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o PREFACE
!

The Engineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and fun-

It \ damental data useful in the design and development of Army materiel and
' systems. The handbooks are authoritative reference books of practical informa-
R tion and quantitative facts helpful in the design and development uf Army

§ materiel so that it will meet the tactical and technical needs of the Armed Forces.

' This handbook pro rides extremely useful data for the engineer primarily
interested in the preliminary design of aerodynamically stabilized free rockets.
; The data are arranged in a convenient format—tables, graphs, and solution
guides—which permits ready access and easy application in order to make
possible the rapid response reqrired of preliminary design activities. As a
bonus, the chapter arrangement provides each technical area having responsi-
bilities in the preliminary design phase with an appreciation for the data
renuirements and spplications of the supporting technical areas. - ) —

; The preparation of this handbook was initially an in-house effort of the

- - U. S. Army Missile Command. The organizatica of the text, data, and much
of the written material originated with that agency The Chrysler Corporzticn

Space Division, Huntsville, Alabama, under subcontract to tbe Engineering

Handbook Office of Duke University, prime contractor to the Army Research

Office-Durham for the Engineering Design Handbook Series—with the zon-

tinue! assistance of the U. S. Army Missile Command—completed the handbook.

The Handbooks are readily available to all elements of AMC :ncl» ding
personnel and contractors having a need and or requirement. The Army
Materiel Command policy 1c to release these Engineering Design Handbooks
to other DOD activities and their contractors, and other Government agencies
in accordance with urrent Army Regulation 70-31, datecl 9 September 1966.
Procedures for acquiring these Handbooks follow

a. Activities within AMC and other DOD agencies should direct their
request on an official form to:
Publications Distribution Branch
Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, Pennsylvania 17201

DU b. Contractors who have Department of Defense contracts shruld submit
| their request, through their contracting officer with proper justification, to:
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Director
Defense Documentation Center
(for Scientific and Technical Information)
Cameron Station
Alexandria, Virgin'a 22314

c. Government agencies other than DOD may submit their request
directly to:

Commanding Generai

U. S. Army Materiel Command
ATTN: AMCAD-PP
Washington, D. C. 20315

or

Diractor
Defense Documentation Center
(for Scientific and Technical Information)
Cameron Station
Alexandria, Virginia 22314

d. Industry not having a Governmont contract (this includes Universities)
must forward their requests to:

Commanding General

U. 8. Army Materiel Command
ATTN: AMCRD-1V
Washingtor, D. C. 20315

o. All foreign requests must be submitted through the Washington, D. C.
Embassy to:
Office of the Assistant Chief of Staff for Intelligence
ATTN: Foreign Liaison Office
Department of the Army
Washington, D. C. 20310

All requests, other than those originating within the DOD, must be
accompanied by a valid justification.

Comments and suggestions on this handbook are welcome and skould be
addressed to Army Research Office-Durham, Box CM, Duke Station, North
Curo'ina 27708.
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CHAPTER 1
INTRODUCTION

This handbook, written for the engineer inter-
ested m the preliminary design of aerodynamically
stabilized free rockets, has a twofold purpose:

a. To provide the preliminary design engineer
with specific, “best available” design information
and data devised to allow the rapid response re-
quired of preliminary design activities, and

b. To provide each technical arex having re-
sponsibilities in the preliminary design phase «n
appreciation or “feel” for the data requirements
and data applications of other specific technical
areas.

The term free-flight rocket implies the absence
of an active guidance system. Such a rocket is
guided or aimed by a launching rail or tube and
can be classified into one of two categories-

a. Spin-stabilized

b. Aerodynamically stabilized
The spin-stabilized rocket, as the name implies,
depends upon a high rate of spin and resulting
gyroscopic moments to oppose disturbing mo-
ments and forces. Conversely, the aerodynamic-
ally stabilized rocket depends upon the moments
generated by a flare or fins placed aft of the cen-
ter of gravity to oppose disturbing moments and
forces. The aerodynamically stabilized rocket
generally employs some spin history to minimize
dispersion due to nonstandard conditions (body
malalignment, fin malalignment, etc.). The data
and concepts presented by this handbook are
limited to aerodynamically stabilized free-flight
rockets.

The rocket is assumed to be a rigid body, i.e,
the elastic properties of the structure have been
neglected. However, for soine configurations
(primarily long, slender bodies) the dynamic
inudes of uscillation may be of sufficient ampiitude
to warrant detailed investigations.

- e

Finally, there are three major propulsion sys-
tems that could be applicable:

a. liquid propellants

b. solid propellants

c. hybrid propellants (comimation of hquid
and solid)

The applications of this handbook are limited
to solid-propellant motors, used almost exclusively
in free-flight aerodynamically stabihized rockets.

The basic handbook is organized into chapters,
each self-contained and applicable to a particular
technical area with which preliminary design is
concerned. These ar-as are: Atinospheric Data,
Systems Design, Parametric Performance, Pro-
pulsion, Structures, Accuracy, and Aerodynainics.

Chapter 2, Atmospheric Data, presents clima-
tological data partinent to free rocket design.
Chapter 3, Systems Design, discusses the factors
affecting design, considering each technical area
from preliminary design to actual hardware.
Chapter 4, Pavametric Performance, presents data
describing the performance of various design con-
cepts, with variations that permit consideration of
trade-offs to rnaximize range for given mass or mass
for givan range. Chapter 5, Propulsion, presents
concepts and data necessary to predict propulsion
system performance, as well as important aspects
to consider in conceptual and preliminsry design.
Chapter §, Structures, presents data and methods
pertinent to structural design. Chapter 7, Accu-
racy, considers both burning-phase and ballistic-
phase errors, the effect of these errors on rocket
accuracy, and techniques necessary to estimate ac-
curacy. Finally, Chapter 8, Aerodynamics, pre-
sents design curves and formulas that will permit
the prediction of stability (force and moment) and
drag characteristics for practically any conceivable
aerodynamic body or combinations of bodies.

1-1/1:2
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CHAPTER 2
ATHIOSPHERIC DATA

2-1 INTRGDUCTION

Aumospheric imformation 1s a ve:y impurtant
;ons«Zeration n the preliminary design of 1uckets.
particularly those that are free-fl.zht or uncon-
trolled after launch. Since atmospheric data are
ume- and space-dependent, and therefure widely
vanable, staustical processes are normally used
for their presentation, analysis, and utilization.

