7+(1-y)JE-g—zz-][(1-

Simplifying,

2
(L-n+ P+ B+ A -y I Il

2
+{pe§7+n[1¢l§§;+ (1 -y) JE LAbG

The counterpart of Eq. (39) for this case is

(L+Es+ (1 -y) JEBs)[1+s-n+n e %] +

Eq. (46) can be solved for s for s real or for s,

(42)
(43)
] (44)

ne$) 4z) +ne(z - D=0

-.') = 0 (45)

PEs ¢~ " = 0 (46)

complex. For real s, we
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transpose(46) as

e-?é __ (0 -n+s)(1+Es+ (1-y)JEs?)
PEs + n[1 + Es + (1 - y)JEs2)

(47)

Graphical procedure must be used to construct curves for the left and right
sides of (47) for various values of the parameters n,E,y,J, and P. The
intersections of these curves locate the roots. Again, positive roots indi-
cate stability, otherwise, instability.
For s complex, we substitute in (46)
s =a + iw

resulting in

e *(cos Tw - i sin Tw)

[Qd-n+ WA, - mAz] + i[mAl + (1 -n+ u)Az]

- (PEa + nA) + 1(PEw + nA)) (48)

wheve I\l =1+ Ea+ (1 - y)JE(a? - w?),

A, = Eu + 2(1 - y)JEaw. (49)

Equate the real and imaginary parts in (48), we obtain

~aX Pku + nA 1-n+a)A;~wAs |+ (PEw + nAs)[wAy+ (1-n+a)A
-e “(.osiw.( 1)[( o)A ~whp]+ (P 2)[why+ ( )A2]

2 2
(PEa + nAl) + (Pl + nA2)
(50)

-ax (PEa + nAl)[(l-n+a)A2* oAlj— (PEw + nAz)[quA2+ (1-n+a)Ai]
e sinfw =

2 2
(PEa + nAl) + (PEw + nA,)

Further simplification yields
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(PEa + nAl) wAl+(l-n+a)A2 - (PEw + nA2) (l~n+a)Al- wh,

- tan 1 =
-(PEa + nAl) wAz-(l--ma)A1 + (PEw + nAz) (1-n+a)A2-wA1 (51)

[ -n+a)2+ mz][Ai + Ag]

e . (52)
(PEa + nAl)2 + (PEw + nA2)2
The case of neutral stability is characterized by a = 0. Setting
a = 0 in (51) and (52) we obtain
nAS[wAS + (1 - n)AS] - (PEw + nAS)[(1 - n)A° - wA®)
tan Tw = L1 2 2 1 2 (53)
-nA;[mA; - - n)A;] + (PEw + nA;)[(l - n)A; - mA;]
[ - m2 + w2][(AD? + (AD)2]
1= 54
(nA‘l’)2 + (PEw + nA;)2 (54)
where A; =1 - J'Ew?
° =
A2 Ew
J' = (1 - y)J.
Simplifying, (53), (54) becomes
l-n
_ wf- (1 -m) s (Pen) [0 ]
tan Ty = 4 w"?’ — (55)
we (L-mpe (e mE e S5
and
@ +n)2 -n2 = [0+ (1-0)2-n2]g2 +1) (56)
where

@/~ Jw - é;-.
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THE PRESENT MODEL

The low frequency combustion stability model described here is an
extension of Crocco and Cheng's (4) analysis of the monopropellant system
to the bipropellant case. The model considers the injector capacitance and
inertance as well as the resistance of both propellant systems and allows
for separate and distinct time lags for each propellant. Previous bi-
propellant models do not congider the effects of injector capacitance and
inertance. The time lags are the time intervals between the fuel and oxidizer
injection and the assumed sudden conversion to exhaust products; they include
all the physical and chemical processes in the conversion such as heating,

vaporization, nixing, and reaction.

ANALYSIS

The monopropellant, single time lag model of Crocco and Cheng is modified
to accommodate the bipropellant case by adding a term accounting for the
second propellant to the equation governing the dynamics of the gas flow in
the corwustion chamber and adding a new equation representing the dynamics of
the sacond feed system. The modified equation for the chamber dynamics in

dimensionless form is

a_ ep(t) + op (t) = W (=) + sizf (¢ - ) (57)
at
+n [ Gpc(t) - Gpc(tJT)]

assuning the the pressure and temperature at any given instant are constant
throughout the combustion chamber and the time lag is constant for all propellant

elements. The dimensionless chember pressire, F, and flow rates W, and wg are
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defined in terms of their steady-state values and the dimensionless time,
t, time lars for the oxidizer and the fuel, T, and 14, and sensitive time
lag, T, are defined in terms of the gas residence time, eg. (Symbols are
listed at the front of the report and 98 is defined in Appendix A.)

Two dimensionless equations representing the dynamics of the feed
system, one for the oxidizer and one for the fuel assuming constant feed
pressure at the injector inlet and all capacitance and inertance located at

the injector are

(58)

[}
o

2 2
Po(1+J°EoD ) 6pc(t) + (1+J0D +JED ) 6W6(t)

(59)

1
o

Pf(l+JfEfD2) apc(t) + (1+JfD + JfEsz) sﬁf(t)

where D is a differential operator, and the dimensionless inertance, J, and
Jr, capacitance E; and Ey and pressure drop paremeters, Py and Py, are defined
in Appendix A. Substituting equations 2 and 3 into equation 1 and applying

Laplace transformation to the result yields
[ +ne SS][1+] S+T E S 1{14J S+7 E.S ]
S+l-n+ne l+Jo ol L £op

