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NOMENCLATURE *

Ah = burning surface of propellant, cm2

Ap - = cross-sectional area of the gort, cm2

At = motor nozzle throat area, cm

a = pre-exponential factor in burning rate law, apn

Bm,Bf = fpoints at left boundary and right boundary, see
Figs. 3-3 and 3-4.

b = burning perimeter, cm

Cp ‘= discharge coefficient |

Cerm = ‘thrust coefficient accounting for losses

CFV = thrust coefficient

Ch = nozzle coefficient for thrust loss

‘= sonic velocity, cm/sec

‘c* = characteristic velocity in nozzle discharge relation-
ship, cm/séc

Cp "= specific heat at constant pressure, cal/g-K

dh = hydraulic diameter of the port, 4Ap/b, cm

E = total stored energy, cal/g

F = . thrust, newtons

f = friction coefficient, 2grw/pu2

G = mass flow rate, pu, g/cmz—sec

g = convers%qn factor

h = enthalpy of gases, cal/g

hc = local convective heat-transfer coefficient, cal/

cmz—sec-K

I = inhomogeneous terms in the governing equations
JC,J = mechanical equivalent of heat '3

' = erosive burning constant in Eq. (2-20), cm™-=K/cal

ke

M = Mach number

m = mass flow rate, g/sec

N = number of spacewise mesh points

n = pressure exponent in the non-erosive burning rate law
Pr . = Prandtl number |

p = static pressure, atm

Py = wetted perimeter‘(after ignition, only the inert

perimeter), cm

¥Appendices A and B provide further definitions of the

symbols and units.
‘ viii
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rate of heat transfer, cal/cmz—sec

gas constant for the combustion gases

universal gas constant

burning rate of the solid propellant, including
the erosive burning contribution, cm/sec

burning rate under nonerosive conditions, cm/sec
temperature (without subscript, static gas temper-
ature), K ’
average film gas temperature, (T + Tps)/2, K
adiabatic flame temperature of the solid propel-
lant, K

effective mean temperature of the igniter gas, K

initial propellant temperature, K

propellant surface temperature, K

propellant surface temperature, at which propel-
lant ignition occurs, K '

time, sec ’

gas velocity, cm/sec

volume, cm3

molecular weight of the combustion gases, g/g-mole
width of opening to slot, cm

axial distance from head end, cm

effective distance from the leading edge of the
corresponding segment, cm

distance from head end of motor to the upstream
edge of the segment, cm

perpendicular distance from thé propellant surface
into the solid, cm

thermal diffusivity,'cmz/sec

pre-exponential factor in erosive burning relation-
ship

nozzle half-angle at exit plane, deg

erosive burning exponential factor

ratio of specific heats

nozzle exit expansion ratio

* T
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equivalent sand roughness, cm

€
es = weighting parameter for implicit numerical scheme
P =- thermal conductivity, cal/cm-sec-K

AN = nozzle divergence loss

u = viscosity of the combustion gases, g/cm-sec (poise)
o = density (without subscript, gas density), g/cm3

cp = temperature sensitivity of burning rate, K_l

T = shear stress on the port wall

) = temperature gradient at propellant surface, K/cm
Subscripts

A2,K2 = values at points A, and 'KZ' see Figs. 3-3 and 3-4.
act = actual

am = ambient

ch = chamber

E = entrance to motor nozzle (motor chamber aft-end)

es = entrance section at head-end of motor

ex = exit of nozzle

gen. = generated in slot

h = head=-end

i = initial value

ig = igniter

in = into slot

int = initial

meas = measured

mtr = motor

n = index for mesh points in the axial direction

n = nozzle end

out =  out of slot

p = pressure

pd = latest predictor calculation

pr,c = solid propellant (condensed phase)

ref = reference conditions, Ty = 298K and p = 68.08 atm
sldv = per unit volume containing slot

slot = slot

stag = stagnation



T = temperature

= velocity
I = along right-running characteristic
11 = along left-running characteristic
ITI = along particle-path line

1,2,3,4= station numbers

Superscripts

index for mesh time increments

3
- = mean value

xi






1.0 INTRODUCTION

This report‘describes the application of analytical
techniques which are being developed to predict the ignition
transients of segmented, solid propellant rocket boosters.
Particular attention is given to the large, solid-rocket
booster (SRB) which is being developed for the Space Shuttle
(e.g., thrust > 106 1b 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
analytiéal 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 the
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-
etérs 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



must be accurately taken into account. Thus} using the tech-
niques,described in this report, analysts will be able 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. lg The
analytical development in Ref. 1 is for monolithic motor
configurations and is sufficiently complete to treat most
high performance mbtors;‘however, the computer program

described 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. de51gn of high perform-
ance motors.



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. 2-1b). The ignition criterion (used in this 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. 1l.).

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
(Mach 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. 1In particular, pressure, temperature,
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
propellént temperature profile.

‘Erosive burning is accounted for.



The key to quantitative predictions for SRB

p
designs is expected to be an acgiﬁate determination of the
erosive burning during chamber pressurization.

Even though the physical model and mathematical formula-
tion given in Ref. 1 were rather comprehensive with respect to
high performance rocket motors of monolithic configuration,
the Ref. 1 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. 1 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. 1 and this report has been kept to
a minimum. Furthermore, the Ref. 1 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
that 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.b It is further
assumed that the slots are designed so that their
interactions do not affect the one-dimensionality
of the flow.



(c)

(d)

(e)

2.5

Rate processes at the propellant surface are quasi-
steady in the sense that their characteristic times
are short compared to that of the pressure transient.
The propellant combustion products and the pyrogen
igniter gas have the same values of cp, W, and Y.
The gases flowing in the port obey the perfect

gas law.

Governing Equations

the above
(a)

(b)-

(c)

(d)

(e)

(f)

(9)

(h)

The mathematical formulations of the approach to
described problem consist of the following:

Mass, momentum, and energy conservation equations
in unsteady, quasi-one-dimensional form for the

gas phase; |

Equation of state for the gas flowing in the motor;
Proper initial conditions at the start of the
transient (onset of igniter flow);

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;

A third boundary condition, which describes the gas
velocity at the entrance to the motor nozzle, for
either choked or unchoked flow;

Semi-empirical correlations for the convective
heat-transfer and friction coefficients for the
highly-turbulent flow in the port;

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.)

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



alo_

(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

| oA
ap 3 (pu) pu p . _ rb _
7€ 3X * R R = 5 (Ppy= P (2-1)
- 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 1is
. 2 9A
3 (pu) 3 (pu”) pu” p
T * 5% * A, % =

RATE OF INCREASE SPATIAL INCREASE CHANGE OF MOMENTUM
OF MOMENTUM OF MOMENTUM FLUX FLUX DUE TO INCREASE
OF PORT AREA

2 dA 2

- 3p 425 1 Ju| _ fpup (o
- 9X + 3u + P X 09X 2Ap : (2-2)

PRESSURE VISCOUS FORCE DUE TO FRICTION FORCE

GRADIENT NORMAL STRESS ACTING ON FLUID

FORCE BY THE DUCT
The energy conservation equation, written in terms of the
, total stored (internal and kinetic) energy per unit mass, E,
is

%E{QAPE] + %;{pApuEJ | =

RATE OF ACCUMULATION OF RATE OF SPATIAL INCREASE
STORED TOTAL ENERGY OF STORED  TOTAL ENERGY
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o Y S R 3 (4 1
s ax[P“Ap]frc + defsee] i, "

NET RATE OF RATE OF WORK RATE OF WORK DONE
. ENERGY INPUT DONE ON THE ON THE FLUID BY
BY HEAT FLUID BY PRES- VISCOUS FORCES
CONDUCTION SURE FORCES ;
PprThePy T Ry, (2-3)
RATE OF ENTHALPY RATE OF HEAT
ADDED BY BURNING LOST TO THE

OF SOLID PROPELLANT SURROUNDINGS

The above conservation equations constitute a set of
inhomogeneous, nonlinear, partial differential equations (PDE).
After nondimensionalization and an order of magnitude analyéis,
‘the effects of the following terms were neglected (indicated
in Eqs. 2-2 and 2-3): (a) forces between gas molecules
due to the viscous stress in the axial direction, created
by the axial velocity gradient; (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 1s 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, = Cwa

in 2gJc_T

2/y
slotPch P ch{{pslot/pch]

1/2
_ (y+1) /v -
[pslot/pch] _ ] (2-4)

and mOut = 0

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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m = C . bw 2gdc_T

p P../P.q. 2/y
out D" "slot"slot p slot ch’ ¥slot

J(Y+l)/Y].l/2 _ (2-5)

Il

[pch/pslot

m. =0
and in

After ignition, the mass generated in the slot is

mgen - rbpprAb,slot (2-6)
The rate of increase of slot volume is
Vsiot/dt = r(Ab,»slot " WslotP) (2-7)
The rate of mass increase in the slot is
AV 0tPs10e) /a8 = Mope + Myp * Mgen (2-8)
where either mi, Or Mmoo is zero.

In terms of the sign convention for the main chamber equation

Ms10t = Mout ~ Min (2-9)

The pressurization rate of the gases in the slot is

dpslot/dt =
_;Jcp[mouthlot = ™nTeh —‘mgean" Pg1ot (4 (V) g10¢/4t) /R]
Vslot(l - CpJ/R)

(2-10)

Gas temperature in the slot is calculated from the perfect
gas law.

'2.6.2 Pressures in Slot and Chamber Nearly Equal

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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Combining the energy and continuity equations yields
an expression for the rate of temperature change of the slot,

d

T - : )
= iy m YT - + m. YT - T
t Vp slot[ gen f slot in ch slot
' . av
- - - (y- . _.Slot
: mcmt(Y l)Tslot (Y l)pslothlot'dt ]

(2-11)

Differentiating the equation of state produces an expression
for rate of mass increase in the slot '

dPV)gr0t - _ [EV dTs10t + [\_7__) dp , [p__] av
dt ‘ 2 dt RT dt RT dt
RT slot slot slot
(2-12)
In terms of the'sign convention for the main chamber
equations
d (pV)
- slot 11
Mslot = gt T Mgen (2-13)

" When Moot > 0, net flow into main stream.

When m_, . < 0, net flow out of main stream.

The above set of equations which specify p, oV, V,
and T for a slot were solved using a fourth order Runge-
Kutta Method at each At.

2.7 Coupling Slot Flow to Main Chamber Flow

The elements considered in the main 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 axial 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. 2-5a Elements considered by
continuity 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.

