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INTRODUCTION
This document describes the results of a small project to

extend and apply the analytical techniques (described in Ref. 1)
which were developed under a previous NASA contract to predict

the ignition and performance transients of segmented, solid pro-
pellant boosters. 1In particular, the project was directed at
developing techniques for analyzing the data from the first stc*‘c
test of the Solid Rocket Booster (SRB) for the Space Shuttle (i.e.,
DM1l) and predicting the performance of the second static test,

DM2.

The previous study (Rerf. 1) developed analytical techniques
for the type of segmented motor configuration and ignition events
illustrated in Fig. 1. This was accomplished by accounting for
(1) the temporal and spatial development of the flow fiela in
segmented motors set up by the igniter discharge, (2) ignition
and flame spreading coupled to the main chamber and slot flows,

(3) the large velocity, pressure, and temperature gradients that
occur during the early phases of ignition, and (4) the interactions
that combine to produce p<ak pressures, (e.g., gas flow into and

out of the slots, compression of chamber gases during pressurization,
erosive burning, and mass-added effect of igniter discharge).

The work to be summarized in this report has been catagorized
as follows:

1) Analysis and prediction of thrust dynamics during
flame spreading and chamber pressurization.

2) Extensions to account for the close coupling between
the igniter and the head-end segment of the Space
Shuttle SRB.

3) General improvements and extensions to the computer
program to facilitate parametric studies.

As the pursuit of higher performance rocket motors continues
and the present configurations arc upgraded (i.e., by increasing
loading density, using high-performance propellant, and extending
ambient temperature range), the methods extended during the project
will enable analysts to predict items such as ignition delays, rate
of thrust increase and maximum pressu es with much greater confi-

dence than was heratofore possible.
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DYNAMIC THRUST DURING IGNITION TRANSIENTS

Physical Situation Being Analyzed

Rocket motor thrust is the net force exerted by the gases
flowing in the rocket motor on the internal solid surfaces. Thrust
can be calculated by either summing the resultant forces on the
solid surfaces or by finding the change of momentum of the com-
bustion gases in the chanber.

In this discussion, a distinction is made between static
thrust and dynamic thrust. Static thrust is the widely used con-
ventional concept of thrust produced by gases flowing through a
rocket motor nozzle. Static thrust is usually expressed as

Fnoz = CkapE,stagAt (1)

where At is the thrcat area, pE,stag

at the nozzle end of the chamber, and CFAm is a coefficient

the stagnation pressure

which accour.cs for the change of momentum as the gases flow from
the chamber to the nozzle exit plane. The concepts of calculating

C
Fim
separation, expansion ratio, etc., are well documented in books

so as to account for divergence losses, flow losses, flow

on propulsion. Static thrust is associated with quasi-steady
flow; even though chamber pressure or throat area may be changing

rather rapidly, the flow fields in the chamber and nozzle are usu-
ally considered to be a series of steady states. Thus, static
thrust is based usually on a series of instantaneous values of
pE,stag and At' The concepts of dynamic thrust are rarely
considered and not included in any of the standard texts or
monographs on rocketry.

Dynamic thrust is that component of total thrust which is
produced by such events as rapidly accelerating changes in the
internal rocket motor flow field, rapid relative movement of
the propellant or inert hardware, sudden changes in flow area
(e.g., nozzle removal or vent port opening), and ejection of
objects through the nozzle. Dynamic thrust events noticeable on
thrust versus time record are often referred to as thrust spikes.



Dynamic thrust is seldom of interest in the applications of
conveational rocket boosters and sustainers. The only common
rocket motor situation which produces sufficiently rapid changes
in the momentum of the internal gases and discernible thrust
spikes, is rapid ignition. 1In special cases, extinguishment by
opening the case or by removing the nozzle can produce prominent
thrust spikes. For most situations, the total impulses associated
with these events are insignificant fractions of the total.
Furthermore, because of limitations of thrust stand dynamic
responses, thrust measurements during pressurization are usually
very inaccurate (e.g., overdamped instrumentation to compensate
for thrust stand ringing) ::d, thus, thrust spikes during ignition
are not observed. However, the boosters being developed for the
Space Shuttle are sufficiently long that the dynamic thrust events
associated with ignition and pressurization transients are dis-
cernible. 1Indeed, the thrust versus time recorZs of the first
static text of the Space Shuttle Solid Rocket Booster (DM1l) reveal
clearly transient forces on the order 300,000 1bf during the first
200 ms of motor operation.

Figure 2 is a plot of the measured thrust versus time record
from the first static test of the booster for the Space Shuttle.
The several prominent events associated with the initial thrust
are indicated. Coinciding with (what is calculated to be) the
onset of flame spreading is a rapid increase in thrust. The
thrust between 0.02 and 0.1 seconds occurs before flow through the
nozzle is established and, thus, is attributed to the momentum
changes that occur within the chamber. The periodic disturbances
as thrust increases are attributed to wave action within the
chamber and to oscillations of the propellant and case masses.

The analysis summarized in this report is part of an effort
to explain the observed thrust events. In particular, the analysis
is directed at the effects produced by the developing flow field
within the chamber. Another group is analyzing the interactions
attributable to acceleration of the propellant and the inert parts.