-TOS 2
= -e PO[1+J0EOS ] [1+st+J

f

2 -Tfs 2 2
fEfS ] -e Pf[l+JfEfS ] [1+JOS+u°EoS 1 (60)

Substituting o+iw for S in equation (60) and equating the real and imaginary

parts of both sides results in two simultaneous equations,

=0T
- o]
(GH-KN)(a+lZ;£KH+GN)w = P e {coo wTO[MH-N(QamJOEo)] + sin mto[MH+H(2amJoEo)]}
P, e £ {coo wtf[RG-K(zqufEf)] + sin mtf[KR+G(2ameEf)]} (61)
-0T

(GH-KN)w +\KH+GN) (a+l) = -Pe ° {coo mto[MN+H(2amJoE°)]

-sin wro[MH-N(2anoEo)]}

-aT
-Pfe £ {cos wtf[KR+G(2qufEf)] -sin mrf[RG-K(2ameEf)]} (62)
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where: G =1 +J a+J E (a2~ w?)
o 00

2 2
= + -
H 1+ Jfa JfEf(a w?)

K=Jdw+2J E
(o] 00
N =u€w+2JfEf0.m :
M = 1+J E (02-02)
Qo 0
- 2_2
R l+JfEf(a w?)

For reasons to be stated later, the interaction index n and the
vaporization time T have been set to zero in Equations (61) and (62).

Equations (61) and (62) can be solved simultaneouslyl for @ and @ to ;
evaluate the stability of any combustor design once the pressure drop, in-
ertance, cepacitance and time lags are known¥. The magnitude of © indicates
incidentally, the vroneness of the system to instability (if a>0) or to stability
(if a<o).

The time lags, T and T, are by Crocco's definition the total time lags {
and are composed of a constant, steady-state (insensitive) portion and a var- :
iable (sensitive) portion T. Rigorous analyses would take into account this
time-dependent or sensitive portion of the time lag; however, for most appli-
cations it can be neglected because it is small compared to the total time lag.
Once the sensitive time lag is taken as zero it follows that the interaction

index must also be zero because zero sensitive time lag requires that the

burning rate be independent of chamber pressure.

+ The programs written for this purpose are listed in Appendix C. The
calculations which underlie the solutions for o and ®w are discussed in
Appendix B.

¥  The curves showing variations of a& with Lo (Vo) while Ly (Vp) is held
constant are shown in Figures C (D).
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The total time lag is defined as the time increment between injection of
a propellant and its conversion into combustion products. Certainly this time
lag is not the same for all propellasn. =iements. It is therefore customary to
define an average time lag for each propellant which may be done by determining
the lapsed travel time between injection and the axial position where
combustion is assumed to take place. The methods of Priem [7] can be used

to determine the position of the combustion front.
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DISCUSSIONS AND RESULTS

In craer to illustrate the effects of capacitance, inertance and
resistance of ite systems on stability, equations 5 and € were solved for
the reutral stability boundaries (ol= 0). Figures 1 through 3 show the
neutral stability boundaries in terms of the fuel and oxidizer orifice lengths
for three different oridizer pressure drops. Fuel and oxidizer cavity volume,
f1el pressure dropr and time lags are held constant. Figures 4 aod 5 show
the nevtral stability boundaries for two different fuel pressure drops
while oxidizer pressure drop is held constant along with the cavity volumes
and time lags. Because more than one pair of rcots satisfy equations 5 and
6 multiple stable and unstable zones exist. Thea fuel and oxidizer pressure
drops affect these zones but unfortunately nc trends are apparent.

Figures 6 through 8 show the neutral stability boundaries in terms of
the ruel and oxidizer cavity volumes for three different exidizer pressure
drors. Fuel and oxidizer orifice langths, fuel pressure drop and time lags
are held constant. Figures 9 and 10 show the neutral stability boundaries
for two differert fuel pressure drops while oxidizer pressure drop is held
constant along with the orifice lengths and time lags. Although multiple
stat le and unstable zones exist as in figures 1 through 5, it appears that
intermediate values of oxidizer and fuel pressure drops (figures 7 and 9,
respectivel, ) result in the narrowest unstable zones. Thus, if an operating
point were selected whizh is in an unstable zone of figure 6, the system
could te stabilized by reducing either the oxidizer pressure drop to 124 psi,
or the fuel pressure drop to 87 psi (figures 7 and 9). Further reduction in
either oxidizer or fuel pressure drop results in the return to unstable
operation. This result cannot be predicted by either single time lag
models or double time lag models which do not include injector inertance

and capacitance.

ke e



OXIDIZER ORIFICE LENGTH, L, in.

0.35 - _ T R : 1% %.-‘
| P
L a1

o3of—— oL o4 i . _.1 [u&\\,vav /NAN\
. STABLE 29K
% e \ N
= U SRR 5
CToE R U " 4%
" .0 ™ Mﬂ Vvvv \v
\? W«AW\ UNSTABLE dVva
0.20 | —- - L‘WA ANMF, ‘ \,ww
]ANJW yéﬁ o\ 4
Hat 7l ¥
0.15 AAV y@fﬁ? \\,e__ 12
A‘ AN A\ \\VWVA AAAAAAA K \\
@\ vay AA«AAA‘ P p ,
\W\_ &A«A\vvv yv AATKD.\\\\
0.10 - = g
o
nost—— ¢ - A—I RS I UGN SN - -] . - : e
|
uul M \_ L R B & A | L oo 1L L.
01 02 04 k) 2 4 1 2

Fig. 1. FUEL OW11ICE LENGTH, L, m,




OXIDIZER ORIFICE LENGTH, L , in.

