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1.0 INTRODUCTION 

This report describes the application of ahalytical 

techniques which are being developed to predict the ignition 

transients of segmented, solid propellant rocket b~osters. 

Particular attention is given to the large, solid-rocket 

booster (SRB) which is being developed for the Space Shuttle 
6 (e.g., thrust> 10 Ib and length> 100 ft). The booster is 

referred to as a segmented motor (as opposed to a mono

lithic motor) since it consists of several large motor· 

segments which are joined together. The development of 
large SRB's is accompanied by a number of questions pertain

ing to optimizing performance, improving reliability, and 

reducing the costs of qualification tests. During the 

formative phases of development, it is natural to employ 

analytical techniques that yield a more comprehensive 

understanding of complex interactions between the igniter 

gas flow, heat transfer to the propellant, flame spreading, 

developing flow field, and erosive burning. Indeed, because 

of the costs of manufacturing and testing each solid rocket 

booster, predictions and design recommendations based on 

comprehensive analytical models can play an important role 

in defining the SRB configurations. 

The essential elements that are incorporated into th~ 

analysis are: (a) techniques to account for the strong 

contribution of erosive burning, coupled to the chamber 

gas dynamics; (b) ability to consider significant pressure, 

temperature, and velocity spatial gradients, encountered in 

high loading density motors, and their variation with time 
during the starting transient, and (c) calculation of 

propellant surface heat-up to ignition and flame spreading, 

coupled to both temporal and spatial changes of flow param

eters in the chamber. Indeed, to account for the experi

mentally observed steep pressure rise and pressure over
shoots, the dominant influences of erosive burning and the 

spatial gradients of pressure, temperature, and velocity 
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must be accurately taken into account. Thus, using the tech
niques described in this report, analysts will be abl$ to 
prescribe with greater confidence the upper limits of 
volumetric loading density and predict more accurately 

" 
the pressure-thrust-time motor performance during the 
starting transient • 

. While the emphasis of this report is on large SRB' s, the 
methodology is not dependent on motor diameter and thus can 
be applied to a wide variety of high length-to-·diameter 
ratio motors. 

The point of departure for this study was the analyti
cal solution and computer program described in Ref. 1. The 
analytical development in Ref. 1 is for monolithic motor 
configurations and is sufficiently complete to treat most 
high performance motors; however, the computer program 
descr.ibed in Ref. 1 dealt with a rather narrow subset of the 
overall analytical formulation. Thus, the computer program 
described in Ref. 1 (while well suited for the special 
geometry, igniter, and burning conditions of the laboratory 
slab motor) is not suitable for analyzing high-performance, 
operational motors. Also, the Ref. 1 computer program was 
not prepared in modular form and, as a consequence, changes 
in geometry, burning rate laws, friction factor equations, 
convective heating equations, etc., are extremely difficult 
to perform. During this study these limitations were over
come by redoing the computer program and emphasizing the 
requirements that occur during the. design of high perform
ance motors. 

ILITY OF TF:~ 
R"EPROD uelli . IS POOI~ 
(.nnt\'INAL PAGE 
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2.0 DESCRIPTION _OF MODEL 

2.1 Physical Situation Considered 

The emphasis of this study was on the type of 

segmented motor configuration and ignition events illustrated 

in Fig. 2-1. At the onset of igniter discharge,a flow 

pattern with pressure, temperature, and velocity distributions 

develops in the motor port. Subsonic flow with friction and 

heat transfer to the propellant at low pressure (usually 

between 1 and 3 atm for the low port-to-throat area ratios 

under investigation) is established in the chamber. During 

the early part of the transient, the motor nozzle flow is 

unchoked. The first phase of the starting transient is the 

induction interval (ignition lag), which ends with the 

appearance of the first flame on the propellant surface 

(see Fig. 2-lb). The ignition criterion (used in th~s study) 

is that a point on the propellant surface ignites when it 

attains some critical ignition temperature, typically between 

800 and 900 K. Thus, the process of flame spreading along 

the propellant surface, which starts at first ignition and 

ends when the entire surface is ignited, is described by the 

model of successive ignitions. Once started, the flame spread

ing is accelerated by the increased heat flux due to the 

rapidly increasing mass flow originating from the already 

ignited propellant surface. As the flow encounters the 

separations between the segments, the boundary layer is 

disturbed producing local increases in the convective heating 

rates. Rapid chamber pressurization usually begins with the 

onset of fast flame spreading. The last phase of the starting 

transient is the chamber filling period, which follows the 

completion of flame spreading. Prior to this time, the nozzle 

flow usually becomes choked. Erosive burning may take 

place during this period and thereafter, due to high gas 

velocities in the chamber. Also, the compression effects 
during the rapid pressurization will significantly increase 

the temperature of the chamber gases. Thus, the maximum 
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pressure may be much higher than the eventual equilibrium 

pressure. Significant pressure and temperature drops as 

well as velocity increases are established along the port. 

Following the pressure peak, a quasi-steady situation develops 

and pressure decreases toward an equilibrium value due to 

diminishing erosive burning, as the port area increases. 

2.2 Types of Ignition Transient Models 

Numerous studies have dealt with a particular funda

mental process taking place during the start of solid propel

lant motors or have focused on practical correlations to 

facilitate igniter design. A detailed review of previous 

studies is given in Ref. 1. The analytical models directed 

at the analysis of the overall starting transient, can be 

categorized into three major groups: (a) lumped chamber

parameter, or p(t) models (e.g., Refs. 2-6), (b) quasi-steady 

one-dimensional flow, or p(x) models (e.g., Refs. 7 & 8), and 

(c) temporal and spatial development of flow field (Ref. 1.). 
As shown on Fig. 2-2a, the models of the first group 

assume uniform pressure and temperature distributions in the 

combustion chamber port. Accordingly, such models are 

incapable of considering those driving forces which control 

ignition and flame spreading rates. 

In the models of the second type (see Fig. 2-2b), quasi

steady pressure, temperature, and velocity distributions 

along the port are considered at each instant of time during 

the transient. Flame spreading is often treated in ways 

unsuitable for predictive use, e.g., an experimentally 

determined function of time; partially or fully instantaneous; 

linear function of the burning rate; proceeding in a constant 

average rate; or calculated from an experimental pressure

time plot. 
Many high-performance solid propellant rocket motors have 

high volumetric loading densities, small port-to-throat area 

ratios, and, frequently, large length-to-diameter ratios. 

Such motors, referred to as HVT (High Velocity Transient) 
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motors, are characterized by high internal gas velocities 

(Hach numbers> 0.3), significant axial pressure and tempera

ture gradients, pressure over-shoots, and relatively short 

ignition transient times. The large solid boosters are 

properly classified as HVT motors. The starting transients 

of the HVT motors (and SRB's) are inadequately predicted and 

incompletely analyzed by either one of the above-mentioned 

classes of approaches. In particular, pressure, teIYlpera ture, 

and velocity variations with time and axial position in the 

motor [p(t,x) model] must be considered (see Fig. 2-2c). 

Interactions between processes, such as the developing flow 

field, igniter gas flow, convective heat transfer to the 

solid propellant, flame spreading, and erosive burning must 

be taken into account. 

2.3 Description of Model Used in' This Study 

The analytical model [referred to as the p(x,t) 

model] is capable of treating the following: 

General -
'Goes from onset of igniter flow through the ignition 

transient to steady state operation. 

Igniter -
'Igniter discharge is an arbitrary function of time. 

'Pyrogen igniter located at head-end. 

Main Chamber - either monolithic or segmented configurations: 

"Axial gradients of pressure, temperature, and velocity. 

"Nozzle flow either choked or unchoked. 

'Axial variation of port area. 

·Wall friction and heating losses. 

'Propellant surface temperature and gradient varies 

in axial direction. 
"Flame spreading is governed by coupling between main 

chamber flow field, convective heating rates, and 

propellant temperature profile. 

'Erosive burning is accounted for. 
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The key to quantitative Pmax predictions for SRB 

designs is expected to be an accurate determination of the 

erosive burning during chamber pressurization. 

Even though the physical model and mathematical formula

tion given in Ref. I were rather comprehensive with respect to 

high performance rocket motors of monolithic configuration, 

the Ref. I computer program was very specialized and suitable 

only for analyzing the laboratory slab motor. Thus, the 

program was not sufficiently general to handle conventional 

rocket motor designs. Accordingly, during this study the 

computer program was reorganized, improved greatly, and 

expanded to give it the capability to analyze high performance 

rocket motors. Thus, the reader may refer to Ref. I for the 

details of the equation development for monolithic motors. 

Of course, the extensions required to consider the slots 

between the segments are documented in this report. The 

duplication between Ref. I and this report has been kept to 

a minimum. Furthermore, the Ref. I nomenclature has been 

retained. 

2.4 Basic Assumptions 

The following basic assumptions are used in the 

p(x,t) model: 

(a) All chemical reactions occur on the propellant 

surface in a combustion zone which is so thin 

~hat it can be considered as a plane. The combus

tion products enter the main stream in the port 

with zero axial momentum. 

(b) The flow in the main chamber port is one-dimensional. 

This assumption is a good approximation to the real 

situation in view of the highly turbulent flows 

encountered in HVT motors. Changes of flow proper

ties across the boundary layer are considered in 

the expressions for heat transfer and friction co

efficients used in the analysis. It is further 

assumed that the slots are designed so that their 

interactions do not affect the one-dimensionality 
of the flow. 
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(c) Rate processes at the propellant surface are quasi

steady in the sense that their characteristic times 

ar~ short compared to that of the pressure transient. 

(d) The propellant combustion products and the pyrogen 

igniter gas have the same values of cp ' W, and y. 

(e) The gases flowing· in the port obey the perfect 

gas law. 

2.5 Governing Equations 

The mathematical formulations of the approach to 

the above described problem consist of the following: 

Ca) Mass, momentum, and energy conservation equations 

in unsteady, quasi-one-dimensional form for the 

gas phase; 

(b) Equation of state for the gas flowing in the motor; 

(c) Proper initial conditions at the start of the 

transient (onset of igniter flow); 

(d) Two boundary conditions at the fore-end of the 

propellant section, obtained from a pair of 

ordinary differential equations, which describe 

the rate of change of pressure and temperature 

in the entrance section; 

(e) A third boundary condition, which describes the gas 

velocity at the entrance to the motor nozzle, for 

either choked or unchoked flow; 

(f) Semi-empirical correlations for the convective 

heat~transfer and friction coefficients for the 

highly-turbulent flow in the port; 

(g) Burning rate law for the solid propellant, including 

the effects of initial temperature, pressure, and 

velocity over the surface (erosive burning) • (The 

burning rate equations are in subroutine form so 

that they can be easily modified.) 

(h) A solid phase heat-up equation for determination 

of the propellant surface temperature during the 

induction interval coupled to an ignition criterion 

for the propellant; and 
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(i) Thrust calculations based on nozzle-end stagnation 
pressure. 

First, the conservation equations along a section of the 

port that does not contain slots will be summarized. For a 

more detailed development, the reader is referred to Ref. 1. 

The mass conservation equation for the control volume in Fig. 

2-3, written for a unit volume, is 

Clp a(pu} aA rb ~ --I? ' (2-1) at + ax 
I + Ap ax = A(Ppr - p) 

p 

RATE OF SPATIAL IN- INCREASE OF MASS RATE OF MASS 
INCREASE CREASE OF FLOW RATE DUE TO ADDITION DUE 
OF MASS MASS FLOW INCREASE OF PORT TO BURNING 

RATE AREA 

The momentum conservation equation is 

a (pu) 
at + + 

2 aA 
EE- ---E. 

'A ax p 
= 

RATE OF INCREASE 
OF MOMENTUM 

SPATIAL INCREASE CHANGE OF MOMENTUM 
OF MOMENTUM FLUX FLUX DUE TO INCREASE 

OF PORT AREA 

-~ ax + 
2 fpu P 

2A ;/ 
P 

(2-2) 

PRESSURE 
GRADIENT 
FORCE 

VISCOUS FORCE DUE TO 
NORMAL STRESS 

FRICTION FORCE 
ACTING ON FLUID 
BY THE DUCT 

The energy conservation equation, written in terms of the 

,total stored (internal and kinetic) energy per unit mass, E, 

is 

k[PApE) 

RATE OF ACCUMULATION OF 
STORED TOTAL ENERGY 

+ k[PApUEJ = 

RATE OF SPATIAL INCREASE 
OF STORED ,TOTAL ENERGY 
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aT 
T + dXt.x 

au 
u + axt.x 

-......,.- x 

--...... m 

Fig. 2-3 Control volume used to consider transient flow 
field in chamber region of motor that does not 
contain a slot. 

n 
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~X[PuAp]; + 
c 

RATE OF WORK 
DONE ON THE 
FLUID BY PRES
SURE FORCES 

pprrhfPw 

RATE 0F ENTHALPY 
ADDED BY BURNING 
OF SOLID PROPELLANT 

d~l dX -11 P ax J + . c 
RATE OF WORK DONE 
ON THE FLUID BY 
VISCOUS FORCES 

qQ,Pw 

RATE OF HEAT 
LOST TO THE 
SURROUNDINGS 

(2-3) 

The above conservation equations constitute a set of 

inhomogeneous, nonlinear, partial differential equations (POE). 

After nondimensionalization and an order of magnitude analysis, 

'the effects of the following terms were neglected (indicated 
in Eqs. 2-2 and 2-3): (a) forces between gas molecule~ 

due to the viscous stress in the axial direction, created 

by the axial velocity 9radient; (b) viscous dissipation 

and rate of work done by the internal viscous forces, and 

(c) axial heat conduction between gas molecules. The wall 

friction at a station in the propellant section is neglected 

after ignition occurs and appreciable blowing .starts. 

The present formulation is more general than the Ref. 

1 formulation since it accounts for the rate of mass accumu

lation in the free volume created by the propellant surface 

regression. 

2.6 Provisions for Circumferential Slots in Segmented 
Motors 

As shown in Fig. 2-1, segmented motors consist of 

a series of sections which when joined together form circum

ferential slots which contain an appreciable volume and 
burning surface area. The interactions produced by the slots 
are accounted for by solving a set of ordinary differential 

equations for each slot and using those solutions as boundary 

conditions for the main stream flow equations. 
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Two flow interaction conditions between the main chamber 

and the slots are considered: (1) when the pressure gradi

ent between the main chamber and slot is significant (such 

as during the passage of the first strong pressure wave), 

and (2) when the pressures in chamber and slot are nearly 

equal. In principle, the first condition could be used 

throughout the ignition transient but to do so greatly 

increases the computer time without increasing the accuracy 

of the solution. 

2.6.1 Pressure Differential Between Main Chamber 
and Slot is Significant 

Whenever the pressure differential between the 

main chamber and the slots is significant, the coupling of 

the fluid flow processes between the several circumferential 

slots and the main chamber is accounted for by simultaneously 

solving the continuity, energy and momentum equations for 

flow into (or out of) each slot and coupling the result with 

the complete PDE solution for the main chamber flow. 

In Fig. 2-4, the control volume of the slot is shown 

interacting with the main stream flow. The flow in (or out 

of) the slot is described by the following equations. 

When the main chamber pressure is greater than the slot 

pressure, the flow into the slot is 

m. 
l.n 

and mout = 0 

_ [ I J (y+l) IY] }1/2 
Pslot Pch . (2-4) 

Conversely, as the slot begins to generate mass and the pres

sure in the slot exceeds the pressure in the main chamber, 

flow is out of the slot, 
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MAIN STREAM FLOW 
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T h'P h'P h AREA CONNECTING 

_ ~ '_Cfmou: ~ S~~~O~~D PORT 

m· ~ m '~ 1n . gen I~ 

mgen j '",,-
"t I, 

BURNING AREA, It 
6A b,s1ot 

ws1ot---'-

~ 
INDICATES 
INHIBITED 
PROPELLANT 

Fig. 2-4 Longi tudina1 section through slot showing 
nomenclature used in analysis of slot. 
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[ ] 
( +1) I ] }1/2 

- Pch/Ps10t Y Y j 

After ignition, the mass generated in the slot is 

The rate of increase of slot volume is 

The rate of mass increase in the slot is 

where either m. 
~n 

or is zero. 

(2-5) 

( 2-6) 

(2-7) 

(2-8) 

In terms of the sign convention for the main chamber equation 

(2-9) 

The pressurization rate of the gases in the slot is 

(2-10) 

Gas temperature in the slot is calculated from the perfect 

gas law. 

2.6.2 Pressures in Slot and Chamber Nearly Esua1 

After the pressures in the main chamber and slot 
become nearly equal, the coupling of the fluid flow processes 

between the slot and main chamber is accounted for by simul

taneously solving the energy and continuity equations for the 

flow into or out of each slot. 
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Combi~ing the energy and continuity equations yields 
an expression for the rate of temperature change of the slot, 

(2-11) 

Differentiating the" equation of state produces an expression 

for rate of mass increase in the slot 

d(pV)slot 
dt 

= _ [2Y-] dTslot [V) ~ + [E-) dV 
RT2 dt + RT slot dt RT slot dt 

slot 

In terms of the sign convention for the main chamber 
equations 

d (pV) slot 
mslot = - dt + mgen 

When mslot > 0, net flow into main stream. 

When mslot ~ 0, net flow out of main stream. 

(2-12) 

( 2-13) 

The above set of equations which specify p, pV, V, 

and T for a slot were solved using a fourth order Runge
Kutta Method at each ~t. 

2.7 Coupling Slot Flow to Main Chamber Flo.w 

The elements considered in the ~ain chamber continu
ity, momentum, and energy equations are illustrated in Figs. 