[



2.0 2.5

1.5

NET THRUST AT LOAD CELL, MILLIONS OF POUNDS
1.0

0.5

DISTURBANCES PRODUCED
BY EFFECTS SUCH AS

L WAVE ACTION IN CHAMBER
ZESH FLOW AND OSCILLATIONS
22w S OF PROPELLANT AND

PZu ol _, — CASE MASSES
52255 g
—5203 g 5 PERIOD OF DISTURBANCES
HrbgsT BE IS 14 Hz, VERY CLOSE
TO THE LONGITUDINAL MODE
] OF THE CHAMBER GASES.
DYNAMIC
© THRUST PRESSURE WAVE DURING
__— CHAMBER FILLING ENCOUNTERS
NOZZLE CLOSURE
0 0.1 0.2 0.3

TIME, SECONDS

Fig. 2 Dynamic effects noted on plot of measured net thrust

versus time for the first static test of the booster
for the Space Shuttle (DMl).



-6-

General Form of Momentum Equation

In this Section, rather general forms ~f the momentum rela-
tionships are discussed for the purpose of defining those iniur-
actions which are pertinent. In the next section, a more manage-
able set of relationships are applied.

Let n(§,t) be any summable continuous function such as the
density p, or momentum p?. The "content"” of V is ndv.

The rate of change with time of that integral is given by Reynold's
transport theorem.

g_t. J(' ndv = f g—rtldv + f nB . ﬁdA (2)
V*(t) V*(t) S*(t)

d/dt means: following the content within the bounding surface
S*(t) which may move with B(t).
3/9t means: fixing the references in space (relative to inertial
frame of reference chosen) and chuanging with time.
If the control volume chosen is a material volume [i.e., nc
material element within S*(t) 1is ever crossing S*(t) and
S*(t) 1is composed of the same material elements throughout the
entire time of consideration] instead of d/dt in Egq. (2), write
D/Dt to denote material volume and instead of B, u is used.
So that
gf J ndv = f %%dv + f na « ndA (3)
V* (t) V*(t) S*(t)

The momentum balance equation for a material volume is:

g?;‘J oudv = J oGav + J faa (4)
V*(t) P LV*(t) D LS*(t)
rate of4EEange bdg; surface
of momentum force force

Now, in the general case, a material volume is not used. Such is
the case in thrust calculations. Thus, it is necessary to find
the momentum equation in the most general case¢ when the control
volume boundary moves with some b # u.



Using Reynold's theorems yields:

D -+ _ L -+ , > . -+ . -+

ot ~pudv = at(DU)d\ + J (pu u) ndA (5a)
V*(t) V* (t) S* (t)

d -+ . -+ -+ -+ >

it ( pudv = sz(pu)dv + f (pu « b) » ndA (5b)
V*(t) V*(t) S*(t)

Though the control volumes' boundaries of Egs. (%a) and (5b) move
with different velocities u  and S, at the time of investigation
they momentarily coalesce, so that V#*(t) and S*(t) in Eq. (5a)
are identical with V*(t) and S*(t) in Eq. (5b).

Summing Eq. (5a) and Eg. (5b) yields:

D J padv =

e J oudv + f [pﬁ . (u - B)] . nda

V*(t) V*(t) S*(t)

QulQa
o+

Note:

Dt At
v*(t) vE(t) V*(t)

-
D j pﬁdv # %E [ pﬁdv # j giﬁgldv

The reason is that the volumes coincide only at time t, but not
at time t + At, see illustration in Fig. 3.
From Eq. (6) and (4)

4 J pudv + f (pﬁ - @ - E)] + ndA = J pGav + [ Taa (7)
V*(t) S*(t) V* (t) S*(t)

In the next section, Egs. (6) and (7) are applied to calculate
thrust transicnts during a static test.

Motor in Thrust Stand

As shown in Fig. 4, the rocket motor is free to move on its
stand, exerting its thrust on the load cell which may move some
distance ¢ under the thrust reaction loading. The inertial
frame of reference is naturally chosen as the load cell.



t - time

X - spatial location

S(t)

b(t)

n
T(n,x,t)
S(x,t)
3 and B are measured relative to some

inertial frame of reference.
(a) Illustration of parameters used in development of

iy

V(t+At)

4

f pu(t+At)dv
3 V(t+At)
[ pu(t)dv #
vit)

JDG(t+At)dv
Vit)

V(t) = V(t+At)

(b) Movement of control volumes.

Fig. 3 General control volumes {ur development of
momentum relationship.
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The control volume is chosen to be the entire rocket motor.
Now look at Eq. (7) and identify the various parameters appearing
there. Since only tlie x direction will be considered, the
vectorial notation will be dropped.

The fc:lowing descriptions apply:

b - The control volume boundary velocity relative to the
load cell. In this case it is the velocity of the
rocket motor outer surface. If the motor case is
considered to be rigid, then b is simply the rate
at which the motor covers the distance €.

u - The velocity of any material inside the control volume
(relative to the load cell). Conveniently, the veloc-
ity of the gas inside the wotor is denoted as ug. The
velocities of othaer components inside will be denoted

as:

upr - propellant segments
u - motor case segments
case
It should be emphasized that due to elasticity
<< . ince
upr # U.ase # b and also uprand Uiase ug Sinc €
is very small, b << ug. Note that ug, upr, Uase’

b are functions of x and t and are taken positive
if in the +x direction and negative if in the =-x

direction.
G - Gravity, is zero in the x direction.
T - The outer pressure force resultant in the x direction.