0351 I T i ey - S 4 s s I|~
“ ﬁ L ¥, 1248 otis |
. . P, 124 p: _
| / . “ | v 125 c..
: _ P, 130 os. .
0.30 - . _ ¢ A AT
. © 51 .
/. LT 0.14 .
. '3 (] _
ol X
af 7/ 7/ \Wv __
0.25 . - — =
§ / STABLE 7 _
V//77, i
v 2Ll
0.20 L. ./ el PN 7| 4
) A
0.15 7
I
Y,
0.10 7T
0.05 — —
_
01 .02 0.4 A 2 4 1 2 4
Fig. 2. FUEL ORIFICE LENGTH, _4 , in,



s1

OXIDIZER ORIFICE LEt.?

S R Gl it
I ™ =
] [
: ]' Pc - 1448 .0
.. I | W, - 625
‘r R \0 - 125 cu. .
. STABLE | \P‘ - 130 .
e e [ v < 85 cuan.
T T ro' S 14
. i T, + 0.14 My
A B ke SRR
L ! ‘ o
ZA77 T, A ZAZIZZ ZZPZZIAZI T ZT T I 7 Ld o Py 7w T
b - -
. | N ]
L R I
RN 200 7, Ltkh A rr prnk e !
\ L, T—1
ooy oL ||| Istaste 7 %'//’ 7 /,'////.'////’////,;
Y/ LA IR YT X AN ] A A
1/ ; § /////V///V// /// //l//; )LF! ) 1‘@
! fic
| i >
L i i ]
: ; : 1 )
R ! .
; 1
L JINSTABLE | l
i !
—— s .
Iy i
2 L ) !
,
> l
4 |
&y " t 4
— A '
]
H </</w /
N
“14’ AN
g
STABLE 7% b % ;
1
| | |
| - L1 1
01 .02 04 A 2 4 1.0 2.0

Fige 3. FUEL ORIFICE LENGTH, Ly, in.



OXIDIZFR ORIFICE 1.L'GTH, L

PL = 1248 cma
4 ﬁ‘ \P“ < 156 pan
i X Vo ® 122 :.n,
5% . 87 pu
STABLE lv, . 85 cu. in.
'ro .« 14 ms
2 T - 0.14 ™
/ [ % ! 3 " -0 ; ‘
e A T7I777737777 I
v i
1 i 1
i .
Y < j '
G ==
A / : . -
. ) —~wad st e 2 y v
i ' ; ‘
04 T, ,
QZZZb, e
STABLE N AITIIEN» t
, bl
UG L L L OO 77 i E_Z_D N | ]
0.2 VAP % R ;
22,2298 777> T
ﬁ' WLLLLLLALL LV YA 7 1 f77? 7/:'/,‘/ VA AA
i , UNSTABLE | j, e
0.1‘”'1_1-' '1:-(----» -r / l ! \
G //ééz_@ﬁ o AR A e mCes
YI 1 T’“ i
! 777 | )
LA AA v L L7 e
4 I 7 /// / > /’ /{/r /
v / "'
" é@gg_g__,, wtvekea W VTV A4 f_(_é///j///
K 2l o
4 2 ﬂ7//, 777 R
. i‘ T
Y H
STABLE
02 % 7, S - 112
T
l | '
' ]
\ |
01 J l | |
.01 02 04 R] 2 4 1
Figs. 4. FUEL ORIFICE LENGTH, L', in.



w ) CHLONDT 3914180 13nd ¢ Ty

v z 3 1% z L 0 7 10
o —— Yy g Te— = - T T -~ T - - -t T
\\“ \.\\u‘ \\ \v - .
“\ “\_V\rwl - \« ..; .Q.‘\ L - e e ]
\\“‘ \\g.‘\ \g\\\\ %\\VQ\M\L _ AP
-~
Y

go' s &«
) 378VLS e !
Ve
A
M\b\\ Lop. \\\w \1\ \\ \\ \\\\\\\\\\\\\N\\ \\\ \\\\\N\:“ \ Y vy \N\\\w \\\\\\
LLen, /AA ) 318vLNN \CAY A A I,
y4 r 2 A2
. < \\LWJ.\N\\\\PRN e KA L e s
\“” Y aviy4 >l \\ \\\ AV A a4 o o g
N AN
7 i
<Zzr>
a 318V1S

Mgv. _ N IR W, — 4 -

0= u @\\ \\\ =~

welro = ), < 77777 XA A \\\\\\r\\\\ \i\ﬁ\
_

wyp - 2 [T N LA A2 T m
‘W NIGY = .> —4- 4 g _} - _ ] i._r Lo ] -

sdgy = Ko ] e —
wnagzL - A il - - I - o=

[]
18d 95 = oa... - TTITTTTYT T T T T : - - - T
ok T T o e s S Y W o o 0 et Rt el

w ‘%9 ‘HIONIT 3914140 HIZIAIXO



30

NN

AR

7
20

SOP

10

AN\

pa

100

ur 'n3 ©A 'INNTOA ALIAYI HIZIGIXO

ph-_. N ®v N N V
o ,_V.va.Wv
m | A/ L/VV.IVV ~
N\ )
JR AN
Q , J
Y w A W
NN @ I NECTEEN
N = SN
PN LT Ni&
4/ N 2 ‘/
11 NM 3 = “NN -
,n N ,W Q m
I -
R \ i
44 NN N +—t ~
H NN N N\
SN EENHINGS _ i
\ \
W Pu / 1 .,l! i _1 ;.ll I.LQ
3 e 2 - ~ S . . -

FUEL CAVITY VOLUME, V,, cu.in.