2-5a, 2-5b, and 2-5c respectively. An order of magnitude 
analysis revealed that for pressures and accelerations being 
considered, viscous normal stresses and axia.l heat conduction 
in the gas produced relatively small effects and could be 
neglected with no loss in accuracy. The derivation of the 
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Fig. 2-5b Elements considered in 
momentum equation. 
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[ 
u2 1 m h + slot 

slot slot 2gJ 

Fig. 2-5c Elements considered in energy equation. 
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interaction of the slot flow with the main chamber flow yields 

the following governing equations for those increments which 

contain slots. 

~ ~ ~ -p r b ms1dvRTU 
~ + aU + RT!£ _ pr b RTu 
at uax gp ax - A P - p 

p 
(2-14) 

aT + ul! + (Y-l)T~aaxU = _ (y-l)uT ~ + yp R
rbb 

I[T _! + u
2 

] 
at ax Ap ax pr Ap p f Y 2gJcp 

w· ~ p ",[ 3] 
- (y - l)ApP Jq~ - 2gRT 

aA 
__ YEu -12. + (y 

A ax 
p 

RT ] 
(y-l)J 

(2-15) 

11 r b [[ ] 1) pr b c J T - ~ + 
A P f yn . p. ~ pr 

2l 
~gJ 

+ (y - l)J m [n + u2slot] _ 
sldv slot 2gJ 

pw[ f PU
3

] (y-1)j\ JqR, - 2gHT 
p 

where msldv is mass flux from slot per unit volume of 

increment containing slot, e. g., m"l t/'A Lx . 
. , 0 p 

(2-16) 

Equations (2-14), (2-l5), and (2-16) for the segmented 

configuration are the counterparts of Eqs. (4), (5), and (6) 

respectively in Ref. 1 for monolithic configurations. The 

primary difference in the two sets of equations is the 

addition of inhomogeneous terms to each equation when slots 

are considered. 
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2.B Empirical Correlations for the Heat-Transfer and 
Fr1ction Coefficients 

The expression for the local convective heat-transfer 

coefficient hc is deduced from the conventional Dittus~ 

Boelter correlation for turbulent flow in pipes. Entrance 

effects, observed by many investigators (e.g., Refs. 9-13) 

are accounted for by including a power function of the length 
and diameter. l ,12 Variation of the gas physical properties 

across the boundary layer is considered by evaluating the 

properties at an average film temperature Taf • The expres

sion for hc used in this study, is. 

hc = 1.56 x 10-3pr-O.6cp[~U)0.BwO.1Taf-O.67(xsegdh)-0.1 

(2-17) 

where Xseg is the effective distance from the leading edge 

of the segment being considered. To avoid complications that 

arise when unrealistically small values of characteristic 

length are used in convective heating relationships, the 

minimum value of Xseg is considered to be one-half of a 
distance increment, ~x, as used in the numerical solution. 

After ignition, convective heating to the propellant surface 

is terminated. However, the calculation of hc is continued 

for use in the erosive burning calculations. 

The friction coefficient, f, is deduced from Colebrook's 

expression for turbulent flow in pipes with roughness. 

Observedl4 entrance effects and variation of fluid properties 

across the boundary layer ar~ taken into account. The friction 

factor is expressed in the following form: 

f = 0.449 (dh/xseg ) O.l 

{ 
[

€s/dh 1.27RWO.5T .1.65(d Ix )0.051}2 
1 + af h seg 

n 3.7 lo6pUdhfO.S 

(2-lB) 
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2.9 Burnin2 Rate Law 

Two versions of the Lenoir-Robillard burning rate 

lawlS ,16 can be used to account for erosive burning. The 

first is the conventional form 

(2-19) 

where dh is the hydraulic diameter, 4Ap/b, at the point 

being considered •. Equation (2-19) accounts for the convec

tive effects by incorporating the important functional 

dependencies on free stream flow and geometry, i.e., 
GO. a/dh 0,.2. 

The second is a form which is particularly well suited 

for analyzing segmented motors. 

r = rO i: kehc(dlfx,Lslot'u, ••• ) exp [-I Berppr/G I) (2-20) 

where hc is any convective heat transfer coefficient which 

accounts for the intricacies of the solid rocket geometry 

and flow field, in particular; those produced by the segments. 

In principle, ke and ae can be estimated from 

th t ' 1 'd ' 15 b t ' 'h eore 1ca conS1 erat1ons, u 1n pract1ce t ey are 

usually deduced from experimental data. Values of Se are 

always determined from experimental correlations and general

ly are in the range between 75 and 200. In all cases, it is 

necessary that the ke and Be pairs and the ae and Se 

pairs be consistent. 

2.10 Determination of the Propellapt Surface Temperature 

The heat equation for an unignited propellant grain 

at each of the series of axial locations (e.g., 20 to 29) is 

aTpr (t,y) = 
at a.pr 

with the initial condition 

Tpr(O,y) = 

2 aT . (t,y) pr 

T , 
pl. 

(2-21) 

(2-22) 
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and with the following boundary conditions: 

T (t,oo) = T . pr pl. (2-23a) 

aT (t,O)f3y = -(h fA ) (T - T ) pr c pr pr (2-23b) 

Equation (2-21) along with its boundary conditions is solved 

using Goodman's integral method. 17 

For purposes of this study, ignition of a particular 

section of the propellant surface is accomplished when a 

prescribed critical ignition temperature is attained. This 

simple ignition criterion is satisfactory whenever high 

convective heating rates assure rapid ignition. However, 

if ignition failures (i.e., hang fires and misfires) are 

to be studied, a more comprehensive ignition model may be 

required. 

2.11 Head-end and Nozzle-end Boundary Conditions 

The three physical boundary conditions are as 

follows: two boundary conditions at the entrance to the 

propellant section (denoted"by xp )' and one boundary con

dition at the entrance to the motor nozzle (denoted by xE) • 

The gas properties in the entrance section "are assumed 

to be uniform. Heat-transfer and shock-pattern losses taking 

place at the exit of the igniter may lower the effective 

mean temperature of the igniter gas, Tig • From the contin

uity and energy conservation equations for the entrance 

section, the rate of change of pressure and temperature at 

the entrance to the propellant section are derived: 

d~ets = vI [YRT. m. (t) - yA p (t)u (t)-
es 19 l.g p,es es es 

p,es es es (y - l)A p (t)u (t)3] 
2gRT (t) es 

(2-24) 
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dT v!;{RT . (t)m. tt) 
--!!. = es log [T - T (t)]-dt p (t) Y ig es . es es 

[ 2]} . . u(t) 
(y - l)Ap,esUes(t) Tes(t) + e~9R (2-25) 

The igniter mass flow rate m. log is a prescribed function 
of time. 

Equations (2-24) and (2-25) form a pair of coupled 

ordinary differential equations for the unknowns Pes and 
Tes. Their solution provides two boundary conditions for 

the governing Eqs. (2-14 to 2-16). The two initial condi
tions for this pair of equations are 

and T (0) = T . es es,1. (2-26) 

The boundary condition at the aft end of the motor 

chamber is derived assuming isentropic flow between the 

entrance to the motor nozzle and the nozzle exit. Using 

continuity and energy conservation relations between these 

two sections, the following equation applies: 

20v 1 - [Pex(t)/PE Ct)] (y-l)/y 
= .=.ou..RT (t) 

y-l E (A /A \2 [p (t) /p (t)] -2/y - 1 
P eX" ex E 

(2-27) 

When the motor nozzle is unchoked (the usual case during 

the induction intervals, when very low port-to-throat area 
ratios are used) the pressure at the nozzle exit, Pex in 
Eq. (2-27), equals the ambient pressure. For the case of 

a choked motor nozzle Eq. (2-27) becomes the following 
implicit relation: 

[ 

2 U (y+l)/(y-l) 
·2 ygRTE(t) [2)( ·-1 uE(t) J 

uE (t) = [A /~ ] 2 y+l 1 + rr Y9RTE·(t) 
p t 
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3.0 NUMERICAL SOLUTION 

This section extends the discussion of the numerical 

solution in Ref. 1 by describing the organization of the 

revised computer program and by describing the methods used 

to account for the slots. The overall numerical solution is 

summarized in this section. However, the reader is referred 

to Ref. 1 for a more general discussion of the specific 

numerical techniques which are used. 

3.1 Provisions for Circumferential Slots in Segmented 
M.otors 

As shown in Fig. 3-1, segmented motors consist of 

a series of sections which when joined together form circum

ferential slots which contain an appreciable volume and 

burning surface area. The interactions between the main 

chamber flow and the slots are accounted for by coupling the 

equations for the main chamber with the ordinary differential 

equations for each slot. During the development of the 

numerical solution, certain conventions regarding geometry 

were adopted: 

(1) Segmented motors are divided into equal axial 

distance increments (~x) regardless of whether an 

individual increment includes a circumferential 

slot. Circumferential $lots provide an additive 

volume (oVslot) and an additive burning surface 

area (OAb,slot) but do not alter the port area, 
i.e., the mainstream flow does not pass through 

the slot. 

(2) Port area Ap is the part of the flow passage 

above the slot and Ap,t+~t = Ap,t + br~t where 
b is the burning perimeter along the port. 

(3) Burning surface area of an increment which includes 

a slot is ~Ab,slot = b~x + OAb,slot' Note that 
the value OAb,slot must be input as the burning 
area in the slot less bwslot ' The burning surface 
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Fig. 3-1 Geometrical description of segmented rocket motor 
showing lumped parameter method of treating volumes 
and surface areas associated with slots. 
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in the slot may be quite small since the circumfer

ential area in the slot may be partially inhibited 

to prevent burning .. oAb,slot is considered to be 
constant during the ignition interval. 

(4) The total volume of an increment which includes a 

slot is tv = A tx + oV 1 t. However, only A 6x p sop 
is associated with the main stream. During each 

6t, the volume of the slot increases by r6t(oAb ,slot 

- bwslot)· 
(5) The pre-ignition heat loss and friction are affected 

by the slots since the slots disturb the boundary 

layer and accumulate gases during pressurization. 

(6) Ignition of the exposed propellant in the slots is 

controlled by the flame spreading along the main 

port. Since in the present SRB design the burning 

surface area in the slots is a small fraction of 

the total burning surface area, the burning surface 

area in a slot is assumed to ignite at the same 

time as the axial increment that contains it. 

(7) The passage area into a slot is bWslot and in

creases by 2r6t during each time interval. The 

mass from the slots is injected normal-to-the

centerline. 

The tabular inputs required to describe segmented rocket 

motor geometry are: 

For both monolithic and segmented motors: 

x Distance from head end of motor, i.e., 

.x = 0 at head end of motor. 

Port area of main channel. 

Perimeter of propellant surface in main 

channel. 

Pw Total perimeter of propellant and inert 

surface (i.e., wetted perimeter before 

ignition). 
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For segmented motors, when slot begins in interval from 
x to x + !:,x: 

Ab,slot 

Vslot 

wslot 

Distance to the upstream edge of the slot 

from the head end of the motor, i.e., x = O. 

Burning surface area in slot. (The lack 

of surface area along the main port because 

the slot width is accounted for in this 

input value, i.e., subtract bWslot from 

the actual burning surface area in the slot.) 

Volume (region of gas not in the flow field) 

of slot. 

Width of slot 

The geometry inputs xp ' xE and 

monolithic and segmented motors. 

xG are the same for both 

Figure 3-2 illustrates the 

conventions used in defining the geometry. Note that the 

head-end region between x = 0 and x = xp is a flow passage 

that does not contain propellant and that the last !:'x/2 is 

a flow passage that does not contain propellant. 

3.2 Implementation Scheme 

Numerical mathematical techniques were implemented 

for the simultaneous integration of the three governing 

equations, [Eqs. (2-14), (2-15) ,and (2-l6)] I the equations for 

the entrance section [Eqs. (2-24) and (2-25)] and exit section 

[Eqs. (2-27) or (2-28)], and the equation describing rate of 

change of the propellant surface temperature, [Eq. (III-50) 

in Ref. lJ. The numerical steps were organized in modular 

form into a program for a large capacity digital computer. 

The set of governing equations is totally hyperbolic in 

nature. 18 ,19 All three eigenvalues of its characteristic 

equation are distinct and real. A generalized implicit 

1 d 'ff " 'd" 20,21 scheme based on centra ~ erences ~n spacew~se er~vat~ves 

was chosen to solve numerically the governing equations. Let 

the net of points in the t-x plane be given by t = j!:'t 

and x = n!:,x, where j = 0,1,2 .•• , and n = 0,1,2 •••• The 

mesh size of the net is determined by ~t and !:'x. Then the 
derivatives of pressure, for instanc~, are expressed in the 

following difference form: 
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FOR lv10NOLITHIC J.vlOTORS -
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Fig. 3-2 Accounting for surface area and volume. 
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'+1 pj 

itl n 

pJ _ 
n n = l1t 

- e) [P~+l - P~~l) 
(3-1) 

e ( j+1 '+1 ) 
- P~-l + (1 

2£1 = 
Pn+1 

ax n 2l1x 

where pj = p(jl1t, n nl1x) • 

The weighting parameter e 
in the interval 0 ~ e ~ 1. For 

stability restriction exists if 

is a real constant, lying 

the implicit formulation no 

0.5 ~ e ~ 1. 20 usually a 

value of e = 0.6 was used in the calculations. 

3.3 Quasi-linearization and Predictor-Corrector Calcula
tions of the Non-linear Terms in the Governing 
Eguations 

The governing equations may be written in the 

following matrix form 

u F F. \l,T F 

:1 
Iu u,u u,p 

a T + F FT,T F a 
IT (3-2) at ax = T,u T,p 

pj P F F p,T F I p,u p,p p 

where F[u(t,x} ,T(t,x) ,p(t,x)] are the functional coefficients 

of the partial spacewise derivatives, and I[u(t,x),T(t,x), 

p(t,x)] are the corresponding inhomogeneous terms in Eqs. 

(2-14), (2-15), and (2-16). These latter terms account for 

the interactions with the slots. 

To obtain a system of linear algebraic difference equa

tions which can be solved simultaneously by matrix methods, 

the nonlinear coefficients F(u,T,p) and inhomogeneous terms 

I(u,T,p) are linearized in a way described in the f~llowing 

paragraphs. 
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~) 2 
The inhomogeneous terms were quasi-linearized as follows:~-

, 6 ' e 
+ e[T j +l _ Tj)~IIJ+2 + e[ j+l _ jJ~IJ+2 (3-3) 

n n aT Pn Pn dP . n n 

where the partial derivatives, which are actually algebraic 

terms, are evaluated with the flow propertieR at (j + 8/2, n), 
, "+8/2" [ .'+] 'J such as, for J.nstance, pJ = pJ + 8 pJ . - pJ /2. 

n n n n 
A predictor-corrector technique was applied to the non- , 

linear coefficients. F(u,T,p) and the partial derivatives in 

Eq. (3-3). According to this method, a predictor calculation 

is first made, in which previous-time flow properties are 

used to evaluate all the coefficients F and partial 

derivatives in the quasi-linearized inhomogeneous terms. 

Then, a corrector calculation is made in which the coeffi

cients F and the partial derivatives are evaluated with 

weight-averaged flow properties. The iterations may continue 

until sufficient covergence is achieved. 

After substitution of the aforementioned finite-differ

ence representations into the governing equations, the 

velocity variation equation, Eq. (2-14), becomes 

u~ - u~ + _j 8 u~+l - u~_l + (1 - 6) u~+l - u~_l . + 1 ' [ ( '+1 "+ 1) [ " .)] 

lit un 2L\x 

T~ [8 [p~:i - p~~i) + (1 - 8) [P~+l - P~-l) 1 __ 
+ gR~ ----------------~---------------------J 2L\x 

Pn 

( 
. 1 ")dI + e TJ + - TJ ~ 
n n aT 

,+8 ,+8 
J - J -

2 + e[pj+l _ pj):Iu 2 
n n dp n 

(3-4) 
n 
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The temperature and pressure variation equations, Eqs. 
(2-15) and (~-16) are treated in an analogous manner. 

The barred parameters are weight-averaged quantities 
as follows, e.g.~ 

u j = e[u j +l ) + (1 - e)u j 
n n pd n (3-5) 

whereas the flow parameters in the partial derivative form 
in Eq. (3-4) are 

u~+~ = ~(u~+l)Pd + (1 - ~)u~ C3-6) 

The parameters (~+l)Pd are the quantities calculated 
from the latest predictor iteration. In the first step 

predictor calculation they have the values of the previous 

time step. 
Negligibly small differences were found between final 

solutions obtained by single-step and multi-step predictor 
calculations. Therefore, to reduce computing time, single
step predictor-corrector calculations are used in the actual 
computations. The final solution at every time step is 

obtained implicitly by a matrix method discussed in 
Section 3.6. 

3.4 Extraneous Boundary Conditions 

The use of central-difference formulation, as 

described in Eq. (3-l), for all spacewise derivatives in the 
governing equations, requires six boundary conditions for 

the solution. In other words, the set of finite-difference 
equations corresponds to a hyperbolic system of 6th order. 19 

Therefore, three boundary conditions, in addition to the 
physical ones [defined by Eqs. (2-24), (2-25), and (2-27) 
or (2-28)] are needed. These so-called extraneous bound
ary conditions for the hyperbolic system of governing 

equations studied are derived from the compatibility 
relations at the boundaries. The latter are obtained 
by solving the governing equations by the method of char-

t 't' 23 ac er1S 1C8. 
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The compatibility relations along the right-running 

and left-running Mach lines (defined by dx/dt = u ± c, 

respectively), in terms of p-u characteristics, are 

(~) = + r£(dU I + [I + rEI J 
dt I,ll c dtJI,II - P c u 

(3-7) 

The relation along the particle-path line (defined by 

dx/dt = u), in terms of T-p characteristics/is 

(dT) - r.:l T [~J + [I y-l TI ) 
dt III - Y P dt III T - -y- p p 

(3-8) 

In relations (3-7) and (3-8), I, IT' and I· are u p 
the inhomogeneous terms in the governing equations [see 

Eq. (3-2)]. 