Now look at each of the terms in Eq. (7). The symbols
pg, ppr, pcase are used for denoting densities of the gas,
propellant, and case segmentes inside the control volume. In the

sections of tihe control volume where there are no solid propel-

lant segments, ppr = 0. Where there is no motor case, pcase =0
and so on (e.y., in the port area section Pcase = ppr = 0. Orn
the outer shell, p_ = = 0.) dA in the integrals is taken

p
~ g pr ~
positive, if n is in the x direction, and taken negative if n

is in the -x direction except in the surface force integral
where it is taken always positive. Accordingly, the first term in

Eq. (7) becomes
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[(pgug + pprupr + pcaseucase)dv (8)
v

Q'O-
r
D.uiQ:
ﬂ

Ipudv =
v

Since ug >> b,u u can be taken simply as the value

pr’Ycase’ g
calculated from the set of flow equations inside the motor. Since

ppr'pcase >> pg, each of the integrands in Eq. (8) may have signif-

icant contributions and their relative magnitude should be evalu-
ated before neglecting any of them. Generally, d4/dt ! pgugdv
is the dominant term.

Similarly, the second term in Egqg. (7) becomes

u__(u

* Porlpr (Upr™) * P

(u -b) ]JdA

[ pu(u-b)dA = I[Dgug(ug'b) case'case ‘Ycase

S
(9)

Obviously, the manner in which the control volume is constructed

results in

[pprupr(upr - b)dA =0 (10)
(i.e., no propellant on the boundary Por = 0).
I PcaseVcase (Ucase ~ P1AA =0 (11)

S
(i.e., boundary is composed of motor case).

- ,2
J pgug(ug - b)da = pexheerx (12)
S

(i.e., only at the exit plane pg # 0 and, generally, ug >> b.
So that Eq. (9) reduces to

2 (13)

I pu(u - b)dA = p u A,

S

Furthermore, considering the third term in Eq. (7),

[ pGdv = 0 (14)
v

since gravity is zero in the x direction.
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Finally, the remaining term in Eq. (7) can be simplified,

'f TdA = “PoyPex * PamPex (13)
S
Thus, the idealized thrust equation which accounts for
dynamic thrust is:
F = d_ [ (p u +p_ u__+p u )dv + p u2 A + p A - p__A
dt g g PpPr pr case case ex ex ex ex ex am ex
\"
(16)

The integral on the right hand side of Eq. (16) is the

dynamic contribution to thrust ; the remaining terms are

F
dyn’
the conventional nozzle thrust usually expressed as Fnoz’
Numerically the above integral should be computed as follows:
the momentary volume V(t) 1is divided into N stations and the

increment of time is At. Then,

d
— + =
dt [ (pgug pprupr + pcaseucase)dv
\"
- N - /
L [o Uy * Pprt + pcaseucase] dvi At -
i=1 949 pr pr i e )
-N[ -
J lpu +p._u_ +p u ] dv. At (17)
i1 gg pr pr case case) . {_t
Since the values of u and u are not known at this

pr case
time and since the primary purpose of this analysis is to account

for the gas flow effects, the calculations of dynamic thrust in
the ignition transients computer program are carried out using

a simplified form of Egq. (1l1).

N N
) (puaA ) .ax| - ] (puA ) .Ax
|;=l g g port' i t+At | i=1 g g port’1 t

den At

The thrust associated with the nozzle is calculated using the

I
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conventional nozzle thrust prediction procedures for quasi-steady
flow. Thus, the net thrust is

= +
F den CFAmpE,stagAt

Discussion of Considering a Partial Control Volume

The motor is now cut at the plane x - x. The main difference
in the calculation is the considerations of the tensions (Tcase
and Tpr) which may amount to an important part of the total F

and should not be neglected unless u

g,x’ Pyr bx’ upr,x' ucase,x
are zero. Following the reasoning as before we obtain:
Segment A:
F = d_ (pu +p u + p u ydv + p u2 A +
dt gg Pr pr case case g,x g,x port,x
v
A
prport,x " PamPxx T Tcase Tpr (18)
Segment B:
T + T + d_ (pu_ +p__u + 0 u )Jdv - p u2 A
case pr dt g g pr pr case case g,X g,x port,>
\Y
B
-p.A +p. (A._-A_ ) +p A _+p ula =0 (19)
X port,x am ' xx ex ex ex ex ex ex

It is easily seen that the summation of Eq. (18) and Eq. (19)
yields Eg. (16).
During igynition period of a long motor, cross section x - x

can be found where u =0 and p_=p and, therefore,
g,x X am
Pax © Pam’ Yex = 0. Thus, Egqg. (19) reduces to:
d
Tcase * Tpr M (3 ! (pprupr * pcaseucase)dv + pam(AXX Aport,x) 0

Substituting in Eq. (18) yields:

=4 + - d_
F=3 f (pgug'pprupr Pease®case’ 4V * &t I (pprupr.'+pcaseucase)dv

Va Vs
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If VA >> V,, i.e., x - x 1is close to the nozzle, we can
calculate F considering only Segment A and using a reduced
Eq. (18).

o
!

)yav

QIQJ
ct

f (pgug + pprupr + pcaseucase
Va
Generally, however, the thrust reaction F cannot be calculated

considering a partial control volume like Segment A because

T and T are unknown.
case pr
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EXTENSION TO COMPUTER PROGRAM

In the subsections that follow, the modifications to the
program and the new input and output are described in modular
form. The descriptions follow the formats used in Ref. 1. The
new computer program is designated as HVTSEG2. Table 1 is an
input data set for an example case.

In the extended version of the program the subroutine TIMEST
was eliminated and its function is now performed by MAIN. The
subroutine FCT was eliminated since it dealt with a particular
slot flow option which was found to be unrealistic, i.e., large
pressure differentials between the main chamber and slots do not
occur in the SRB. A multi-point interpolation subroutine, ITERP1,
was added as part of the procedure for calculating thrust differ-
entials.

Although numerous changes and improvements have beer made to
the Ref. 1 computer program, the input data decks from the Ref. 1
version of the program can be used without change.