Fig. 6.



un A ‘3WNT0A ALIAYD 1an4d *) <314

‘v 'no * °A ‘3WNT0A ALIAVD W3ZIQIXO

0z ot v 4 oL v r
7 1
¥
\ ———
K
A~
1
L
,\ \
7
A7
. £
,n“l
,\\
[, |77) 318vi1s
I
L%
"7
P N "N
4
‘
] nbvvvvd
- 77 /
319VLSNN ] N, Leeeeeer 747
} I T 4 L77T7T777
LY LilllZ 2L \\ﬁ\\\\
0- _
w0 - b 318vLS
WPyl - L - —_ _
weeo = N
pdogL = .uq -
usor = 3 Baltn St By
nd pzZL = dv PR VU EISI SUS—
mdgyzL = g i SRS W NN I
1 ] I T I (N




0103 I “INNT0A ALIAYD 13N *g <B4

174 ot v < i 1 € ST
T TIT O T T TTT ]
TT AT =] T
4 -- 4 | - - ﬁ. U SIS J. -+ 08
— e = e— o — - '.A - - - o —— -
S e g N
N A A AP 7 AT 7 AN AT P \auQ\Nﬁ\nS\L, e \L\ \\&
- |
00z
_\ \9 ¥
\\\\\ \‘y 31gvis !
44 \\ Ve 2 | “ _

\\\t\\ & e
S L AN

P2
4 [~
\ &v o h\“\\\
“\\\\\m AL L TT s 5] 318vVis
A b e
ﬁ\k@h rd 4\®.w
VIS GND S PP SNV Ol T OT oo T
., e D \\\~ %\ .\\\ A o 80...
>
0= u
werg = 4
swyL = %
-—_m mm-a = ‘d f'l §§N
sdogt = Jqv
31gvis ot - O
sdz9 = %°gv |
mdgezL = g T
— - ._illli'#-l 000t
-4 \\ "
e itz 7T, T Lt 7
s A o227 - p— > A e ovddd o
Hi 318VISNN 1 h& ‘.\.®\|\.uﬂ\\\ﬂ\ ik \_ ]
" 4 - d
20 \\Y\\\\\\\\_\\ s m\%lw\\m.\h\l\\\u\. LLL Ll AL a4l \m\\\ "z
.. L1 | ] i IA| 31gvils _ | 11 I i 000°0L

up *no * Op ‘IWNT0A ALIAVI H3Z101X0



Vo . tu.in.

OXIDIZER CAVIT .

10,000

4,000

2,000

T B 0 5
P = 1248 psn {""""'1
—t AP, = 186 pm +-- —
b —— -~ —— —— L s 1.05in.
[+]
i aP, = 87 psi
— T L' = 035 in.
! STABLE T, = 14m |
\ T, * 0.14 ms -1‘—-—
n -0 t
| X \ //D H
| 7‘ % S N
t
””’i” 7 7 AV 7773773777 ///1(///1’//// f///(//
. UNSTABLE i
DDPU DS DDY VW VYl i N ’///X 7393 ,1///)
/]IIlIII;lLII 4 I 11/ ] ' 1
L_\V__‘\‘ STABLE
! ) e L, o N
|
- -
|
i STABLE l
|
7////// yyyy. A /@b
Y4 7z ) /4'/ '7— ~ i
‘4“4‘4‘(,1’1’ { Yy,
ST Al
| ’,’/
STABLE 774’ //‘x
- L4
| //>’X
B 2 A 1 2 4 10 20
Fige 9. FUEL CAVITY VOLUME, V, , eu. in.



ur m ' 3A AW 10/ ALIAVD 13R4 0T 914

ot 0z ol y r4 i y z v
—r— 1T _ B T T 70
- - o m. “+-— - 0= u — {0r
m . ’ swyplo « &
-|.\ 1 swyy - 9 T
uigeo = H
sdgy - *ua ]
\\\\ \\\ ”.a””” o““ |
*\ md gyZL = = d —
LA, —joo1
\\ i 319VISNN
7Y W NP2 1112117700 90070.7 0 70 70 97.77./903 YI9WP Vo
, g &&\ o SIS A S e By YOTATIIIISIIIIIIIIY
1174947 \\\“\\\\\ a7 VTR T 7777 777777772 777777277 00z
VAT, o T ALY L y. AL L2 2F \x_\\_ ~.- ~k~ﬁ~
|
T =
VP a oty \\ et T T 2L Ll L L LLLLhodnhrd L 2222222222222
\\\\\u\x“v\\\ V17 3718v1s _
VATV S — | oov
_ 2277477 \\Q\,\\\NN‘VM\\\WNJ\\\\\NE
Y7 77 V777 ety ke by I \_ , |
/il Y h\\\ 747 \\\\\\\\\\\@
777777717 7777ITTITI7] ] ot ]
%\wﬁ\\ %22 \\\\\ LI \\&\\\\\\\\ \\\\\\\\\\\\\A\\\\ T
_ L L _J ovot

‘' * OA ‘INNTOA ALIAVD H3Z1QIX0



R o

LanGg

25

CONCLUSIONS

The contribution advanced by the stability model described here is
the inclusion of injector inertance and capacitance in addition to resis-
tance in the analysis of bipropellant rocket systems with different time
lags. Neutral stability boundaries are shown in terms of these parameters
in order to demonstrate their interactions.