2
du, du, RT op _ “Ppr'p” Rra _ "sigy™™ TR
t 9X gp 0X A p jo) 2A
P P
A b .f 2
3T aT _qymol (y=1)uT p b T _T u
3¢ T upx T (D T53 A 5% T YPp R P Te v ¥ 293¢
P P "t P
JTm u2 -
+ oy - 1) sldv h + slot _ _ RT
Y B |'slot ¥ T2~ -1)9
- (y - 1)p~—--—WT Jq, - fRU_ 'y (2-15)
Y App L 2gRT “
a a a ()A ;‘v' rbl) T 2‘]
9B ¢ w4 yp = - YPU P 4 oy - )R 2 s g, - =L ¢ L
ot axX ax A X A p £ YO 29
P P pr
u2
+ - 13 . slot| _ _ fpu
(Y ) Ms1dv|"slot +‘ 2g9J (v- 1) p Jql 2gRT

(2-16)
where m s1dv is mass flux from slot per unit volume of

increment containing slot, e.g., m /Kbe.

alot

Equations (2-14), (2-15), and (2-16) for the segmented
configuration are the counterparts of Egs. (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 eguation when slots
are considered.
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2.8 Empirical Correlations for the Heat-Transfer and
Friction 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

-0.1
_ -3,.~0.6_ |puj0.8.0.1 -0.67
hc = 1.56 x 10 “Pr cp[R']' W Taf [xsegdh}
(2-17)
where X is the effective distance from the leading edge

seg
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, Ax, 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, £, 1is deduced from Colebrook's
expression for turbulent flow in pipes with roughness.
'Observedl4 entrance effects and variation of fluid properties
across the boundary layer are taken into account. The friction
factor is expressed in the following form:

0.1
0.449(4, /x )
£ = h seg 5 (2—18)
0.5 1.65 0.05 .
as/dh 1.27RW Taf (dh/xseg)
Inl—5—+ 3 775
il 10"pud, £°°

h



2.9 Burning Rate Law

Two versions of the Lenoir-Robillard burning rate

iawls’16 can be used to account for erosive burning. The
first is the conventional form
- 0.8,-0.2 : _
r=rg+aG " d exp( _]Berppr/Gl) : (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.B/ahQ.Z. ’ |

The second is a form which is particularly well suited
for analyzing segmented motors. '

r = ro+:kehc“ﬂ{X'L t,u,...)exp -lBerppr/Gl) (2-20)

slo

" where hc is any convective heat transfer coefficient which
accounts for the intricacies of the so0lid rocket geometry
and flow field, in particular, those produced by the segments.
In principle, ke and ag, Can be estimated from
theoretical considerations,15 but in practice they are
usually deduced from experimental data. Values of Be 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 ag and Be

pairs be consistent.

2.10 Determination of the Propellant Surface Temperature

The heat equation for an unignited propellant grain
at each of the series of axial locations (e.g., 20 to 29) is

2

AT__(t,y) 3°T__(t,y)
—BE - pr_ (2-21)
t pr 3y2
with the initial condition
Tpr(o,y) = Tpi (2-22)
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and with the following boundary conditions:

Tpr(t,w) = Tpi (2-23a)

AT, (£,0)/0y = =(h /A ) (T = T ) (2-23b)

Equation (2-21) along with its boundary conditions is solved
using Goodman's integral method.l7

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 boﬁndary 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:

Pes _ 1 (t)

dt 2 YRTigmig = YA, esPes

(tlu g (t) -

3
(v - l)Ap,espes(t)ues(t)

2 (2-24)
2gRTes(t)
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Uy (t)m (t)
es 1 ig
wnns— T YT. - T (t) -
at Vg es(t) [ ig es ]
. A.es(t)
(y - l)Ap es es(t) (t) + T , (2-25)

The igniter mass flow rate mig is a prescribed function
of time.
Equatlons (2-24) and (2-25) form a pair of coupled

ordinary differential equations for the unknowns and

p
es

Tes' Their solution provides two boundary conditions for

the governing Egs. (2-14 to 2-16). The two initial condi-

tions for this pair of equations are

pes(O) = pes,i and Tes(O) = Tes,i (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:

y (=117
2

VE%RT (t)

1 - [Pex(t)/pE (t)
B/ 2 At)/p (68172 -1
p ex) ex Pg

(2-27)

ug ()2 =

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, Pox in

Eq. (2=-27), equals the ambient pressure. For the case of
a choked motor nozzle Eg. (2-27) becomes the following

implicit relation:
2 (y+1)/(y-1)
up (t) J

2 gRTE(t) l
: 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
Motors

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 (Ax) regardless of whether an
individual increment includes a circumferential
slot. Circumferential slots provide an additive

volume (6v ) and an additive burning surface

slot

b,slot
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+At = Ap,t + brAt where

b is the burning perimeter along the port.

area (6A ) but do not alter the port area,

(3) Burning surface area of an increment which includes
a slot is AAb,slot = bAx + SAb,slot' Note that
the value GA must be input as the burning
b,slot

area in the slot less bwS The burning surface

lot”



-26-

HEADEND COMMON COMMON  NOZZLE END
SEGMENT  SEGMENT  SEGMENT  SEGMENT

WITH NO. 1 NO. 2

COMPLEX

GEOMETRY Xp

SURFACE
INHIBITED

]
< .
2] PR
% RN
z —— % §a
ﬁ CZ:J{@ s,slot,9
% e As,slot,?
H — 2
] . 6As,slot,4 e
E e R T S e

0 2 4 6 8 10 12

NUMBER OF Ax INCREMENTS ALONG GRAIN

|
4 [ Y L J L] L[] -
B
&,
o
&

I e R B s e B
o @ 2 4 6 8 10 12

NUMBER OF Ax INCREMENTS ALONG GRAIN

Fig. 3-1 Geometrical description of segmented rocket motor

showing lumped parameter method of treating volumes
and surface areas associated with slots.

EPRODUCIBILITY OF TH.
gaw;@ PAGE I8 POOE.



-27-

in the slot may be quite small since the circumfer-
ential area in the slot may be partially inhibited
to prevent burning. _GAb,slot is considered to be
constant during the ignition interval.

(4) The total volume of an increment which includes a
slot is AV = Apr + 6Vslot'

is associated with the main stream. During each

However, only Apr

At, the volume of the slot increases by rAt(S§A

- bwslot)'

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

b,slot

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 arga into a slot is bwslot .and in-
creases by 2rAt 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.,
.Xx = 0 at head end of motor.

Ap Port area of main channel.

b Perimeter of propellant surface in main
channel.

Py 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 + Ax:

X510t Distance to the upstream edge of the slot
from the head end of the motor, i.e., x = 0.
Ab,slot 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 bw from

slot
the actual burning surface area in the slot.)

Voot Volume (region of gas not in the flow field)
of slot.
Yolot Width of slot |
The geometry inputs x , X and x are the same for both

p E G
monolithic and segmented motors. 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 Ax/2 1is

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, [Egqs. (2-14),(2-15),and (2-16)], the equations for
the entrance section [Egs. (2-24) and (2-25)] and exit section
[Egqs. (2-27) or (2-28)], and the equation describing rate of
change of the propellant surface temperature, [Egq. (III-50)
in Ref. 1]. 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

18,19

nature. All three eigenvalues of its characteristic

equation are distinct and real. A generalized implicit

scheme based on central differences in spacewise derivativeszo'21
was chosen to solve nﬁmerically the governing equations. Let
the net of points in the t-x plane be given by t = jAt

and x = nAx, where j = 0,1,2..., and n = 0,1,2... . The
mesh size of the net is determined by At and Ax. Then the
derivatives of preésure, for'ihstancey are expressed in the

following difference form:
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Fig. 3-2 Accounting for surface area and volume.
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i+l _ ]

-%21 = Pa Pn
t n At
p (3-1)
j+1 _  j+l _ j _ .3
égl _ e[pn+l pn-l} + e)[pn+l Pn-1
x|, 24% |
where pg = p(jAt, nbx).

The weighting parameter 6 is a real constant, lying

in the interval 0 £ 6 £ 1. For the implicit formulation no

20

stability restriction exists if 0.5 26 X1 Usually a

value of 6 = 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 Fu,u F'u,T Fu,p u] Iu
) 3 - -
5 (T Y (Fo,u Fr,r Fo,pl 3% [T T [T (3-2)
F F F T
P p,u "p,T "p,p L)J Ip

where Flu(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 Egs.
(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 following

paragraphs.
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The inhomogeneous terms were quasi-linearized as follows:;.z2
. RN
1370 4 I[uJ,TJ,uJ) + 8(u3+l - uj}—l’ 2
n n’"n’"n ["n njaul
113 j+2 j+g
J+L 3 j+1 _ _3)aI|°"2 _
+ B[Tn ]a l + e{ Ph /5P . (3-3)

where the partial derivatives, which are actually algebraic
terms, are evaluated with-the flow propertieq at (3 + 8/2, n),
such as, for instance, pa+e/2 = p] + 6 pJ 1o pg /2.

A predictor-corrector technlque was applied to the non-
linear coefficients F(u,T,p) and the partial derivatives in
Eg. (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, Eg. (2-14), becomes

j+1 5 i+l j+1 _ -
un - un + — e[ n+l un-—l + 6) n+l un-l
At Yn 2Ax
- 3+l _ 3+l - - ]
Tn e[pn+l pn—l) * 6)[ Ph+l pn—l]
t 9R7 20X -
Pn
st |3%3
j j+1 _ ] u
Iu{u ' TpoP ) + G[un un}gﬁ_ n
., 0 .. 6
31 |97 o1 |72
| R
n n
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The temperature and pressure variation equations, Egs.
(2-15) and (2-16) are treated in an analogous manner.
The barred parameters are weight-averaged quantities
as follows, e.qg.,
=] _ j+1 - J -
u- G{un ]pd + (1 - e)un (3-5)

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

" : .
itz o 81,3+ A | -
u "2 Z{un )pd + [l z]un (3-6)
The parameters ( g+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. Thefefore, 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. (3-1), 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 cf 6th order.19
Therefore, three boundary conditions, in addition to the
physical ones [defined by Egqs. (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-

acteristics,23
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The compatibility relations along the right-running
and left-running Mach lines (defined by dx/dt = u * ¢,
respectively), in terms of p-u characteristics, are

= T Yp{du Y -
¥ _E{ ] + [Ip + EEIu] (3-7)

[QE
C dth,II

dt]I,II

The relation along the particle-path line (defined by
dx/dt = u), in terms of T-p characteristics, is

{dT -1 T(ée

__] T Yy=-1 T
dt ITI Yy pldt

+ (I, - == =I 3-8
52 - 5 5 -9
In relations (3-7) and (3—8),Iu, IT,
the inhomogeneous terms in the governing equations [see
Eq. (3-2)]. |
For a subsonic flow toward the nozzle in the motor which

}III

and I. are
P

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
bompatibility 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, Egs. (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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thé,other two compatibility relations, Egs. (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 governihg equations. As a result,
a set of three linear inhomogeneous algebraic equations is
obtained for every-boundary. Each set of eguations 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 caiculated
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 1%ne sent out from A% to the left-
boundary point Ba(xo,tj+l) with a slope (dx/dt)II =y - 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

jAt, all properties are determined at the point
Kj by linear interpolation‘petween the boundary

2
(xl,tj). The position of AJ is taken from the

previous-time-step calculatigns, as described
below.