The following changes to Section 4 of Ref. 1 should be

noted:
pg. 47 - Delete XG as an input. The program sets
XG = XE - Ax/2.
- Add to description of TIGN: Corrected by program
whenever TPI # TOREF.
pg. 48 - Delete DDHC as an input. The factor multiplying
the heat transfer coefficient is now CHC(N).
pg. 49 - The first two lines should be changed to:

or by a table
r, = f(p) exp[op(Tpi - To,ref” (4-2)
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Ignition of First Segment in Space Shuttle SRB

The large surface area associated with the head-end segment
of the Space Shuttle SRB produces a rather unusual ignition sequence.
Once the head-end pyrogen ignites the head-end.segment, the mass
flux from the head-end segment dominates the mass flux from the
pyrogen by more than 7 to 1. Thus, the head-end segment is
effectively the igniter for the remaining segments. Accordingly, pre-
dictions of the start-up transients and parametric studies to
tailor the start-up thrust versus time program, require that
careful attention be given to the ignition of the head-end segment.

In the current design of the Space Shuttle SRB, the nozzle
of the igniter is very close to the star-point tips in the first
segment. It has been pointed out2 that treating the head-end
region as a uniformly heated port (as in the Ref. 1 analysis)
results in unrealistically long induction periods. A better simu-
lation will be obtained by considering at least three zones of
heating and ignition in the first segment: (1) the more intense
heating, rapid ignition, and high rate of flame spreading of the
star-point tips, (2) the increasing heating rate and flame spread-
ing rate in the axial slots as the gas generated by the burning
star-point tips augments the axial flow of hot gases, and (3)
the conventional heating of the aft portion of the first segment.
Thus, the net effect will be to reduce the predicted induction time
and to extend the flame spreading interval for the first segment.
Recall that the results of Ref. 1 showed that flame spreading
rate (downstream of the first iacrement) is relatively insensi-
tive to the propellant property changes, whereas time to first
ignition is affected greatly by small variations in the ignition
criterion and heat flux. Accordingly, an important extension to |
the computer program was to include the capability of treating
more completely the specifics of the igniter discharge pattern
and propellant surface geometry in the head-end segment.
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HVTSEG

Corrections for Changes in Initial Temperature*

The program input should be prepared by considering the

following inputs to be determined at the temperature, T0 ref’
r
TIGN = Tig
TFREF Tf,ref
RREF = rref

TIGTAB & MIGTAB
PDATA & RDATA

When the input initial temperature (or ambient temperature)

Tpi differs from TO,ref' the following corrections are made

to account for the temperature differential, AT, =T . - T
0 pi 0,ref

Tig@Tpi = Tig + (cpr/cch)ATo
Tf@Tpi - Tf,ref + (cpr/cch)ATO
r@Tpi = Coof exp(opATO)

TIGTAB@Tpi = TIGTAB/exp(nkATO)
MIGTAB@Tpi = MIGTAB exp(nkATo)

r@T . = f(PDATA,RDATA)exp(OpATO)

pi

All of these corrections can be suppressed by inputting
all of the values at the desired temperature, Tpi’ and
inputting TO,ref = Tpi'

The burning rate corrections can be eliminated by
inputting op = 0.0.

The corrections to the igniter mass flow rate table can

be eliminated by inputting e = 0.0.

*It is assumed that the reader is familiar with nomenclature
and input description of Ref., 1.
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HVTSEG

Special Input for Control of Flame Spreading

Time of ignition and flame spreading rate after first igni-
tion can be studied parametrically by invoking special inputs.
Since the heat transfer coefficient at each station can be
adjusted individually, the time of first ignition can be con-
trolled. Also, the fraction of each axial station that is ignited
initially can be prescribed. At each axial station% during
flame spreading

When flame spreading is complete,

b = pw

The heat transfer coefficient at each station is the value cal-
culated by the empirical equation multiplied by

Ch,n

The following inputs can be prescribed for each axial station,
from 0 to NDELX:

CHC(N) Chon A factor multiplying the heat
! transfer coefficient for the

purpose of providing a prescribed
adjustment at each individual
axial station. The input DDHC (a
constant multiplier for all
stations) is replaced by Ch n*
(1.0) !

BF1 (N) b The fraction of the perimeter

fl/n which burns following first
ignition.
(1.0)
DELTTF (N) Atff n Time required for flame to spread s
7

over remaining perimeter, i.e.,
the fraction 1 - bfl n Cannot
be zero. ’
(1.9)

*Note that in the extended version of the program the burning
perimeter is printed out as zero until ignition occurs and then
the time-dependent output of burning perimeter reveals how
flame spreading within a single increment increases with time.
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Special Inputs to Facilitate Parametric Studies

The following inputs are used to extend the output of the

program, simplify some of the inputs, and to improve the simula-

tion of actual rocket motors.

Computer
Sumbol

GAMAN

PISUBK

TIIN

DELTTF

DFSDT

Symbol
in Text Deseription Units

Effective ratio of specific
heats of all combustion
products in the nozzle.

(Ypoz = Y

noz

Ty Temperature sensitivity of K
pressure and burning time of
igniter, for corrections from

To,ref 0 Tpi-
(0.0)

tin Initial time at which solution s
begins.
(0.0)

At Thrust differentials between the s
times t and t - Aty are cal-
culated at each printout interval
for the purpose of examining

thrust imbalance between two

motors.

(0.0)

At Thrust increases between the pre- s
ceding time interval Atap are
calculated at each printout inter-
val for the purpose of examining

the rate of thrust increase during
pressurization.