This model provides a method of designing a stable system by optimizing
the pertinent design variables rather than maximizing the pressure drop and
ignoring the others which has been the traditional approach. This model
suggests that in some cases stability can be enhanced by reducing pressure
drop, and therefore maintaining pressure drop to chamber pressure ratio is

not necessarily desirable.
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LIST OF SYMBOLS

LiFINITION

Differential operator, d/dt
Dimensionless.elasticity parameter
Dimensionless inertia parameter
Dimensionless pressure drop parameter
Pressure

Dimensionless pressure

Molecular weight

Volume

Temverature

Mass flow rate

Universal gas constant

Pressure drop

Density

Compliance

Gas residence time

Injector orifice length

Injector orifice area

Laplace transform variable

Weight flow rate

Dimensionless time

Interaction index

Dimensionless Damping Coefficient
Damping Coefficient

Dimensionless frequence
Frequency

Dimensionless time lag

Time lag

Dimensionless sensitive time lag

Sensitive time lag

Va1
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Appendix A

Definition of Parameters

The gas residence time, es is used to nondimensionalize many of the

quantities used in the analysis. It is defined as

chc chcMc
8 =—7—= z
4 m R Tc m

The pressur: drop parameter, P is defined as

P
P=

2bp
The elasticity paramcter, E is defined as

The inertia parameter, J is defined as

J_—_-——t—-!h—
2ApAeg

The real and imaginary parts of the Laplace transform variable S (a and w),
the oxidizer and fuel combustion delays, and the sensitive time lag are non-
dimensionalized by the use of the gas residence time, 6g, namely,

a = a*od

w = w*o
g

*
T 10/8g

= el

T= 0
T/ g

o 3 AP s+ < <ot

e

T g
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Appendix B
Solution of Equations (61) and (62) by Newton-Raphson Method
For convenience, Equations (61) and (62) are denoted, symbolically and

respectively, as
0 (A-1)

fla,w)
0 (a-2)

gla,w)

By series expansion, Equations (1) and (2) are rewritten

Y& (0w
3a  n-1*n-1
of
) 3w (Pp1 9y (a-3)

flaw) = fla ) + (a-a )

n-1°"n-1 n-1

+ (w—wn—l

- &
glaw) = 8(un-l’mn-l) * (u_an-l) w (an-l’wn—l)

g -
* (w_wn-l) dw (an-l’wn-l) (A-4)
whereoh_l, no] 8F€ the values of a and w at stage of computation n-1.

Now if at a subsequent stage n, where a = e, and w = 0y the right-hand sides

of (3) and (k&) vanish, the following can be written immediately.

of

of
% 3a (an-l’mn-l) * “n W (an-l’wn-l) = 'f(an—l’mn-l)
of
+un-l LB (un-l’wn—l)
af
+wn-l w (an—l’wn-l) (A-5)

38 g
an da (an-l’wn-l) * un ow (an-l’mn-l) = .g(an-l’wn-l)
+a gﬁ-(a w_ )
n-l 3a ' n-1’ n-l
3 -
+Nn-l W (un-l’wn-l) (a-6)

S ms s ® oo @

Ty —g - o

i ettt e
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Written in matrix form, (5) and (6) take the form

of
Jda

9
Ja

b

»f]
ow

9

w n-1

Inversion of (7) yields

r -
1 %
wh
L y
where
DFG =

>

of

%

29
a

L
(-4
-

©
.

'312:’

3

of

ow

W "-]
-

anJ

n-l

r

f

| Jn-l

af of]  [a ]
3% 3w -1
+ (A-7)
9 al -
L3u aﬂjn_] L“ll ‘.
%-l]
+
]
(A-8)
Jof ]
w
af 9
% Jn-‘l | Jn-l
(A-9)

Iteration follows until the roots o and u are pin-pointed within desired

accuraqy.

Such a scheme of solving simultaneous ‘equations is known as the Newton-
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Raphson method.,

A computer program was developed such that for given parameters for

a specific rocket engine, for instance,

Po - JQ36, ?t‘ - “.82’ JO - 10189. % - 0.2018.

o

Ty = 5.2692, T, - Ok, Jp = 0.081, B, = 0.233,

the {undamental roots are obtained
qQ 38 = 0.112
[ Ld 0.‘;9‘

Other examples are solved asimilarly and tho results of computation

are shown in Figs. i and ii,
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APPENDIX ¢

Computer Programs and Sample Calculations
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RIPHIPELL ANT
MARCH 29, 1973

CURVE 34F1G.1,PER MARCH B,DATA FROM RICHMOND

SECKING A PLOT OF LN VERSUS LF
N=t{
CFAD{S5,100) NCASE

10D FNRMAT(12)

1
101

MTIATAAATANONT IS0

[ %4
13

29

READ(5,101) RLO,RLF
FORMAT (2F10.6)
DN=),

GC=232,.2
THG20,00026

NPN=62,
ATDxD, 4
RMN=25.4

NPF=63,3
ATF20,945
MF=4,30

P0N=10.08

NEF=6 A0
PIN=RLOSRMN/ ( 24, *DPNEATNSGCRTHG )
DYF=RLFERMF /(24 *NPFEATECGLOTHG)
PEN=20,0721

PREF=), 261

TNs5, 386
120,535

THE FOLLOWING CAPDS CONTAIN INFO FOR LATER USE IN VARYING VVO VS VVF

PCL=1248.