Because some types of statistical data are sub-
ject to considerable controversy, one can hardly
hope to develop standardized actual clima‘ological
data profiles, and perturbatiuns to then,, that w.ll
receive universal abceptance. Instead, meteur-
ologists have developed synthetic standard pro-
files, independent of physical location. Means and
extremes of these profile, were then developed.
dependent upon rather general geographic loca-
tion. Finally, models of microclunatologicai (lo-
calized) conditions can be accomplished to meet
specific conditions.

In rocket design, the prelunmary design phase
1s concerned primarily with macroclunatology
{large-scale conditions). Density, .emperature,
and pressure profiles (variation of these factors
with altitudz) must be presentea tu the trajectory
analyst so that configuration performance can be
deterquned. Wind profiles and wind shear n-
furmation are necessary for structural design as
well as for accuracy studies. Finally, considera-
tion of extreme cunditions 1s necessary tu ensure
complete system integration and operation.

2-2 ATMOSPHERI?; PROPERTIES

2.2, ATMOSPHERIC DENSITY, TEMPERATURE
AND PRESSURE

The U. S. Standard Atmosphere (USSA) 1s
based upon the International Civil Aviatien Or-
ganization (ICAO) Standard Atmosphere to 20
km altitude, and upun the propused ICAO exten-
son from 20 km to 32 km. Data for the first
20 kin are in apreement with the Aur Research
and Developmen. Command (ARDC) 1959 Stand-

ard Atmosphere The major reason for revising
standard atmospheres in recent years has been
the ubserved v1bit perturbations of artificial satc!-
ltes due tu atmuspheric drag. This sub,ort s
beyound the present scope of interest. See Refer-
ence 2 for complete tables.

Table 2-1 presents a useful summary of at-
muspheric properties taken frum Reterence 2.

2-22 WINEGS, UPPER LEVEL

The problem: of selecurg wind profile infcrma-
twn for use as design cniteria led to development
of an estimated synthetic profile which presented
th. 1 percent prubable wind speed and associated
shear at the musi uniteal altitude, and speeds of
vther altity des typicai for such wind fields. Sub-
sequent investigation revealed that, if accuracy
in he calculated risk 1s desired, the use of syn.
thetic wind profiles is hazardous. However, logi-
cally developed synthetic profiles are useful in
preliminary design. Fig. 21 is a synthetic wind
profile that was developed in 1954 to cetermine
vehicle responses that wuuld be exceeded during
vnly 1 percent of the windiest season of the year
in that area of the U. S. where tropospheric wind
streams were considered the strongest. It is rea
sunable to shift the curve upward or downward
by as much as 5000 ft to make the peak wind
speed cuincide aith the altitude of maximum wind
influence.

Ideally, in mussile design and accuracy studies,
the designer must know mean wind velocity and
standard dewviatior. for both hemisphzres. Tab.e
2-2 gives the resultant wind direction. vecio:
mean wiad velocity and the standard vector de-
viation for the Northern hemisphere between
20°N and 80°N at altitudes from 10,000 to 160,000
ft for winter and summer.

See Reference 4, the Handbool of Geophyasics
and Space Environments, 1865, Chapter 4, for the
mean wind speed, standard dev.iation, and corre
lation between levels for 2 series of altitudes
for each vectur component at specific stations dui-
ing the winter season.

24
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TAOLE 2-1, U. S. STANDARD ATIMOSPHERE, 1632

Geometric Density, Temperature,
Altitude, km kz/m* °*K
0 12250 283150
1 11317 281.651
2 10058 Zitist
3 0.00225 ZCRLS9
4 0.81335 282165
$ 0.73543 255.678
] 0.65011 249187
1 0.52002 242,700
8 0.52579 236215
9 045705 228.733
10 0.41351 223252
11 036450 21R 74
12 0.31194 216.650
13 026560 216650
14 0.227€8 216650
15 0.10478 216.650
9 0.10047 216.650
17 0.14230 216.650
18 0.12165 216.650
19 0.10400 216,650
20 0.033910 216.650
21 0.075715 217.581
22 0.064510 218.574
23 0.055006 219.557
24 0.016933 220.500
2% 0.040024 221.552

2.2.2 V/INDS, LOVIER LEVEL

Chapter 4, Section 4.1 of Reference 4 contains
information concerning mean wind as a function
of height. This section gives approximate equa-
tions to compute the meaan wind speed. It also
gives inforination and tabulated data concerning
wind-direction shifts and directional variation,
and low-ievel jet streams.

Tabie 2-3 gives the number of years of record,
mean, and standard deviation of the extreme wind
speed at 50 ft above the ground for ~arious sta-
tions in the northern hemisphsre.

Fig. 2.2 shows the strongest wind for tempera-
ture range observed during a five-year period.
Wind speeds are, in general, for 40 to 100 ft
ebove the surfacz. Speeds at 10 feet are approxi-
motely 0 percent of the values given, except for

22

Accel. of
Prezsure, Gravity, Sipeed of
N ‘ms m/sect Sound, m- sec
10325 9.8006 340.284
89376.2 9.8038 336135
795014 9.3055 332.632
701211 9.7974 328.533
616504 9.7943 324.589
54048.2 9.7912 320.545
472476 9.7882 316.452
41105.2 2 7851 312.306
35651.6 9.7820 308.105
308007 97789 303.848
26499.9 9.7759 299.532
226999 9.7728 295.154
193934 9.7697 295,652
16479.6 9.7667 2395.039
141704 9.7636 285.069
121118 9.7605 285.069
10352.8 9.1575 295.069
8849.71 9.7544 295089
7565.22 9.7513 295.009
€4R7 48 9.7483 2095.059
5529.30 9.7452 295.069
4728.93 9.7422 295.703
4047.49 9.7391 296.377
3486.86 9.7361 297.049
2971.74 9.7330 291.720
2549.22 9.7300 293.369

the coldest temperatures, where winds are 50
percent of the indicated values.