(0.0)

AF
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Special Input for Nozzle Closure

The program can approximate the effects produced by using
a nozzle closure during the chamber filling phase of ignition.
The solution operates on the assumption that the nozzle closure
does not complietely block the flow at the throat. Thus, there
mucst always be a small vent area in the clnsure, e.g., 10% of
the throat area. For practically &all situations, a nozzle
closure which blocks 90% of the throat produces pressurization
rates which are comparable to a completely blocked throat.
Since nozzle closures require a finite time to be carried away,
the solution causes the throat area to increase linearly from
the small vent area associated with the closure to the final
throat area.

The inputs for this option are:

@units
Computer  Symbol CGS(modified)
Symbol in Text Description
POPEN When POPEN < 7776.0, POPEN is atm

considered to be the nozzle-end
stagnation pressure at which the
nozzle closure begins to carry away.
(7777.0)

NBL (1) Vent area in closure is At/NBL
and (2) the number of At's required
to open the discharge area from Ay/
NBL to Ay, after the nozzle closure
Rﬁ?fns to carry away, i NBL*BLANK4.

BLANK¢4 The number of time steps required
to remove the nozzle closure is
NBL*BLANK4.
(1.0)
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Special Summary Output

The following time-dependent variables are output in

tabular form at intervals

in the summary.

Computer
Symbol

TI

PHPSI

PEPSI

PESTAP

FLBF

FDYNLB

FIMBAL

FRATE

FMIGLB

FNET

The

The JCL is indicated in Table 1.

Symbol
in Text

t

Py

Fimbal

AF in
Atprp

m,
19

NPRINT. British units are used

Description Unite
Time s
Static pressure at head end of »sia
motor.
Static pressure at nozzle end psia
of propelliant grain (or blast
tube) .
Stagnation pressure at nozzle psia
end of motor.
Mach number at nozzle end of
propellant grain (or blast tube).
Nozzle thrust based on.y on lbf
quasi-steady nozzle flow.
Thrust associated with transient 1bf
chamber flow upstream of nozzle.
Thrust differential between the 1bf
times t and t - Atgf
(Based on nozzle thrust.)
Thrust increase during the time 1bf
interval Atap. (Based on nozzl::
thrust.)
Mass flow rate from igniter. lbm/s
Sum of rozzle thrust and dynamic 1bt

thrust, FLBF + FDYNLB

Summary output is set up to be displayed in three forms:

at the end of each time-dependent out (i.e., part of the
standard listing).

as a deck fer input to plot programs (i.e., Unit 8 in
subroutine ANS is designated SYSOUT = B in the JCL).

As a separate listing (see Table 2)

following the

standard listing (i.e., Unit 9 in subroutine ANS is
designated SYSOUT = A in JCL).

deck, change SYSOUT=B to SYSOUT=DUMMY in JCL.

To suppress punching of card



f??;ébl?a tg B® EXECOTED FOLLGWS GO.SYSIN DT TABLE 1
o <FTO09POGY DD SYSONT=A
~A#G0. PTORPONT DD Sysour=g{ JCL for Summary table I“§:§e‘§§,9§;$§§§2
//7G0.SYSIn DD »
DM1 17hXC77 PLAME SPRZAD CONTRO AT HPAD END +DYNAMIC THDRUST CHECKOQNT
SBANE
- - THAX=.002
~ TPRINT=.002
=. DELTAT=.0001%
NDELX=24§ .
PAM=,84717 ORIGINAL PAGE IS

- ONIT=-2, OF POOR QUALITY

'AT=2325, 81
S XFe1329.972
ROFSUR=0.01
FKPR=C.00 11
= ROPR =1,7568
"5 CPR=.3
7 5IGP=.000993)
. RREPr1.0540 L
PFEF=68.08
BREXP = 0.33
= e e EBC=Q.
" DE=145.64
Cu=.978u4
ALFAD=12. 31
NIZTAD=19
NAPDVX = 25
 DDHC=C.9%4
-7 TPI=298.89,
ST TIGN=268544
. TPREP=3353.
W=28.18
TPSCRI=850.
GAMA =1.1369
GAMAN -1.1308} new

| PISUBK=0,0027

~ HDATA =3
CELTTP=0.00906
DPSDT =0.010 } new

NBL=17

BP1= 0.1,0.1,0.1,27=1.0 ' Input to control
CHC= 1.,4,1.3,%.2,1.1,26*%1.0 flame spreading
DELTFF= 0.017,0.007,0.005,27«1,
NPNPXT=2
, NPNEXT=0
"&END
Q. 1.

0.0200 1R.11
0.0280 46.95
0.0440 406.05
0.0520 484,35
0.0640 514,35
0.0709 516.69
0.0880 510.06
0.1800 427.47
0.2000 392.42
0.2880 371.00
0.3340 3u48.43
0.3560 339.86 &
o ___0.3800 713,75 i



0.4240
0.4600
oo 095080
- 045560
T 0.5600
C 2,87
57 97
113.28
= 168.58
?;7 223.89
ig 27%9.19
= 338.5
3R9.8
845. 1
= 500.41
- 555. 7%
= 611,902
— 666.32
721.63
776.93

275.18
253.38

232.73

219.50
0.0

2538, 08 -
2543.62
2561.7

2706.87 -
2‘12.’ T

2685,

2658.85 -

2705.32
2774.53

~2044.42

2915. 19
3029.79
2757.93
2720.09

278,93 - 27859F - -

187.22

1156.49 v1ss.u9
1148.95  1144,95
131318 . 181,18
1823 W
192.79-  -82.79 - -
184,38 184.38
186.72 186. 72
189.'6 - 189.06
118 Tl
195;33 ) ’95-13
186.16 186. 16
184.88 184,88
187.22