VVN=12,5%

RHNN=0,0411

VVF=8,F

RHFF=0,0002385

20,01

aKF=0,680
PEAsRHNNSRKNIEYVIV/ {RUNSTHG* (¥ON$0,5) )
PrFxRHFRRRAFEAYVF 7 {RMFETHG®(PFFe0,5))
PONE S, 06 WAS #SFED IN CURVE 24FJG.1

neN=124¢  WAS VSFD 1N CURVE 2, FIG.1
IPFasRA.6  WAS USEN UN CURVE 2,FIG.1
PEM0LLIRT  WAS USED IN CURVE 2,FI1G.]
FNN OF LATENT IFNRWATION

AL =0,.01
w=0,01

FORMATULNL)

WOITELAy1T7)

FORMAT(9X , 'L INEAR ENGINE COMBUSTION STABILITY STUDY',/)
WRITE(641R)

FARMAT (10X 'LNa? yELO4e X9 *LF=! yELD 4y /)

WRITE(H,20) RLDyHLF
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EORMAT( 15Xy "ALPHA 311Xy "ALPHA 109 15K, *IMFGA y LOX, "OMEGA 1°,/7)

W2ITE(h,y19)
FTA=1,
CVA=FXP(-T)sAL)
FVFA=FXP({-TF¢AL)
noC=ANS| TN*4)
OPSN=SINITNE®W)
A0CF=CAS{TE®W)
PPSFE=SIN(TF&d4)
PPrY=],

POST=0,

AAdN=AL SAL-WeW

PGzl #PJNEALEPIN*PENSAAWN
PHz] ,APIFSAL*PIFSPEFSAAWN
P=P JOeps (|, ¢2.¢0EN®AL )
ONN=P JFRNe(],+2 . *PEF*AL)
PH2OG-P JNSAL
PR=PUY-PJF SAL

PU=2 L RPJNSPENSAL*W
Pyx2, 4P JF SPEFaAL oW
BAZAL L ., ~PNEPNEETASPPCT
PR=W-PNSF TASPPST
CC=EVOArPOCD
FE=EVOA®PPSO
OD=CVFASPPCF
FR=EVFASPPSF
AJl=DGEPH-PNN®PK
AJ2=PHEPK $PNN PG

A JS5aPUEPH=-PUSPNY

8 J7=PMEPNN+PH*PY
AJG=PR*PG-PK*PY

AJll =PR&pPK+pPGoOY
PGA=PYNE( L, ¢2,%PFNEAL)
PHACPJFR (1,42, %PFF®AL)
PRAY, P JOROENENW

PNAz2, *PJF&PEF *N

OMA=2, SPYNSEENSAL
PRAzD , &P JFRDEF #AL
PUA=PK A

PVA=PNA

PAA=],

PBA: 0-

CCAz~ TNsEVOASPOCH
fEA=- TO®EVOA*PPSH
I"DAa= TFSEVFASOPCF
FFAs- TFeEVFA®PPSF
PGH-PKA

PHW=z-PNA

PKW=PGA

PNi=PHA

PMYs POV

PRW=PHW

PUWE PMA

PVWaPRA

PAWE=PHA

PBW=PAA

CCWxFEA

EEw=-CCA

NNWsFFA

R 27w 1o i
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P

) FFH==D)A b
r A
7 CK1=PG#PHA+PGASPH-PNN*PKA-PNARPK E
CRI=PHEPK A+ PHWEPK+ PNNSPG W4 PNW PG
a1 CKI=PHEPHW+PGWSPH-PNNEP KW~ PN *PK
4 FKG=PHEPK AL DHARPK $PNN*PGA+PNASPG 3
a5 CK5="MASPH¢ PMEDHA PUSPNA-PUA*PNN :
b CKAz IR 6P {4 DURPL = PUYWEPNN-PUSPNW 3
a7 CKT2PHMATONN+PMEINA+PHIPUA+PHASPUY 3
RL] CKA=PMAEPNN+PMEPN W+ PHWEPU+PHEPUW .
a9 CKI=DRASPGHPREPGA-PKASPY-PKEPVA :
130 CK10=PPWEPG+OPREPGH-PKWEPV-PKEPVY 3
111 K11 tPRA®PK+PREPKASPHASPV+PGEPVA
102 K12 =PRWEPK +PREPKWEDGHEPY ¢ PGS PYW
103 FEF=PA®AJL-PB*AJ24 PN (CCHFAISPEESASIT ) +PFFE{DDSAJII¢+FF*AJLL)
1N4 GGH=PASAJL+PASA J2+PNO*(CC*AIT-EE®AIS I +PFFO(DD*AJLL1-FFSAJI) k-
105 F-FA=PAA®AJL+PACCK1-PBASAJ2-PBECKS E
1 +PNOE (CCA*AIS+COHCRS+FEASAJT+EESCKT)
1 ¢PFFS(NDASAIILNDRCKILFFARAJLL+FFSCKLL)
r END F FFFA A
4
194 FFrW=PAWSAJL ¢PARCKI-PBW*AJ2-PRSCK2
! +PONE(CrW*AIS+CCOCKH+EFWFASTHEESCKS) %
t tPEFE{DNW*ASIEDUXCKLO+FFA®ASLIL+FFECKL2)
(4 FNDN NF FEFMW ;
[d 4
107 GGGA=PBAXAJL+PRECKL+PAASAI2¢PASCKS §
1 #PNNR(CCA®AI?7+CCHCKT-FEARAYS~EESCKS ) ;
1 *PFE&(DDA*AJL 1 $00®CK1 1-FFA*AJO~FF*(K9) :
¢ END NF GGRA b
c i
198 SGGW=PHNSAJL+PRECKI+PANRAJ2+PAS(K2 §
1 +PONE{CCHWEAIT+LCECKB-EEWSAJS~EESCKS) 4
1 SPEFR(NDWCAIL L #+DONECK12~FFW®AJI-FF*CK10) 1
t END OF GGGW 1
. 5
192 NFGaFFFARG-Gy GGHASFFFW i
110 GGGL={GG  FE-FFFW*GGG) /DFG ;
111 Al=AL=GC" g
112 GGG2=( =t .GA®EFFeFFFARGGG) /DFG A .
113 WlaW-GG6G2 i :
r
14 Lo FORMAT (10X, 2E16.,845K,2E16.8)
115 WHITF (A 16) AL AL yWeWl i
11A TF(ARS(GGGLialT.({0.001).AND.ABS{6GG2)aLT.{0.,001)) GO TN S0 :
17 AL=AL X
[ Q¥ wWaWl
110 Al G