224 REGIONAL ANNUAL AND SEASONAL
DENSITY MOBELS

Evaluation of flight performance aud rocket
design necessarily includes the consideration of
veriiral distributicn of aimospheric environment
parameters. Our knowiedge in this field has rap-
idly expanded beyond the status of a “Standard
Atmospherie Model”, which can only describe
the atmospheric environment as a first approxi-
mation, under limited circumstances. In recog-
nition »f these limitations, the Committee on the
Extension of the Standard Atmosphere (COESA)
has recenily adopted supplementary atmospheres
(Referenre 2).
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20 w
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Maximuem spoed (X0 ft scec 2} and amociated raxi.
mum chear (45 ft sec—1 per 1000 ft) are likely to be exceeded
only 195 of th: wictertime over the northeastern USA. Wind
apeeds rd shears at levels al..ve and below the levels ot maximnm
speed and shear aro t;pi~al of those likely to be encounter=d for
this 19 probability condition,

Figure 2-1. Maximum Speed and Associated Shear

From dandbook .f Geophysice md Spare Favirunments, by
Shea L. Valley, Air Force Cambridge Research Laboratorics.
Used by permission of copyright owner, McGraw-Hill Book
Co., Inc.

.

These suppiements to the standard atmcsphere,
allhough welcomed by th. Jesign enpueer, still
cannot fully describe the status of the atmosphere
and are not intended 1o do so. Besid:s having
reference models »f mean conditions, the designer
neads mformatian tn desermbe the deviations from
these preset models, usually n the form of sume
error fuaction or sia~dard deviations.

It has been customary to assume a certan de-
viation, e.g., th: plus-one-sigira thresheld, at
every height level, and then to connect these
points fron: ont 1:vel to the next. The resuliing
synthet'c aititude relationship will be call +d here
the plus-ore sigma envelope (to be dis.r.guished
from profiles). A.sc, constants, such a. a % per-
cent deviation for density, have been utilized.

Such an approach is very attrictive because 1t
compresses a large amount of .tatistical informa-
von mto 1 few altitude cnrves. However, it com-
pletely ignores the artiiude releticashup of me-
teorological elements, which is admitiediy com-
plex and caunot be expressed m simple terw.s.
Although 1t 1= logieal to astablish any probability
thieshold separately at ary altitude level, the
curves that result when thesc threshold values
are combired te form a smgle vertical profile de-
viate totally from realistic profiles, paricularly
for density. Figz. 2.3 illustrates this nomt. Im-
prope: design of the rocket system may result
as a consequence of this negligence

Although the ‘ntroduction of more realistic pro-
files may mcrerse some of the engineers’ compu-
tational work by adding a few profiles or by
making his computations more complex, hope-
fvlly the engineer will thereby realize a gamn for
his system by svoiding improper desizn. Ideally,
investigations would employ sample profiles.
The disadvantage of this approach is the tremend-
ous amount of calculations that result if individuai
atmospheric conditions are used as inputs from
random data selections Some of the advantages
of realisiic data can be retained, with a reason-
able amount of compu.ation, by using carefully
selected, small but rupresentative samples.

One such selection has been prepared by Dr.
0. M. Essenwanger, Chief, Aerophysics Branch,
Physical Science Laboratory, Army Missile Com-
rand, Redstune Arsenal. His collection cunsists
of 800 representative individual profiles, a.Tanged
m exgl.. sets of 100 profiles; two sets for each of
four stations represent summer and winter con-
ditions. Fig. 2-3 is a selection from this collection.
The entire collection, on punched cards. xay be
obtained from Dr. Essenwanger.

The rext best, and also simpler, appivach would
be to use a representative profile. Theur use
will keep computstional cffort relatively simple,
but will provide reaiisuc esimates of actual at-
muspheric conditions. Data obtamned tinough use
of these profile: will provide informet.on un mus-
sile behavior adequate for prelimmary design.

Such a set of representative profiles 1s the 20
sets of air densi'v and associated temperatures
presented 1n Table 244 and Fig. 2-4. These pro-
files may be used to represent mean and one
sigma conditions for four zunes, by summer, vin
ter, and arnual reference penuds. The p.uper
profile Jor each condition 15 presented on the
tirst page of Table 2-4, where the numbers refer
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t5 the subscripts in subsequent column headings
and the various curves of Fig. 2-4.

Mr. H. P. Dudel of the Aercphysics Branch,
Pl.ysicul Sciences Lab, R&DD, U. S. Army Missile
Command, hes published a report (Reference 7)
giving the mean, rainus-one sigrua, and plus-one
sigma density nrofiles for the midseason months
of January and Jily at latitudes of 15°N, 30°N,
45°N, 60°N and 75°N. The asscciated tempera-
tures are not yet available, bat will be included
in a forthron ing report. In the meantime, the
Committee ou Extension of the Standard Atmo-
sphere (COESA) has announced adoption and
proposed republication of the Air Force Interim
Supplemental Atmospheres as publishedd by Cole
and Kontar (Reference 3). These supplemen-
tary atmospheres to the U. S. Standard Atmos-
phere, 1962, approximate mean conditions at the
same geographic latitudes and months as does
H. P. Dudel’s repert, Ref. 7.

I~

=~
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5 °f g TABLE 22. RESULTANT \VIND CONDITIONS IN THE NORTHERN HEMISFHERE
' '
LP ' Resultant wind direction (d in degrees), vector mean wind velocity (% in knots), and

[ o - standard vector deviation (3 in knots) at variour, altitudes (M) for varicus latitudes and longitudes
i ‘ in the Northern Hemisphere, summer and winter scasons.