For a subsonic flow toward the nozzle in the motor which 

is the case during most of the transient in the physical 

model" described in Section 2, the left-running characteristic 

line is considered at the left boundary, whereas the right

running characteristic line together with the particle-path 

line are considered at the right boundary of the region of 

numerical computation. Taking into account the conditions 

at the right boundary, which is the aft-end of the motor 

(uniform perimeter, no area change, and no mass addition), the 

compatibility relation along the right-running characteristic 

is the same as given in Ref. 1 as Eq. (IV-12). The compati-

bility relation along the left-running characteristic is the 

same as Eq. (IV-13) in Ref. 1. The compatibility relation 

along the particle-path line, at the right boundary, is the 

same as Eq. (IV-14) in Ref. 1. 

3.5 Treatment of the boundary Conditions 

The compatibility relation along the left-running 
characteristic line, Eqs. (2-24) and (2-25), form a 

closed system of ordinary differential equations to 

determine the gas velocity, temperature, and pressure at the 

entrance to the propellant section. The system, formed by 
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the other two compatibility relations, Eqs. (2-27) or 

(2-28), (unchoked or choked flow, respectively) deter-

mines the flow parameters at the chamber aft-end. The 

equations in each system are expressed in a finite-difference 

form and quasi-linearized in an implicit form, using a pre

dictor-corrector iteration calculation in the same manner 

which is utilized for the governing equations. As a result, 

a set of three linear inhomogeneous algebraic equations is 

obtained for every-boundary. Each set of equations is solved 

by 3 x 3 matrix, using Kramer's rule, to yield the gas 

velocity, temperature, and pressure at the boundary for the 

next time step calculations. The characteristic line 

segments near the left and right boundary of the calculated 

domain are shown in Figs. 3-3 and 3-4, respectively. These 

figures also show the numerical calculation grid in an 

x,t-diagram. 
In Fig. 3-3, the line sent out from AJ

2" to the left-
j+l 

boundary point B~(Xo,t } with a slope (dx/dt)II = u - c 
is the left-running characteristic. The process of deter

mination of the boundary values is carried out in the 

following steps: 

(1) With the calculation completed for the time step 

j~t, all properties are determined at the point 

x~ b~ linear interpolation,~etween the boundary 

(xl,tJ ). The position of A~ is taken from the 

previous-time-step calculations, as described 

below. 

(2) The left-boundary system of equations [Eqs. (2-

24), (2-25), and (IV-13) in Ref. lJ is solved 
j+l for u, T, and p at Bt(Xo,t ). The flow 

parameters, present in the coefficients and inhomo

geneous terms of these equations, are iterated 

with the solutions until sufficient convergence 

is reached. 
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(3) The corrected location of Aj 
2 at the current time 

is found from the slope of the left-running char-
acteristic (solid line Aj 

2 - B i in Fig. 3-3), i. e. , 

X
j = Xo - ll[[u

j
+

l 
+ui ) [c

j
+

l 
+ ci J] (3-9) 

A2 2 Xo A2 Xo A2 

If IXA2 ~ Xi
2

1/ x:A > 0.002, steps (1), (2), and (3) 

are repeated w1th (XA2ri+l = 0.8 xA + 0.2(xi )i' where the 
subscript "i" denotes the number of 2the iteration step. 

When the convergence condition for the point A~ is 

met (usually in two iterations), the distance x of this 

point becomes the distance for the first iteration in the 
. j+l j 

next time step, i.e., xA- = x (dotted vertical line in 

Fig. 3-3). 
2 A2 

In Fig. 3-4, the lines sent out from Aj and Aj to the 1 3 
right-boundary point Br(XN,t j +l ) are the right-running 

characteristic and particle path, respectively. The calcu

lation of the right-boundary values by the simultaneous 

solution of the above-mentioned pertinent system of equations 

is similar to that of the left-boundary values. 

The positions of the points AI' A2 , and A3 change 
very slowly with respect to time. The directions of exagger

ated shifts shown in Figs. 3-3 and 3-4 are typical for the 

chamber-filling interval of the transient. 

It should be noted that some solutions, based on separate 
, , 1 h h "1' l~ 1ntegrat1ons a ong t e c aracter1st1c 1nes, can result 

in oscillations of the boundary values. The quasi-linearized 

simultaneous-solution method results in a smooth and stable 

solution. The method may be applied, however, with caution 

to other configurations which cause different boundary con

ditions, such as zero aft-end velocity during part of the 

transient due to use of a nozzle closure, and change of 

velocity direction at the fore-end due to short igniter 

operation. 
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3.6 Computation Efficiency and Convergence Tests 

The numerical calculation solves Eq. (3-4) along 
with the analogous equations for T and p, which represent 

the governing equations in the,ir implicit difference algorithm. 

For the N-l spacewise interior points considered, 3(N-l) 

linear algebraic equations have to be solved simultaneously 

for every time step for 3(N-l) unknowns. The value of N-l 

depends upon the given lengths of the propellant and aft 

sections, xE - xp ' and the spatial mesh size, 6X, used 

in the calculation. The faster the pressurization process, 

the smaller the value of 6x that must be used, and there

fore, the larger the number of interior calculation points. 

Also, the time step, or temporal mesh size, 6t, should be 

kept small enough, so that the variations in flow properties 

with respect to time can be studied, and the quasi-linearized 

nonlinear and inhomogeneous terms can be properly representea. 
For efficient computation, the finite-difference equa

tions are arranged into so-called block-tridiagonal matrix 
form. 24 In this particular form, the 3(N-l) x 3(N-l) matrix 

of the coefficients of the unknowns has (3N-5) 3 x 3 square 

sub-matrices as single elements. An economical solution is 

obtained through block-factorization into two block-bidiag

onal matrices. 24 For accurate computation, the computer 

option of double precision is used in the matrix calculation. 

Variation of the mesh sizes, 6t and 6x, was carried 

out to test the convergence of the solution. This variation 

was conducted in connection with the so-called Courant

Friedrichs-Lewy stability condition for one-step space 
difference equations,20 which is 

(lui + C)6t/6X ~ 1 (3-10) 

However, when an implicit difference scheme is used, the 

numerical solution should be unconditionally stable.*20 

Once a stable and uniform solution is obtained, further 
reduction in 6t does not significantly alter the calculated 

lIn practice, during the initial phases of pressurization, 
the stability conditions for the entrance region and the 
slots require a smaller 6t than that which satisfies 
Eq. (3-10). 
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results. Mesh sizes, for which the maximum value of (lui + 

c)~t/~x is slightly greater than one, can often be used. 

However, during the initial portion of the solution much 
smaller values of ~t are necessary. 

Various tests were performed on the sensitivity of the 

solution to changes in initial conditions and small changes 

in important input parameters, such as the igniter mass flow 

rate, burning rate law, propellant ignition temperature, 

adiabatic flame temperature, and propellant density. In all 

these tests the solutions were bounded and smooth, and changed 

only slightly for small changes in these parameters. This 

demonstrates the existence of neighboring solutions and the 

convergence of the entire numerical solution. 

3.7 Organization of Computer Program 

The program, consisting of over 3000 Fortran 

Statements, is organized into a number of modules (i.e., 

subroutines) which are called from MAIN as indicated in 

Table 3-1. A brief description of each subroutine is given 

in Table 3-2. The program is written in a reasonably general 

form so as to reduce the need for user initiated modifications. 

However, those subroutines which control the input (i.e., 

SDATAC) and the output (i.e., ANS, SRNBUG, THRUSI, PNCH) 

are largely self-explanatory and can be readily interpreted 

by the user. Similarly, those subroutines which calculate 

the inter face condi tions (i. e ., MI GDOT, HCCAL, FCCAL, TSCAL 

and BRCAL) correspond closely to the descriptions given in 

Section 2 and are relatively uncomplicated. Three of the 

subroutines (i.e., TRID, LAGIN and RUNGE) are standard 

packages for performing standard numerical operations. The 

heart of the numerical solution consists of subroutines 

(i.e., PREPP, SOLUTP, PREPC, SOLUTC, INHOMO) coupled to the 

left boundary (LBC) and to the right boundary (RBC). These 

subroutines should be of little interest to the general user 

and are the domains of persistent numerical analysts. The 

subroutines (i.e., SLOTK, FCT, and FCT2) follow the discussion 

in Section 2 very closely. 



Table 3-1 

FLOW CHART FOR COMPUTER.PROGRAM* 

r 
I 

• 

MAIN 

t 

t = 0 

= t + llt 

t < t max 
• or 
J lc:: '- P Pzone 

SDATA 

MIGDOT 

LBC 

RBC 

PREPP 

SOLUTP 

PREPC 

SOLUTe 

TSCAL 

BRCAL 

ANS 

TIMEST 

YES SDATA 2 

. *Subroutines defined in Table 3-2. 

SDATAC 

LAGIN 

FCCAL 

HC~L 

FCCAL 

HCCAL 

INHOMO 

TRID 

INHOMO 

TRID 

LAGIN 

SRNBUG 

PNCH 

THRUSl 

SDATA2 

RUNGE 

FCT2 

SLOTK 

FCCAL 

HCCAL 

FCCAL 

HCCAL 

. ! 
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?able 3-2 

ORGANIZATION OF SUBROUTINES USED IN PROGRAM 

As indicated in Table 3-1, main subroutines are called 

from MAIN, which is the executive portion of the program. 

The functions of the subroutines are indicated by their 

broad classification. 

Initialization of variables and reading of input data: 

SDATA Initializes variables used in numerical 
solution. 

SDATAC Reads in data, writes out data, initializes 
physical constants, calculates physical 
properties. 

Computation of parameters at the boundaries of the main 
stream flow: 

lUGDOT 

TSCAL 

HCCAL 

FCCAL 

BRCAL 

LBC 

RBC 

Calculates mass flow rate from igniter. 

Calculates propellant surface temperatures. 

Calculates convective heat transfer coef
ficients. 

Calculates friction factors. 

Calculates burning rates. 

Calculates the left boundary (i.e., igniter 
end) flow parameters. 

Calculates the right boundary (i.e., nozzle 
end) flow parameters. 

Numerical solution for contributions from slots; 

SLOTK 

FCT.:! 

FCT 

RUNGE 

Solution to p, T, V, and mslot for 
each slot. 

Calculates derivatives to be solved by 
RUNGE. Used when pressures in slot and 
main chamber are nearly equal. 

Calculates derivatives to be solved by 
RUNGE. Used when pressure differential 
between main chamber and slot is significant. 

A fourth order Runge-Kutta solution of the set 
of first order ordinary differential equations 
which described the slot flow. 
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Table 3~2 (Continued) 

ORGANIZATION OF SUBROUTINES USED IN PROGRAM 

Numerical solution of the three PDE's: 

PREPJ? 

SOLUTP 

PREPC 

SOLUTC 

Prepare tables and variables for prediction 
step. 

Implicit prediction solution for T, p, 
and u. 

Prepares tables and variables for corrector 
step. 

Implicit corrector solution for T, p, 
and u. 

TRID Solves the block-tridiagonal matrix of the 
finite-difference equations. Called by 
SOLUTP and SOLUTC. 

INHOMO - Prepares inhomogeneous terms used in 
implicit solution. 

Time-dependent output:-

ANS 

SRNBUG 

THRUSl 

PNCH 

Executive subroutine that causes the time
dependent answers to be written out. 

Writes tabular summary of parameters at 
each axial station. 

Calculates thrust parameters. 

Punches cards that are used as input to 
programs that plot graphs. 

Miscellaneous subroutines: 

TIMEST 

LAG IN 

Sets internal codes whenever time step is 
changed. 

Interpolation used with MIGDOT to obtain 
mig(t), with RBCAL to obtain rep), and with 
SDATA to obtain Ap(X) and b(x). 
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4.0 DESCRIPTION OF COHPUTER PROGRAN INFU'l' 

The discussion in this section coupled with the samples 

described in Sections 5.0 and 6.0 will enable the user to 
prepare the input to the program. 

4.1 Basis for Selection of Dimensional Units 

Since this is a period of transition to the SI 

system of units, and since the computer program employs con

ventional propellant configuration dimensions (which in the 

U.S. are specified in inches) and combustion and thermal 

properties (most widely expressed in the CGS system), an 

effort was made to accommodate the majority of current 

preferences by the following: 

Input: 

• Propellant and motor geometry may be input either 

in centimeters (cm) or inches (in). 

Propellant properties are specified in the CGS 

system (modified so that pressure is in atmospheres) 

• Igniter mass flow may be specified in either grams 

per second or pounds per second. 

Output: 

• When propellant and motor geometries are input in 

inches they are converted to centimeters and dis

played as part of the initial output. 

• In the time dependent output displays, distance 

along the motor is printed out in both centimeters 

and inches. Pressure is printed out in both 

atmospheres and psia, and thrust is printed out in 

both newtons and pounds force. All other 

outputs are familiar nondimensional parameters or 

easy to deal with parameters in the CGS system. 

4.2 Definitions of Input Parameters 

The initial input to the program is in four parts: a 

comment card identifying the run, the data by means of NAMELIST, 

table for m. vs t, table for geometry, and, as an option, 
l.g 
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burning rate vs pressure. The input and output for typical 

runs are included in Sections 5.0 and 6.0. , 
Each input variable is described on the following pages. 

Unless indicated otherwise by the decimal or lack of decimal 
in the default value, the NAMELIST variables follow the 
usual Fortran conventions on fixed and floating point 
numbers. The usual caution should be used when building up 
a new data set, e.g., 

(1) , whenever practical, pattern new data sets after 
sample cases, 

(2) first checkout run should be for a small fraction 

of the ultimate time period, i.e., a short TMAX, 

(3) build up the data decks for complex cases through 

a progression of checkout cases in which the 
individual features are explored separately, 

(4) first few runs should explore the effects of 
increment size on accuracy, e.g., NDELX and DELTAT. 

(5) examine output for instabilities caused by improper 
time and distance increments or by extrapolating 

beyond values in input tables, and 
(6) make sure dependent variable values in input table 

are continuous, i.e., port area versus distance, 
burning perimeter versus distance, and igniter mass 
flux versus time. 

As an option, several of the input parameters can be 

changed during the run by causing NAMELIST NAME to be read 
in at either a prescribed time or nozzle-end stagnation 
pressure. Indeed, causing NAMELIST NAME to be read several 
times during the ignition transient for the purpose of 

increasing ~t is a necessity if running time is to be re
duceg. As indicated in the sample problems, ~t can be 
increased as the ignition and pressurization events progress. 

The user should pay careful attention to learning when and 
how much to increase ~t. 



Computer 
Symbol. 

THAXt 

LAMBDA 

TPRINT 

PZONE 

DELTAT 

-45-

General@ 
Limits, code words, and initial conditions 

Sym1?ol 
in Text 

t max 

6t 

@units 
CGS(modifiedJ 

Desaription British 

Maximum time. When exceeded pro- sec 
gram reads new data in NN4ELIST 
N~~~E (see page 53). Should be mul
tiple of current value of TPRINT. 
(0.0) 

When time increment 6t is not input, 6t 
is taken as 1/20 of the hot-gas wave time 
for an increment, 6x. LAHBDA is a factor 
multiplying that 6t, for the purpose of 
providing a prescribed adjustment to 6t. 
(1.0) 

Time interval between print out sec 
of answers. 

When stagnation pressure at end atm 
of chamber reaches PZONE, program 
reads new data in NAMELIST NAME. 
(See page 53.) 
(7777.0) 

Time increment, 6t. When equal to 
zero, program will attempt to cal
culate the initial time step. The 
initial time step should be small 
compared to the ratio of the dis
tance increment, 6x, to the sonic 
velocity in the igniter gases. As 
the flow field develops, 6t should 
be rapidly increased using the 
NAMELIST NAME option described on 
page 53. 
(0.0) 

@In accordance with this period of transition to the SI system 
of units, several of the parameters may be input (as an 
option specified by the input UNIT) in inches and Ibm/sec. 
Those inputs are indicated by @ in the right column. All 
other dimensional inputs deal with combustion and thermo
dynamics and are input using a modified CGS system. 

tNumbers in parentheses are default values built into the 
program. 
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TPI 

PAM 

UNIT 

NINERT 

NPNPXT 

Symbol 
in Text 

T . pl. 

P am 
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Desaription 

Number of space-wise steps, ~x, 
along the propellant grain. 
(Maximum value is 29) 
(Fixed point number.) 
(20 ) 

@units 
CGS(modifiedJ 
British 

Initial temperature in motor K 
'chamber and propellant. Adiabatic 
flame temperature is adjusted by 
program whenever TPI ~ TOREF. 
(29B.0) 

Ambient absolute pressure. atm 
(1.0) 

Codeword to indicate dimensional 
units of selected input values. 
If UNIT = -1.0, calories, centi
meters, grams, K, seconds and 
atmospheres (i.e., the modified 
CGS system) are used. If UNIT = 
-2.0, those geo~etry related 
variables indicated by @ in the 
right column are input in inches, 
the igniter mass flow is input in 
Ibm/sec, and all other input 
variables are in the CGS system. 
(-1.0) (Not a fixed point number.) 

VJhen NINERT -- 1, part of the wetted 
perimeter may be inert (i.e., not 
propellant). When NINERT = 0, all 
the perimeter is propellant. See 
descriptions of geometry input 
table. 
(0) (Fixed point number.) 

When NPNPXT = 1, cards for plot
ting p, u, and T are punched 
every TPRINT. 
(0) (Fixed point number.) 