120 S0 17 {NCASF-N)52,52,51 )
121 Sl NeNel

122 AN TN g
21 52 WRITF (A, 17) .
124 STap .
128 N .
¢
SFNTRY * :

.
;

=
H
N
b

WL s e S,



RO

-

e

Y

A D AR e e Tt o s ot 4

LY=0,1000E 01
AL PUHA

0.100000005-01
0.51556450€ 0V
=0.4%2484570F 00
-0430994270F 00
-0.109606TOF 00
0.1%6328T0E 00
0.89899940£-01
N.49T73040€ 00
-0..27112%40% 090
=0.1'232140F 00
~0s TR395()Q0F -02
-0.11511030£-03
=0.477361260€-02

t1FAR TNGINE COMBUSTION STABILITY STuny

LF=0.%020€ 00
ALPHA 1

0.51556450F 00
~0.494845T0F 00
~0,30994270€ 00
-0.10960670¢ 00

0.15632870F 0O

D+ 99898940E-01

0.49770040F 00
~0.27112540E 00
-9.11232140F 00
-0, TAR95090E-02
-0.112}1030€-03
=0.,477549408-02
=0.47305670€-02

OMEGA

0.10000000£-01
04417432 70E-01
0.69839530E~01
0.72969730E-01
0,85579990€~01
0.15707180F 00
0.86538440F 00
0.37635260E 00
0.310356106 00
0.33325400€ 00
0.39047810E 00
0.43621950E 00
0.43615760F 00

OMEGA 1

0.41743270€-01
0.69839530€-01
0.72969730E~01
0.85579990E-01
0.15707180€E 00
0.86538460E 00
0.37635260€ 00
0.31035610E 00
0.33325400F 00
0.39047810E 00
0.43621950€ 00
0.43635740€ 00
0.43636080¢ 00
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K]V IPFLLANT
THIS 1S CURVE 24 FI1G. 49 PER DATA FROM RICNMOND ON MARCH 8,1973

SFFKING A PLOT NF Vi) VFRSUS VF

y=1

PFAD(S,100) NCASEC

FORMAT(12)

RFAD(S5,101) VVN,VVF

FIRMAT(?F10,4)

PNz0,

GC=32.2

THG20.00026

ATN=Z0,6

ATF=0,945

'KN=0,01

PKF=0,6R0

QMiN=25 .4

AMF=4,30

RHON=D,0411

RHFF=0.0002385

nePNal 24,

NDPF=R6.6

PON=3,36

PFF=7,21

PIN=1.189

PIF=0.767
PEN=RHNN*RKNEVV/ (RMO*THG* (PN04+0.5) )
PEF=RHFFERKFAVVFE/ (RMFRTHG*{PFF¢0.5))
TO=5,38% - -

TF=n,538%

AL=0.01

W=z0.01

FORMAT (LH])

HRITF{hy1T)

FNRMAT (9X, 'L INEAR ENGINE COMBUSTION STABILITY STUDY?,/)
WRITE(6y18)

FOR‘MTHOX.'VI'F' 'ElO-‘v5x.'vf‘-"F|°.§’ /)
ANND VF ARE THE OXIDIZER AND FUEL CAVITY VILUMES, RESPECTIVELY
WRITF(6420) VV4VVF

FORIMAT (16X ) "ALVHA o LL1Xy YALPHA 1¢o15K o "OMFGA® o LOXy *NMEGA L°4/)
WRTTFLO,19)

FTAal,

EVOAZFXP(~-TN#AL )

FYFA=EXP(-TF #AL)

PRCNCNS{TNEW)

PPSI%SIN( TN®W)

PPCE=CNSITFY)

POSFzSEN(TFoW)

PP TEL,

pegT=n,

AAWKWSAL #AL ~WeW

Ohx]l 4PINEALSPJOSPENSAANN

OHE Lo #PIFEAL P JFEPEFSAA WW
OK=J0aWs [ Lo +2,*PFO®:_ )
PNN=PJFENS(]l,42,*PEF®AL)
PMzPG-PJO AL

"3ePH=-PJF*AL

e 2,40 JNRPEIEAL #W

PV=2 JEPIFRPEFSAL ¥V

OAxAL+ ] o ~PNEPN*CTARPPCT

[eerTN
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encte o

P A A R % A @ Ty g,

'm",-w. Seem sl

NABEPA®T 1S PCROR. |

n6 LR =d-PNEETARPPN\T

57 CC=FVNA*PPCNH

59 FE=FVIA®PPSN

59 NO=EVFA*PPCF

A0 FR=CVYFARPPSF

61 AJL=PCEPH-PNNEOK

h2 AJ22PH*PK 4PNNEPG

63 AJ5=PM*PH=PU*PNN

Hhey A T=PMEPNNSPHEPY

A5 AJO=PR¥PG~-PK&PV

1) AGL)=PREPK+PGHPY

'S4 DGAaPYl #{ 1.2, %0F T1RAL)