2'21
“wjﬁ"52\fgéﬁﬁzé; ‘ éo‘s‘. ‘.5
1.5

1053.45
1108 76

0.6808

4.7651
+ 66408
= SUANE

3224.03
3731 7

= 1329, 672 - 8596 67 -

0.1002
0.4384

"_1-05‘
THAX=. 01

- DELPAC=1.3

EFND
FNAMF

- THAX=.] -
C TH‘!‘O'OQ

GEEND
ENAMT

THAX <, 12

NILFAC=,.5

TPRINT=0.001

EEND
HNAYT

201.28
216.55

201.28
216.55

ORIGINAL PAGE IS
OF POOR QUALITY

THAX=,3 --
PTI FAC=2,

&END

&ENANT
TYEX=.4
TPRINT=.005
DELFAC=1,

&TND

ENAMT
TPRINT=,01
DELPAC=1,
TMAX=,.5

- &END

L NAME

THAX=1,
= SEND -



ORIGINAL PAGE IS
OF POOR QUALITY

Table 2 Special summary output table for example casze for HVTSEGZ.

1 HVT ROCKET AuTOR IGRITION PREDICTICN - SEGMERNTED -~ HOV 77

INCLUDES:

DM1 17DECT7 FLANE

SEC
0.0092
c.Go2¢
0.0049
0.0060
0.0G630
€.0103
0.0125
0.u140
0.016°
= -0.01%0

- 0.32006

G.022¢
0.0288
C.C265
0.3289

— 0.0307 . .

0.5320
0,034¢
0.£360
0.C33°

e SUGT
C.Gu23
G.54ku9
L.0U65
0.342¢0
C. 25073
V. 3527
Q.J;Uu
u.\.56u
6.758¢
£.000
€.0620
0.G640
0.C0662
£.G630
0.37C9I
o2 0.072¢
0,0740
N.0760
€.02780

- 0.9209
. 0.0820
0.63840
0.0869
0.0880
09900
- 0.0910
~0.092¢C
- 0.0039
0.0940
G.0950
€.0969

TI¥E® PHEAD PhOZ
P5IA PSIA
14, 12.
15. 12.
14, 12.
14. 12.
14. 12.
14, 12.
4. 12.
1“. 120
14. 12.
4. - 12.
W, -
W 120
16 12,
14. 12.
1“. 12.
16, 12,
17. 12.
18. 120
2C. 12.
21. 12.
22. 12.
24, 12.
25. 12.
26. 12.
27. 12.
286, 12.
2S. 12.
3c. 12.
3C. 12.
31, 12.
3t. 12.
34, 12.
37. 12,
43. 12.
5€. 12.
73. 12.
92. 12.
109. 13.
1285. 13.
143. 13,
16 1. 13.
178. 14.
193. 15.
205. 18,
216. 22.
226. 3C.
229, 36,
232. 45,
235' 600
238. 82.
202. 115,
246, 158,

S s

R T R Sy S AP SO S PNy .
N Py R .

PCROZ
PSIA

12.
12.
12.
12.
12.
12.
12.
12.
12.

12
=120 7 12,
) 120:

12,

12.
12.
12,
12,
12.
12.
12.
12.
12.
’20
12.
12.
12,
12.
120
12.
12.
12.
’2.
12.
12.
12.
12.
12,
13.
13,
13.
13.
13.
14,
15'
18.
23.
31.
37.
n7¢
620
85.
119.

164,

0.26

SPR:AD CONTRO AT HEAD ENC
“«xxx SUNNARY QUTPUT G7 TIMF DIPENDENT RZSULTS *%%%x

214675,

SPATIAL & TINF DESVELOPHENT OP P,i1,58T AND PLANE SPREADING

+DYNARIC THRUST CHECKOUT

PNLT
I1FP

~
\lg

T
163n,
11438,
1282,
-
2166h,
2143,
2163.

- 2202,

22¢€2.

.6  2B65.

ANOZ THRUST FDYN P INBAL P RATE MIGN
- LBF  LBP LBP LBP LB/C
0.02 0. 0. 0. 0. 17.6
n.02 e 7412, C. 0. 17.6
0.02 0. 1636. 0. 0. 17.7
0.01 0. 1148. 0. - 0. 12.7
0.01 0. 1260. AL 0. 17.8
0.91 0. 1464, 0. 0. 17.9
0.91 8. 2166. 6. . . 0. 17.9.
0.01 e. 2149. 0. 0. 18.0
0.01 0. 2163. 0. 0. 18.C