(2) The left-boundary system of equations [Egs. (2=~
24), (2-25), and (IV-13) in Reﬁ. 1] is solved
for u, T, and p at Bﬁ(xo,t3+l). The flow
parameters, present in the coefficients and inhomo-
geneous terms of these equations, are iterated
with the solutions until sufficient cbnvergence

is reached.
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Fig. 3-3 Numerical calculation grid and characteristic
directions at the left boundary of the
calculated domain.
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3-4 Numerical calculation ¢rid and characteristic
directions at the richt boundary of the
calculated domain.
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(3) The corrected location of A% at the current time
is found from the slope of the left-running char-

acteristic (solid line AJ - B, in Fig. 3-3), i.e.,

2 %
j At[j+l 'i] [j+1 i]
X = X, = =i |u + u - lc + ¢ (3~9)
A 0 2
22 { %0 By *o By
1f ]xA - xx |/xK > 0.002, steps (1), (2), and (3)
are repeated with (XK i+l = 0.8 X, + O'Z(XX )i’ where the

- subscript "i" denotes the number ofzthe itera%ion 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

next time step, i.e., k%fl = x; (dotted vertical line in
. 2 2
Fig. 3-3).
In Fig. 3-4, the lines sent out from Ai and A% to the

right-boundary point Br(xN,tj+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 Al’ 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
integrations along the characteristic lines,lycan 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 Eg. (3-4) along
with the analogous equations for T and p, which represent
the governing equations in their implicit difference algorithm.
For the N-1 spacewise interior points considered, 3(N-1)
linear algebraic equations have to be solved simultaneocusly
for every time step for 3(N-1) unknoWns. The value of N-1
depends upon the given lengths of the propellant and aft

sections, x. - xp[ and the spatial mesh size, Ax, used

in the calcufation. The faster the préssurization process,
the smaller the value of Ax that must be used, and there-
fore, the larger the number of interior calculation points.
Also, the time step, or temporal mesh size, At, should be
kept smallAehough, 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 represented.
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-1) x 3(N-1l) 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, At and Ax, 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
(Ju] + e)ot/ax < 1 (3-1¢)

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

¥In practice, during the initial phases of pressurization,
the stability conditions for the entrance region and the
slots reguire a smaller At than that which satisfies
Eq. (3-10).
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results.  Mesh sizes, for which the maximum value of (|u| +
c)At/Ax is slightly greater than one, can often be used.
However, during the initial portion of the solution much
smaller values of At 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. 1In 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, THRUS1l, PNCH)
are largely self-explanatory and can be readily interpreted
by the user. Similarly, those subroutines which calculate
the interface conditions (i.e., MIGDOT, 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¥*

]
td
wn

t < tma
or

X

p X pzone

SDATA SDATAC SDATAZ
MIGDOT
. LAGIN
FCCAL }
e RUNGE
FCT2 by
HCCAL
FCCAL _E
REC
SLOTK
-
HCCAL
FCCAL
PREPP INHOMO
HCCAL
SOLUTP TRID
FCCAL
PREPC INHOMO <<:::::
HCCAL
SOLUTC TRID
TSCAL
LAGIN
BRCAL
SRNBUG
ANS PNCH
THRUS1
TIMEST

NO SDATA 2

. *Subroutines defined in Table 3-2.
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Table 3-2

ORGANIZATION OF SUBROUTINES USED IN PROGRAM

2s 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

SDATAC

Initializes variables used in numerical
solution.

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

Computation of parameters at the boundaries of the main

stream flow:
MIGDOT
TSCAL

HCCAL

FCCAL
BRCAL

LBC

RBC

i

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

FCTZz

FCT

RUNGE

Solution to p, T, V, and m for
each slot. 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:

PREPP -~ Prepare tables and variables for prediction

step. :

SOLUTP -~ Implicit prediction solution for T, p,
and u.

PREPC - Prepares tables and variables for corrector
step. '

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

SRNBUG - Writes tabular summary of parameters at
each axial station.

THRUS1 ~ Calculates thrust parameters.

PNCH - Punches cards that are used as input to

programs that plot graphs.

Miscellaneous subroutines:

TIMEST - Sets internal codes whenever time step is
changed. . :
LAGIN - 1Interpolation used with MIGDOT to obtain

mijq(t), with RBCAL to obtain r(p), and with
SDXTA to obtain Ap(x) and b(x).



4.0 DESCRIPTION OF COMPUTER PROGRAM INPUT

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 bcth 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 mig vs t, table for geometry, and, as an option,
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burning rate vs pressuré. 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.q., ' v

(1) A whenever practical, pattern new data sets after

sample cases,

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

df 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 orvby 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 At is a necessity if running time is to be re-
duced. As indicated in the sample problems, At can be
increased as the ignition and pressurization events progress.
The user should pay careful attention to learning when and

how much to increase At.

ZEPRODUCIBILITY OF THH

%RﬁﬁNAl,PAGEIS



d
General
Limits, code words, and initial conditions
: Gunits
Computer Symbol . - CGS(modified)
Symbol in Text Description British

TMAXTL thax Maximum time. When exceeded pro- sec
gram reads new data in NAMELIST
NAME (see page 53). Should be mul-
tiple of current value of TPRINT.

(0.0)

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

TPRINT Time interval between print out sec
of answers.

PZONE When stagnation pressure at end atm
of chamber reaches PZONE, program
reads new data in NAMELIST NAME.

(See page 53.)
(7777.0)
DELTAT At Time increment, At. 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, Ax, to the sonic
velocity in the igniter gases. As
the flow field develops, At 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 lbm/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.

+Numbers in parentheses are default values built into the

program.



Computer Symbol
Symbol in Text
NDELX
TPI T .

pi
PAM Pam
UNIT
NINERT
NPNPXT
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Déscription

Number of space~wise steps, Ax,
along the propellant grain.

(Maximum value is

29)

(Fixed point number.)

(20)

Initial temperature in motor

"chamber and proupellant.

flame temperature

Adiabatic
is adjusted by

program whenever TPI # TOREF.

(298.0)

Ambient absolute pressure.

(1.0)

Codeword to indicate dimensional

units of selected

input values.

If UNIT = -1.0, calories, centi-

meters, grams, K,
atmospheres (i.e.,

CGS system) are used.

seconds and
the modified
If UNIT =

-2.0, those geometry related

variables indicated by @

in the

right column are input in inches,
the igniter mass flow is input in
lbm/sec, and all other input
variables are in the CGS system.

(-1.0)

When NINERT = 1, part of the wetted

(Not a fixed point number.)

perimeter may be inert (i.e., not

propellant).

the perimeter is propellant.

When NINERT = 0, all

See

descriptions of geometry input

table.
(0) (Fixed point

number.)

When NPNPXT = 1, cards for plot-

ting p, u, and
every TPRINT.

(0) (Fixed point

T are punched

number.)

@units
CGS(modified)
British

K

atm
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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 5].

Cunits
Computer Symbol CGS(modified)
Symbol in Text Description British
AT At Throat area. cm2
ein®
Xp X Distance downstream at which . cm
p propellant begins. Flow . @in
region between x = 0 and ‘x
is considered to be inert
passage with port area A, 7.
Cannot be less than XE/SOB.
XG Xg Position at aft end of propellant cm
grain. Set by program as _@in
X = Xp - Ax/2.
XE - Xp Position at end of flow passage cm
(XE > XG) and before isentropic @in

nozzle flow begins. Distance
increment is (xE - xp)/NDELX.

Combustion Gas Properties

GAMA Y Effective ratio of specific
heats of all combustion gases.
W W Average molecular weight of g/g-mole
all combustion gases.
TIGN Ti Effective mean temperature of K
g the igniter gases.
TFREF T¢ ref Adiabatic flame temperature at K
o 1€ reference conditions, i.e., .

Pref.T0,ref. (Actual value

should be used rather than the-
oretical value. TFREF should be
consistent with input value of

W and GAMA and measured c* values,
See discussion in Appendix A.)
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Frietion Factor and Heat Transfer Coefficient

@Gunits
Computer  Symbol ' CGS(modified)
Symbol in Text Description British
~ RUFSUR €g ' Roughness of the port walls cm
(used prior to ignition).
When zero, friction is zero.
(0.001)
DDRG A factor multiplying the friction
- factor, for the purpose of providing
a prescribed adjustment.
, (1.0)
DDHC " A factor multiplying the heat transfer

coefficient, for the purpose of provid-
ing a prescrlbed adjustment.
(1.0)

Propellant Properties

FKPR A ‘ Thermal conductivity of solid cal/sec-cm=-K

P propellant. (Btu/sec-in-°R =
178.6 cal/sec-cm-K)
ROPR Por - Density of solid propellant. g/cm3
P (1 1bm/in3 = 27.68 g/cm3)
CPR cpr Specific heat of solid propellant. cal/g-K
TOREF Ty ref . Initial propellant temperature K
i for reference conditions.
(298.0)
SIGP 9% Temperature sensitivity of gL

burning rate at constant pressure,
(3 1n r/BT ). . Used only with Eq. (4-1).
(0.002) O°P

TPSCRI T s.i Surface temperature at which K
pS,19 propellant ignition occurs. ‘
(600.0)

‘Burning Rate Relationship®

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

- y 1 - _
ry = ref(p/pref explo (T To,ref)] (4-1)

P pi

¥TFREF, and RREF form a consistent set of parameters evalu-
ated at a prescribed reference condition, (e.g., POREF =

298.0K, PREF = 68.08 atm).
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or by a table (which does not include op correction):

r, = £(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.

Cunits

Computer  Symbol CGS(modified)
Symbol in Text Desceription ‘ British
RREF Loof Burning rate at reference con- cm/sec

ditions. 1If NDATA > 0, steady

state burning rates are obtained

from RDATA vs PDATA table.
PREF Pref Absolute pressure for reference atm

condition propellant properties.