- i 
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Motor Configuration Parameters 

The motor geometry input parameters are illustrated 

in Figs. 3-1 and 3-2. The tabular inputs for port area and 

perimeter are described on page 51. 

Computer 
Symbol-

AT 

XP 

XG 

XE 

GAMA 

W 

TIGN 

TFREF 

Symbol
in Text 

Combustion 

y 

W 

T. 
~g 

@units 
CGS(modifiedJ 

Description British 

Throat area. cm2 

@. 2 
~n 

Distance downstream at which cm 
propellant begins. Flow @in 
region between x = 0 andxp 
is considered to be inert 
passage with port area Ap,l' 
Cannot be less than XE/50U. 
(0.1) 

Position at aft end of propellant cm 
grain. Set by program as _@in 
xG = xE - b.x/2. 

Position at end of flow passage cm 
(XE > XG) and before isentropic @in 
nozzle flow begins. Distance 
increment is (xE - Xp)/NDELX. 

Gas Properties 

Effective ratio of specific 
heats of all combustion gases. 

Average molecular weight of gig-mole 
all combustion gases. 

Effective mean temperature of K 
the igniter gases. 

Adiabatic flame temperature at K 
reference conditions, i.e., 
Pref,TO,ref. (Actual value 
should be used rather than the
oretical value. TFREF should be 
consistent with input value of 
Wand GAMA and measured c* values. 
See discussion in Appendix A.) 
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Symbol. 

RUFSUR 

DDRG 

DDHC 

FKPR 

ROPR 

CPR 

TOREF 

SIGP 

TPSCRI 
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Friotion Faotor and Heat Transfer Coef[ioient 

Symbol 
in Text Desoription 

Roughness of the port walls 
(used prior to ignition). 

When zero, friction is zero. 
(0.001) 

A factor multiplying the friction 

@units 
CGS(modifiedJ 
British 

cm 

. factor, for the purpose of providing 
a prescribed adjustment. 
(1.0) 

A factor multiplying the heat transfer 
coefficient, for the purpose of provid-
ing a prescribed adjustment. . 
(1. 0) 

Propellant Properties 

T . 
ps,~g 

Thermal conductivity of solid 
propellant. (Btu/sec-in-oR = 
178.6 cal/sec-cm-K) 

Density of solid propellant. 
(1 lbm/in3 = 27.68 g/cm3) 

cal/sec-cm-K 

Specific heat of solid propellant. cal/g-K 

Initial propellant temperature 
for reference conditions. 
(298.0) 

K 

Temperature sensitivity of K 
burning rate at constant pressure, 

-1 

(a In ·r/aTO) • Used only with Eg. (4-1). 
(0.002) p 

Surface temperature at which 
propellant ignition occurs. 
(600.0) 

K 

Burning Rate ReZationship* 

The nonerosive burning rate, r O' can be specified 
either by the empirical equation 

rO = rref(P/Pref)n eXP[op(Tpi - To,ref)] (4-1) 

I~FREF, and RREF form a consistent set of parameters evalu
ated at a prescribed reference condition, (e.g., TOREF = 
29B.OK, PREF = 68.08 atm). 

< i 
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or by a table (which does not include 

r o = f(p) 

cr correction): p 

(4-2) 

The following inputs apply to the empirical equation and the 

erosive burning contributions. See page 52 for the inputs 

that prescribe the r = f(p) table. 

Computer 
SymboZ 

RREF 

PREF 

BREXP 

SymboZ 
in Text 

r ref 

n 

Description 

Burning rate at reference con
ditions. If NDATA > 0, steady 
state burning rates are obtained 
from RDATA vs PDATA table. 

Absolute pressure for reference 
condition propellant properties. 
(68.0S) 

Exponent in burning rate 
relationship. 

@units 
CGS(modified) 
British 

cmlsec 

atm 

If the following modified Lenoir-Robillard erosive burning 

rate law is used: 

(4-3) 

where G is (pu) 
coefficient, then ch 

and he is the convective heat transfer 

EBC 

EBEX 

Pre-exponential constant in 
Lenoir-Robillard erosive burning 
relationship, Eq. (4-3). 
(C. 0) 

Factor in exponent of Lenoir
Robillard erosive burning 
relationship, Eq. (4-3). 
(125.0) 

If the more conventional form of the Lenoir-Robillard erosive 

burning rate law is used 

r = r + O,eGo.Sdh-o.2 exp(-I B rp /GI) ° e pr 
(4-4 ) 

where hydraulic diameter is dh = 4Ap/ b r then 
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Pre-exponential factor in Eq. (4-4) • 

Code word and factor in exponent 
of Eq. (4-4). When < 0, signal 
to use Eq. (4-4). 

To convert 
by 0.102. 

to CGS, multiply 

Parameters" Used in Thrust CaZcuZation 

For details of thrust.calculation, see Appendix 1. 

DE 

CM 

ALFAD 

EROAT 

EROEXP 

NIGTAB* 

0 Exit plane diameter. If 0.0, ex thrust calculation is bypassed. 
(0. 0) 

cm Nozzle coefficient for thrust 
losses. 
(0. 0) 

ex: Nozzle divergence 1/2 angle. N (15.0 

Et Parameters in empirical nozzle 
erosion equation, dO/dt = 2*EROAT nt P**EROEXP. 
(0.0 & 0.8) 

Igniter MaDS Discharge Versus Time TabZe 

First table following NAMELIST NAME input. 

Number of points in table. (Max
imum is 30) 
Fixed point number; part of 
NAMELIST NAME. 

Use 2EIO.0 Format for TIGTAB and MIGTAB. 

Two point interpolation is used. 

TIGTAB . t 

MIGTAB m. 
19 

'Include as part of 

Time after beginning of run. 
Second time in table should be 
at least 30 ~tIS. 

Mass flow rate from igniter. 
Program will assign a small value 
to mig at t = a so as to sat-
isfy starting conditions of 
solution. 

NAMELIST NAME input. 

cm 
@in 

deg 

cm/sec 
@in/sec 

sec 

g/sec 
@lbm/sec 
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PropeLLant Geometry Input TabLe 

Second table following NAMELIST NAME input. For 

more details see Figs. 3-1 and 3-2. 

Input which apply to both monolithic and segmented motors: 

computer 
Symbol. 

NAP DVX * 

SymboL 
in Text Description 

Number of points in table and 
stations.* (Maximum is 30) 
Fixed point number, part of 
NAMELIST NAME. 

@units 
CGS(modifiedJ 
British 

Use 8~10.0 format for XAP, APD, BPD, WPD, XSLOT, DELABS, 

DELVS and WIDTH. Values in table must be consistent with 

XP, XG and XE. 

When circumferential slots are considered, the table 

must include one set of entries for each x station corres

ponding to equally spaced stations ~x apart. The x values 

are to be specified so as to correspond to the leading 

edge of each increment. 

APD 

BPD 

WPD 

x 

b 

p. 
~ 

Distance from head end of motor. 

Port area of main channel. 

Perimeter of propellant surface 
in main channel. 

Total perimeter of propellant and 
inert surface (i.e., wetted 
perimeter) before ignition. 

Inputs which apply only to segmented motors:* 

XSLOT 

DELABS 

Distance to the upstream tip of 
the slot from the head end of 
the motor. 

Burning surface area in slot. 
(Subtract bWs10t from actual 
burning surface area in the slot.) 

cm 
@in 

2 
cm 2 
@in 

cm 
@in 

cm 
@in 

cm 
@in 

2 
cm 2 
@in 

'When segmented motors are considered, input geometry for each 
~tation, i.e., NA~DVX = NDELX + 1. When x ~ x lot < x + 6x, 
~nputs correspond~ng to slot at x = xs10t ar~ prescribed. 
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Description 

Volume (region of gas not in the 
flow field) of slot. Program 
treats this as volume sink and 
not part of the flow passage. 

Width of axial separation 
between segments. (Must be 
sufficiently large so that 

. flow out of slot is less than 
about Mach = 0.3)* 

Burning Rate Tabl,e (r VB p) 

Optional third table following NAMELIST NAME. 
r - r (p/p )n is desired. - ref ref 

@unitB 
CGS(modified) 
British 

cm3 
@in3 

cm 
@in 

Not 

Use 2EIO.0 format for PDATA (in columns 1 to 10) and RDATA 
an columns 11 to 20). Table is logged by the program, and 
interpolation is in In r vs In p table. 

NDATA** 

NPPR** 

PDATA 

RDATA 

Length of table (i.e., the number 
of riP pairs). Maximum table 
length is 30. If zero, table not 
used. 
(0) 

Number of points to be used in 
interpolation. Linear interpolation 
is prescribed by inputing 2. If' 
three or more points are used it is 
important that the values in the tables 
be uniform and continuous. 
(2) 

Values of pressure in r vs p atm 
table. (Place in columns 1 to 10) 

Values of burning rate, r cor- em/sec 
responding to pressure, PDATA. 
A point in the table must corres
pond to PREF and RREF. (Place in 
columns 11 to 20) 

*Maintaining low Mach numbers out of the slot is a practical 
design consideration, which is discussed in Ref. 27. 

**Read in as part of NAr1ELIST NAME. 

" , 
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4.3 Intermediate Insertion of New Input Parameters 

There are various situations where it is either 
convenient or necessary to interrupt the calculations and 
insert, new data. For example, to decrease the running time, 
the time step, at, ~ be increased as the flow develops. 
To accomplish this, the, program will read in the NAMELIST 
NAME when nozzle-end stagnation pressure > PZONE or 
time> TMAX. This is illustrated in Tables 5.1 and 6.2. 

The input parameters which can be read in include: 

Symbot Units 
OELFAC (new value of ~t = DELFAC )r ~t) 

TMAX (should be multiple of current value of TPRINT) 

OELTAT (new time'step, ~t) 

TPRINT 

AT (throat area) 

PZONE* 

TIGN 

OORG 

OOBe 

NOTE ... 

For example, if at t = 0.01 sec the following changes are 

desireda 

(1) increase at by 40%, 
(2) print out answers every 0.005 sec, 
(3) next call to read NAMELIST NAME is to be at 

either t = 0.04 sec or PE,stag = 2.0 atm, 

the input should be arranged as follows: 

(1) original input set should contain TMAX = 0.01. 
(2) after geometry table place input array for N~E

LIST NAME,&NAME DELFAC = 1.4, TPRINT = 0.005, 
TMAX = 0.04, PZONE = 2.0 &END 

sec 

sec 

atm 

K 

*Because of internal pressure units, this value must be input 
in atm and not in psi. 
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4.4 Punched Output for Input to Plot Programs 

As specified by the codeword NPNPXT, punched cards 
containing many of the output variables can be obtained. 
Using this punched output, the user can prepare a special 
purpose program to plot the results. 

At the beginning of each punched output deck is the 
title card that goes with the data set. The following 
values are punched in the next card using a l2A4 field: 

UNI'r 

t 

y 

R J/W u 

Distance downstream at which 
propellant begins. 

Position at end of flow passage 
and before isentropic nozzle 
flow begins. 

Throat area. 

Initial gas t~nperature in 
chamber. 

Initial chamber pressure. 

Initial Mach number 

Distance between axial stations. 

Codeword to indicate units used 
in program. 

Time punched data begins. 

Ratio of specific heats. 

Gas constant divided by average 
molecular weight. 

cm 

cm 

K 

atm 

cm 

sec 

sec 

The following sets of values are punched for each TPRINT 
interval. The first card in the set contains (in an E14.6, 
2I8, 2FlO.l field): 

t 

NUT 

Time 

Total Number of time steps used 
to this point. 

sec 



NCARDS 

PE,stag 

F 
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Number of cards corresponding to 
each time interval. 

Nozzle end stagnation pressure. 

Thrust newtons 

The next NCARDS cards in the set contain NDELX+l pressures, 

followed by NDELX+l temperatures, and followed by NDELX+l 

Mach numbers (using a 20A4field). 
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5.0 SOLID ROCKET BOOSTER CONSIDERED AS MONOLITHIC CONFIGURATION 

The results presented in this section along with those 
of the next section serve two purposes: (1) they define 
and demonstrate the use of the computer program and (2) 

they provide information which is applicable to SRB's. The 

calculations presented in this section were performed during 
the time the procedures for analyzing the slot interactions 

were being developed. Accordingly, in this section the SRB 

is treated as a monolithic motor with a total chamber volume, 

length, and burning surface area similar to that of the 
segmented motor described in Ref. 25. Since the scope of 

the study did not permit all of the parametric studies to be 
redone using the final version of the computer program and 

since the results are generally applicable to the SRB 
described in Ref. 25, they are included in this report.. In 
Section 6, the final version of the computer program is used 

to analyze the SRB as a segmented motor. 
The main approximation in using a monolithic motor 

configuration to analyze a segmented motor is that the 

segmented motor geometry must be approximated in terms of 
port areas and perimeters. However, since the burning 
surface area and chamber volume in the slots of the SRB 
under development25 are relatively small, the approximation 

is reasonable. 
The input prepared to simulate the SRB design is shown 

in Tables 5-1 and 5-2. Table 5-1 is a listing of the input 
data cards and Table 5-2 is a copy o.f the printout prepared 

by the program to display the input. Note that the variables 
in Tables 5-1 and 5-2 are the same as described in Section 4. 

Preparing the input for the complex head-end geometry of the 
Ref. 25 SRB requires careful attention. It is important to 
account for all of the burning surface area, chamber volume, 

and port area. All of this must be done using a few dis
tance increments and without allowing an abrupt discontin
uity in the flow field. The reader should pay particular 
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Table 5-1 

~r8PRODUCIBILITY OF THE 
-;'IfflNAL PAGE IS POOR 

INPUT DATA FOR MONOLITHIC MOTOR (SRB1) 

S~B' TPSCR!R50 N0RPO 24 
&tUt'l! 

T!i!AX=.002 

,. EN D 

"'IlF IN "'=.0') 2 
DE!!~A or=. 0 I)() 16 
~DET X-=21 
ONI'!'=-2. 
!lPNPXT=O 
AT=2327. 
XP-=3. 
xr;= 1341.3 
IE=13;? 
GAfU=1. 1363 
i=2R.21 
'!'P'R P.1'=3]61 • 
TTGN=?6t')0. 
RrT;:>C:Utl=()./') 1 
FrPR=O. 0011 
MPR =,. 75H 
CPR=.3 
TPSCRI=850. 
RPEF'-=1.(\7~1 

BREXP = O.3S 
EBC=O. 
n!=145.M 
Cr1=.9P 
ALl"AD=12.31 
NrG"'AB=6 
'fA 1'1WX=10 

O. 25 • 
560 • 
560 .. 
300 • 
100 • 

• 020 
• 250 
• 340 
• fJ50 
.. SO 

O. 
3. 

68. !J286 
133.Ac)?1 
199. 2R5 7 
264.7143 

O. 
255LJ • 
255fJ. 
2554. 
251) 4. 
2A70. 
3187. 
3187. 
3096. 
341)0. 
4500. 

~-~9.6. t. 6 
C 1021~-. 
·',286. 
1377. 
&tfAI'lE 

THAX=.!')1 
g-;f:~.::: c DE}.!'AC=1. 3 
~j'EQ:-- ... 

• 

1t')1~.92 

1018.92 
1018.?2 
1r,'~.12 

611.23 
203.'53 
203. '5 3 
203. S1 
203.53 
201.S.1 

~ilijE ,.. . 
C·- c .--- .. , ..•... . Last value 1S 

------.;::~:: ~~} ~:~~;~ed in 
DEIFAC=2. -

ii&!8-W~E : ,"--:--.-

11) 1 9 • ~2 
1018.92 
1n18.92 
H\1 q. 02 
611.23 
2(; 1. '13 
2133.53 
203.53 

I 203.53 
20 1. C; 3 

NOT~: LEAVE COLUMN 
1 BLANK IN ALL 
NAMELIST INPUT 

SEND 

TPI AX=.4 
.,.p~ IN'!":. 01 

&NAME 
TIII!AX=.5 

&EWD 
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REPRODUCIBILITY OF THE 
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Table 5-2 MONOLITHIC INPUT TO SIMULATE SRB DESIGN 
. . . '. . 

HIGH PEPFORMANCF ROCK~T MOTOR IGNITION TRANSIR~~ PREDICTION PROGRAM 
IICLUDES: SPATIAL & TI~E DEVELOF~HNT o~ P,O,tT ANt FLAME SPREADING 

SRBl 24 

3INERAL: LIMITS, COD8 WORDS, & INITIAL CC'DITIONS: 
T~AX LA~BDA TPRINT PZCNE DELTAT NDELX 
: th. 002 :. 1.00 0.001 7177.00 0.0001600 21 

TPI 
298.0 

PA.M 
1.00 

UtH'T' 
-2. 