0.91 .. 0,
0.0t~ - 0.
B.0T -7 8. T T
0.0Y - 0. - 3068.
0.01 0. 2864.
0.01 J. 3296. 48.6
0.81 __ .. 0..  7M60. 0. 93.7_.
0.0% .. 0. 12899, .- Q0a=" = 0. ¥38.B
.01 0. 18309. - 3. 0. 183.9
0.07 0. 28627. - O.. __ - 0.229.0
0.01 0. 31141, 0. 0. 274.1
0.01 0. 37730. 0. 0. 319.2
0.01 0. uu4389. Ou ... 0..368.3
c.01 2. S1129. -~ - f. - 0. 808. Y
0.01 9. 55453, 0. 0. 827.7
0.01 0. 58766. G .. _0. 887.4
6.01 3. 61890 c. 0. 467 1
0.91 0. 6368€. c. 0. 485.8
0.01 0. 639u8. 0. 0. 490.9
6.01 8. 63271, .. 0. 495.9
0.01 J.  62158. 0. 0. 500.9
0.01 0. 61156, 0. ___ 0, 505.9
0.02 c. 61193, 0. 0. 510.9
0.02 0. 64839, 0. 0. 515.6
0.32 9. 72564, 0. 0. 516,84
.02 0. 9haéa, 0. 7 0. 517.2
0.03 0. 132362. = €. ——-—0.517.9
0.08.___ 0. 185618. _ _ 0. 0. 517.1
0.05 0. 241191, 0. 0. 516.4
0.06 0. 287S55. 0. 0. 515.6
0.09 0. 34120. _ 0. 0..514.9
0.12 0. 397931. 0. 0. 518.2
0.17" 0. #89776.. - 0. 0, 513.8
0.22 0. 487593, 0 . 0. 912.7
¢.25 0. 510843. n. 0. 511.9
0.26 35699. 521846, C. 0. 511.1
C.26 S57143. 521546, 0. 0. 509.3
0.26 - 73947. 886518, 0. 0. 508.8
0.26 101068. 807516. - O, 0. 507.5
0.26 185021. 357513. 0. 0. 506.6
0.26 216007. 306944, 0. 0. 505.7
0.26 324400, 260417. 0. 0. 504.8
472083. 0. 0. 503.9

. 3064,
7264,
3296.

_'ne0,

12499,

18309,

28627,

3 149,

377 .

44339,

51124,

55453.

58766,

6149n.

63681,

63943,

63271,

62158,

61156.

61113,

64839,

72564,

Q4u64u,

1323€2.

1856113,

201191,

287955,

34tu2 -,

397931,

449776,

887591,

51~

55754

5786 7.

520464,

508571,

502534,

52,951,

584381.

686754,



;A'u

==49,0930 - 25R,
0.100C 262.
0.1010 265,

==§.1050C - 280
0.1069 283.
0.1070 287,
.:E£ 1080 2985 =
AAAAA <1090 29%5:
u:9.1100 297.
—-8.1110 300.
0.1120 303.
0.1130 307,

== M40 30~

0.1180 323,
0.1190 326,

L0970 250.f
0.0980 258,

-er 1031 . 27&- :

Note:

275. 285.
269. 279.

225. 234,
223. 232.

205, 213, 0 9%
285. .254. 0.26 ~ 7851255 o
69 - 2T9GFC - BIITET. —uBIIN. P

-25~

B X

0.26 9C499u4,
0.26 882090.

0.26 712264,
0.26 706843.

Table 2 (contlnued)

LI50012.

~-103972. 832361,

-114840. 783147.
201020 -269; —-258.- - 268. 0:26-—037812+—---9206% 696229, -
=:0.1030__273. 287. 256026 T 2 '
-237. 245.'ﬁ}2£_“75§8§5re
229,238 -0+26 727995, - $3220:°

808160.
736772,
287, - 5M6196.
~20005. 43870%. 538869.
2654 %5
38921. 82323,
$3586. -71297.

403695.
240303.
67086.

228 - -232+- 0226707099 61606.-168923: 37933
225, 23%..0.26 U502
227...236. 0.26 720562,
230.° 239,
233.  242.

237. 246.

253. 262.
256, 266,

=0-1200- 3292685 - 27¢

026 73181F.
C.26 743140.
0 26 754321,

0.26 816002.
0 26 830C19.

£5470:-133333. 168239,
15761§.-153526.-§B¢§311

- 66316, - 108755 . 150305

65667. -50569.
65808. -2819.
-77136;?:&629¥;=749¥3§;:#8?.6

-9“7070
-36883.

, 503.0

502.1
50t.2
500.3
§99.4
498.5
497.6
496.7
095.8
494.9
494.0

“93.]
- 492.2

191.3
390.8%
489.4
488.5

7881396,
835117,
R348,
76756.
74c 748,
733285,
734801,
741215,
751185.
760730,
168755,
777972.
788176,
798127,
808807,
820129,
31700,

T 843234,

62166. 104900. 108905. 4848.0

59855. 110069.

118523.

483.1

There are three thrust oufputs

= 316 26 — 255053 = ‘ ;B - 8SA5IE,
S 5.1170 - 319, 299 ISS—T. 26" FOPVA——8I049.— S5183, 95595,-984.5

886193,
878168.
889275,

--901515.
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RESULTS FROM EXTENDED PROGRAM

Two sets of calculations were performed for the purpose of
demonstrating the features of the extended program:

Case 1 - DM1 17DEC77 FLAME SPREAD CONTROLLED

Input approximates situation for DMl and the new input
parameters (for ignition and fiame spreading) were
selected to accelerate initial ignition of the first
segment and delay the flame spreading along the longi-
tudinal slots of the first segment; Input values are
listed in Table 1.

Case 2 - DMl 6JAN78 FLAME SPREAD NOT CONTROLLED

Input is the same as Case 1, except the controls over
ignition and flame spreading as imposed by the new
input parameters are not invoked, i.e.,
BF1=30*1.0,CHC=30*1.0,DELTFF=30*1.0

Figures 5 and 6 are normalized plots of the igniter mass flux,
pressure rise and thrust events duving the induction, flame spread-
ing, and initial pressurization phases. 1In Case 1, ignition of
the starpoint tips occurs more rapidly than the uniform ignition
"situation in Case 2; thus, head-end pressure begins to rise rapidly,
about 0.008 s sooner. However, as shown in Fig. 7, the average
flame spreading rate of Case ! is about 30% slower than Case 2.