(68.08)
BREXP n Exponent in burning rate

relationship.

If the following modified Lenoir-Robillard erosive burning
rate law is used:

r=ry+ kehc exp(—Berppr/G) (4-3)

where G 1is (pu)

h and h_ 1is the convective heat transfer
coefficient, then © ¢

EBC ke Pre-exponential constant in cm3—K/cal
Lenoir-Robillard erosive burning
relationship, Eq. (4-3).
(G.0)

EBEX B 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
_ 0.8, -0.2 _ _
r=ry+aG Tdy exp ( ]Berppr/G]) (4-4)

where hydraulic diameter is dh = 4Ap/b, then



-50-

EBC o Pre~exponential factor in Eq.(4—4).

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

0.8 0.2
-sec

To convert g from in2'8/lbm se to CGS, multiply

by 0.102.

Parameters Used in Thrust Calculation

For details of thrust .calculation, see Appendix 1.

DE Dex Exit plane diameter. If 0.0, cm
thrust calculation is bypassed. @in
(0.0)
CM - n - Nozzle coefficient for thrust
losses.
(0.0)
ALFAD “N Nozzle divergence 1/2 angle. deg
( l 5 - 0
EROAT Et Parameters in empirical nozzle cm/sec
erosion equation, dD/dt = 2*EROAT @in/sec
EROEXP Ry P**EROEXP .
(0.0 & 0.8)

Igniter Mass Discharge Versus Time Table

‘First table following NAMELIST NAME input.

NIGTAB* '~ Number of points in table. (Max-
imum is 30)
Fixed point number; part of
NAMELIST NAME.

Use 2E10.0 Format for TIGTAB and MIGTAB.
Two point interpolation is used.
TIGTAB . t Time after beginning of run. sec

Second time in table should be
at least 30 At's.

MIGTAB m, Mass flow rate from igniter. g/sec

' 9 Program. will assign a small value @lbm/sec
to miqg at t = 0 so as to sat-
isfy starting conditions of
solution.

¥Tnclude as part of NAMELIST NAME input.
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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:

: ' , Gunits
Computer  Symbol : CGS (modified)
Symbol in Text ' Description British

NAPDVX* Number of points in table and
' stations.*  (Maximum is 30)
Fixed point number, part of
NAMELIST NAME.
Use 8El10.0 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 Ax apart. The x values
are to be specified so as to correspond to the leading
edge of each increment,

XAP x Distance from head end of motor. cm
@in
APD | A Port area of main channel. cm22
P @in

BPD : b Perimeter of propellant surface cm
in main channel. @in

WPD P Total perimeter of propellant and ocm

i . . .
inert surface (i.e., wetted @in

perimeter) before ignition.
Inputs which apply only to segmented motors:*

XSLOT

Xs1ot Distance to the upstream tip of cm
the slot from the head end of @in
the motor.

DELABS  6Ap .4 Burning surface area in slot. cm22
‘ ! (Subtract bwglot from actual @in

burning surface area in the slot.)

*When segmented motors are considered, input geometry for each

station, i.e., NAPDVX = NDELX + 1. When x < x_, . < x + Ax,
inputs correspondlng to slot at x = X310t prescribed.
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N R
GRIGINAL PAGE IS POO
\ @units
Computer  Symbol - - CGS(modified)
Symbol in Text Description ' British
DELVS Gvslot' Volume (region of gas not in the cm33
' " flow field) of slot. Program @in
treats this as volume sink and
- not part of the flow passage.

WIDTH wsloﬁ Width of axial separation . cm

between segments. . (Must be @in

sufficiently large so that
- flow out of slot is less than
about Mach = 0.3)*

Burning Rate Table (r vs p)

Optional third table following NAMELIST NAME. Not
= n .
used when r =1  .(p/p. )" 1is desired.

Use 2E10.0 format for PDATA (in columns 1 to 10) and RDATA
in columns 11 to 20). Table is logged by the program, and
interpolation is in 1ln r vs ln p table.

NDATA*#* : Length of table (i.e., the number
of r,p pairs). Maximum table
length is 30. If zero, table not
used. :

(0)

NPPR** 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) |

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

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

*Mai@taining low Mach numbers out of the slot is a practical
design consideration, which is discussed in Ref. 27.
**Read in as part of NAMELIST NAME.

1



4.3 Intermediate Insertion of New Input Parameters

There are various situations where it is eithér
convenient or necessary to interrupt the calculations and
insert new data. For example, to decrease the running time,
the time step, At, must 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:

Symbol : Units
DELFAC (new value of At = DELFAC XAt) ' : -

TMAX (should be multiple of current value of TPRINT) sec

DELTAT (new time step, At) sec
TPRINT sec
AT (throat area) ' cm?
PZONE* ‘ NOTE ————t» atm
TIGN K
DDRG -
DDHC -

For example, if‘at t = 0.0l sec the following changes are
desired:

(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) origihal input set should contain TMAX = 0.01.

(2) after geometry table place input array for NAME-
LIST NAME,&NAME DELFAC = 1.4, TPRINT = 0.005,
TMAX = 0,04, PZONE = 2.0 &END

*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 12A4 field:

X Distance downstream at which cm

P propellant begins.
Xp Position at end of flow passage cm

and before isentropic nozzle
flow begins.

At Throat area. cm2
BLANK
Tint Initial gas temperature in K
chamber.

Pint Initial chamber pressure. atm
Mint Initial Mach number

- Ax Distance between axial stations. cm
UNIT Codeword to indicate units used sec

in program.

t Time punched data begins. . sec
Y Ratio of specific heats.
RuJ/W Gas constant divided by average

molecular weight.
The following sets of values are punched for each TPRINT
interval. The first card in the set contains (in an El4.6,
218, 2F10.1 field):
£ Time sec

NUT Total Number of time steps used -
to this point.



~55-

NCARDS Number of cards corresponding to -
each time interval.

pE,stag Nozzle end stagnatlon pressure. atm

F Thrust newtons

The next NCARDS cards in the set contain NDELX+l pressures,
followed by NDELX+l temperatures, and followed by NDELX+1l
Mach numbers (using a 20Ad4field).
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5.0 SOLID ROCKET BOOSTER CONSIDERED AS MONCLITHIC 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 of 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-
uwity in the flow field. The reader should pay particular
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Table 5-1

INPUT DATA FOR MONOLITHIC MOTOR (SRBl)

SRB1 TPSCRIBSD WORRO 24
SHAMD : -
TEAY=,002 ‘.
TORINT=,002

DELTAT=,0NN16

¥DRIX=21"

INYT==2,

NPRPXT=0-

AT=2327,

§g:§§u1.3 ‘ NOTE: LEAVE COLUMN

GAMA=1.1363

¥=28.21
TPREF=33561.
TIGN=2650.
RUPSOR=0, 01
FrFPR=0, 0011
ROPR = 1.758
CPR=,3
TPSCRI=850,
RREF=1,Nn783
BREXP = 0,35

EBC=0.
NE=145,64
cY=,98 :
AL¥AD=12. 31
NTIGTAB=6
NRDDYVX=10
FEND
0. 25.
. 020 560.
=250 560,
. 340 300,
« 50 0.
0. 2554, 1018,32: 1018, %2
3. 2554, Mn13,92 1018,92 Y,

68. 8288 2554. 181R, 22 1R, 92 TgWAME T
133.8571 2554, 1012,92  1013,92 mMAY=.2
199,2857 2870, 611,23 611.23 mpRTNT=, 005

~ 264.7143 3187, 203.53 203,573 SEND
—B5%,6 3187, 203,53 203,53 ENAME
"1023.0 -~ 3096. 203.53  203.83 | —
1288, 3400, |, 203,53 - 203,53 éfBIHT=.01
1377. 4500, 207,53 203,53 SEND
ENANE ENAME
“DELPAC=1,3 WﬁAX=.6
- BEND

Last value is

retained in
THAX=. 12 memory

DEI FAC=2.
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Table 5-2 MONOLITHIC INPUT TO SIMULATE SRB DESIGN

HIGE PERFORMANCF ROCKZT MOTOR IGNITION TRANSIENT PREDICTION DROGRAN
" INCLUDES: SPATTIAL & TIME DEVELOEBMENT OF P, 0,&T ANL TLAME SPREADING

SRB1 24

SENERAL: 1THITS, CODY WORDS, & INITTAL CCMITIONS:
THAX LAMBDA TPRINT PZCNKE DELTAT NDELX
L 8.002, 1.00 0.007 7777.00 0.0001600 21
TPT PAM gNT ™ NINERT NPNPXT

298.0 1.00 -2, 0 0

MCTOR CONPIGURATION PARAMETERS:
AT Xe XG XE
2327.00 3.00 1374.00 1374.00

COMBUSTTON GAS PROPERTIES

GAMA W TFREF TIGK
1. 136 28.21 3361.0 2650.0
FRICTION TRANSFER AND HEAT TRANSFER COEF.:
ROFSUR DDRG . DDHC
€. 0100 1.00 1.00
PROPELLANT PROPERTIES:
FKPR ROPR CPR TOREF SIgP TPSCRI
0.00110 1.758 0.30 2%8,00 0.€c200 850,00
BUENINS RATE RELATIONSHIP:
RRE® PREF BREXP EBC FEEX
1.078 5£.08 0.3500 0.0 125.000

PARAMETERS USED TN THRUST CALCUIATICNS:
DE cH AL®AD ERCAT FRCEXP
145.64 0,980 12.31 0.0 N, RO
IGNITER MASS DISCHARGE VS. TIME TABLE:

TIME FLOW BATE

0.0 25.0
0.02n0 560.0
€.2500 560.0
€.3400 300.0
0.4500 100.0
€.5000 0.0

PRCPELLANT GECMETRY TADBLE:
LENGTH PORT AREA PROPELLANT WETTEL
PERIMETER PERIMETER '
0.0 2554.00 1018.92 ~ 1018.92 ;o

3.00  2554.00 1018.92 1018, 92
68.43  2554.00 1018.92 1018.92 ] -
133.86  2554.00 1018.92 1018.92 X
199,29  2870.00 611.23 611.23 !
. 264,71 3187.00 203.53 203.53
_ 961.860  3187.00 203.53 203.53
. 1023.00  3096.00 203.53 203.53
1286.0C 5595.00 203.53 203.53

1377.00 5595.00 203.53 203.53
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attention to entries at stations 4, 5, and 6 in Table 5-1 and
note>£hat station 5 is a transition section. '

A typical 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 curvevemphasizing 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 preésure.) 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 i%s 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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 PRESSURE

v, t’, .