68 PHAZNJF#(1.+2,*PLF*AL)

49 PKA=2,*PJNEPEDSW

70 PNA=?, *PJF*PEF xW

71 OMA=2, *PJN*PFO*AL

72 PRAzZ,*PJF¥OFF &AL

73 PiJA=OK A

74 PYAZPNA

75 PAA=1,.

16 PRA=0.

77 CCA=- TO®EVNA*PPCH

78 FFAs= TN$EVNA®OPSH

79 NNAs- TF#EVFA%PPCF

10 FFAs— TFSEVFA®OPSE

R1 PLW=-PKA

82 PHW= -PNA

a3 OKW=PRA

84 ONW2PHA

L3 PMWLOGW .
LLY PRW=PHNW .
37 PHW=PMA

LL] PYW=PRA

[0 PAW==2RA

an PANEPAA

1 CCwW=2FTA

a2 FFW==CCA

a1 NDW=EFA

2% FFWw=z=-DDA

i CKL=PG*PHA+PGA®PH~-PNNEPKA-PNASPK
o4 FK22PHEPK W PHWEPK+ PNNEPGH ¢ PNWEPG
a7 CKI2PREPHNIPGW P H=PNNEP KW ~PNREPK
kL CK43PHEPKA+PHAXDK+PNNSPGASPNARDPG
BRI FKHXPMASDHEPIEPHA-PIJEPNA-PLUASPNN
100 CKE-PUHEPHIPUEPHU-PUNEPNN-OLJ¢PNNW
101 CKTePMASPANS PMEPNASDHEPUASPHAXPY
122 X A= PMWESPNN PUSONKS PHWSPUEPHEPUN
193 CKG=PRASPLIPREPGA-PKASPY-PK#PVA
104 CK10TPRWSPG+PREPGH-PKNEPV=-PKEPVW
195 FK1T=PRASPICEPRENKA $PGAXOVIPGHPVA
10% CK122P NP ¢ PREPKWEPGHNEPYV PGPV
107 FEF2PASAJL-PHEAJ2+PONS (CLRAISHEESAIT ) ¢PFFE (DDPAJI¢FFRAILL)
109 GGCaPHEAJL+PASA J2¢POOR(CCHAIT-EECAIS ) ¢PFFO(DDSAJLL-FF*AIS)
190 FHEASPAASAUL ¢PASCKL-PRASAJ2-PBOCY |

1 *PNNS(CCASAISHCCOCKSIFEASAITHEE~TNT)

1 1OHES(DNASAII+ONSCKICFFARAJLLCFFSCKLT)
119 FEFW=PAMS AJL+PA*CKI-PAWSAJ2-PBOCK2

1 ePINE{CCHOAISeCCOCKR6+LEWRAITHFESCKE)

1 - +PFEO{DNWEAJIEDOSCKLOGFFWOAGLL¢FF*CK L L)
111 IGGATPREASAJLEPROCKLOPAASA J2 +PASCKA

e e B

S ag e,
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112

113
13
115
116
1t
117
1ie
120
121
122
123
124
125
126
127
128
129

1
1

16

50
st

52

$ENTRY

P VIS (CCA*AITe(COCKT-EEA*AIS—EESCKS)
ePFES{NNACAJLIeNOSCK ]I L ~-FFASAJO-FFSCKI)

AOGHSPRUSASL¢PNOCK I PANSAJ2¢PASCK2
eP IS (CCHSAJTICCEIRR-EFWOASS-EES(CKS )
*PFFE(NNWEAJ] Lo DNECKL2-FFWPAJI-FFOCK10)

NFGTFFFASGGON-GIGAST FFY

GOl s{ GGGWIFFF-FFFNSGGG) /DFG

AlsAL~-GGGL

65622 ~-GGGASFFFoFFFASGHG) /DFG

W1 =W-6662

NRMAT (10X, 2E16.9¢5Y,2E16.9)

WRITE(Ge1A) AL,AL,9yN1

IF(ABS(GGGL) LY. {0.001).AND.ABS{GG62).LT7.(0.031)) GO T S0

AL=AL

Wzl

6N TN §

TF{NCASE~-N)S2,52,51

N=NeL

50 10 1

WRITE (6,17}

STOP

FrD

B A

RO

PSS



P

W—
sy
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e e o wmn = e

v'=0,1000€ 0l

Al OHA

V. 100307 M€~

0.15797320F

N.18 140608
~ALALA e
=Ty
-0.4A5044 TGS
-J.3117R210¢
~0.19292460F
-0.1267)430F
-0.11112710F
=0.11094939¢E

133
1
09
Jo
"y
00
ud
a0
20
nn
20

PINTAR ENGINE CAMBUSTILIIN STABILITY STUDY

VF 20, 3S00F 00

ALPHA 1

N.13797320¢
7.13339)60¢
=N, 3143099)
~NWe6H3545351 1
_,).,‘.l"ﬂ’." TS
-0.31178213¢
=J. 1723246
-0.126T7T0480¢€
-7. 111127198
-0.11098980¢
=J.11799590¢

D1}

J0
20
"0
b1
o0
09
20
oo

OMEGA

0. 10000000E-

0.14378730€
0,15136250¢
0.19983500€
2.19831.2)
0.19674070¢
0.19521490F
0.19349530€
0.19151100¢
0.19026530€E
0.19012750E

01
Q00
b))
ol
n
o1
ot
ol
o1
o1
oL

(IMEGA )

Je143THTIO0E
0.15136250F
Jolbyd An)0F
e l430520F
10l 34 TETOE
2. 19521 4R0E
Je 193-49530€
0.19151100%
0. 17)”5530F
0.1)012750€
0.19312740€

00
00
9t
o1
01
0t
ol

o1
o1
ol
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