This may not be a result of the imposed delay in the flame spread-
ing rate of the longitudinal slots, but rather a result of the down-
stream region not being preheated by the ‘gyriter mass flow. How-
ever, the slower flame spreading rate of Case 1 does not diminish
the strength of the axial pressure wave advancing down the port

nor does it diminish the dynamic thrust contribution.

As shown in Figs. 5 and 6, the dynamic thrust contribution is
prominent during the time of flame spreading and decays rapidly as the
longitudinal pressure wave encounters the aft-end of the motor.
Indeed, a sufficiently strong longitudinal pressure wave can produce
a negative den as the wave encounters the aft closure. Figure 8
reveals that the time relationship between the igniter flow arriving
at the nozzle and the surge of hot gases from the head-end segment
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IGNITER FLUX NORMALIZED BY 1900 Lsm/s

- - - THRUST NORMALIZED BY 195 i pf
——  PRESSURE MORMALIZED BY 400 ps:

Fyer = Froz * Foyn

o —_FLAME SPREAD -

S ' + ' — 4 —

'0.00 0.20 0.40 0.60 0.80 1.00 1.20
TIME, SECONDS (X10-1)

Fig. 5 1Igniter mass flux, pressure rise, and thrust
events for CASEl 17DEC77 FLAME SPREAD CONTROLLED.
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.+ . IGNITER FLUX NORMALIZED BY 1000 LeM/s
- - - THRUST NORMALIZED BY 106 rsF
— PRESSURE NORMALIZED BY 400 psr

'Pﬁ

Frer = Fnoz * Fovn
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1
FLAME SPREAD
Q
»
a - — - - ' "
0.00 0.20 0.40 1.20

0.80 0.80 1.00
TIME, SECONDS (X1C-1)

Fig. 6 Igniter mass flux, pressure rise, and thrust
events for CASE2 6JAN78 FLAME SPREAD NOT CONTROLLED.
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AVG FLAME
CASE SPREAD RATE
FT/SEC
1 1990
2 2820
o
!
| CASE 1 FLAME SPREAD
IN FIRST SEGMENT CONTROLLED

CASE 2 FLAME SPREAD —

! IN FIRST SEGMENT NOT CONTROLLED

A

P00

A A
R Al
.00 0.20 0.%0

Fig. 7 Flame spreading for CMLSES 1 and 2 showing that
the slower flame spreading rate in the first
segment significantly decreases the average flame
spreading rate over the length of the motor.

s e e . v’ —y i ek et e - it i, o b il ok o

0.80 o0 1. 20 )
ICNITION TIME,SEC (X10-1)

ettt B b e e



58 -30-

QE:"" 4 l
& PESTAC
=
gg CASE 1 FLAME SPREAD
ws - 2
g:_ﬂ« I FIRST SEGMENT CONTROLLED 3

a8

d}

STATION:
0. 10’1
e 0.25-2
wt 0.50-3
1.00-4

8 -~ L .
é..
as

ol
U.JN
c i
5% Vv
©w8|  CASE 2 FLAYE SPREAD d PESTAG

. N .
gE!P' [ FIRST SEGMENT NOT CONTROLLED O, E
2
3
a8
g
'1s
STRATION:
0.10-1
8 0.25-2
nT 0.50-3
l.OO-“
8 - T :v ; .l l L J
%.o0 0.20 0.40 2 60 1 4o

TIME FROM ONSET OF IGNITEH SEC (X10 -1

Fig. 8 Pressure vs time at five axial stations
showing how flame spreading rate in the
first segment alters the flow f1e1d
development.
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affects the magnitude of the thrust overshoot. Apparantly, if the
igniter gases lead (by a sufficient period) the gases from the
head-end segment, the den contribution is diminished and the
effect of the strong longitudinal pressure wave is attenuated.

The dynamic thrust component has the proper trends with respect
to the observed p and F vs t for DMl. However, net thrust measured
for DM1 is the resultant of fluid flow dynamics as well as the
dynamics of the motor case axial expansion and axial movement of
the large propellant masses. Thus, the values of Fnet for Cases 1
and 2 cannot be compared directly to the measured thrust values.
After the Thiokol/Wasatch personnel complete their czlculations of
the case and propellant dynamics, the net resultant forces at the
load cell can be approximated.

The important conclusions from the Case 1 and 2 calculations
are:

1) The time period of the dynamic thrust coincides with the

initial thrust rise and decay measured for DMl.

2) The overall flame spreading rate and dynamic thrust con-
tributions are significantly affected by ignition and
flame spreading of the first segment.

3) Longitudinal wave action within the chamber can produce
accelerations in thrust similar to those noted in Fig. 2.

4) The modified program is an effective means of evaluating
methods of tailoring the rate of thrust increase during

the start up transients.
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Nomenclature for Analysis of Dynamic Thrust

A = area
S(t) = local boundary velocity which may vary over the surface S
CFAm = thrust coefficient with losses taken into account

F = thrust
E(i,t) = body force (like gravity, electric field, etc.)
n = outward unit normal vector to the surface

P = pressure, static pressure unless designated as
stagnation pressure

S(t) = bounding surface

T = force

T(ﬁ,§,t)= surface force. Tensor, depends on orientation of the
surface element defined by n (generally pressure,
friction or thrust reaction in a test stand).

t = time

ﬁ(§,t) = velocity of any material element inside V (may be
a gas element, a motor case element, or a propellant
element).

v(t) = a moving volune (not necessarily‘a material volume).

v = control volume

X = axial distance from head end

€ = movement of head end of motor

n = any summable continuous function

p = density

Subscripts

am = ambient

case = case

dyn = dynamic

ex = exit plane of nozzle
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