ATM PSIA DEG K
B C0a0 . Gx0. 1452 213.3 2654.8
.g;-.lta-a,g ERLE 13.80 202.8 2085,7
AE B 133,09 f2.1%. 178.% 316343

32 5062 19923 9446 139.0 3114.5

& 672e4 26447 7e81 114.8 3096e1
& B3Be6 3301 755 1109 3143.4
::"_é_ i%isﬁ 395;!:' ) 7‘& 1072 3‘83‘3
T 3117029 4610 . Fs01 103.0 3190.3
T8 1337el 5268 6aF3 GB.9 3130.6
G 1503.3 S 1e9 beal Shel ZG83e7T
10 1669.5 6573 6e 18 G0e7 280746
11 1835.7 72247 607 BY9.2 2654.8
32 2001.9 78Ba1 £,97 877 253447
13 2168e1 B53.8 5488 BE.3 Z363.5
T 2330.3 I19.0 LW £ 4 BleB Zib&.6
15 25004 9844 5 e 55 8le6 189544
16 2666.6 1049.9 Se1l 75.0 1569.4
17 2832.8 1115,.3 q.54 66.6 1230.8

. 18 2999.0 11807 =02 50,1 9209
19 3{55;2 12461 e % 7 5348 H59R .9
20 3331.8 1311.6 . .65 L3.6 SZ6.0
21 3497.6 1377.0 4,22 619 408a1

PESTAGSATM= 8.48 PESTAGSPSIA=
THRUST THRUST CFLm AT
" NEWFTONS _LBF - CRsEp

Table 5-3 (Part 1)

OUTPUT FROM MONOLITHIC MOTOR RUN (SRB1)
- DURING FLAME SPREADING =~

MACH RATE

NG e

G O85
Q= =50

Bats 2%

Cutrag
Ge 788
0802

Ga812

G833
Oe91b
GeG31
0.922
O 909
G898

Ce 895

0906
Ce9Z3
0.919

G ETY .

DaTEO

CaS7a .

Oe326

654 TG

09738 15012867

-

_TIME =0.8400E-01

. pR2eRN TAUR  ERYCTY. 0NV

CM/SEC (o} .} FACTOR COEFe.
0eb3
8362
B89, ik : & Gel - 00827
O.54 1.000 0-0067 0.0 0.0859
(1 Pe-9 | 1000 0.0045 0.0 0.07‘0
050 ”1.000 00036 _0 _ 0.0723
TGaEe T : e “—n_négs?m
8:‘9 : : .
GadB _;;x-ana;a.nazz; O B 06EPE
0es7 1.000 0.0005 0.0 0.067S
0.0 0e0 0e0 0.0031 0.0667
0.0 0«0 0.0 0.0031 0.0657
B8 - Defil B0 . 0.0030 0.0647
GeO el Dab . H:0030 Ox0641
GeO_ Be0 Ba0 . 0J0030 0.064N
LV N 4] G0 GeO 00030 0.0649
00 0.0 0.0 00029 06.0640
0.0 00 0e0  0.0029 0.0605
Gal  Cult | Ox0. 80030 0.0580
00 . - 0a0 . 020 00020 00476
Oe0 . Ba0 . O« - 020029 0.,0373
0.0 0.0 00 0.0030 0.0
MASS BURNED= 0.28B14t 05

EPSONG ~ EPSON  DAPE

e 0637

Te 1590 1783

L.196 DELTAT)

DELTATY

| 185.09
. 38.39
. BRL3F

68,70
69.64
67+95

. 66.66-8
i 6508

67 «57
68.29
68433

CEE .06
" 68,34
B8O .94

72.82
7501%
7513

TR LAD

C 6B.68
. SBall

4286

K

8504
-850,
BED.

850,
850e
850.

850.-
i 6508 856
66206

86D,
850,
828.
775,
721,

&53,
6501 .

536.
472,
413.
369,

339,
318,

306.

=0+5000E~03

5ISHRF PQRT‘
G/SEC cMSe

CMSG

16521 oh

16509.2
16501 .7

1852644
205635
2056340
2056247
BOREZLT

205618

205615
205612
20561.2
208612
20561,2
208612
203242.9
20174.4
20662.3

21180.3

2163842
22620, 6
2903242

|
(o))
o
i



L XY

4

QNP LUNMD

10
i1
12
3
14
15
16
7
18
2]
20
21

X P
DISTANCE PRE SSURE T
M In ATM PSIA DEG K
0«0 Galy 234067 R47.7 2065321
173.8 6Be8 P2.96 3373 29441
3400 133e9 2147 3iS5e4 30773
50662 19943 19,08 2603 31058
©T72e8 26447 18BeT? 275+7 31228
B38 .6 330=1% 1935 E88s3 31550
100448 395,56 19420 2EB20 17Dt
11709 ablal 19.65  ZBEB.7 3211.3
1337.1 526e8 2076 2976 3249.8
1503e3 %5919 21619 3113 3294e4
16695 6573 22407 3243 3338.0
1B35,7 722.7 2252 3309 33733
2001.9 T7BBsl 2236 32BeS 3I3U.9
2168l BE3x5 21292 3220 IHINLT
23343 U190 2135 3137 2282
2500e4 O984.48 20493 3074 3443.5
2666.6 1049.9 20,30 298,2 345442
2832.8 1115.3 19.54  Z9Z.Y IN6ST
299940 11807 19438 2848 34513
3I0Se2 2ABel 19«22 B2 3.
3331e4 1311.6 18Bs76 2755
349746 13770 19.5z 28645

. PESTAGATM=
§: F -

* A&tm S 585365 .8

z0a20

Table 5-3 (Part 2)*

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

PESTAG 4PSIA=

M

¥

MACH RATE

Nlie

G052
Oal?86
G315
Ge35
0427

8,800

G809

G388

0e 360
0320
0283
O 2567
Os2¥3

V295

0,216
0e 343
0q§6§

CM/SEC

G T4

osFa

Oe72
0«69
0«69
B= 69
©a89
G770
Oe71
0a72
073
8a73
873
0s72
Oe71

ﬂ' =g S

&.391»: o
34993 Beiil - DG

3514.6 0371
3€24.2 0326 0a0

13335 15012.867

s

R
ﬁiﬁuﬁput symbols identified by annotations.

d.ﬁg

304,60 MASS BURNED= D.1641F 06
“ENEMETRIC EEPARATED T,

7T«1590

t

’fff

r/t Irat

. BR/BRN ’TAua FRI1CT.

M FACTOR COEF .

1000 GO43T7 B
1000 C039E Qa0
1000 04,0353 0.0
1,000 04,0322 0.0
igﬁﬁﬁuﬁsan‘ a;ﬁ

1008 D.030% B

1;33845.329?‘9s£
14000 00,0286 0.0
14000 00278 0.0
1,000 0.0271 00 .

12000 040240 0.0
1.000 00233 0.0

1000 0.0154 0.0
0.0 0.0 0.0

h

i;f:}
CONV-

0.1027

01099

0.0925_
<§t§3ﬁif
a;éﬁ?ﬁ
OeOBAZ

0.0801
007406

. 0s0691
1,000 B.0264 D0, . © &£3 -

 0.0708

0« 0740

0.0683
0.0

‘M/A TSURF
G/SEC €MSQ K

76.65 850.

93.61 850

"PORT
cmsa

16580.2
18570.7

90425 850 20577

80.53 850.
74 .32 850.
68210 850,

7247 850.

T7«01 850.

20575.9
205794
205751

20573.
20354 .9

0. 2018640

73.79 850.

67.51 860.

23937.5
20040.0

71590 2105
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Table 5-3 (Part 3) %%%g
- )
OUTPUT FROM MONOLITHIC MOTOR RUN (SRB1) Eﬁcﬁ
- APPROACHING FULL CHAMBER PRESSURE - Fﬁ%%
SN 4=
L TIME =0.4200E 06 ¢ 544 DOELTATY  DELTAT =0.1250E-02 @agé
"PRESSURE T MACH RATE BR/Z7BRN TAUB FRICTe CONV, M/ A TSURF PORT d
U ATR . PSIA  DEG K NOe CMLSEC - - Cm . FACTOR COEF,. G/SEC CNSQ K - CMSG g%'*
S . : o o . - o . 2y
[+ 0e0 0a0 59,43 B873ak 26511 G006 1«03 14000 03271 00 0.0109 4403 B50e 1732321
| 1738 68Bea 58 « 90 B65e3 292846 04076 103 14000 03208 00 00780 5233 850e¢ 173068
34008 133.9 58,07 853.1 3055.8 0,152 102 1000 03149 0.0 0.1265 100.22 850« 172915
6wl T00 .3 BhaeOB  S23.8 20973 0207 3,01 | - 1,000 043050 0.0 . 01434 131,06 A50. 18900.2
EEL,TE £1Gh 3110.7 0268 o011 . 12000 0230233 D0 0.3242 130,84 860. 207168
S$45.7Y . BIB.4 312308 0«37 1,01  1.000 0.3018 040 . 0.1256 135.84 B50. 20716.4
55He 21 8110 31325 06232 1.00 1000 02997 0.0 O0«1293 143.71 850s 207155
S54+95 BO07e3 3142.,9 Ge244 1.00 1000 (0+298% 0.0 Cel324 15039 850 20714.9 A
.8 1337.1 S54.48  500e2 31512 02258 1400 1.600 0.2966 0.0 041356 157.27 850« 20713.9 ¥
T8 1%0%.8 Bhelh ToEo % 31698 0272 1,00 1 000 02052 040, 001302 . 164262 A50. 207131
30 36598 S3.62 FBTa7 31665 G285 099 12000 02935 020 - 03420 17088 850. 20712.3
AR ABIRLT © £3236 FE2a8 31737 02301 . 0.9% . 1.000 022920.0.0 .  Ox3461 178,80 850. 20711.5°
12 2001 .9 S5Z 04 T7T3e3 31786 04314 099 16000 02601 040 Oe 14848 184.20 850. 2071056
13 2168.1 5229 ToBael 318448 0.331 098 1000 CG.2886 00 0es1%29 192.96 850 2070&@&;

51453 757.0 31878 0343 0.986 . 0e1545 197,17 850. 2070%2@%

51439 75220 319323 0367 0298 - Ll 0s1612 209 2ﬁqa§§§ﬁ
50510 7365+0 31932 02382 0.97 - 1 . Ga1626 2YFe . 20319360
S0.01 7386 3199.8 0.398 0.97 i 0.0 ' OLrss4 221,20 aso. 20806385
11807 49.08 721a1 3200.7 0.393 0.90 1.000 0.2785 0.0 01612 214,72 850. 21293 .65
1246e1 49439 725.5 32092 0Ge.411 0.96 1.000 0.2780 0.0 0.1665 225.59 850. 2178{¥3]

=58

Ve364

24069

THRUST THRUST

NEWTONS L BF L CME%2 - -
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. . IGNITION
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FI1G6, 5-1 PRFSSURE. DEVELOPMENT AT FOUR STATIONS ALONG THE PORT SHOWING

THE REFLECTION OF THE GASES DRIVEN AHEAD OF THE IGNITION FRONT.
(SRB1)
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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 propellant. As the gases are accelerated their
static temperature decreases and as they heat the surface
their staghation temperature decreases, which in turn ;
decreases their linear velocity. 1In 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 the 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, , and convective heating rate. Since the

T .
ps,19
insensitivities of flame spreading rate to erosive burning

and Tps ig
[}
fully explained, they should not be considered as generaliza-

(as shown on Fig. 5-6) are unexpected and not

tions.
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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.