NINER'.!' NP'-;PX'I' 
o 0 

!IIICTOR .CONFIGUFATION PARAMETERS: 
AT XP XG X E 
2327.00 3.00 1374.00 1374.00 

CCMBUSTTON GAS PROPEa~IES 

GAM! W TFPF.? 
1.136 28.21 3361.0 

!IGN 
2650.0 

FRICTION TRANSFER AND REAT TRANSFER COEF.: 
BU,SUn DDRG . Dunc 
C.010() 1.0fJ 1.00 

P~OPELLANT PROPERTIES: 
PKPR ROP~ CPR 'IOREF 

29R.OO 
SIG!? TPSCRI 

0.001101.758 0.30 O.CC2CO 850.00 

BURNIN1 RA'TE RELATIONSHIP: 
RRE' PREw UREXP 

1.078 6P.08 0.3500 
EBC 
0.0 

FE EX 
125.000 

PARAMETERS USED IN THRUST CALCUIATICNS: 
DE CM AL~AD ERCAT ERCfXP 

145.64 0.9RO 12.l1 0.0 I).FO 

IGNITER 
TIME 
0.0 
0.0200 
C.2500 
0.3400 
0.4501) 
C.5000 

JIIASS DISCHARGE 
FLOW FATE 

25.0 
560 • .0 
560.0 
300.0 
100.0 

0.0 

vs. TIllE TABLE: 

PRCPELLA~T GECME1RY rADLE: 
LEN'';TH PORT A qEA l?RO!lELLANT WETTED 

PER II'lET FR PERHIETE' 
0.0 2554.00 1018.92 1018.92 
3.00 2554.00 1016.92 1018.92 

68.43 2554.00 1G18.92 1018.92 
133.86 2554.00 1018.Q2 1018.92 
19<}.2Q 7.870.00 611.23 611.23 
264 •. 71 3187.00 203.53 203 .. 53 

- 961.60 3167.00 203.53 203.53 
1021.00 3096.00 203.53 203.53 
1286.00 5595.00 203.53 203.53 
1377.00 5595.QO 203.53 203.53 

I ' 
.r 



-59-

attention to entries at stations 4, 5, and 6 in Table 5-1 and 

note that station 5 is a transition section. 

A typic~l time dependent output is shown on Table 5-3. 

The output has been annotated to define the output values. 

Figure 5-1 shows the calculated pressure-versus-time at four 

positions along the port. Also shown is an expanded portion 

of the curve emphasizing the reflection of the first strong 

wave (that arrives at the nozzle closure) and the times at 

which ignition occurs. Immediately apparent are the inter

actions produced by the nonuniform pressure at 0.08 seconds 

which are a result of the high velocity gases being driven 

ahead of the ignition front and reflecting off the nozzle 

converging section. (It is important to note that this 

nonuniform pressure is not expected to produce any structural 

problems since it occurs at an intermediate pressure.) The 

nonuniform pressure is to some degree a characteristic of 

this particular type of motor, i.e., a long motor with a 

large burning surface area in the head end and a moderately 

small port-to-throat area ratio. Figure 5-2 shows some of 

the details of the,pressure wave development in the p-x 

plane and clearly indicates the nature of the wave reflection. 

When the results were tested by decreasing the time and 

distance steps, no important differences in the wave character 

or magnitude were noted. 

The results of Fig. 5-1 should not be considered as 

detailed predictions of the SRB since much is yet to be 

learned from correlating previous large motor firing data. 

In particular, users will have to gain experience with pre

dicting convective heat transfer rates and propellant igni

tion criteria. 
The ripples on the p vs t curves on Fig. 5-1 are a 

result of longitudinal waves reflecting off the nozzle and 

head end closures. Note that these oscillations damp as the 

motor reaches its operating pressure. The oscillations are 
a physical characteristic of this particular SRB (as opposed 

to an indication of numerical difficulties) and are not 

observed in all calculations of large booster ignition 

transients. 
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Table 5-3 (Part 1) 

O.UTPUT FROM MONOLITHIC MOTOR RUN (SRBl) 
- DURING FLAME SPREADING -

~:=:~-:::?7::~~~~'~-
TI MIL~~~-:t~~,~~~-=='!~==cc1.,!O?!:'~,c pE':T A ~-=~.=_==~~-!:.TA !=O. ~O OOE -03 

-------- " 

SJoi,,~~;cjjIJiASC-E.~ , . PIlE SSilA£ T 
()Eu K 

MACH RA'l~ c d~.-1'Atnl:-::.:~.cI;'J"~-:~~. ~A;~.··Y-SURF. PORT 
CM IN ATM PSI" NO. CM/SEC CM FACTOR COEF. G/SEC CMSQ K CMSO 

-·-0" ----=0.&-

~1:~::-~::::_ -
c-(i!" 0- 1 ".!)2-' 
(i8~..I:L8Q 

133.,;-§,12. IS 
3 506.2 199.3 
4 672.4 264.7 

_ ~ ... 838.6_ 33Q.l 

'-~·.G4. __ a- ~~6 
-,:2' 112(;'9 661.&-
81331'.1-52&.4 
y 1503.3 

10 1669.5 
II 183b.7 
.2 2001~9 
l.3: 2168 .. 1 ... ~.~ 
Ib 2500.4 

~1.9 

657.3 
722.7 
788 .. 1 
&53.b 
9l~ 

984.4-

9.46 
7.81 
7.55 
,.~ 

7 .. 01 
6.1'3 
b.41 
6.18 
b.07 
S.97 
5.88 
&.77 
b.S5 
5.11 
4.M 
4.82 
3.66 

213.3 2664.8 o_~ 
2a2.8 29M .. 1' 0",240 
In.~ 31"03.-3 O.42!f 
139.0 3114.5 0.644 
114-.8 ~096.1 0.788 
110.9 3143.4 0.802 
10'.2 31&3.3 0.812 
103.0 3190.3 0.&33 
98.9 ~30_8 0.8'3 
94.1 29b3.7 0.91b 
90.7 2807.6 0.931 
b9.2 2654.8 0.922 
87.7 2&14.7 0.909 
86.3 23b3.~ e.89~ 
84.8 21&4.6 0.&9S 
81.b 18~S.4- 0.906 
7~.0 1569.4 0.923 
66.6 1230.8 0.919 59.. 929.9 0.879_ 
S3.a 694.9 0~7&e 

16 2666.6 1049.9 
17 2~3~.8 1115.3 
":ilf29~a;;o lleo.'7 
19 3165.2- 12.6.1 
.~a ~t.. 1311 .. 6, 3.65 5~.6 S2~.G 0.574 

4.22 61.9 408.1 0.326 
4.48 PE5TAb.PSIA= n5.79 

21 3497.6 1377.0 
PESTA(a..ATM= 

1'HRUST -'tHRUST CFLM AT 
- NEWT£WS LBF (;: .. **2 

6632liO.3 149112.0 0.9738 15012.8b7 

~63-I.~~~·-:-tl~~,'i~.c ~-A .. 03:t-3 . Ili.09 8~O.Ui621.4-
D.~<'.l~~i:'fi.;.o.l~:~~:~~ c-• .o.0613· 3&.39 ·8f!D __ 16fi09_2 
~~!i!i ,~~: _:)~~~:::--t{.-itA.#.;c~~-::. -:cL-'C):82:7-_ . -c~ .. 32:.~.:J.M."U-_.'Z 
0.~4 1.000 0.0067 0.0 0.0859 68.70 850. 1852b.4 
0.51 1.000 0.004~ 0.0 0.07~0 69.64 850. 20563.5 
0.50 .1.090 .9 .. 0()3~9.Q. _ 0.0723' 67.95_ 850. 20563.0 
tJ~~~'~cc::i= • .ooj.c.i!~~"2:a:~;'--((:· .::j~~.H-98 66;'06'-·8§o."::'20562. "7 

0.47 1.000 0.0005 0.0 0.0675 
0.0 0.0 0.0031 0.0667 

Od9~. ~~~:':-f)~A~.c:.~.· ,= ,:.io."6680 > 6!i.~ 8&4h 2AS62.3 ~ 
-O __ .fI:.l..~:.~ .. Atl~:16.0:=-.~0d6?8 · . .66.Q6~5A_ .. ;aMfil..8 ~ 

67.57 850. 20561.5 
0.0 
0.0 
0.0 
G.G 
n.(J 
0.0 
0.0 

0.0 0.0 0.0031 0.0657 
-4a4:=-- -~~·O .. oo.3A O.~6.7 
tl",ti~ ~_O: -0;"'0034 .4.ll641 
,$.0 -O.cO -O.~ O.~ 
0.0 
0.0 

(j.0 
0.0 

0.0030 0.0649 
0.0029 0.0640 

0.00..0 0.0 0.0029 0.0605 
0.OQ~4 _0.4 Q.~~n..A!!t~ 
0.0 - 0.&. D.O_ e_o~ .0.-&4"1'6 
&.QO.Q .(l....,. 9.~-9 .. o~~3?3 
0.0 0.0 0.0 0.0030 0.0 

MASS BURNED= 0.2814~ 05 

£FSONG ~$ON PA/PE 

7.1590 2.0637 1.783 

68.29 828. 20561.2 
68.33 775. 20561.2 
68.06' 721. 2~61.2 

. = 68..-34 .66~· 20561.2 
69 __ 94.~1. aO!)61_2 
72.82 536. 20342.9 
75.01 472. 20174.4 
75.13 413. 20662.3 
'3~b 36§.2iJ.so.a 
68.68 3~.· ~-I638.2 
§8.11 318. ~_6 
42.86 306. 29032.2 
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n 

N 

.x 
DISTANCE 
CM 11'11 

0 0.0 0.0 
1 173.8 ba.4 
£. 2>40.0 133.9 
3 506.2 199.3 
4 072.4 264.7 
S a38.b 330.1 
6 1&04.8 395.6 
7' 117&.9 461..0 
8 1337.1 526.4 
9 1503.3 ~91.9 

10 Ib69.fl (;57.3 
11 l~." 722.7· 
12 2001.9 788.1 
13 2108.1 e3.1i> 

14 2334.3 ~19.0 

15 2500.4 984.4 
16 2b66.6 1049.9 
17 2832.8 1115..3 
18 ~9.0 1180.7 
19 31bS.2 l24<6..J 
20 3331.4 
21 

p 

Table 5-3 (Part 2)* 

OUTPUT FROM MONOLITHIC MOTOR RUN (SRB1) 
DURING RAPID PRESSURE RISE -

t 

,// 

./ 

6t 

~:?:~ M 

tliIE.n:.:i~ ""-iro 
. r/r .. -;_. {~.'df: 

fLl=_ 
.; 27&h .. __ ~~!i~II::1~!~·;Iaal 

PRESSURE T MACH 

r 

RATE bR/bR~ TAUB FRICT. CO~V. M/A TSURF 
K 

PORT 
ATM PSIA DEb K Nli. CM/SE.C eM FACTOR COEF. G/SEC CMSQ CMSQ 

23.e:.7 
22.96 
21.47 
19.08 
18.77 
19.35 
19.20 
19.65 
20.26 
21.19 
22.07 
22.52 
22.3& 
21.94i! 
21.35 
20.93 
20.30 
19. ___ 

~9_38 

~~ 

347.'" ~3.1 O.()'~2 

33"'.3 2944.1 0 .. 1'76 
315.4 3077.3 0.315 
2bO.3 3105.8 0.435 
275.7 3122.8 0.427 
284.3 3156.0 &.400 
2&2.0317&.60.4&9 
288.7 3211.3 o.~ 
297.6 3249.8 0.3bO 
311.3 3294.4 0.320 
324.3 3338.0 0.283 
33(,).9 3373.3 0.~7 
328 ~ .-3396.9 o.i!U 
~.o ~u.~ 0.295 
':'13.7 3428.2 0.316 

0.,,-
0 .. 1'4 -
0.72 
0.69 
0.69 
hbg 

ea69 
0.70-
0.71 
0.72 

. . 
1..;.~:.tf~~~A.e:=·:.;,.~"-::-.:I~~~_~:>;i .. 6~3·;,.~ 
t.ioo4:l J!~a3"'~'&-tl.- .,:. :=. o~~, .. _§~:-~~~:. ~~;:~li·i~~'*~~~j; 
1.000 0.0398 0.0 
1.000 0.0353 0.0 
I.QOQ 0.Q~2? O.Q . -. . 

.1~=$.Q,3t~. $~n 
J-__ :9: ~(l~-._o 
*~~·~:..Q~7-Q~G. 
1.000 0.028b 0.0 
1.000 0.0278 0.0 

0.1027 
0.1099 

76.65 850. 16580.2 
93.61 850. 18570.7 

Q.0925_ ... 90.2~ _e~0 ... ?Q_5:n:~1:_ 

!:=:'~~~~'-~!=~·~:_i~-;r~!I ~ 
.e'-~_Q~~:,: __ ~ii=,~~~ ~ 
0.0801 80.53 850. 20575.9, 
0.0746 74.32 850. 20575.4 

0.73 I.()O() (h0271 O.Q 0.0691. 68.HL~_~~L?Q!?~ •• __ 
&.?~ t:"'W:O ~~~.~i) ~ ... -:.~~;)jJj;o=~"i-¥. 
~J. J'a.-~:a~~"~~~,'::,/-o~tlM&Y·_~.~!;;;~~it~~ 
0.73 . 1~~ .!i.~~~:¥: .. -_~~ . ~~:~D;;M~~~h~~~-lli 
0.72 1.000 0.0240 0.0 0.0708 72.47 850. 20573.5 

307.4 3443.h 0.343 0.71 1.000 0.0233 0.0 0.0740 77.01 850. 20354.9 
296.2 34h4:.2 .. 0.,365 0.71 1_,,00_0 Q,,02290~0 O .. OT~4 1'9.3~ ~_~0_._.2(U69~Q 
i!9~.9--~7 ~~. '-&.79: .~; ':':·~"QQV_-oj~b7·~~::-:~~co--o.~·--:W::~_~~~~ 
2a • .a . ~h3.=G..;a9L - .. O~1!)9 ·cc · .. :-i-...DGO-:A.:&~~:~.~:c,:--.,-.-~ .. '-4~-'.~·~~7'M=i-lH=i;:f:-J 

. ~4 ~.~~~*i.~-7~ ... ·~:;~~-;._~=t_~~-~~'~~~,~fi~~~;:-·_~fajg;~~a-
18.76 275.5 3~14.6 0.371 0.69 1.000 0.01~4 0.0 0.Ob88 73.79 850. 23937.5 
1~.5~ 286.8 3524.2 0.326 0.0 0.0 0.0 0.0 0.0 67.51 860. 29040.0 

"c"lft':D"P!SG .PSIS ~~';-i~:l:lS~~~;;tJ~{~~Eli-~:-£;f~~~~~~=::f:~~~ 
. -~-.:::-::-:'-=:=:.;;:::::-=-=.~.~. ":~· __ =-'-:~··-'=::~':":'-=:~~'··-~''C.-'~'':''~~.~7:=::.-''.':C-c=~-c:-~.-:=::==:c:=.-~: -===~==-:'--'_ _ --=~-=-':"=~-'='== 

~ :f 

- --- -- .--.-.---.£ex-------.~ex--- ------ ... ---.--.----------.---------.---.--
, ~536S.8 1.333f.> 1!->012.8t..7 7.1590 7.1590 2.105 

.,1..~ '_~,_---..... ... :J..:. 
~ut symbols identified by annotations. 

• 



Table 5-3 (Part 3) 

OUTPUT FROM MONOLITHIC MOTOR RUN (SRBl) 
APPROACHING FULL CHAMBER PRESSURE 

.,.--/ 

t. .. .:....----- -

:: '''~ .. ~ 
····i .:~ 

",1,_ 
.• ,:·w 

N Dl$TA~E PRE5SURf 
ca~:~~-,-~lN- -- A TaPStA 

-~~fi?iss~lf;~~~:~' -
_.;:..=:.? :'---;-:::=-"-~-:;::?~.-'--"':' 

T 
O£GK 

o 0.0 0.0 b9.43 873.0 2651.1 

T~ ~0._200£_ 00 t 644 DELTATl DELTAT =0.125OE-02 

MACH RATE SR/BRN 
lj(). CM/SEc.. 

v.006 

TAUS 
e .. 

FRICT. CONY. M/A TSURF 
FAC;TM cil£F. G/Stt CMSoK 

0.0109 4.03 

PORT 
CMS'Q 

"- 1 173.. 68.4 58.90 865.3 29~4.6 0.076 
1.03 
1.03 
1.02 

1.000 0.3271 0.0 
1.000 0.3208 0.0 
1.000 0.3149 0.0 

0.0780 52.33 
850. 17323.1 
850. 17306.8 
850. 17291.5 
8.SC. 18990.2 
8S&-. -20716.8 
850. 20716 •• 
850. 20715.5 

•• 

~._~~.9.~L_!33~9 ~8.07 
.. ~~-:;.~~_-:. '-I§§~-'c- M.OS· 
_:::~:.F:;~i--a..T S5. n 
- "'":"-6"-,c: &3&;,;6 334. 1 5!t .. "i'1. 

6 1004.8 
7 1170.9 
8 1337.1 

_. ·9j~3.3 
.~·~.~-1b64~ 
-:j.~~_:t8".7 

39~.6 

4bl.0 
52b.4 

!!I.9l.4 

55.21 
54.95 
54.48 
Sbl!l-

65-1".3 53.62_ 
?2:2.?:· 53._~ 

d53.1 305b.b 0.152 
g~_a 3097_3 b.247 
819.4 3110.7 O_~08 
a~a._ 3123.4 0.217 
811.0 ~1.32.5 0.232 
807.3 3142.9 0.244 
800.23{51.2 0.258 
79~_. al~_8 O_2~ 

• 787:." 3166-.. !'.t O.2B!'t 
_7a2~ -317~.i" 0.301 
773.3 317 
7b8.1 316 
757.0 311;; 
7S2.o . .3.g 
736.0.:~~g 

73a.6 319 
721.1 320 

THRUST THRUST CFLM AT 
NEWTONS LBF C .. **2 

l~-ol 
1.01 
1.01 
1.00 
1.00 
1.00 
1.00 .• 
0.99 

. 1..Q01),4) ~--~~o . 