@

L

f
i A
. Summer
" } B
/ } v . 180° % 160* W 140° W 120° W 100° W 80° W 60° W 0° W 20° W
i)
‘t"{? 1 »; g 0% 4 v 3 d v & d v &8 4 v 8 4 v &8 & vV & 4 V8 d V8 4 VB
7 1)
o % LATITUDE 20° N
LW 5 120 11 11 130 12 12 65 10 14 9% 12 16
‘r.-n"“/.; :' ! ;g gg $ }2 lg g; (l)g 2(5) gg ‘l)g gls) (l)(S) (i)g 05 10 10 100 07 12 150 05 12 10 05 )4 120 05 14
* 30 300 04 1y 255 12 20 250 16 18 150 14 17 100 08 15 65 05 16 285 05 16 220 08 16 18 10 ;g
? 40 300 10 26 270 25 27 245 20 26 140 14 20 95 10 20 30 06 22 210 10 22 225 13 23 160 12
" ' 50 30 03 20 230 10 20 230 10 20 120 10 15 80 10 20 25 ¢8 18 S0 05 20 170 10 20 130 lg 20
{"YT.: " 60 100 15 100 20 10 110 15 10 100 20 10 #5 20 10 8 20 10 G0 20 10 100 15 90 1
S 70 9% 3u 9 30 10 9 37 10 9 30 10 9 30 110 9 30 10 95 30 10 % 25 90 30
T 80 90 35 9 35 10 9 35 10 9 35 10 9 25 1h 90 35 15 9 35 15 9% 3 90 35
o 4 90 90 a5 90 40 10 90 40 10 95 40 15 95 45 i5 95 40 15 ey 35 1b 9% 3 9 4
g ! 100 0 45 90 45 12 90 45 1S 95 45 15 95 45 15 95 45 5 9 35 15 9 30 0 30
; LATITUDE 20° N
10 150 02 15 60 04 13 50 05 13 205 05 12 150 05 14 220 04 13 220 05 14 365 04 IS 310 04 16
. | 20 330 08 18 200 05 18 200 04 15 230 10 16 150 02 15 240 o4 15 240 06 16 230 05 17 275 03 17
30 325 10 24 275 12 24 260 13 24 240 20 25 360 06 20 300 05 23 280 07 22 280 08 22 255 15 20
5 40 335 12 22 280 18 30 255 23 30 225 25 30 325 €6 20 325 07 23 290 08 25 280 }4 28 255 20 25
Y i 590 360 08 2 2710 10 25 245 20 25 197 10 20 360 06 25 340 08 25 315 05 25 260 i 25 240 10 20
o 40 08 40 16 10 170 10 10 130 05 10 85 10 10 80 10 10 80 10 10 40 10 40 10
»:555 70 920 20 90 20 10 90 20 10 9 20 10 9 20 10 9 20 10 9% 20 10 90 29 € 20
& 80 9 25 G0 25 10 90 25 10 90 25 10 90 2 19 9 25 0 90 25 10 9 25 90 25
o8, y %0 % 30 9 30 10 90 30 10 9 30 10 9 30 10 9 30 10 % 25 10 % = %0 25
e ) 100 90 3 6 35 15 90 35 15 90 35 15 90 35 5 90 35 15 9 30 i0 90 25 90 25
e . LATITUDE 40° N
. 10 245 18 18 240 13 18 315 0 18 240 07 14 270 10 16 275 16 17 260 16 18 270 14 18 285 10 17
Xt . 20 270 24 24 265 21 24 300 14 22 250 18 22 270 19 20 27 23 21 265 24 22 270 17 24 280 16 22
e 3 30 270 32 30 265 24 3z 200 18 30 255 26 34 270 31 28 275 30 29 270 30 29 280 21 32 235 19 28
;é:ﬁ;ﬂ L) 235 35 35 275 23 34 270 22 35 250 32 36 265 40 34 2080 35 35 270 30 33 230 25 35 275 24 30
P 50 295 20 25 270 15 25 260 20 25 245 20 24 1250 20 24 280 18 25 280 20 25 75 2 25 20 20 25
o i g 60 210 10 190 07 10 180 10 10 180 10 10 190 10 ¢ 220 10 IS 200 10 10 200 10 200 10
[ 70 90 10 9 10 10 %0 10 10 95 10 10 9 10 10 8 10 it 6 10 10 9% o7 90 10
Lo \ 80 90 20 9 20 12 90 20 10 90 20 10 9 i5 i % 15 08 S50 20 08 90 15 9 15
- 90 9 20 9 20 10 9 2 10 9 20 10 9 20 10 9% 20 10 9 2 10 %N 20 9 20
=’l” 100 90 25 G 25 19 90 2 10 9 25 10 9 20 10 9 20 10 9 20 10 20 29 9% 20
" LATITUDE 50° N
N ‘ 3 10 200 17 23 245 18 23 250 14 23 275 10 15 235 14 18 235 18 28 270 16 22 260 20 2= 265 17 23
- 20 65 23 29 255 26 30 275 21 29 265 18 25 275 24 23 285 28 25 270 27 29 265 29 W 210 X5 30
L] 30 270 31 38 260 32 38 200 30 40 265 25 37 275 36 34 285 38 33 265 40 40 75 40 42 220 3) 40
* 40 270 36 38 260 32 38 275 30 35 270 28 35 270 40 34 280 38 34 265 45 38 265 40 37 265 32 33
o S0 %5 15 25 200 15 25 260 15 25 260 20 25 265 25 20 280 25 25 265 25 25 270 25 25 265 20 5
N J . 60 210 10 190 10 10 19 10 10 219 05 10 220 10 15 230 10 I¢ 190 10 10 19 10 200 10
. L 70 9% 05 95 05 10 95 Mo 10 100 05 10 90 65 10 80 05 10 € 05 10 9 05 160 05
— L w i 90 10 10 9 10 10 9 10 10 90 10 10 9 10 10 9 10 10 % 10 9% 1o
¢ 90 90 15 90 15 10 9 15 10 9 15 10 9 15 08 9 15 08 S0 15 08 90 15 S0 15
. ! 100 90 1§ 90 15 10 90 15 10 9 20 10 90 15 03 9 15 08 9 15 08 9 15 90 15
.. ' LATITUDE 60° N
i 10 %0 08 20 210 08 20 230 05 18 295 06 14 310 12 18 290 10 20 230 06 20 260 05 21 250 08 24
o | 20 260 10 30 235 11 30 250 10 26 200 12 22 300 17 22 290 18 26 50 10 29 Zi0 13 30 260 14 32
' H 30 260 20 33 245 16 33 260 15 40 290 10 30 295 22 33 290 24 32 255 15 37 260 19 39 265 22 45
| . 0 255 14 34 245 17 33 265 15 32 Z75 10 23 290 22 30 290 24 29 255 19 30 260 22 35 260 2% 35
o . S0 275 05 20 260 10 20 260 10 Z0 275 10 20 290 5 20 200 1% 20 255 160 20 260 15 25 240 15 25
: 60 220 05 180 65 10 180 5 10 1% 05 9 216 % 220 08 200 08 200 10 190 08
2 ! \; 70 90 05 90 05 10 95 05 10 100 C5 10 90 80 05 80 05 9 05 109 05
I’ i 80 90 10 9 10 10 % W0 10 9 10 10 9% 10 9% 10 20 10 9% 10 <0 10
P i —_ 0 9 10 9 10 % 9 10 63 9 10 10 9 10 9% 10 9 10 90 W) 9% W
L ' i ) 100 S0 10 9 15 08 90 15 08 S0 15 08 90 15 9 15 9% 1S 9N 15 9% 15
l t
' e From Handhook of Geaphijcicx and Space Environments, by Shea L. Valley, Air Force Cambridge Reseael Laboratories.
i { ; Used by permission of copyright owner, McGraw-Hill Book Co,, Irc.
« I
: ! 25
]




e e e —————

e

. e

ARCP 703-220

TACLE 2-2.