2 EPRODUCIBILITY OF THL

PRIGINAL PAGE IS POOR
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TO CONDITIONS OF FIG. 5-1.
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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
the Space Shuttle Boostér,25 which (as shown in Fig. 6-1la)
consists of four segments. Since the burning surface area
iq 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 1 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 1s 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 totals, for 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



‘REPRODUCIBILITY OF THE
GRIMINAL PAGE IS POOR

(a) Space Shuttle Solid Rocket Motor

FWD SEGMENT

58. ?16 30,43 STAR GEOMETRY
2B 0.0 169,645 1
-29.83 e
3.0 t i 3y
63,4148
¥ | ® =
| 360,841 | 1k
CTR SEGMENT 2y [50.382-1 33,1 NUMBER POINTS = 11
- - y T
0.2 2.82-] | 5
l —] 0.9
! 317,785 o+
AFT SEGMENT
57 - 188.074 131,06 =29 5.0

—
},— 31.98 32.‘82 38, 723 50,25 ’_
50,75
+
378.144

(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 increment containing slot -

PSLOT (N) pslot,n pressure in slot atm

TSLOT (N) Tslot,n ,temperature of slot K 5

VSLOT (N) Vslot,n volume of slot cm

SWIDTH (N) ¥slot,n width of opening cm

VELOCITY (N) v velocity of gases at cm/sec
slot,n

slot/main stream
interface. When > 0,
flow is exiting.

slot to mass flux in
main stream

MSILOT/MCH '(pu)slot/(pu)ch ratio of mass flux from ~--

Example of output associated with each slot:

PSLOT (ATM) TSLOT (K) VSLOT (CM3) SWIDTH(CM) VELOCITY (CM/SEC)
1.05 300.23 0.49817E 06 5.8420 -1924.03

Miscellaneous Output:

A) Precedes first time dependent output:
DELTAT=0.1667E-03 CSOUND=0.1061E 06 CPG=0.5872E 00 R=0.3005E 04

Initial time step Speed of sound at Specific heat
seconds flame temperature of combustion
conditions,cm/sec gases, cal/g-kK

B) Part of first time dependent output:
PROPELLANT AREA,CMSQ=2827989.00 CHAMBER VOLUME,CM**3=75151920.0

X
Ay JEAdx
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* TABLE 6-2 |
. INPUT DATA FOR SEGMENTED MOTOR (SRB/SEG1)
SRB/SEGT 24  ‘BRO TPSCRI=850 SANFLE FOR NANUAL |
SNANE ' i
o "THAX=,002 i
TPRINT=.001
DELTAT=.00016 : -
: ¥DELX=21
: UNIT=-2.
NPNPXT=0 :
NPNPXT=2 NOTE: LEAVE COLUMN
AT=2327. 1 BLANK IN ALL
_— Xp=3. INPUT DIMENSIONS | : NAMELIST INPUT
o I6=1341.3f ARE IN INCHES '
5 E=1377, -
B GANA=1,1363
¥=28.21
TPREP=3361, )
TIGN=2650. Y, : £ ;
RUPSUR=0.01 ai
ES FKPB=°¢0011 (V/} . g . .
z ROPR = 1,758 < ’7&
CPR=.1 ’7 >
TPSCRI=750,
TPSCRI=850.
RREP=1.0783
BREXP = 0,35
Enc’o.
CH=.98
DE=145.64
ALFAD=12. 31
PIGTAB=E
FAPDYX = 22
25. ' '
560, \
560. _ INPUTS IN ADDITION
300, ' ' PO THOSE REQUIRED
’°g- . FOR MONOLITHIC MOTOR =
. : ey
2554, 1018,92 1018.92 % . ' V|
2554, 1018.92 1018-92! x!IOt X 6~Ab,SI.Ot svilct wllot i
2554, 1018,92 1018.92 | yxsioT 'DELABS -
2870, 608, 608. ) oL . DELYS wsLOoT ;L
3187. 202.83 202.83 | J o
3187. 202,83 202.83 36,1 -
3187, 202,83 202,83 )
3187, 7 202.83 202.83
3187, 202.83 . 202.83
3187. 202.83 202,83
3187, 202,83 202,83
3187, . 202,81 202.83
3187. 202.83 202.83
3187, 202.83 202,83
3187, 202.83 202.83-
3153.7 - 202.83 202.083
3127. . 202.83 202.83
3203. 202.83 202.83
31278, 202,813 202.83
3354, 202.83 202.83
202.83 _ 202.83
202,83 7 202,887
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"TABLE 6-2 (CONTINUED)
INPUT DATA FOR SEGMENTED MOTOR (SRB/SEGL)

EMAME
TMAX=, 01
mPRINT=0, D02
DELPAC=1.3
5END
ENAME
TPRTNT=,005
“uAX=.11
DELFAC=2.
SEYD
ENAME
TMAX=,2
SEND
GNAME
THMAX=.U
TPRTHT=,01
DELTAC=1.,5
EE¥D
ENAME
THAY=.6
TYAK=.5
DELFAC=2,

SEXD



HIGH PERFORMANCE ROCKETY MOTOR IGNTITION TRANSIENT PRLDICTION PROGRAM - SEGMENTED ~ FEB 1976
INCLUDES: SPATIAL £ TIME DEVELOPMENT OF PoUsET AND FLAME SPREADING

SRB/SEGE 21 ‘NO ERO 1PSCRI=BS0 NEW FCTe2

GENERAL: LIMITSs (ODE WORDSe & INITIAL CONDITIONS:

TR - LAMBDA TPRINT PZ ONE DELTAT NDEL X
Q4002 1.00 0001 777« 00 0« 0GGO1600 21

™I PAM UNLT NINERT NPNPXTY
298 .0 1.00 -2. o 2

“MOTOR CONFIGURATION PARAMETERSS
“RF xP XG XE
T 232T7«00 3400 1341.30 1377.00

COMBUSTION GAS PROPERTIES
GAMA w TFRLF TIGN
T 1e}36  2B.21 33610 265040

_FRICTION TRANSFER AND HEAT TRANSFER COCF.:
RUFSUR  DDRG DDHC
0.0100 1.00 1.00

_PROPELLANT PROPERTIES:
FEPR  ROPR CPR TOREF s16P TPSCR1I
200116 1.758 Ce 30 266400 000200 £50400

BURNING RATE RELATIUNSHIP:
RR&F PREF HREXP £uC EBEX
> GTB - GH.08 0+3500 GaO 125.000

PARAMETERS USED IN THRUST CALCULATIONS:
ALFAD ERGAT ERUGE XP
0.980 12.31 0e0 080

MASS DISCHARGE VS. TIME TABLES

- ILNdNI
(TDES/99S) NNY MOLOW JIALNAWOIS WONd LOdLOO

(T I¥v¥d) ¢ -9 HIGVL

_LL_



PROPELLANT GEOMETRY TABLE:
) NGTH  PORT AREA PROPELLANT
: JF e L PERIMETER
265564 .00 1018,92
F554+.00 1018.92
2554.00 1018.92

2870400 608.00

3187.00 202,83

"3187.00 202.83

E187.00 202.83

I3IBT 00 202.83

3187.00 202.83

318700 202.83

3187.00 202.83

‘BA6T00 202,83

318700 202 + 83

: 853, ‘3187400 202.83
919.00 3187.00 202.83
OBA40 3153.70 202.83
1049.90 3127.00 202.83
[33%.30 3203.00 202483
180670 3278.00 202.83
. 1246.10 3354.00 202.83
1311.60 3709.00 202.83
1377.00 202.53

4500.00

T MDATA NPPR
o z
RATE

PRESSURE

" #s#2CEOMETRY CONVERTED FROM INCHES TO CENTIMETERS

TLENGTH PUORT AREA

PROPELLANT

PERIMETER
. Teb2 1647738 2588B.06
AT3eB1 1647738 258B.06
34U00 1087738 2588.,06
500+22 185164.08 154432
CT2e34 20501248 515419
B838:45 2056124 515,19
31004.82 2050128 515.19

wETTED

UPSTRM OF BURN

PERIMETER SLQOT

1018.92
1018.92
10186.92
©08.00
202.83
202.83
202.83
202.863
20283
Z20Ze883
202.83
202 83
2022863
202.83
202.83
202.83
202,83
202.83
202483
20283
20283
202.82

" BURNING RATE TABLE — R VS P

wETTED

PER IMETER

2588 « 06
2586006
2% 8B 406
1564 ,32
15139
51%e19
1% 109

[« PN ¢}
0.0
00
0.0
[+ Y1)
361.00
0«0
0.0
0.0
Oe0
681.00
0e0
0.0
0.0
0.0
1001.00
0.0
0e0
O«0
GO
Oed
0«0

UFSTRM OF

SLoT
0.0
0.0
0.0
0.0
0e0

91694

0.0

AREA  VOLUME
oF Sgﬂ?rf;fOF,SEBf’
0.0 . Oe
Ge0O i I
OO Oe
0«0 Oe
0«0 Oe
43110 30400«
0.0 Os
[+ T% ] [: 19 )y
040 Oe 0.0
0«0 Oe 00
26600 28600. 230
0e0 Oe - Qa0
Qe O Oe Be® .
0«0 Oe 0e0
3212.0 28600. 230
0.0 Oe [+ 1Y ¢
GeO O 0.0
0.0 Oe 0s0
0.0 Oe Qe
0.0 Oe OCe0
0.0 Oa 0«0
BURN  AREA VOLUME WIDTH
OoF SLO7T OF SLOT OF SLOT
Oa0 Oe 00
0.0 Oe 0«0
0.0 [+ '8 0.0
[+ 1Y} Oe 040
0.0 Oe 040
265146 498166 Se8B4
Ce O Oe 00