. ~~GAO-'Q.~3~_' 
1 .. GOO 
1.000 
1.000 

_ I. (i00 
ldOO 
l.rioo 

G.~lS ~_~ 

0.2997 0.0 
0.2985 0.0 
0~2~b6 0.0 
..2%2-'0.0, 
0.293!l 0.0' 

0~99-_ ·1 .. ~ ~~~2:4.0.0 
0.2901 0.0 

EPSONG EPSON PA/PE 

0.1265 100.22 
-O..i434 131 .• A6 
0";12#' -130.84 
O~12M J..36.8.4 
0.1293 143.71 
0.)324 150.39 I 850. 20714.9 0\ 

_ O~~356 ~57.27 850. 20713.9 ~ 
-- o. I.M2,'.'~63 A.SO. 20713.1 

0 • .l4~-.~'A§::~aSO. 20712.3 
0 .. -.461 l:"~~',~. 20711 .s" 

20710.6 
20 7 09.:;i~8;?:I 
2070~~ 
~4s.q5;a 
2031~iO 
2080~,a 
2129:f:~ 
2178~:S 
24(}b~_~ 

29.l~~ 
---'-~o 

ol<::l;j 
o 
~fi 

\ __ ~ ____ :--~i4-~!Y~~~0"~~~~~e~J~~~:]~~~~~:~~~:::~i-~?;<--~ 

t;;;;~ 

i~ 
zr5 
~~ 
~~ 
~~ 
~~ 
;l 1<:. 

o I"t1 P;r', 

8" 
f~l 



CI 
CI · CI 
('". 

CI 
CI 
• 

CI 
to 

CI 
CI 
• o 

C\J 

CI 
CI 
• CI .... 

CI 

PLOT --
I 
2 
3 
4 

DISTANCE) IN 
134 
723 

1115 
1377 
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1 / 

IGNITIn~ 
TIML. SEC 

r),061 
0,087 
,),097 
'),108 

/1 
EXPANDED SCALE OF PERIOD /;' 1£ 
DURING REFLECTION FROM .,.,f 

.". 

NOZZLE ..,...:-: ."" ~ 
/".- ~ T 

/ 

./ 

" / 

0.0 80 

",1' 
.,.,""~ 

'i) IGNITION TIME 
D.l 00 0.1 20 

~~~C=~==L-__ ~ ____ ~ ____ ~ ______ +-____ -+ __ ___ 
9;.00 

FIG, 5-1 

0.10 0.20 0.30 O.~O 0.50 0.60 
TIME FR~M eNSET eF IGNITER. SEC 

PRFSSIJRE DEVELOPMENT AT FOUR STATIONS ALONG THE PORT SHOWING 
THE REFLECTION OF THE GASES DRIVEN AHEAD OF THE IGNITION FRONT. 
(SRBl) 
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\7 IG"!ITION TH1F 

TIME, SEC 

FIG. 5-2 PRESSURE WAVE PROPAGATING DOWN THE PORT AND REFLECTING OFF 
THE P,FT CLOSURF 
(SRBl) 
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As shown in Figs. 5-3, 5-4, and 5-5, the developing 

flow field during ignition is influenced greatly by the heat 

loss to the pr,opellant. As the gases are accelerated their 

static temperature decreases and as they heat the surface 

their stagnation temperature decreases, which in turn 
decreases their linear velocity. In Figs. 5-3, 5-4, and 5-5, 

the first curve (at t = 0.04 sec) is before first ignition 
has occurred; the next three curves are during flame spread

ing (the point of flame spreading is indicated by a triangle). 
As the pressure increases following full ignition, the flow 

field becomes more fully developed, gas velocity decreases 
as the gas becomes more dense, and the gas temperature 
becomes more uniform. The last curve (at t = .0.5 sec) 

approximates fully developed flow conditions and is beginning 
to take on the quasi-steady flow characteristics which are 
adequately represented by p(x) models. 

Flame spreading rates for a range of input conditions 
are shown on Fig. 5-6. The heavy dashed curve corresponds 

to SRBl whose distinguishing characteristic is that the 

ignition temperature is 850K rather than 750K used in most 

of the calculations. 
After the first upstream portion of the grain is ignited, 

the mass flow generated by t4e main propellant grain soon 
exceeds the mass flow of the igniter. Thus, for the partic

ular case under consideration, as shown in Fig. 5-6, the 
time of first ignition is dependent on items such as igniter 

mass flow rate (mig)' ignition temperature (Tps,ig)' 
and convective heating rate, but the flame spreading rate is 
a motor characteristic which is largely independent of erosive 
burning, T ., and convective heating rate. Since the ps,J.g 
insensitivities of flame spreading rate to erosive burning 

and Tps,ig (as shown on Fig. 5-6) are unexpected and not 
fully explained, they should not be considered as generaliza

tions. 
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(SRBl) 
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FIG. 5-4 MACH NUMRERS ALONG PORT DURING IGNITION TRANSIENT 
(SRR1) 



-68-

o 
" 

" IGNITION TIME 

~ 0, TIMES. 

N t O.Ol!OOO-1 
~~ O. 06000-2 
80 .......... 0.08000-3 
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(SRBl) 
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FIG. 5-6 IGNITION TIMES ALONG PROPELLANT FOR A RANGE OF MOTOR AND IGNITER PARAMETERS. 
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By studying the flow field development characteristics 

of Figs. 5-1 through 5-5, the reader can get a good under

standing of how flame spreading is implicitly an output of 

the p(x,t) model, i.e., 

The hot gases from the igniter heat the propellant 

as they flow down the port. 

The rate at which the propellant is heated rapidly 

decreases in the direction of flow because igniter 

gases rapidly give up their heat and require a 

significant time to reach the nozzle end of the 

motor. 

After the head end of the grain ignites, the flow 

rate of hot combustion gases along the port begins 

to accelerate and, thereby, accelerates the heating 

of the preheated (but unignited) propellant. 

As the flow rate increases, the acceleration of the 

combustion gases becomes one of the limiting factors 

and flame spreading rate becomes largely a character

istic of the motor and not the igniter. 

As the hot combustion gases are driven down the 

port, the propellant is progressively heated to its 

ignition point, which is to say that flame spreading 

is described by successive ignitions. 

The intrinsic capability of the p(x,t} model to calculate 

flame spreading rates is one of its main features. 

Figure 5-7 is included to show a case in which the 

ignition delay is prominent. However, note that after 

first ignition occurs the p vs t characteristics are 

similar to those shown in Fig. 5-1, merely delayed by 0.1 

seconds. 

REPRODUCIBll.AITY OF THE 
~RI~~ PAQ;E IS POOR 
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PLOT DISTANCE" IN 
1 134 
2 723 
3 1115 
4 1377 

• t--------- 1-------+--··---+ I --+-.. -----
~.OO 0.10 0.20 0.30 O.~O 0.50 O.SO 

TIME FReM eNSET eF IGNITER.SEC 
FIG. 5-7 EFFECT OF 27% DECREASE IN IGNITER FLOW RATE A~D 25% DECREASE 

IN CALCULATED CONVFTTIVE HEAT TRANSFER COEfFICIENT} COMPARED 
TO CONDITIONS OF FIG. 5-1. 
(SRB4) 
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6.0 SOLID ROCKET BOOSTER CONSIDERED AS A SEGMENTED MOTOR 

The motor configuration considered in this section is 

intended to approximate that of the Solid Rocket Motor for 
25 the Space Shuttle Booster, which (as shown in Fig. 6-la) 

consists of four segments. Since the burning surface area 

i~ the circumferential slots is inhibited, the burning 

surface associated with each circumferential slot is 

relatively small. The output associated with each slot is 

described in Table 6-1. 

As shown in Table 6-2 and Table 6-3 (parts I and 2), 

the input is identical to that for the monolithic motors 

except that the geometry of the slots is specified as called 

for in Section 3-. Similarly, the output format as shown in 

Table 6-3 (parts 3 through 5) is the same as for a monolithic 

motor except that the state and contribution of the slots is 

included as described in Table 6-1. 

Figure 6-2 shows the pressure versus time at four 

positions along the grain. A direct comparison of the 

results for the segmented configuration (SRB/SEGl) with the 

results for the monolithic configuration reveals that the 

overall pressure response is very similar. However, as 

shown in Fig. 6-3 the flame spreading characteristics are 

influenced by the segments. These effects are attributed 

to the leading edge of each segment disturbing the boundary 

layer and thereby increasing the convective heat transfer 

coefficient. 
The small influence of the slots on the overall ignition 

transient is not surprising since the surface areas and 

volumes associated with the slots are relatively small 

fractions of the total~ £or the particular design considered. 
Figures 6-4, 6-5, and 6-6 show the pressure, gas 

velocity, and gas temperature of the three slots. Figure 

6-5 illustrates that the flows entering and exiting the 

slots are closely coupled to the pressure waves that occur 

in the main chamber. The flow oscillations in the slots are 
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(a) Space Shuttle Solid Rocket Motor 

FWD SEGMENT 

58.916 3O.4l STAR GEOMETRY 

~E~~:t='="""-E.29~8l;==16964.l~9 $.82 

~ , 
6l.414R 

I ~===!=:=:;~======1.93 ,-f-- J6D 841 I 3.58 

GTR SEGMENT (21 1-50. l621f III 1 NUM8ER POINTS '11 

3O.2D2-]·---~-J2.s2~ 45 

~ ll7. 785 a~ D 9l 

AFT SEGMENT 

34.5 J-rC=====-= 1~&'I.~D7~4 ===1:=-....J.l4~:t!=' 
l1.98 

l·s7~===~==~ ~ f-- l78. 144 

(b) SRM Propellant Grain Design 

FIG. 6-1 TYPE OF SEGMENTED GEOMETRY CONSIDERED IN RUN SRB/SEG1 
(FIGURES TAKEN FROM AIAA PAPER NO. 75-1170) REF. 25). 
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Table 6-1 

. OUTPUT ASSOCIATED WITH SLOTS 

Each time the output is printed, the following information 
is given for each slot: 

N n 
PSLOT(N) Pslot,n 
TSLOT(N) T s1ot,n 
VSLOT(N) V s1ot,n 
SWIDTH(N) ws1ot ,n 
VELOCITY(N) vs1ot ,n 

MSLOT/MCH (pu) slot/ (pu) ch 

increment containing slot -

pressure in slot atrn 

temperature of slot K 

volume of slot cm3 

width of opening cm 

velocity of gases at cm/sec 
slot/main stream 
interface. When > 0, 
flow is exiting. 

ratio of mass flux from 
slot to mass flux in 
main stream 

Example of output associated with each slot: 

PSLOT(ATM) 
1.05 

TSLOT(K) 
300.23 

VSLOT(CM3) SWIDTH(CM) VELOCITY (CM/SEC) 
0.498l7E 06 5.8420 -1924.03 

Miscellaneous Output: 

A) Precedes first time dependent output: 

DELTAT=0.l667E-03 CSOUND=O.l06lE 06 CPG=0.5872E 00 R=0.3005E 04 

Initial time step 
seconds 

Speed of sound at 
flame temperature 
conditions,cm/sec 

output: 

Specific heat 
of combustion 
gases, cal/g-K 

B) Part of first time dependent 

PROPELLANT AREA,CMSQ=2827989.00 CHAMBER VOLUME,CM**3=75l5l920.0 

Ab J
X

OE Apdx 
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TABLE 6-2 

REPRODUCIBILITY OF THE 
~jRlt'KN~ PAQI lS POOR 

INPUT DATA FOR SEGMENTED MOTOR (SRB/SEG1) 

SIB/SEG' 2' no l'PSCU=850 Sl!!PLB'OB BRDIL 
'lilliE 

,.1111=.002 
TPBIlfT=.001 
DELTA'!'=.00016 

WDELI=21 
UNIT=-2. 
WPYfP]['l'=O 
NP1'lPIT::2 

IT=2327·1 
IP=3. INPUT DIMENSIONS 
IG=1341.3 ARE IN INCHES 
n-1377. 
GAUa 1.1363 
W=28.21 
TP'REP=3361. 
TIGN=2650. 
RUPSOP-O.01 
Pr<;PR=O.OO 11 
ROPIt .. 1.758 
CPR=.] 
TPSCBI s 750. 
TPSCRI=850. 
tRIP·'.07S3 
BRlIP .. 0.35 
EleaO. 
c"·.98 
DB=1Il5.61t 
lLP1D=12.31 

JIG"'-' IUDYI .. 22 

O. 25 • 
• 020 560 • 

NOTE: LEAVE COLUMN 
1 BLANK IN ALL 
NAMELIST INPUT 

• ,,0 5j;0. INP"". IN ADDITIOII \ ~ : :i~ ~gg: ,--~ __ ~_g_R_T:~g:-:_~_L--,~,-~_~cC_~~~.!':-_~ _______ ._--_. ~_ .. __ : __ ..., 
3. 2554. 1018.92 1018.92 I x . oIL oV 

68.42 2554. 1018.92 1ri18.92 slot -~,slot slot 
133.85 2554. 1018.92 1018.92 t XSLOT 'DELABS DEL'S 
199.3' 2870. 608. 608. . 
2".7 3187. 202.83 202.83 '1'-

-·-UO.1 3187. 202.83 202.83 361." 
----- ~ - - "-~." ~"--

.t1_~ ... __ •.. ~; ... ~c_~,,~~ , 
)95.6 3187. 202.83 202.83 
461.0 3187. - 202.83 202.83 
$.26. It 3187. 202.83 202.83 

___ ."'.9 3187. 202.83 202.83 - -_.- -. ---- " ... ---. - -.~:;-~...,. .. -.~ ;:::.:-7::- .. ", 

~~:=~ . .tS1.3 ]117. 202.83 202. U 611. 
§··-~;122.7 3187. 202.93 202.83 

788.1 3187. 202.ij3 202.83 
853.6 3187. 202.83 202.83 
919. 3187. 202.83 20l.83-

0:"_,.,84." 3153.7 202.83 202.') 1001. -.' 
.¥;.:£cc·JI .... 9 3127. 202.83 202.13 
~;;·.~.;':if115.3 3203. 202.83 202.13 

. -.- -.-.-.~-.----.- - -. 

32~.J._/~'-· oj'i!~~~¥:~~.-_='" 
:.~·~~~~~¥~~~~J~#:[:~}~-~t·=,; ; 

". .. :~ -?: -:-:.~-:::: ~~:--. ~-::::~-::':": -.. "."-

1180.7 3278. 202.83 202.83 
12_6.1 335_. 202.83 202.83 

7?; _1311:~ ;.:~= 3-'Q9~o=_. ____ lOl.83 __ .202.83 

l~ ~;~Ti&~~==- ,- -_:ln~~3 - 2Q~~~~ _ '. _ 
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'TABLE 6-2 (CONTINUED) 

INPUT DATA FOR SEGMENTED MOTOR (SRB/SEGl) 

&NAME 

SEND 

!,!,"'1\X=.01 
T?RI~'l"=O. 0(12 
DEL ?AC=1 • 3 

FrNAr-tP, 
TPRTNT=.OlJ5 
"'111\X'=.11 
DEL FAe=?. 

&END 
&NAME 

'J'r-J.T\X=.2 
SEND 
SNA"lE 

'T'MAX=.4 

& E"Tn 
&N~!\'!E 

SEND 

"p P "1")1""=. I) 1 
DEL1:'1\C=1.5 

I1"II'1\X=.6 
""v.AX=.5 
DELFl\C=2. 



tU<,;H PERFORMANCE ROCKET MOTOR IGt-ItT JOt-l TRANSIENT PRLDICTION PROGRAM - SEGMENTED - FEB 1976 
INCLUDES: SPATIAL G TIME DEYLLOPMEt-il OF P.U.&T AND FLAME ~PREADINC. 

&RBJ'SEGI 21 hO ERO lPSCRI:e50 t-IEW FCT£ 

GENERAL: 
:,~, 

LIMITS. ~OUE WORDS. (;. INITIAL CONDITIOt-lS: 
LAMBDA TPRINT PZUNE OELTAT NOLLX 

c, -ct.OO2: 

TPI 
298.0 

1.00 

PAM 
1.00 

0.001 

UNIT 
-2. 

7777.vO O.uvOlbOO 

NJNLRl hPNPXT 
() <' 

MoTOR CONFIGURATION PARAMETEwS: 
AT XP XG X~ 

2~U!7.00 3.00 1341.30 

COMBUSTION GAS PROPERTIES 
GAMA 
-: 1..136 

W 

28.21 
TFRI:.F 
3361.0 

1377.00 

llGN 
2650.0 

_=-fln:~TION TRANSFER ANO HEAT TRANSFER COI:F.: 
RUFS~ 

0.0100 
DDRGo 

1.00 
ODHC 

1.00 

~t.LANT PROPERTIES: 

21 

_~~.J:PR_ RUPR CPR TOREF 
296.00 

SI('P TPS<'RI 
:~oOIlO 1.758 0.30 

bURNING RAT£ RELATIONSHIP: 
RREF 

:·,_':&078 
PREF 
68.0& 

HREXP 
0.3500 

£t:!C 

v.o 

0.00200 eso.oo 

EbEX 
1~.000 

PARAMETERS USLO IN THRUST CALCULATIOt-l5: 
DE CM 

~~~!:,~2:~O!~;:,:::J. 980 

--..:c~,:::-_ 

0.0 
0.0200 

__ 9·_?~OO_ 
~~c-.--- ---~ 

~~~iI?:-_ 
~~~-"~Zd..:c_c;~ -

25.0 
560.0 
!'>60.0 
;jOo.o 
-100.0 

0.0 

ALFAO 
12.31 

EROAT 
0.0 

YS. TIME TAbLE: 

EROEXP 
o.so 

?;~ 
~g 
~d rO 
t'dtj 
~~ 

~'a 
'Ca O 
t'dl':l::.l 

~§ 

0 
c:: 
1-:3 
'U 
c:: 
1-:3 

"l 
::0 
0 :s: 
Ul 
t"l 1-:3 
G'l !J:' :s: tlj 
t"l t-< 
Z t"l 

H 1-:3 I 
Z t"l 0'\ -..J 
'U t1 I -..J 

~ :s: w I 

o ~ 
1-:3 'U 
0 !J:' 
::0 ::0 
::0 

1-3 
c:: f-' 
Z 

Ul 
::0 
tlj 

"'-
Ul 
t"l 
G'l 
f-' 