RESULTANT WIND CONDITIONS IN THE NORTHERN HEMISPHERE (cont)

Resultant wind dizection (d in degrees), vector mean wind velocity /¥ in knnts), and
standard vector deviation (8 in knots) at various altitudes (H) for various latitudes and longitudes

in the Northern Hemisphere, sunminer and winter seasone. {Continued)

Summer
" 10w 160° W 140° W 120 W 100* W 0w 00 W . W 20 W
1086 4 ¢ & 4 © &8 d ¢ 3 d v & d VvV & d ¥ 2 d ¢ s d vV &8 d v 8
LATITUDE 70°* N
10 240 10 R 210 07 17 250 C7 16 300 09 13 330 63 18 270 04 18 140 03 17 65 03 16 330 04 18
20 25 12 27 240 11 26 260 11 21 300 15 18 320 13 24 280 07 26 210 06 25 270 04 24 270 0% 27
20 240 13 35 230 12 36 260 14 29 200 17 24 320 15 26 280 08 32 235 08 32 25¢ 08 33 270 05 38
40 250 16 29 230 2 28 250 13 24 285 13 22 315 16 24 270 10 23 230 07 25 255 07 25 265 08 25
50 255 05 15 285 05 i5 270 05 15 200 10 15 310 10 15 285 05 15 245 05 15 210 03 10 210 05 20
@ 210 65 190 03 10 1680 03 10 150 03 1.0 210 03 230 05 230 03 140 02 150 02
70 % 05 90 05 10 9 05 10 80 05 10 90 05 9 05 9 05 90 05 100 05
£0 o0 ®R 9 3 10 9% 63 10 S 63 10 9% 08 9% 08 9 08 90 08 90 08
% % 03 90 63 10 9 10 03 %0 03 03 9 O3 90 08 90 08 90 08 90 08
106 9 10 90 10 08 90 10 03 90 1n 68 9 10 90 10 9% 10 9% 10 9% 10
LATITUDE 80*N
10 250 07 16 255 05 17 255 06 17 285 06 17 260 04 16 195 03 16 205 04 14 315 04 15 310 -0 15
20 2011 24 2650 12 24 250 10 24 290 08 23 285 04 25 225 04 26 230 05 24 265 07 23 285 05 24
30 210 67 82 275 10 32 300 10 30 320 10 30 280 04 30 265 04 30 215 06 30 270 06 34 300 09 32
40 270 10 23 285 10 22 300 10 20 30 10 20 315 05 19 240 04 20 195 0% 20 245 08 20 280 05 20
50 220 05 10 270 05 10 305 05 10 310 05 10 280 05 15 260 02 10 170 02 10 180 02 10 240 03 15
60 200 05 200 05 190 05 190 05 30 02 ¥ 02 40 02 150 02 150 02
70 90 05 90 05 80 05 60 05 7 05 80 05 % 05 100 05 110 05
) 9 05 2 05 %0 o8 80 05 90 G5 90 05 100 05 9 05 100 05
0 20 05 ¥ 05 % 05 90 05 90 05 S0 05 9 05 9% 05 20 05
100 9 05 99 08 90 08 9% 03 9% 05 90 05 9 05 2 05 90 05
Summer
i 0° 20°*E 4°E 60°*E 80°E 100*E 120 E 140°E 160* E -
M d ¥ 2 4 T 3 4 ¥V 3 d ¥ 3 d4d ¥ 3 d 7 85 d vV 8 d vV 2 d v o2
. LATITUDE 20° N
16 115 15 16 35 10 12 05 10 13 330 03 12 240 05 15 280 07 17 210 05 15 160 05 15 150 08 10
20 135 03 15 25 08 14 65 Q7 15 70 07 12 110 05 i5 115 05 14 165 05 1> 170 03 15 130 05 13
o 165 G515 20 65 17 05 12 15 70 12 12 80 15 15 90 15 IS 9 05 15 25 03 15 350 63 18
40 150 10 20 30 €5 22 110 22 16 70 28 18 80 25 20 85 25 20 8 10 25 30 05 25 355 05 23
S0 120 15 20 110 25 25 1106 30 20 90 40 25 60 45 25 75 40 25 75 20 25 65 15 25 60 10 20
6« 100 20 100 25 100 35 9 35 9 4 w 80 90 9 30 EL V.7
70 o0 30 0 0 9 30 90 30 90 30 90 30 90 40 20 40 90 30
1) $0 & 9 35 90 35 90 35 90 35 90 35 %0 40 90 40 90 40
<0 9 35 9 35 9 45 920 45 % 40
100 %0 35 % 35 9 S50 90 35 9 50
LATITUDE 30°N
19 130 03 16 330 10 15 295 06 16 345 04 15 245 05 18 230 07 15 245 10 15
20 200 07 18 315 13 id 270 12 17 360 07 15 17 05 1S 245 . 20 250 15 20 250 10 18
D 2% 18 1% 270 17 20 240 10 21 245 03 18 225 05 20 170 10 25 220 15 30 270 12 27 290 12 23
4 20 20 25 255 25 25 220 17 23 320 07 25 260 08 25 1% 15 30 225 15 35 305 20 35 319 15 30
3 245 5 S0 220 15 25 195 10 20 180 07 25 30 05 25 60 15 30 340 10 35 340 10 30 345 10 30
@ 110 15 150 10 150 15 90 10 9 10 9 20 50 20 70 15 40 10
0 90 N 9 20 100 20 100 20 20 29 90 20 9 25 %0 20 2 2
71] 9 25 %0 25 9 25 9% 30 90 30 9 30 9% 30 20 2 90 25
90 90 5 9 28 9 25 90 30 20 30 9% 30
100 S0 20 0 % 90 W 9 35 90 40 90 40
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TABLE 2-2. RESULTANT WIND CONDITIONS iIN THE NORTHERN HEMISPHERE (cont)

