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Solid Rocket Motors
» Oldest rocket technology

Fire Arrow launcher from
14t century Huo Long Jing
(developed before 1230)

cyber-heritage.co.uk
Irocketrocket/rockets.htm

Boxer Rocket (1855), two-
stage, used for rescue 5
operations

— powder based propellants (black “‘ -
powder, amide* powder for JATO) M %

credit: National

airand space 1941 demonstration of Jet
Museum Assisted Takeoff (JATO)

SoldMotors3 *no sulfur and ammonium nitrate added ”445]

‘Copyight ©2007-2008, 2018, 2020 by Jerry M. Sezman.
Allights reserved.

« Compared to LREs
Simple (less system components) Lower Isp

Reliable (few moving parts) Harder to test (no subcomponent tests)
and sensitive to environmental temp.

Reduced storage volume (high p) Hard to actively throttle
Storable (especially comparedto Manufacturing defects (e.g., cracks) and

cryogenics) degradation at extreme storage
conditions

Easier to start (vs. pump fed No restarts

LRES)

Easily(?) scalable (to high and Emissions (HCI and chlorinated

low thrust) compounds) and signature (smoke) for

popular propellants
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SO|Id Rockets Major Applications

« High thrust
— boosters
— high acceleration missiles
« Simplicity, storability
— hobbyists, weapons systems
— novel programmable micro-thrusters

AF4451

SRM Components/NomencIature

+ Basic parts of a solid rocket
motor (SRM)

— casing
— insulation
— propellant (grain) Insulation

— port/bore (not for end
burning)

— igniter
— payload
—nozzle \ \ \ \

Payload

Igniter

Port

AF4451
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Titan IV yose fairing support skin
Nose fairing

F
rgd(rw;r&snt_:glng Center segment
Forward closure

Aft staging
rocket fairing

SRM Launch Booster Example

Forwa‘rd :nach fing At closure Nozzle thicat Heat shield
gniter

Nozzle
extension

Injectant transfer tube

Fig. 6.3.

Solid Motors 7

‘Copyight ©2007-2008, 2018, 2020 by Jerry M. Sezman.
Allights reserved.

TVC nose fairing \ \Tvc tank

Schematic of Titan IV Motor. (TVC = Thrust Vector Control) Courtesy of United Technol-
ogles Chemical Systems.

TVC base support

From Humble

AF4451
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Composite solid

phenolic inner liner
FIGURE 11-1. Cross section of the STAR™ 27 rocket motor, which has been used for
orbit and satellite maneuvers. It has an altitude thrust of 6000 1bf, nominally burns for

34.4 sec and has an initial mass of 796 Ibm. For more data see Table 11-3. (Courtesy of
Thiokol Propulsion, a Division of Cordant Technologies.)

STAR (apogee kick motor):

CTS, GMS, BS, GPS, GOES
satellites  from Sutton, Rocket Propulsion

Solid Motors s

‘Copyight ©2007-2008, 2018, 2020 by Jerry M. Seitzman.
Allrights reserved.

SRM In-Space Example

Mounting
propellant grain flange
Igniter % 5
\ Insulation layer
Nozzle throat insert, carbon
Motor case- Kevlar fibers
7 reinforced; 63.4 in. diameter
» .
g \\ Rolled up extension device
( ‘ 0 Movable nozzle extension,
[ Igniter conical sections in nested
27.30in. f 19.4741n. 5 or stowed position
"/
/
/ f
/ / Extended nozzle in
// 7 Propellant perating position
/ / / Aft skirt
/ for structural
/ / support =
48,725 in. Extended sheet metal
/ / strip is disconnected and
Titanium  8-point star, intenal Contoured exhaust
case buming grain cavity nozzle with carbon

rotated out of way of
vectoring nozzle

FIGURE 11-3. Inertial upper stage (IUS) rocket motor with an extendible exit cone|
(EEC). This motor is used for propelling upper launch vehicle stages or spacecraft. The|
grain is simple (internal tube perforation). With the EEC and a thrust vector control, the|

Inertial Upper Stage (IUS):
used in Titan, Space
Shuttle launches
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Solid Propellants

» Two basic types
« Homogeneous

— reactants (fuel, oxidizer) mixed at
molecular level

—e.g., double-base propellants
* Heterogeneous

— fuel and oxidizer are “macroscopically”
separated

—e.g., composite propellants

AF4451
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Double-Base Propellants

» Typically combination of explosive liquid and self-
burning powder
— e.g., nitroglycerine and nitrocellulose (gun cotton,
flash paper)
— powder absorbs liquid explosive, molecularly mixed

— other additives (opacifier, stabilizers, burn-rate
modifiers, flash suppressors)

+ Can be extruded or cast

* Used in early modern rockets, e.g. at JPL
— replaced gun/black powder
— used in WWII JATOs and early Sidewinder
— weapons systems
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Composite Propellants (CP)