~ X4LIAWOID LNdNI
(19ES/99S) NO¥ ¥OLOW CIINIWDES WOdd IAdINo

(z Tyvd) €-9 IJIdVL

_8L-



TABLE 6-3 (PART 3)
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEGL)
- DURING FLAME SPREADING -

TIME =0.9000E-01 { 208 DELTAT) DELTAT =20.5000E-03

N CISTANCE PRESSURE T MACH RATE BR/7BRN  TAUB FR1CT. CONV, M/A TSURF  PORY
o8 AN ATM PSIA DEG K NOe CM/SEC ™M FACTOR COEF. G/SEC CMSO K Msa

K PRe 1983 232 e ZOEDH3e3 G078 GetS 1.000 040208 0.0 00315 1516 850 16531l
6854 1509 221e7T £2938e8B 0e233 Ca064 1600 00160 V0 00645 4CeB7 B50e 1651848
133.9 13.40 19649 207442 vesld Uerl 14000 040130 0.0 0.0880 63.06 850, 16511.1
199 43 10.04 150Lel 3084Gsl Uebd3 Vel 6 1.000 Ga0Ql00 G.0 00920 7507 550 185309
Z26% o T Yel1l 1323 20668 Us74Y Oah 3 1000 0.0076 0,0 O« 0808 TGa506 850s 20505.1
3301 Belsl 129248 31050 Ge7H9Y 0Oae3 1060 CG.0008 C.0 0., 0TES TS e85 890 2056447
39S.6 HBabts 32548 3143l GeT7T4 UdebZ2 1aG00C Ga0098 Ge0 Te 07606 T4:34 850s 205647
84610 B0 123e4 31873 0779 0eHZ 1000 G«00%1 0.0 00746 T2.94 850s Z0563.8
B8 1337.1 H5be 4 Bel® 11948 322640 Q795 G5l 1«0u0 0.00484 00 00730 7179 850 205634
9 1503a3 £Y9lev 7«88 11Del 325560 Ul la Gabl 16000 Q0036 0.0 0. 0710 TO«76 850 2056341
X0 1009«h £5Ta3 Tab1l 11148 32t0el CetsldZ [i ST+ 12000 Q0027 0GL0 0.0701 6981 8504 205670
3 T227 T 36 108a2 3212a% UsB8hd [+ IS -TH] 13000 GGU19 0.0 Ge 0694 6990 B50s Z20562.2 |
, TE88.1 Tel?7 1093 311345 0891 Ced9 1000 Q0012 0,0 0.0699 TZ2.01 850. 205618 3
T3 2168.1 ES 3L be8B7 100e% 2940Ge7 G937 0Oe4bt 1000 040005 0a0 00704 T4.062 850, 20561.5 \|D
14 23344.3 Y190 trabU CTlal 27486 UeYCO GeO CeC Cel 000320 0a0706 T655 820. 205612
15 25004 GE4 e 4 Oe 39 Y3t 0 TTeY9 LeSEY 0«0 OeC Ce O 0«0030 040710 TB 23 762, 20348463
B 260bLel 104YaY Eal3s G3e3 E39Teb (a932 Gedd GO GeO G+G029 00714 8015 T01ls 201742
¥ PB32.8 1115.3 Ee 28 G243 101 G970 GeC CeO CelG 00029 00721 B3.13 6294 2066444
_}8 29990 118Ge7 Bek2 SR 43 1850 U971 CeC Ce0 Cal 00029 GCa075% 9167 5554 2114B.4 b % e
19 3105.2 1740641 be 7 G9.5 14L0eY Ueunhé Ve O T el [P ¢] 00026 0.0816 1082413 475 21640.1 %w
20 3331.4 131la.t T7el6 108 o & GG TeT CalGC Vet Gel Cel 00029 Ua0754 112.75 387« 23925.0 B ’%
21 3497.6 13770 cefl9 1291 S0Yel Uealés Gole Vel (PPN 0e003C 00 T2e63 321e 2903242 2 :’;U
T PESTAGATM= Ga33 PLSTAG.MSIA= 137412 MASS BURNED= (640298 05 > g
THRUST  THRUST CFLM AT EPSONG EPSON PA/PE @t‘;ﬂ
NEWTONS LisF - CMxx2 - - w%
1651606560 "A71310.7 Lle1&37 15010000 71604 DeThl 16992 g?‘j
N PSLUT(ATM™ ] TELOT (K} VSEOTE(CMS) SWIDTH(CM) VELOCETY({CM/SEC) ot E
& B.56 I610.E88 UeaS9ELIBE GO £ «ES37 —3423.28 z -]
teae]
N PSLUT(ATM ) TSLUT(K) VELUT(CM3) SWILTH(CM) VELUCITY(CM/STEC) % e
1¢ 701 1250 a3y Ued4bLbTIE 06 Lelba 72 GOt et 3 = m
N PSLUT(ATM } FTHLUT (K} VSLEUTICME Y SWIDTH(CH ) VELH ITY(CM/SEC)

1s e 39 BH T 72 (el GSLTE 0O SeE4Z20 —T282..38



TABLE 6-3 (PART 4) -
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEG1) T
- AT BEGINNING OF RAPID PRESSURE RISE =~

TIME =0+ 1200E 00 { 268 DELTAT) DELTAT =041000E-02

N DISTANCE PRESSURE T MACH RATE BR/BRN T AuR FRICTs CUNYe MZA TS URF PORT
™ in AlMm PS1A LG K Nie CMZSEC (&} FACTGR COEFe G/SEC CMSQ K M S G
s ¢ Teb 3«0 21e32 313ec Z655e9 0058 Ca?72 1000 GCo0G413 0.0 00313 1506 B&%0e 1658349
. I73.8 65 o4 20.21 301e3 26703 UGel&l vell 1,000 0.0362 (a0 0es 0683 43«51 850. 16570.9
2 340 a0 1339 15a 79 2Tt el HUSCeS LeZ3S Ve 1+000 GeUZZ6 Ge0 Ga0971 7110 850s 16561.7
3 S0t e 2 1993 lbelz c30ed 31US%al Ueand Cabh LeGUG Oaliiz3d 040 CelD49 B8+415 850+ 18559.2
-~ 67den 26447 | E- P ¥ 4 E2Fed IPUDez UedY? et 1«000 GualUHZT Ca0 O 0BO7 B e8H B5H0e 2057441
b b63d.0 330.1 1ce i 37 e2 31353 Ceabd Celt I«G00 Gel2a6 040 0.0861 B4.32 850e 205738
“ & 1004.8 3956 1580 2330 31516 0e48dS O« 65 16000 04035 00 0.0863 86«24 850e 20573e2
T Y176 .9 461 40 15 .88 2332 31TBe 2 Cea4d7 0«65 1000 0.0228 (G40 0.08BE3 B6 420 B50e 20572648
8 13371 SZ20e 4 12?7 £31eT 32Ulet Ueuta Uelad 1a000 040Z21% 00 Ve 0847 Bbe64 850, 205724
G 150343 0T 1.9 15474 231al M230e7 Gedbls (VY o33 1«0LU CGelicll 040 0s0BZE7 BEe 3 EH0e 2056720
10 1606%.5 05T e3 1te b4 L3 el JZEDZ e Vel YO Ol LeU0OU 00201 (&0 00826 BHea0% 850Ge 205715
11 1835.7 7227 16e 14 37 el 32846 (Geaad72 0«65 1000 040192 0e0 0.0804 8355 B850 2057140
I2 260i.9 7681 17.0G1 289 4% 3331.6 Gebz4 GeO6 1000 040185 0.0 0763 7860 850e¢ 2057046 é
313 21686.1 88526 18423 Z0T s 33006e8 Gaibl Getrts 1eU00G Gu0177 0a.0 GC.0702 7120 850, 2057003‘?
14 23343 D1ivae0 1G9 tbed J4Fved Uaslll (oY) 1000 Ce0171 CGeO 000645 0434 BS5Gae 205699
15 250ue4 V&4 .4 lyeba cB8 ad D4Tdel Ue3UL3 O=70 1000 Uallb4 U0 G 0627 G358 BEQGe 203%4.7
16 260060 1084%.9 194 09 Z28U0eD F8449360 VeIc3 OetY 1000 Q0158 Ge0 Ce06%12 6567 850e 2018203
27 ZB832.6 11153 153 2T2a2 3H08e2 Ue3LH4 O=68 12000 04G1H0 Ge0O Ve 0677 69«63 850e 2067240
I8 299040 1186507 1790 CZlo e 3B510e Ue365  Gabd 14GGO0 GeUl142 Ce0 00670 69432 85Ce 2118547
19 3165 .2 124Cel 17.62 B e 2HZ1ef GVl Ce? 1000 040134 0.0 Ve 06Y3 T2e65 BS50e 2164740
20 3331e4 131l1.¢ 17.10 ctlel O4b€ el Vet CGetsb 1e«UU0 VGOS8 00 0.0628 649487 5506 2393Ze%
21 34976 13770 1772 260 a3 335329 0632276 Ve U Gel GeC 00 GeO CZ2eH3 8T4e 290367
PESTAGsATM= 18ebz PLLTAGLPSIA= Zftebl MASS BUSKNED= (.1279E GO
THRUST THUST CFLM AT EFSGNG EFSUN PA/RPE
NEXYTONS L - CMd - -
3T6053va U SG454006.6 1e3141 152010000 7Te«1604 Ce4 U] Ze102
N PSLOT(ATM ) TSLOT(K) VSLOTICK3) SWILTH(CM) VELOCITY(CM/SEC)
[ 1D5e 56 216z e85 GeatBl&6E GO CatbY? ~1434.37
N FLLUT (ATM ) TSLUTH(K) VSLOGT (CMs) SwWIDTrHICM) VELUCITY{CM/SEC)
10 1Se b4 309 <4 Ue4tiOEE 06 bHatse? 726 .69
N - PSLOTEATM 3 TSLOT(K) VSLGT(CM3) SWIDTHICM) VELGCEITY(CM/SEC)