Resultant wind direction (d in degrees), vector mean wind velocity (¥ in knets), and
standard vector deviation (& in knots) at various sltitudes (H) for various lavitudes and longitudes
. in the Northern Hemisphere, summer and winter seasons. {Continued)

{ Summer
" o 20°E 490°E 60°E 80°E 100* E 120° E 140°E 160* E
| wh d v 8 d ¢ 8 d ¢ 8 d ¢ 8 d v 8 d v 8 d ¥ 8 d ¢ 8 d ¢
LATITUDE 40° N
10 265 13 16 315 14 18 255 08 17 330 08 16 250 05 09 290 06 16 285 07 18 260 11 18 265 16 18
. 20 205 22 20 290 22 23 240 17 20 295 15 20 255 12 20 270 13 20 260 14 25 265 20 25 275 24 24
30 265 30 28 280 32 30 270 38 30 280 33 30 260 34 25 255 20 26 270 23 35 260 37 37 280 34 32
4 265 32 3) 265 40 30 255 38 35 275 38 30 260 43 35 275 35 35 275 40 35 265 40 45 280 33 38
50 265 25 25 260 30 25 260 35 25 260 30 25 265 30 30 290 25 25 280 30 30 285 25 35 285 20 30
W0 190 15 200 15 200 20 200 20 200 20 200 20 210 20 220 15 220 10
0 9% 10 100 10 160 15 160 19 100 10 % 10 % 10 % 10 80 10
80 9 20 %2 20 %0 20 9% 20 % 20 % 20 % 20 %0 20 % 20
0 9% 0 90 20 % 20 20 20 %0 20 % 20
10 90 25 9% 25 % 25 90 20 %0 20 9% 25
LATITUDE $0° N
10 260 14 20 285 10 20 260 06 19 310 08 18 280 08 17 285 07 16 315 06 17 220 05 19 290 08 20
20 265 20 28 275 14 27 260 08 24 295 13 26 280 14 25 280 13 21 290 13 25 280 12 27 285 16 28
30 20 27 40 270 20 35 260 14 32 200 27 33 275 20 31 275 20 27 275 18 35 285 23 35 265 25 37
4 270 27 35 265 24 35 260 20 35 280 27 35 270 34 32 2?5 30 30 270 25 36 200 27 35 290 30 40
S0 270 15 25 260 20 25 255 25 20 275 25 25 270 25°25 280 20 25 275 20 25 200 20 25 290 20 30
0 200 10 200 10 200 10 206 10 20 10 200 15 200 10 200 10 220 10
70 100 05 100 05 100 10 100 05 100 05 % 05 9% 05 80 05 % 05
80 9% 10 9% 10 % 10 %0 12 9 12 % 12 20 10 % 10 % 10
0 % 15 % 15 %2 15 % 15 % 15 9% 18
) 10 9 20 9 20 % 20 % 10 % 10 % 10
2ITUDE 60° N
10 265 12 20 260 08 20 270 07 20 285 08 21 250 07 19 250 05 15 280 05 16 280 05 18 280 05 19
g 20 250 16 30 260 13 27 275 10 27 250 09 27 270 09 26 270 08 22 280 08 24 275 08 24 280 08 27
I 30 255 22 45 260 20 40 260 15 32 290 14 34 270 10 35 265 10 30 270 12 27 275 14 30 275 17 34
, 40 255 22 35 200 20 32 275 20 27 280 17 28 270 18 26 270 15 25 265 16 26 280 16 28 280 12 33
50 255 10 20 260 10 20 270 15 20 270 15 20 270 15 15 270 10 15 270 12 20 290 10 20 300 10 25
0 19 05 200 05 20 05 200 05 1% 05 190 05 200 05 200 05 220 05
70 100 05 100 05 100 05 100 05 % 05 % 05 % 05 90 Q5 o 05
80 9% 10 % 10 % 10 % 10 % 08 % 08 % 10 9 10 % 10
90 % 12 % 10 % 10 % 10 % 10 % 10
10 9 15 2 15 % 15 % 10 9 10 % 10
LATITUDE 70° N
10 255 05 18 225 07 15 235 05 17 225 05 17 210 05 19 210 05 14 230 07 15 250 09 16 250 11 18
20 240 08 26 240 11 22 265 08 23 275 05 23 260 05 24 260 05 22 270 09 24 265 12 23 260 13 25
30 210 14 37 230 16 28 260 08 27 265 05 30 260 OF 30 260 04 26 260 08 24 260 12 26 260 14 32
| 40 245 13 26 240 12 24 260 12 22 265 11 22 260 11 20 255 11 21 255 09 22 255 Q9 23 255 09 25
. 50 240 08 15 245 08 15 255 08 15 255 08 15 250 07 15 240 03 13 250 08 15 250 07 15 245 05 15
3 0 170 05 180 05 200 05 210 05 210 05 190 05 200 05 200 05 210 05
70 100 uS 100 05 100 G5 100 05 % 05 % 05 % 05 9% 05 9 05
P 80 % 08 % o8 o or o oo o 08 50 03 % 03 5 w us
-, % 9 08 9% 03 % 8 % 03 9% 08 % 03
10 9 08 9% 03 % 08 % 05 % o5 9% 05
LATITUDE 80°* N
10 270 05 15 265 07 14 260 05 15 245 05 15 245 06 15 245 05 14 250 07 15 250 08 14 255 08 16
20 270 05 23 27¢ 06 22 255 05 21 255 05 20 255 08 2 255 05 23 260 09 24 260 10 24 255 11 2%
’ 30 270 03 30 235 07 25 240 05 25 245 05 25 250 03 26 250 03 26 260 04 26 265 05 28 265 07 30
4 255 07 20 240 07 19 240 07 18 245 07 18 250 06 18 255 05 18 265 06 20 270 06 20 270 07 20
50 215 05 15 270 05 15 240 05 12 230 05 10 220 04 10 220 05 10 210 02 10 210 03 10 210 £3 10
@ 160 05 180 05 210 0% 210 05 210 02 216 03 210 05 28 £ 50 G5
- 70 110 05 110 05 10 o5 110 05 100 05 20 C3 2 05 % 05 % 05
: 80 100 05 20 05 % 05 % 05 9 05 90 05 80 0o 90 05 % 05
) % 9% 05 %N 05 % 05 20 05 2 05 % 05
o 100 % 05 % 05 % 05 % 03 % 03 % 03
r o~ i .
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20° W