* “Oxidizer” partlcles
held together in non-
energetic polymer
binder (fuel) _ Y

* Manufacture Particles "3" SPapL

— grind oxidizer
crystals into powder, add other solids
(e.g., catalysts)

— mix liquid binder with liquid curing agents,
crosslinkers, plasticizers, stabilizers, bonding
agents

— mix solids and liquids, cast and cure

Coarse Ox
Particle

AF4451
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Cleaved Composite Propellant Sample

Scanning Electron Microscope (SEM) image

* 10um and 400um
ammonium perchlorate
(AP) particles

— self-burning oxidizer
+ HTPB binder
— polymer (like a
synthetic rubber)
— fuel
* 92% solids

— relatively high solids
loading

Fine AP Coarse AP
ST e AF4451
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Regression Rate and
Internal Ballistics

r— AM45’ !
Copae 2007208, 201,220y ey M. Sz
,,,,,,,,,,, o
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Mass “Production” Rate

* Propellant converted to gas due to heat
feedback from flame at rate given by

Tech M Elj

(1v.26) [M=rpA flame — -
» (Surface) Regression Rate r Burning
r=dx/dt sometimes , Area,A, r 8

— standard model (Burning Rate “Law” &
or St. Robert’s “Law”)

(Iv27) [r=ap; | with a=f (T, ...)
—also, r=c+bp, etc.

AF4451
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SO|Id Propellant Burning Rate

20 P
T T LR -
2.0 =T
4T High bumn rate
- ] 62{’ L+ composite
. - 130°F
o ] 10 £330 |
3 4 10—
E =1 0,8 pysa ﬁg?‘
g 05 1 0.6
§ B 0.5 p PN-type double_|
4 § Plateau base propellant
€ ? 0.4} 0B Z - 21b
5 : Y —
g Diameter -1 c — = >
aR% bm s 0.3H50F ==t |
0.2 ODBmatrix 0  — = 60°F 1 e |
B AP-CMDB 20 150 w —30°F 1 omposite ammonium
® APCMDB 30 150 £ 02 ” propelias
DAPCMDB 30 18 2 High energy | |
oal L1111 1 111 b 1l XLDB | 149H
5 10 20 50 100 200 ol composite /t_ao‘ o
Pressure, atm CH =
0.08/T . -
FIGURE 11-7. Measured burning rate characteristics of a double-base (DB) propellant t = 7 o AN S—
and lhrec p dified double-base (CMDB) ¢ 11 which wnl un an 0.06 - ~ f
ge of small di (159 pm) pdrucle\ of i 0.05 b ool —
(AP). thn the size of the AP particles is reduced or the percentage of AP i IS increased, 0.04 - _r_.
an increase in burning rate is observed. None of these data form straight lines. 0.03 | I O IR | I I

300400 600 1000 2000 3000
Chamber pressure, psi

n
r=ap, = Inr=Ina+nin p FIGURE 11-6. ' From Sutton

— Mﬁ !
Conyig 2007200, 2018, 2020 by Jery .Sz
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Motor Internal Ballistics
What governs motor internal conditions?
« Examine mass conservation

9:%+Ip(ﬁ-ﬁ)dA 77 B

Mstore NR22222222222) m
V0 CV 44 T Mexit
0 - d t po (o] + mexn mh //§
—
dpo rps Ab Assuming:
dt 1) uniform gas prop’s. in CV
/ ) Yo 2) TPG, CPG
1 d o 3) T,=constant (e.g., T,q)
RT dF::O Po Abr RTo 7, +]_ A‘ 4) py, A, T given at time t
store,V +
mStOfelP Mitore,p ™ Mstore,v — mb eXIt
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Internal Ballistics (con’t)
» Solve for rate of pressure change

(IV.28) \Y dp 7 2 H%—l
T, ot TR RART (ﬂlj
» For steady burning =1/c¢”
dp A .
ap, _ _ - IV.29
2=0 =P, rA(ps P )| (1V.29)

— using standard burning rate law , 7" Mam €859

=20 2 (0, - 2, )" =|py = K (o, ~ p, ) 7| 1V:30)

o AJA =K
For steady burning (ifa,n, T,, , and Y
A, constant) then A, must be constant ~ K+
_Georgia ‘I

zrfing

Motor Stability
* Recall mass conservation (for fixed T,)
m n;'b mstorev mex|t My =C PoA o Py
= Mo — My Miner = A (05 = 2o )F < P}

« For stable operation (p,= const), need 7, ,= 0
* So when are we stable?

store, p

mlncr (n > l)
- Only If n S 1 m mexn < mlncr’#’ ,//meXit
— normally use =p, T [ o M (n<1)
0.3<n<0.7 X \ . >
d operating =P, \2
point
Po

AF4451




Combustion Limits

« Ifnor p, too low m
— do not get stable combustion

— after ignition, propellant
soon stops burning (r—0)

At too high p,
— possibility of erratic, unpredictable burning

—e.g., p,> 5000 psi)

AF4451

1G]]

Pressure Histories

* Motor designer can adjust pressure profile
(“history”) of a solid motor by arranging how burning
area changes with time (grain geometry)