PROPELLANT G~ONETRY TABLE: 
____ ~~~~H __ ~9RT.AREA PROPELLAN~ wETTED UPSTRM OF 

-=-~:~=~.:;'::'-" .~.:-~. -... ~ . PERIMETER PERIMETER SLOT 
~.-~-----. -. ---------

~1~_:1~~7~=::: !:!:::~ 1018.92 0.0 
Iv18.92 0.0 

133 • .,6 255 .... 00 1018.92 101&.92 0.0 
199.30 2&70.00 608.00 60S.00 0.0 
26 .... 70 31&7.00 202.83 202.83 0.0 

~;~~~~"::' ~U87.00 202.&3 202.83 361.00 
;:~7~?=-W:~>- \3I87.00 202.83 202.83 0.0 
':-:"["~,~.i1[~<.c . 3187.00 202.83 202.83 0.0 

526 .... 0 3187.uO 202.83 202.S.:i 0.0 
591.90 3187.00 202.&3 ~O2.&3 0.0 
6~7_.~~_ . 31S7.oo 202.83 202.83 681.00 

=Y, ':~::~70:~1Vi;;Og 202.83 20:2.83 0.0 
···_~_10 3UH.00 202.83 202.83 0.0 

8$~~·bO ·3187.00 202.63 20:2.83 0.0 
919.00 3187.00 20:2.83 202.83 0.0 
98 ..... 0 3153.70 202.83 202.83 1001.00 

t.0~<!.90 3127.00 202.83 202.83 0.0 
~(f"l-!t~;!t) 3203.00 202.83 202.83 0.0 
~¥.G.jo 3278.00 202.83 202.8.3 0.0 
·12~.10 3~"'.00 202.83 202.83 0.0 
1311.60 3709.00 202.83 202.S3 0.0 
1377.00 .~OO.OO 202.1:13 202.8;:1 0.0 

BURNING RATE TAaLE - R YS P 

.,ATA NPPR 
o 2 

PRESSURE HATt:: 

.... ""OMETRY C.ONY·LRTED FROM INCHES TO CENTIME'lERS 

LENGTH 

7.62 
173.61 
34U.00 
!oOb.22 

PURT AREA PROPELLANT 
Pt:.RI"-ETt:.R 

16.77.38 2588.06 
16 ... 77.38 2588.06 
16 ... 77.3ti 2588.06 
18516.0e 1~44 • .32 

672.34 20~t>1_24 515.19 
838.45 20561.24 515.19 

100 •• 82 20561.2. 5)~.19 

WETTED 
PER IMETER 
25I:U:i.06 
258&.06 
2!:.88.06 
1544.32 
!:·15.19 
515.19 
~,lf·.19 

UF-STRM OF 
SLOT 
0.0 
0.0 
0.0 
0.0 
0.0 

916.94 
0.0 

BURN AREA .. YOLUME . JH.~.J.H. __ ... __ __ 
OF SLOT ~ .... Ofi .tii.'Iff:.:c-,::=~~ - . -
0.0 .. O. : .. :;:.~~~_;~~1tf~~:;~~-== 
0.0 . '6 •.. -=:-~ •• It':~=':':':.~~~~:::c=: ~ 

0.0 O. 0.0 
0.0 O. 0.0 
0.0 O. 0.0 

U 1. 0 30400. . .• ·2.30)::,~"~:'t~~~~:::;:i~ 
0.0 o. 0.0· -~·o .- ····cc 

0.0 o. o.~ _ .. __ . 
0.0 O. 0.0 

0 c:: 
8 
I'd c:: 

0.0 O. 0.0 8 

2660.0 28600. .2.30 
0.0 O. 0';0· 

"<l 

~ 
0.0 O. 0.0·· 3: 
0.0 O. 0.0 .. · til 

0.0 O. 0.0 
~212.0 28600. 2.30 

0.0 O. 0.0 
0.0 O. 0.0 
0.0 O. 0.0 
0.0 O. 0.0 
0.0 O. 0.0 
0.0 O. 0.0 

tt:I 8 
H Gl )01 
Z 3: ttl 
I'd tt:I t" c:: Z tt:I 
8 8 I 

tt:I -.J 
Gl 0 0\ (XI 

tt:I I I 
0 3: w 
3: 0 
tt:I 8 ~ 

8 0 I'd 

~ ~ 
):II 
~ 

~ 
8 

'" 
til 
:;0 
III 
"'-til 
tt:I 
Gl 
I-' 

BURN AREA VOLUME WIDTH 
OF SLOT OF SLOT OF SLOT 
0.0 O. 0.0 
0.0 O. 0.0 
0.0 o. 0.0 
0.0 O. 0.0 
0.0 o. 0.0 

2b~l.b 498166. 5.8. 
0.0 o. 0.0 
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TABLE 6-3 (PART 3) 
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEG1) 

DURING FLAME SPREADING -

TIME =0.9000F-Q1 (208 DEl-TAT' DEL TA T :&:0.5000e-G3 

.. DI5TANCI;.. PRl:.S5URE T 
DEC. K 

~ALH RAT~ BR/BRN TAUe FRICT. CUNY. M/A TSURF PORT 

C:... .'" 
ATM P51A NU. CM/SEC CM FACTOR COEF. G/SEC CMSO t< CMSQ 

~~c. T.b 
,,~cl' J73.8 

2 3'10.0 
3 50b.2 
~~ .'f!J'~.4 
~~·:838.b 
~~: 1l)04.a 
.~""'Y II 'to.9 

8 1337.1 
9 1503 • .;) 

~~ lb69.b 
M Us.35.7 
~,:"2G01.9 
"1--3. ~toa .. l 

3.0 
68.4 

13.3.9 
10,14.3 

,<='04.1' 
.330.1 
395.0 
461.0 
5'<::6.4 
!-91.'I 

cti7 • ..i 
722.7 
,788.1 
l:!53.b 

14 2;;';"4.3 ";'1<;'.0 
15 2~OO.4 0,,04.4 

15.8.3 
15.09 
13.4u 
10.b4 
.".01 
8.81 
8.51:> 

8.40 
ti.l~ 

7 .. dE 
7.b1 
7 • .36 
7.17 
b.87 
h.OV 

b.3~ 

b.3t, 

h.28 
6.42 
b.lT 
7.,16 

2~2.b ~6~~.3 0.078 
2~t.7 c~.38.B 0.233 
19b.'" 3C74.2 V.41b 
150.3 30&4.1 O.b~3 
13<=..3 ~66.8 U.749 
12"'.4 3105.b 0.75." 
1~5.o 3143.2 U.774 
123.4 3187.3 0.779 
119.b 3226.0 0.795 
Ilb.e 3~~5.6 U.~14 
111.~ 32~O.1 O.~32 

10~.2 3212.~ a.8bb 
105.3 ~113.~ 0.691 
100.Y 2940.7 0.937 
47.u ~T4b.b 0.~bb 
Y3.~ ~~77.~ u .. ~~~ 
Y.3.3 23Y7.b 0.982 
92.3 2161.6 0.976 
94.3 1e~0.2 0.971 
99.b 14bO.!:> 
lO~ .~ ",Y7.7 

o.,}!:>f., 

C. '70(, 

O.bb 
C.b4 
O.bl 
0.56 
0.53 
O .. !:3 

D.b2 
O.~J2 

(I.!:> 1 
O.hl 
(I.bO 
O.bO 
0.49 
0.41:; 

(J.O 
0.0 
O.v 
O.v 
0.0 
0.0 
v.v 

1.0UO 0.0208 0.0 
1 • 00 0 0 • 0 J 60 O. 0 
1.000 0.0130 0.0 
1.000 0.0100 0.0 
1.OOU 0.0076 0.0 
1.000 0.0068 0.0 
1.UOO 0.0058 0.0 
1.000 0.0051 0.0 
1.0,-,0 0.0044 0.0 
I.UOO 0.0036 0.0 
1.000 0.0027 0.0 
1.000 0.0019 0.0 
1.000 0.0012 0.0 

0.0.315 
0.0645 
0.0880 
0.0920 
0.08U8 
0.0785 
U.0766 
0.0746 
0.0730 
0.0716 
0.0701 
0.0694 
0.0699 

1.000 0.0005 0.0 0.0704 
o.c 0.0 0.0030 0.0706 
0.0 0.0 O.OO~O 0.0710 
0.0 0.0 0.0029 0.0714 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0029 0.0721 
0.0029 0.0755 
0.0029 0.0816 
0.0029 O.07f>4 

~~. 2bbb.b 104'1.9 

1'? 2&32.8 1115.3 
':is 2999.0 116( .. 7 
19.3Ib5.2 1,,'4(>. 1 
20 .3331.4 1.311.0 
21 3497.6 1~77.U 

PE:STAG.ATM= 
b.7y 12~.1 ~bY.l v.~2L 

9.33 P~STAG.psIA; 137.12 
0.0 u.L 0.0 0.0030 0.0 

MASS BURNEU~ G.4029E 05 

THWUST THRUST 
NEWTONS LbF 

Ib51bb~.u '.;,.71':'10.7 

N 

b 

N 
Iv 

N 

15 

PSLGTtATM 
8.56 

PSLuT(AT"" 
7.c:, I 

PSLU1(ATM 
b.3':1 

CF-LM AT 

CM**;': 
tOPSONb tOPSON PA/PE 

1.1t.-';"7 15(;10.OllU 7.lb04 ~.7!:>:?1 1.992 

l~LUl(K) VSLOl(CM3) SWIOTH(CM) VELOCITY(CM/SEC) 
161U.88 O.49Blb~ 06 n.8537 -3423.28 

T'::'LUT(r<.) V'::'LuT(CM3) SWIGTH(CM) V~LlICITY(CM/SLC) 

13b6.3", u.4Lb71E OL b.H473 967.43 

l~LUT(K} V~LuT(CM3) 5WIUTH(LM) VELULITYlCM/SEC) 
e~7.72 O.4bdb7~ Ob 5.5420 -7282.38 

15.16 850. 16531.1 
40.87 850. 16518.8 
63.06 850. Ib511.1 
75.07 b50. 18530.9 
76.56 850. 20565.1 
75.45 850. 20564.7 
74.34 850. 20564.2 
72.94 850. 20563.8 
71.79 850. 20563.4 
70.76 850. 20563.1 
69.81 850. 20562.6 
69.90 850. 20562 .. 2 I 
72.01 850. 20561.8 ...,J 

74.62 850. 20561.5 'f 
76.55 820. 20561.2 
78.33 762. 20346.3 
80.15 701. 20174.2 
83.13 629. 20664.4 
91.67 555. 21148.4 

108.13 475. 21640.1 
112.75 387. 23928.0 
7~.63 321. £9032.2 

~~' 

-I-J~ . ;~ g 
~"§ 
~ ...• ~ 

>'~ Gi"'.l 
tzJ '::1 
I-f.~ 
00 

o 
~IJ-rI o ~ 

O.;j 
T) '~ 

l?j 



TABLE 6-3 (PART 4) 
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEGl) 

- AT BEGINNING OF RAPID PRESSURE RISE 

TIME ;O.1200E 00 (258 DELTAT) DEL TAT =0.1000E:.-02 

h DISTANCE PRE55URt' T 
Ll:b K 

MACH NAT~ HR'~RN 

N1J. C.M'~EC 

lAUR 
eM 

FRICT. ClJIIoV. M'A TSURF PORT 
CM5u C. '" It. AIM P51A f'AC.TOR COEF. G'S£C CMsa t< 

o 7.6 
1 173.8 
"" 34().0 
.3 t-ut'.. 2 
... 07;C.4 

I) &36.0 
6. 1004.6 
7 1170."* 
& 1337.1 
9 150":'.3 

10 looy.t> 
11- 1835.7 
12 2001.9 
13 2168.1 

3.0 
66.4 

1:;;3.':1 
lY."..3 
c64.7 
330.1 
395.6 
461.0 
hEb.4 
~,91.9 

057.~ 

722.7 
7&8.1 
b53.6 

14 2334.3 919.0 
15 2buv.4 984.4 
·Ito 20(>6.0 1049.9 
17 .2:&32.& I11b.3 
1& 29Y9.(; I USO.7 

21.32 
26.51 
IH.79 
lb.li:: 

It:>.47 
1(:'.15 
15.86 
15.ee 
1 ~'. 77 
It •• 74 
It •• b4 

16.14 
17.vl 
16.23 
1~."Y 

1':1.b.:1o 

J':I.O<i 
1~;.53 

17.90 

313.2 ~b~5.9 0.058 
301.3 2970.3 O.lt<t'.· 

27L.~ ~U~b.9 ~.335 
~30.1 31u5.1 (i.4h~ 

~27 • .:10 ~lu.:1t.~ 0.497 
237.2 3135.3 O.4Db 
233.0 3151.6 0.4d5 
233.2 3178.2 0.4&7 
231.7 3cUl.e ~.4Y4 
c31.1 J~.:1tO.7 U.4':15 
~32.o ~?~2.~ V.4~o 

237.1 3284.6 0.472 
249.~ 3331.6 0.4~4 
267.8 3366.6 O.~61 
L~~.~ 343':1.4 0.311 
~b8.4 ~47~.1 ~.~o~ 

2bV.~ ~4':13.0 O.3~3 

~72.2 3~OB.2 u.3~4 

2b~.9 351b.b O.3b~ 
19 3165.2 1246.1 17.62 2~8.9 3531.~ O.~':Il 

203331.4 1311.0 17.1v Lt.l.l ;, .. 6t .• O u.;;'tc<:' 

2134""-'.6 1377.0 17.7<= 26,-, • .:\ 43t>.:1.4 0.321) 

Pti~lAb.ATM; Ib.bL PL~lAb.PSIA= c,t.4b 

THRUST THkUST 
Nt: WTONS U~f' 

.37605.3':1.0 645400.6 

PSLOT(ATM ) 

CFUoi AT 
CM"''''2 

1.31" 1 1 f,u 10 .uO 0 

"lSLOT (II;. ) \tSLOT(CM.3) 

0.72 
,-,.71 
o.t,y 
C.6t> 

lI.04 

O.tb 
0.65 
0.65 
U.t>b 
v.t--~ 

0.05-

0.65 
0.66 
O.t:.o 
o .4JY 

o. -'0 

0.09 
O.6!:; 
(;.08 

lh67 
(, .t:.o 

1.000 0.0413 0.0 
1.000 0.0362 (1.0 
1.0(j0 0.u326 0.0 
1.(;01) o.uLt.;.:! 0.0 

1 .(,00 O.OL~3 0.0 
1.000 (;.0246 0.0 
1.000 0.023f.; 0.0 
1.000 0.0228 0.0 
1.(,;00 0.021<,> 0.0 
1.000 (0.0<-'11 0.0 
1.000 0.0 ... 01 0.0 
1.000 0.0192 0.0 
1.000 0.0185 0.0 
1.000 0.0177 0.0 
1.000 (j.0!71 0.0 
1.000 U.Ult:;4 0.0 
1.000 0.0158 0.0 
1.000 O.(;lt>O 0.0 
1.<'00 0.oJ42 0.0 
1.000 0.0134 0.0 
1.000 0.00b8 0.0 

U.v 0.0 u.o 0.0 
MASS bURNtO= O.lc7':1£ 06 

fPSONG LPS(;N PA'PE 

7.10U4 0.t>401 ".102 

0.0313 
0.0683 
0.0971 
0.1049 
0.0897 
0.0861 
0.0863 
O.OB!:,;:' 

0.0847 
0.08.::17 
0.082'6 
0.0804 
0.0763 
0.0702 
0.0645 

G.0637 
U.06t.1 
O.On77 
0.0670 
O.06~.3 

0.002.8 

0.0 

SWJLTH(CM) VELOCI'rY(CM/SEC} H 
b 15.ts6 21b~.8~ V.49ti16E 06 5.b897 -1434.37 

N 

10 

h 
15 

f-!>LU1(A1M 
15.b4 

PSLOTtATM ) 
19.63 

T~LUT(K) V5LG1(CM.:1t) 
~309.b4 O.4~b9bt Ob 

TSLOT(KJ VSLOT(CM3) 
~055.7~ U.4~b':l6E ~b 

5~lUTH(CM) VtL(;CITY(CM/SEC) 
h.hh2'7 726.6~ 

5WIOTH(CM) VELOCITY{CM/SEC) 
~.b754 2025.iv 

15.06 850. 16583.9 
43.81 850. 16570.9 
71.10 850. 16561.7 
88.15 850. 16559.2 
~6.b5 850. 20574.1 
84.32 850. 2057~.8 
86.24 850. 20f.;73.2 
86.20 850. ~0572.8 
86.64 850. 20~72.4 

86.23 &~O. 20572.0 
85.65 650. 2057J.5 
&3.55 850. 20571.0 
78.60 850. 20570.6 ~ 
71 .... 0 850. 20570.3? 
64.34 850. 2056~.9 
63.58 850. 20354~7 
65.67 850. 20182.3 
69.63 850. 20672.0 
69.32 850. 21155.7 
72.85 850. 21647.0 
65.87 650. ".~932.5 

62.53 874. 29036.7 



TABLE 6-3 (PART 5) 
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEGl) 

- APPROACHING FULL CHAMBER PRESSURE 
TIML =O.4700E 00 (574 DEL TAT) DELTAT ;0.1250E~ 

N DISTANCE P"ESSURE T 
eEL I<.. 

.... ACh RAT£. bR/OON TAUd 
CM 

FRICT. CONy. ~/A T5URF PORT 
CM IN ATM PSI!>. NO. CM/SEC FACTOR COEF. G/5EC CMSO K C~SO 

o 1.0 
1 173.6 
i:. 340.0 
3 50t .• ;? 