40° W

gitudes
60° W

80*' W

vector mean wind velocity (9 in knots), and

at various altitudes (H) for various latitudes and lon

Winter
100* W

120°'W
LATITUDE 20°N

Rasultant wind direction (d in degrees),
140° W

RESULTANT \IND CONDITIONS IN THE NORTHERN HEMISPHERE (cont)
standard vector deviation (8 in knots)

in the Northern Hemisphere, summer and winter scasons. (Continued)
160°' W
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? ‘ TABLE 2-2. RESULTANT WIND CONDITIONS IN THE NORTHERN HEMISPHERE {cont)
J 72
! Resultant wind direction (d in degrees), vsctor mean wind velocity (¥ in knots), and
{ standerd vactor deviation (8 in knots) at various altitudes (H) for various latitudes and longitudes
in the Northern Hemisphere, summer and winter seasors. (Continued)
4 Winter
§
u 180° W 160° W 130 W 120°'W 100° W 80 W 60 W W 20°W
) 10t d ¥ 3 d v & 4 ¢ 3 d v &8 d ¥ 8 d v 8 d ¢ 85 d v 8 d V 3
LATITUDE 70*N
- 10 300 03 26 300 04 24 285 07 20 310 08 20 2330 03 18 110 02 18 195 67 21 165 08 24 270 09 25
20 280 06 30 280 09 30 290 15 27 310 14 24 325 13 24 190 03 27 195 13 33 215 13 36 245 17 36
30 265 13 34 215 17 35 285 19 33 310 17 27 325 17 28 250 05 29 200 15 35 225 15 40 250 23 46
40 240 17 30 265 23 28 290 20 28 315 18 25 320 17 25 260 15 25 205 15 30 225 20 30 255 25 32
0 240 25 25 260 25 25 285 25 25 305 25 25 310 20 25 275 15 25 225 15 25 230 25 30 260 25 30
60 250 35 270 35 35 290 35 30 300 5 30 310 30 310 20 270 20 250 260 30
0 250 40 270 35 35 290 35 35 310 40 35 310 35 320 0 280 25 250 35 260 35
80 270 40 270 40 35 280 40 35 290 W0 35 N I 300 35 270 30 210 35 270 40
9% 2710 40 270 40 40 275 40 40 280 40 40 230 40 280 40 2N 30 270 40 270 45
1000 270 40 270 45 45 275 45 45 200 40 40 270 45 210 45 270 40 2710 45 270 50
LATITUDE 80°*N
10 330 03 20 330 03 20 330 04 20 355 05 20 30 03 18 95 03 19 155 06 19 180 06 20 220 07 23
20 310 04 25 320 05 25 325 06 25 355 04 25 45 02 25 129 05 25 160 10 29 210 10 32 225 13 30
30 300 08 25 320 10 25 320 10 25 345 07 25 60 03 25 140 05 25 190 10 30 215 10 33 230 15 37
4 265 12 23 205 3 25 325 12 25 360 10 25 60 03 25 160 05 25 180 10 25 210 10 27 240 15 25
S0 260 20 20 260 20 25 280 15 25 300 15 25 285 10 25 275 02 25 230 10 25 235 10 25 250 15 25
0 250 20 210 25 280 20 310 20 320 15 340 15 320 15 290 10 260 30
70 250 25 210 35 280 25 310 20 320 20 330 15 330 15 310 15 250 It
- 80 270 30 2710 35 270 30 290 25 300 20 300 15 300 20 290 20 260 20
‘ 9 270 30 2% 35 270 35 280 25 280 20 290 20 290 20 230 25 210 25
- 100 270 35 270 35 270 35 2710 30 210 25 2710 25 210 25 270 30 20 30
{
Winter
o H 0* 26°E 40°E 6 E 80°E 100° E 120 E 140°E 160* E
04t d v 8 d v &8 d v 8 d ¥ &8 d v &8 d v -8 d v & d v 8 d v 3
: LATITUDE 20°N
(; 10 240 06 16 255 08 15 290 13 15 250 9 15 270 12 15 290 68 15 200 12 14 210 11 17 210 07 17
8 20 265 27 21 245 15 25 260 22 22 285 23 23 285 22 20 265 24 20 230 20 17 225 25 20 285 17 20
o 30 265 55 32 260 35 27 275 40 30 270 45 28 260 40 25 250 45 25 255 40 22 245 32 25 295 30 25
. 40 265 62 35 260 S50 30 275 S0 30 285 65 33 250 65 S 250 52 25 250 45 25 240 30 26 280 35 30
S0 265 50 25 250 45 30 270 45 25 260 55 30 250 55 32 250 45 25 240 40 25 230 25 25 220 30 25
60 270 40 2710 35 270 35 270 35 270 40 10 35 260 30 260 20 150 20
0 250 10 250 15 210 15 219 25 7M 25 20 230 10 220 10 90 G
L L I iow 05 30 05 30 05 30 05 30 05 2% 05 110 05 70 10
. 9 9 05 90 05 2 05 9 10 9 10 9 10
100 9 10 9% 10 9 15 9 10
LATITUDE 30*N
. 10 290 14 20 280 16 20 265 20 19 250 18 15 25 28 17 215 30 20 270 30 20
; 20 280 36 30 270 32 33 255 38 28 265 35 25 270 35 25 210 §5 25 270 65 30 265 60 30
- 30 280 50 45 270 GO0 45 27D 65 40 270 55 35 275 58 35 270 70 35 270 §5 35 265 90 35 270 80 40
i 30 2805545270654027075401’2’)5754026080902708035270%3527010402709500
N 50 280 50 35 270 55 30 270 65 30 265 70 35 260 75 35 265 80 35 265 85 35 265 85 35 275 70 35
) 60 280 30 280 35 260 35 270 35 210 40 210 50 210 SS 25 50 20 35
0 29 2 280 2 260 25 2% 0 210 20 280 30 260 25 240 20 200 15
1 80 29 15 20 20 210 20 260 2¢ 20 20 210 15 40 20 220 1S 250 05
20 210 15 210 25 210 20 20 20 200 20 210 08
_ 1w 210 N 270 30 210 25 210 25 270 15
évj 29

S g ———
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100° E 10*E 140°E 160* E