+ Thrust given by 7= p,AC,

— so thrust history of motor essentially follows
motor’s pressure history

+ Characterize pressure/thrust histories as generally

— progressive: increase with time
— neutral: constant with time

— regressive: decrease with time
— combinations

AF4451
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Neutral

Time Time

Regressive Two-step

thrust

Double anchor Time Dual composition Time

FIGURE 12.17 Internal-burning charge designs with their thrust-time programs. (Courtesy
Shafer [18]) From Hill and Peterson

S— AF4451

Dual thrust or “boost sustain”

More Solid Motor Grain Geometries
[ ¢t 1]
___
Star (neutral) Wagon wheel Multiperforated Internal burning tube, progressive
(neutral) (progressive-regressive) b

AN
Slots and tube, neutral burn

Tt (cazg:':do:rl\fed) %‘N\\\\\\\\\‘%

\—
FIGURE 11-16. Simplified diagrams of several grain configu &I\\\\\\\\\\\\\“\\

Radial grooves and tube, neutral burn
From Sutton

- AF4451
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N‘.Hc.“,_,ﬂ Aituds » Largest SRM flown and first designed for

_fottion reuse
@ — diameter = 12.17 ft, length = 149.16 ft
Frustum * Sea Level Thrust: 3,300,000 Ib
Qf‘—/ ——smue e \Weight: 1,300,000 Ib (inert: 192,000 Ib)
l ‘i * Provide ~ 71% of thrust at lift-off and ascent

Frustum
Location Aids __

lotegrated

» Propellant composition (mass fractions)

Electronc ~
ot — AP: 69.6%, Al: 16%,
om Fe,O; (catalyst): 0.4%,

HTPB (binder): 12.04%

J‘ S epoxy (curing agent): 1.96%
fie L/ J «  Four segments
" (a‘ﬁj‘\ — 11 point star (neutral) in forward segment
j ~ (\‘ — double truncated cone (regressive) in 3 aft
" hv segments

SOl ROCkS BOOHE-=Exploded View http://spaceflightnow.com/2015/03/11/worlds-largest-solid-rocket-motor-fired-in-utah/

r— Mﬁ !
Conyig 2007200, 2018, 2020 by Jery .Sz
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Rocket Propulsion

Solid Rocket Motors

Design Issues and Example

AF4451
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SRM Design
D

Typical Requirements I \\f?
— thrust, t(t) D
— burn time, At

or total impulse, I,y \ ﬁ
Design Variables L
— propellant composition (= c*, a, n)
— grain design + Other constraints/issues
— motor geometry: D, L - Pigh_voIL(J\Te Ioad/i\r}g )

" raCtIon ropellan chamber

— nozzle geometry. & Dt | ow residupalppl;oé)ellgmtb
Unsteady variables mass
— po(t), m(t), ... — structural integrity

— limit erosive burning
— limit max operating press.

AF4451

De;ign of an End-Burning Motor

Start with end burning motor

D
— easiest to analyze I w
— constant thrust > -
— used in some small motors Dy P,
and gas generators w

Requirements

— At,=100 s, 1,,,=500 kN (10° Ib;) Cueb

Constraints

- p,=4 MPa (assume uniform)

— nozzle: ¢,=1.85 (¢~30-50)

— propellant: ¢'=1500 m/s, y=1.2, MW=24, p.=1800 kg/m?,
r=0.40 [p,(MPa)]°2 cm/s

Design Variables

— Dy, Dy, 4,0 (assume axisymmetric-cylindrical geometry)

AF4451
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End-Burning Motor Example

* Nozzle throat size, D, D
from —
(IV.12) A[=L I I\l/

P.C. D, ::po M,
_ 5xI0°N T
(4x10° N/m? L85
2 [web
=0.0676m

A =7z D?/4 |= D, =29cm(~1ft)

AF4451
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End-Burning Motor Example

* Motor length, ¢, D
r= % I i\l/
dt  steady burning D, P,
e l 7T
tb 03 Zweb
{ o =, =0.4(4)"° cm/s (100s)
=0.61cm/s(100s) %:
0. =61cm / =
ot /Din2 7
D, =29cm
s e AE4451
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End-Burning Motor Example

* Motor diameter,D, I 7:
—recall for steady-burn EIb /Epoxmb

7

Ny P = r%(ps —p ) et
A_n__ b _D,
A r(ps—po e rpc
4x10° N/m?

_ =243
0.0061m/s (L800kg,/m* 1.500m/s

= D, =+/243(29cm)=4.57m| = D, /{,,, ~ 7.511!

Huge end-burning motors to produce high thrust

AF4451
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Internal Burning Motor DesignW

t

« Burn time associated with
web thickness, w;

+ Length impacts burn area,
A,(t) = L x S(t) «—perimeter

 For given initial grain
geometry, need FO kl_’]OW D, () port diameter
how S evolves with time

— integration of burning
surface location due to
regression acting normal
to surface S(t)
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