4 b-'c· ... 
b b.3b.b 
6 lvv4.u 
7 117(;.9 
6 1337.1 
9 15(,3.3 

10 10eY.!:> 
11 Id.':,t.. 7 
I':: ;l001.'" 
13 216t<.1 
14 2334.~ 

3.0 OO.lt· 
68.4 c.u.,S 

133."" 5"-.49 
1"'9.':~ ~7.5.1 

~b4.( 

.;::':;0.1 

~~~.e 

401.(; 

h~6.4 

h91.<j-
057.3 
-l£~.£· 

7bb.l 
e53.6 
919.(; 

t I. £':"1 
~')7. It; . 
!:>t..tJb 

t.t:·.3ti-

55.94 
5h.57 
~.!" .• u<.l 

!7;;4.~:..b 

t--4. l: i 
0'::".6..3 
5L:'.85 

b"'~.4 ?6hl.5 u.OO~ 
a6t.u ~Y2b.3 v.g71 
b73.b 3000.8 0.145 
a45.? 3103.4 L.19Y 
a4~.b ~llb.l ,·.LOI 
0~~.h ~1~1.1 u.~10 

n~~.c. 314v.3 u.~2~ 
b~D.~ 314~.D u.~37 

b,l.b 3157.0 0.~51 
Bl~.~ ~lt3.7 0.204 
b~"'.~ 31£1.3 L.27o 
bul.t ':'llt,.y v.eYI 

''''::-'.4 .'l1ov.2 U.;;Ub 
7b7.~ 3Ie~.~ 0.327 
770.3 31ac.7 0.33~ 

15 2f't)o.4 ge4.4 52.!':4 771.,.. 3193.4 (.3b:t 
10 2bD~.D 104.,..9 ~1.J7 151.0 ~1~O.( v.~b3 

17 2b":,2.t3 11 Jt-..... ~ t,) .l~ 7~}L...\..t :1':-~7.b v.3'::fu 
Ie. 2";''';'.,..0 11ov.l teO.II:' 1..:.1.131.,.7.3 u • ..:>.,.4 
19 3165.2 .124b.l ~0.~3 7q~.3 3?Ob.b 0.411 
20 3331.4 1311.6 4";'.09 7c~.Y 3207.0 u.3eQ 
21 3497.6 1377.0 5C.06 76~.O ~~?6.4 O.3~4 

PESIA~.Al~= ~b.27 ~~~lA~.P~IA= ~11.~c 

Tht{v51 
t-tEr;TuNS 

13021060.0 

-IHRU~ 1 

L8F 

292726".0 

U;'LM A f 
(,",**2 

I.fA"''' I~O .0.000 

1.(;4 
1.0.3 
1.03 
1.('2 

1 .1I 1 
1.01 
l.vl 
1.01 
1.01 
1.(·0 
.1 • ,Hi 

1.UO 

v.~'" 
0.<;'9 

0.<;.<;' 

v.98 
O.'Ib 

u.'=."b 
u • .", 
0."7 
0.97 

l.vOO U • .3789 0.0 
l.uOO 0.3725 0.0 
1.000 0.3663 0.0 
1.000 O.3Eo7 0.0 
l.vvll (,.';'bJO 0.0 
1.000 v.3t>25 0.0 
I.UUO 0 • .3503 0.0 
1.000 u.3491 0.0 
1.000 0.3474 0.0 
1.000 O.34t'8 0.0 
l.vOO U.:i43t:s 0.0 
I • 00 () li.'::' 4 1.,. 0.0 
1.uOU O.~40V 0.0 
1.000 0.3384 0.0 
1.000 0.3301 0.0 
1.000 0.3345 0.0 
1.000 u."'30~ 0.0 
l.vuO O.32~e 0.0 
1.000 O.3~70 0.0 
1.000 0.3266 0.0 
I.UOO O.3~04 0.0 

0.0 0.0 0.0 0.0 
MAS~ bUk~[D~ v.17~IL 07 

t.pSUN(" tY~·ON PA/~E. 

7.1tO" 7.1604 0.7R9 

O.OObl 
0.0754-
0.1245 
0.·1421 
0.1236 
0.12~·0 

0.1291 
0.1322 
0.1357 
0.1392 
0.1426 
0.1478 
0.1495 
0.1547 
0.1559 
0.1634 
0.1059-
0.1693 
0.1643 
0.1697 
0.1497 
0.0 

hi 

C> 

f'!,LlJl (ATM 
50.6t:. 

lSL 01 '''' ) 
~I~~.be· 

V~LuT(C~3) SwlDTH(CM) VELOCITY(CM/SEC) 

N 
10 

N 

15 

PSLOT(A1M .) 
f:5.{J~ 

PSLUT (ATM 
t:.;:: .!:"~4 

O.4.,.7y7L 06 6.h43b 219.92 

TSLOT(K) VSu')T(CM3) SWILHH(CMJ VELOCITY(C~/SEC ) 
337b.3b 0.47347F 06 6.5~Ob 1569.60 

T~LLT(K) V~lul(CM3) ~~luTH(CM) VFLUCI1Y(CM/SFC) 
~~7Q.~~ O.474~4t vo b.bl~O 1961.87 

1.55 8bO. 17457.2 
50.05 850. 17440.5 
98.10 850. 17424.8 

129.36 850. 19065.8 
129.76 850. 20742.4 
134.74 850. 20742.1 
143.04 850. 20741.0 
149.86 850. 20740.3 
157.13 850. 20739.4 
164.31 850. 20738.6 
171.27 850. 20737.6 
181.12 850. 20736.7 
185.57 850. 2U7~5.7 I 

co 
195.47850. 20734.9. ~ 

. I 
199.03 850. 20733.7 
212.38 850. 2'0518.;.0 
217.99 850. 2034 •• 0 
225.75 850. 20833~5 
219.64 850. 21316.2 
230.56 850. 21807.7 
200.72 85u. 24092.4 
187.02 874. 29196.6 
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REFLECT! ON OF FIRST 
STRONG PRF.SSLIRE WAVE 
FROM NOZZLE 

IBILITY O~\ ",> 

REPROD~CPAGE IS POOR 
6Rl~lUJ 

__ 1 
.,.--- 2 

IGNITION 
PLOT DISTANCE TIME) SEC 
1 
2 
3 
4 

134 
723 

1115 
1377 

0,067 
0,087 
0,096 
0,107 

o 

~r~-~----~------~----~----~------~-----+------
91.00 0.10 0.20 0.30 0.'0 0.50 0.60 

TIME FROM ONSET OF IGNITER, SEC 

FIG, 6~2 PRESSURE DEVELOPMENT ALONG PORT OF SEGMENTED MOTOR 
(SRRISEG1 FOUR SEGMENT MOTOR) 



1 

o 
~ · ... 

o 
oN <, .... 
~ 

tn 
00 
_0 

X": 
ILl 
U 
Z 
0:0 
t-fD 

-83-

U) • _0 

Cl IGNITION IS MORE 
RAPID AT LEADING EDGE 

o OF SEGMENTS co 
c:i 

o 
=' • o 

o 
'" • o 

o o 

SEGMENTED MOTOR 
MONOLITHIC MOTOR 

.~----~-----+----~~----+-----~-----+---
91.00 0.60 0.80 1.00 1.20 

IGNITION TH1E. SEC (XIO-I ) 
0.20 

FIG,6-3 FLAME SPREADING TIMES OF SEGMENTED MOTOR COMPARED WITH 
FLAME SPREADING TIMES OF MONOLITHIC MOTOR 
(SRB/SEGI COMPARED TO SRBl) 
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FIG. 6-4 PRESSURE TRANSIENTS IN SLOTS. 
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8~---------~--------~----------~--------~-----------o 
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TIME FRCM 5NSET CF IGNI1ER.SEC . 

Fig. 6-6 Mean gas temperatures in slots lag the 
gas temperatures in the main stream. 
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complex, since each slot has its own characteristic filling 

and venting time. During the flame spreading interval, the 

net flow is entering the slots. After ignition of the burn

ing surface area in the slots and during the early stages of 

chamber pressurization, the small amount of mass generated 

by the relatively small burning surface in each slot serves 

to partially pressurize the volume in the slot. The two 

downstream slots with their larger surface areas produce a 

net outflow of gas during the early phase of chamber pres

surization, whereas the upstream slot begins to produce an 

outflow toward the end of chamber pressurization. As shown 

by the temperature differences (between the chamber and 

slot gases) in Fig. 6-6, the time required to flush the 

warm gases from the slots is appreciable. 

A comparison of the pressure oscillations predicted for 

the monolithic motor (Fig. 5-1) with those of the segmented 

motor reveals that the volumes between the segments and mass 

flow entering and exiting the slots serve to damp the longi

tudinal waves. This illustrates a very important intrinsic 

feature of the solution -- the ability to analyze certain 

aspects of longitudinal combustion instability in segmented 

motors. Indeed, a logical follow-up of the present study 

is to extend the computer program and use it as part of 

a study to determine the extent to which the slots in the 

present SRB design reduce the possibility of axial mode 

combustion instability. 

As shown in Fig. 6-1, the nozzle of the head-end igniter 

is very close to star-point tips in the first segment. It 

has been pointed out26 that treating the head-end region as 

a uniformly heated port (as in the present analysis) results 

in unrealistically long induction periods (see Fig. 2-1 

definition). A better simulation would be obtained by con

sidering at least three zones of heating and ignition in the 

first segment: (l) the more intense heating and rapid igni

tion of the star-point tips, (2) the increasing heating 
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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 pre

dicted induction time which is a major contributor to the 

uncertainty associated with motor-to-motor variation in 

time-to-full-chamber-pressure. Recall that the results of 

Section 5 showed that flame spreading rate is relatively 

insensitive to the ·variations that may occur within the motor, 

whereas time to first ignition is affected greatly by small 

variations. 
The analysis of the interaction of the slot flow and 

the main chamber flow is based on the assumption that the 

slots have been properly designed and that the aerodynamic 

interactions between the two flows will not produce appre

ciable pressure drops across the slots. Reference 27 

describes analytical and experimental methods for deter

mining the severity of aerodynamic interactions and pre

scribes a design approach to eliminate the undesirable 

affects. The user of the program is cautioned to insure 

that the particular slots being analyzed conform to the 

assumptions and conditions stated in Section 2. 
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7.0 CONCLUSION 

The analytical model described in this report provides 

for the first time a means of analyzing the complexities 

of ignition transients and pressure peaks of large, high

performance, segmented SRB's. This is accomplished by 

accounting for (l) the temporal and spatial development of 

the flow field set up by the igniter discharge, (2) 

ignition and flame spreading coupled to chamber flow, (3) 

the large velocity, pressure, and temperature gradients that 

occur during the early phases of ignition, and (4) the 

interactions that,combine to produce peak pressures (Le., 

compression of chamber gases during pressurization, erosive 

burning, and mass-added effect of igniter discharge). 

As the pursuit of higher performance rocket motors 

continues and the present configurations are upgraded 

(i.e., by increasing loading density, using high-performance 
-

propellant, and 'extending ambient temperature range), the 

methods described in the report will enable analysts to 

predict maximum pressures with much greater confidence 

than was heretofore possible. 

The calculated results in this report are intended to 

introduce the user to the computer program and are not 

intended to be a comprehensive investigation of a particular 

SRB design. Nevertheless, the results of Section 5 and 6 

produced several interesting insights. Once the head-end 

section of the SRB ignites, the subsequent flame spreading 

rate is a motor property that is largely unaffected by 

changes in the igniter, the erosive burning contribution, 

and the propellant ignition temperature; whereas, the time 

of first ignition'is strongly dependent on igniter charac

teristics and propellant ignition temperature. The contri

butions of the burning surface areas and volumes in the 

slots of the present SRB design do not greatly influence 

the times of the important ignition events. The interactions 
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of the main chamber flow with the slots tend to damp axial 

pressure waves which are set up toward the end of flame 

spreading. 

The ignition prediction and analysis procedures 

described in the report can be applied to a wide variety 

of rocket motor applications and are not limited to large, 

segmented boosters. Special purpose applications can be 

achieved by extensions to the present prograrn, e.g., aft

end ignition; flame spreading delays produced by restrictors 

(e.g., used to reduce ignition spikes); ignition of degraded 

or wet propellant surfacp.s; case expansion (and Ap/At 

increases) during pressurization of low safety factor 

motor cases; and nozzle closures. In its present form the 

program contains many of the elements necessary for the 

analysis of axial mode combustion instability in segmented 

motors. 
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APPENDIX A 

Performance Parameters 

The motor performance equations are presented to specify 

the manner in which the motor parameters are applied. A 

compatible set of combustion gas properties is established by 

starting with calculated combustion gas properties <obtained 

from thermochemistry computer programs) and then adjusting 

the calculated properties to obtain agreement with measured 

mass flow rates and thrusts. Careful attention should be 

given to accounting for items such as heat loss, combustion 

efficiencies, and ambient temperature. The measured value 

of c* that is normally used to calculate the mass discharge 

is established from motor p vs t data and weight of pro

pellant burned, wpr ' by the following equation 

= gAtfpE,stag 
c* meas (A-l) 

The quantity c;eas is used to relate instantaneous mass 

flow rate, mn , to throat area, At' and chamber pressure, 

PE,stag 

m - A P g/c* n - t E,stag meas (A-2) 

From isentropic one-dimensional compressible flow theory, 

mass discharge rate can be expressed in terms of the gas 

properties as follows. 
y + 1 

IgR TE t /W g ,s ag 

(A-3) 
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Ideally, c* is defined in terms of the chamber gas proper

ties as 

c* = 
/ gR T /fJi ... g f .. 

y+l 

l/2( 2 )2(Y - 1) 
y y + 1 

i.e., the chamber temperature is the same as the flame 
temperature under no loss, equilibrium conditions. 

(A-4) 

To have a compatible set o~ relationships, the consist-

ency between c* and T established by Eq. (A-5) meas ch,act 
is maintained throughout the analysis.* 

y. + 1 Ilf T = W [ 1/2 ( 2 1)2(Y - (A-5) ch,act gRg C~easY Y + 

Thus, the input value of T f,ref used in the program should 

be Tch,act' 
The ratio of specific heats, 

ive value for the motor and nozzle. 
Y, is an average effect

When possible, this value 
was determined from experimental data. Because of shifting 

equilibrium during flow through the nozzle, this value is 

little more than empirical correlation constant. When sat
isfactory experimental data is not available, an effective 
value based on thermochemical calculations can be deduced 

*Usinq Tch,act has the effect of lumping other losses (i.e., 
nozzle discharge' and two phase flow) with combustion efficiency 

losses. A more thorough approach to establishing Tch,act could 
be based on the Standard Performance Prediction program recently 

developed by the U.S.A.F. Rocket Propulsion Laboratory or the 
Thiokol Performance Prediction program recently developed by 
the Wasatch Division of the Thiokol Corporation. 
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from the relationship between theoretical gas properties 

at chamber and exit condictions, 

T ch = [:2.h.] 
Tex Pex 

Y - .1 
Y 

(A-6) 

or between the theoretical gas properties at chamber and 

nozzle throat conditions, 

y- 1 

:~h = [:~h] y (A-7) 

Thrust is expressed in terms of a thrust coefficient as 

F = CpA FAm E,stag t (A-B) 

The particular thrust coefficient used in the program is 

CPAm = Cm[CFVAN + (1 - A) ex £ _ P ] 
N PE,stag ex 

. Pam: 
£ 

PE, stag ex 
(A-9) 

where 

Y + i][l _ Y - 1] 1/2 
[2x2 [ l)Y - [ P

ex 
1 

Y 
CFV + 2 

Y - 1 Y + PE,stag 

+ e: 
ex PE,stag 

(A-lO) 

. and 

(A-II) 

The value of motor coefficient, Cm' used in the equation 
is for nozzle-end stagnation pressure and should not be con
fused with values that were determined from the relationship 
between head-end pressure and measured thrust. Also, note 
that Cm does not multiply the last term in Eq. (A-g). 
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APPENDIX B 

MODIFIED* C.G.S UNITS FOR PROPELLANT COMBUSTION CALCULATIONS 

and 

Gas Law: 

APPROXIMATIONS TO GAS PROPERTIES 

pip = (R /W)T 
g 

p - [atm] 

p - [g/cm3] 

T -[K] 

, W -[gig-mole] 

R = 82. 05 [ cm) a tm] 
g g-mol-K 

Speed of sound: 

c = (gyp/p) 1/2 = (gyTR /W)1/2[cm/sec] 
g 

g = 1. 013 x 10 6 [.. . g 2] 
atm-cm-sec 

(B-1) 

(B-2) 

Viscosity: Empirical fit for typical combustion products 

Thermal conductivity of low density combustion gases: 
Polyatomic Eucken equation: 

A = [c + ~ Rul~ [cal/cm-sec-K] p 4 W 

cp -[cal/g-K] 

R = 1.987[ cal J u g-mol-K 

Mass flow rates: 

r -[cm/sec] 

2 
Ab - [cm ] 

[g/sec] 

p _[g/cm3] 

p - [atm] 

*Pressure in atmosphere rather than dynes/cm2 • 

(B-3) 

(B-4) 

(B-5) 
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. (gTR /W) 1/2 
c* = , units same as speed of sound (B-6) 

Reynolds number: 

Specific heat: 

Internal energy: 

Re =puD 
11 

c p,g 
=..L Ru 

y-l W 

2 
e + ~J [cal/g] 

c 

Prandtl number (Eucken formula): 

v Pr = - = a 

y_ c p 
A - c +1.25R JW p u 

(B-7) 

(B-8) 

(B-9) 

(B-10) 

(B-ll) 
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