f 33 1963 «(C55a7 VedLoYoL (o e 704 2025.1y



TABLE 6-3 (PART 5)
OUTPUT FROM SEGMENTED MOTOR RUN (SRB/SEG1)
-~ APPROACHING FULL CHAMBER PRESSURE -

TIML =Ge4700E 00 ( 574 DELTAT) DELTAT =0412S0E—1

N DISTANCE PRESSURE T MACH RATE BRZOEKN  TAUB FRICT. CONVe M/A TSURF PORT
™ IN ATM FSIA LEG K - NGe CHM/SEC [of ] FACTOR COEFe G/SEC CMS5Q K TMsa
[H] Xy 3eU HUe 7% BYr e 6018 U DO0Z 1eCa 1oUUO Wa3I759 Ce 0.0051 155 850a 174572
i 17386 OTelt CEUalt wclbeU 920ea3 G071 1eG3 1000 GeI725 Va0 Ve OTH4 5005 850« 17440..5
< 34G.0 1339 54e49 HT73e8 300:0e8 Gealads leuU3 1000 032663 0.0 O«1245 98«10 8500 178424.8
3 50€.2 119G e CTe5d S45e7 21038 Lel99 1eC2 14000 043507 Qa0 01421 12936 850. 19065.8
8 ETCed ctidef L4 Ca4GeS Z1l8a1 wersUl 1evl 1eUUO Ge3H30 UeO 0alZ236 129476 850s 2074Ze4s
&  Blbheb 23061 HTelbh 3% es 315816) Vesl0 leCl 1000 Le3IBZE VW0 041250 134.74 850 207421
6 11UVl 8 IYT el bt.Og 3l el 314Ul Uezet levul T1a«UUO Q3502 Gel Oe12%1 143.04 850. 20741.0
7 117G A40lat SCe38 bolec 314%e0 Uecd? leGl 10600 U349l CW0 Cel3z2 14986 850« 20740.3
B 1337el HZOGwa4 S5u94 teleld 315760 OecHi 1eGl 14000 03474 CeO 021357 157.13 850. 20739.%
9 1503.3 H91eY9 5H5H57 ElCed 31637 U204 1.G0 14000 0e34F8 0.0 01392 164.31 ES50. 20738.6
10 166G.% 65 e 3 £t sl SUYe.3 31 f7la3 LeldTo LstU laGOU Ue3438 00 0+1426 17127 850e 207376
| 3 WS F-FCS Y, teced ShGetts CUlel 312589 UeiYy? 100 1000 GeZaly 0e0 0.1478 18112 850, 20736.7
1 2001 .9 T68el Lgeiid T4 2eq 3lbBUee GelUG Cesy 1eUUU 0e3800U Ve Oe149% 18557 850e 207357 &
13 2lor.l EE83eO DS 63 THT e 31556 Cell? O« oG 14000 Ge3354 Qa0 OCalba? 195,47 850e 207349
14 235443 9190 S ed3H T76e3 3100eT (a338 099 1e000 03361 CGe0 0e1559 199,03 850 207337
I5 280Ued GCE4e8 EZ.53 T71laex 3193.4 (363 U998 1eCGUU 0632345 CeO 01634 212438 850 20518.0
16 26000 104%e9 Slel17 THle c1%0e 7 Vel O ets 1000 0Ve33CY Ce0 061659 21799 850¢ 20344.0
17 205228 111%a3 £1a19 7hiau Z197e6 Us3YD Q%S leUUOD Uei329F 0.0 01693 225475 850s 2083345
I8 299U 0 RlolUa7 L0ty fa7el 31973 Ueovwéd Ceud 1e0U0 Ue3270 00 0el643 219,08 850, 213162
19 31652 17461 HU a3 Tared 320%«D CGadll [V 4 10000 03266 Va0 0e 1697 23056 850 218077
20 3331e8 131160 A4Ge09 TLGe 32075 Le3t4d Ueu? 1«U00 Ge3204 0wd 0e1497 20072 850e 24092.4
21 3497.6 13770 Sre0d PESH U S226e48 Uel2i4 Qe Ge0 CGe 0 Ge0 . Oe0 187.02 874, 29196G.6
PESTACSATIN= St el27 FESTAGSFSIA= £ 1leYz MASS BURNED= Uel721t 07
THrUST Trrus1 CFLm Af EFSUNG tHSON PAZSRE )
NEWTUNS LEF - CMExZ - - . ’ A
13021060.0 292TZ6n.0 fesav4 1%010.,000 Te1lc04 Te 160CG4 O« 789
vN PSLUT(ATM™ ) TSLUTIK) VELUT(COMI) LRIDTH(CM) VELOCITY{(CM/SEC)
[+ BLe G Slhdebr Oe 49747 06 6eH 436 21992
N PSLUT(ATM ) TSLOT (K ) VSLOT(CM3) . SWIDTH(CM) VELOCITY(CM/SEC)
10 EE o U F3ITE .36 Oe4T347E OO 645206 1569.,60
N PSLUT(ATM ) TrLuT (k) VaLUT(LM3) cwluTH(CM) VELUCTITY(CM/SEC)

15 CLeta 33 T7Gec Gea74%4t VG Oe&lZ0 2 1961487



-82-

mmmWQFLQ
Rﬂ&KmU PA@EISPOOR

5 @mﬁN
2T
8
I
.- Z
w ; .3
g;&; /’,/ e "~ \
33-8# 7/ / s <
o e,
z v
a8 '/
! WA
&{e S
> '/
N r
ng I
cgt /!
a ;
/
)
8
ol y
N A | IGNITION
PLOT  DISTANCE TIME, SEC
g S/ REFLECTION OF FIRST 1 131 0.067
od 14 STRONG PRESSURE WAVE y) 793 0,087
- : FROM NOZZLE . 3 1115 0,096
8 J 3 " }
%.a0 0.10 0.20 a. 0.50 0.50

TIME FBUM UNSET UF IGNITER, SEC

F16. 6-2 PRESSURE DEVELOPMENT ALONG PORT OF SEGMENTED MATOR
(SRB/SEGL FOUR SEGMENT MOTOR)



4o

-83- -

T
.8

=M.

Hﬂ

"

Oo

PR o |

=1

| 77 ]

(4 ]

=z

To

—®

a1

o IGNITION IS MORE

RAPID AT LEADING EDGE

a OF SEGMENTS
St
2
ot
o SEGMENTED MOTOR
Z" MONOLITHIC MOTOR
8 Y L 3 Ny 1 A
.00 0.20 a.40 0.60 0.80 1.00 1.20

IGNITION TIME,SEC (X10°!}

FI6.6-3 FLAME SPREADING TIMES OF SEGMENTED MOTOR COMPARED WITH

FLAME SPREADING TIMES OF MONOLITHIC MOTOR
(SRB/SEG1 COMPARED TO SRB1)



=-84-

FIG.

6-4 PRESSURE TRANSIENTS IN SLOTS.
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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

26 that treating the head-end region as

has been pointed out
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: (1) 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-vafiétions 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 (1) 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 (i.e.,
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 ﬁemperature 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 program, e.g.,‘aft-
end ignition; flame spreading delays produced by restrictors
(e.g., used to reduce ignition spikes); ignition of degraded
or wet propellant surfaces; 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

. gAthE,stag :

c = (A-1)

meas wpr :
The quantity cﬁeas is used to relate instantaneous mass
flow rate, Mo to throat area, At, and chamber pressure,
pE,stag

= * -
mn AtpE,stagg‘/cmeas (A-2)

From isentropic one-dimensional compressible flow theory,
mass discharge rate can be expressed in terms of the gas
properties as follows.

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

(A-3)

™ = Pp staghtd

gR /W

gTE,stag
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Ideally, c¢* is defined in terms of the chamber gas proper-
ties as

RCEY

| e
c* = —T (A-4)
12 2 (2O -1
Y T

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

To have a compatible set of felationships, the consist-
ency between c¥* and T established by Eq. (A-5)

meas ch,act
is maintained throughout the analysis.¥*

+ 1
T _ W ok Yl/z[;_z__}Z(Y - ;) (3-5)
ch,act _gRg meas Yy + 1
Thus, the input value of Tf,ref used in the program should
be Tch,act‘ '
The ratio of specific heats, vy, is an average effect-
ive value for the motor and nozzle. 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

*Using 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,

v Yy - .1
Teh _ |Pen| Y (A=6)
Tex Pex

or between the theoretical gas properties at chamber and
nozzle throat conditions,

Teh _ {pChJ Y (3-7)

Thrust is expressed in terms of a thrust coefficient as

F = (A-8)

CkapE,stagAt

The particular thrust coefficient used in the program is

. P
_ _ ex _ am _
Cpyp = Cm{CFVAN + (1 AN)EE__-—“Eex} EE————-eex (A-9)

stag ,stag
where
1/2
v+ 1 I__;._l_
c 4 2y2 [ 2 }Y -1 1 - Pex
FVv Yy = l{y + 1 PE,stag
Pex
€ — (A-10)
ex pE,stag
~and
AN = (1 + cos an)/Z (a-11)

The value of motor coefficient, C used  in the equation

m’
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 C, does not multiply the last term in Eq. (A-9).



-97 -

APPENDIX B

MODIFIED* C.G.S UNITS FOR PROPELLANT COMBUSTION CALCULATIONS
and ' -
APPROXIMATIONS TO GAS PROPERTIES

Gas Law: p/p = (Rg/W)T
p —-latm] ' T -[K]
p--[g/cm3] r W -[g/g-mole] . (B-1)
R = 82 05'.EEE§EE
g * 77 lg=mol-K
Speed of sound:
c = (gYP/p)l/2 = (gYTRg/W)l/z[cm/sec] (B-2)
g=1.013 x 10°/— 9
atm-cm-gsec

Viscosity: Empirical fit for typical combustion products

-6 0.5T0.6

u=1.185 x 10 [g/cm-sec] (B-3)

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

R
= 2 _u —sec- -
A= [Cp + 7 W—]u [cal/cm-sec-K] (B-4)
- 1/g9-K
cp [cal/g=-K]
_ cal
Ry = 1'987[g—mol—K}
Mass flow rates:
Pr aram?+d ’
- _E,stag t -
rpcAb =% '[g/sec] (B~5)
r -[cm/sec] ' P "[g/cm3] '
2. |
Ay -lem”] ' p -latm]

*Pressure in atmosphere rather than dynes/cmz.
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(gTR_/W)1/2
c* = % units same as speed of sound (B-6)

Reynolds number:

Re = U2 (B-7)
]J .
p= ' - (B-8)
T(R_ /W ,
g
Specific heat:
R
= L 4 ' -
“p,g " Y-I W (B=9)
Internal energy:
. u? :
e + -i—j:[cal/g] (B-~10)

Prandtl number (Eucken formula):

u c

C
£ - .
A cot1.25R /W (B-11)

Pr =

Q<
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