Winter
80 E

grees), vector mean wind velocity (¥ in knots), and
at various altitudes (H) for various latitudes and longitudes

in the Northern Hemisphere, summer and winter seasons. (Continued)
LATITUDE 40° N

60° E

490°E

Resultant wird direction (d in de,
d

standard vector deviation (3 in knots)
0* 20°E
¥ 8 4 ¥ 3
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TABLE 2-3. EXTREME ANNUAL WIND SPEEDS

PRRCA IR
P
N

" Extreme annual wind speed (fastest mile) at 50 ft above ground at the given stations;
\ (A) desotes sirport station,

Years 1% Rick
of Mean s.D, inl0yr
} Station Record (mileh=1) (mileh=1) (mileh=1)
L Tempa, Flo. (A) 194156 52 88 %
Mianii, Fla. 1943.58 54 18.0 143
Wiimingten, N, C. (A) 1951.53 67 159 146
Hatteras, N. C. 1912.57 62 134 129
Dallas, Tex, (A) 1941.58 52 6.5 84
. Washingion, D. C. (A) 194958 50 85 92
Dayton, Ohiu (A) 1944.58 60 86 103
X Atlanita, Ga. (A) 1953-58 50 74 87
Abilene, Tex. (A) 1945-58 63 136 131
k\\ Columbis, Mo. (A} 1949.58 56 0.2 8
v Kazasas City, Mo. 193458 58 7.0 90
Buffalo, N. Y. (A) 1944-58 58 83 9%
Albany, N. Y. (&) 193858 52 84 [
Bosten, Masa, (A) 1936-30 59 121 1307
Chicsgo, Ill. (A) 1943.58 st 5.6 79
Cleveland, Ohio (A) 1941.58 59 58 ]
Detroit, Mich. (A) 1934-58 49 8.7 1
Minnzapolis, Misn (A) 1938-£8 52 11.1 107
Omaha, Nebrasks (A) 1936.58 59 13.1 124
El Psso, Tez. (A) 1943.58 58 45 80
Albuquerque, N. M. (A) 1933-58 61 102 112
Tucson, Ariz. 1948-58 S0 71 85
X San Diego, Calif. 1940-58 36 6.0 66
; Cheyenne, Wyo. 1935.58 63 69 97
Rapid City, S. D. 1942.58 66 6.7 9
- Bismarck, N, D. 1940.58 66 52 9”2
. Great Fall, Mont. 194454 65 35 82
) Portland, Ore. 1950-58 57 62 a
~ - New York, N. Y. 1949-58 58 48 82
% Pittsburgh, Pa. 1935.52 52 6.2 83
‘ Number
' of Years
¢ of Data
Fairbanks, Alasks 9 37 83 78
» Nome, Alaska 11 61 9.1 106
Elmendorf AFB, Alaska 14 45 71 81
Shemya Island, Alaska 10 70 6.2 101
Hickam AFB, Hawaii 1 45 84 86
Clark AB, Philippines 13 39 122 100
‘ Lajes Ficld, Asores 13 62 169 146
Albrook AFB, Canal Zone 18 26 21 47
San Pablo, Spain 1 77 13.3 153
N Wheelus AB, Libya 14 49 118 108
’:._' Stuttgart, Germany 15 40 48 65
. Keflavik, lceland 9 84 108 133
N Thale, Greenland 14 80 124 142
Tainan, Formosa 39 53 21.2 158
r “faipei, Formosa 39 59 219 %7
) Itazuke AR Tanan is 43 100 93
o Misawa AB, Jspur 11 4 7.2 83
S Tokyo Intl. Alrzoss. Japan 15 52 2.2 103
! Kimpo AB, Kore 8 43 80 82
} Bombsy, India P) S0 14.2 120
; Calcutta, India 6 87 7.4 93
| Gaya, [adia 6 52 68 8s
: Madras, India 6 45 75 82
j New Delbi, India 6 52 as 70
1 Poona, India 6 3 6.1 69
h Central AB, Iwo Jimwa 1?7 3 379 266
i Kadraa AB, Okinawa 14 82 25.3 208
I"'!\'
)
S From Handbook cf Geophysice and Space Environments, by Shea L. Valley, Air Force Cambridge Research Laboratorles.
I Used by permission of copyright owner, McGraw-Hill Book Co., Inc.
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0 20 30 40 S0 (o] 70 20
ViXD SPEED (moh)
Strongest wind {ive-min aversge) for temperature range observed during a hve-yr period,

Wind speeds are, in general, for 40 to 100 {t above the surface. Speeds at 10 ft are approximately

80% of the values given, except for the coldest temperainres, where winds are 50% of the indicated

values. Stations used for this study are:
Caribou, Me. Jacksonville, Fla, San Francisco, Calif. Minneapolis, Minn.
Burlington, Ve, Miami, Fla. Tatoosh 1., Wash. Chicago, 1L
Boston, Mass. Galveston, Tex. Great Falls, Mont. Buffalo, N. Y.
New York, N, Y, Oklahoma City, Okla. 3alt Lake City, Huah Pittahurgh, Pa.
Washington, D, C. Phoenix, Ariz. Wichita, Kansas Columbus, Ohio
Hatterss, N. C. Los Angeles, Calif,

Figure 2-2. Strongest Wind for Tempercture Range

From Handbook of Geophysics and Space Environments, by Shea L. Valley, Air Force Cami sidge Rescarch Laboratorics,
Used by permission of copyright owner, McGraw-Hil} Book Co., Ine.,
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TABLE 24,

A. Key to Code Numbers of Density and Temperature Profiles

DENSITY AND TEMPERATURE PROFILES

(Figs. 24 (A) through (F))

l Mean “0” 40"
Zoown Sesson Profile Profile Profile
Annual Models
Tronics Annual #1 (a) (a)
Sublrorics Annual %3 #2 #5
Tompetale Z Annual £10 #8 #12
Polwr Z. Annual #1v #15 #19
Seasonal Models
Tropics Summer #1 (b) (b}
Tronics Winter #1 (b) (b)
Subtropics Summer F2 (b) (b)
Subtropics Wintr 1 #5 #4 #6
‘Tempoerate Z, Summer #3 #7 #9
Temperate Z. Winter #12 #11 #13
Polar Z, Summer 7418 #14 #16
Polar Z, Winter To #18 #20
(a) Annual variaticn negligible
(b) Variatica negligible
B. Density Profiles for Tropics and Subtropics
(Unit; kg/m?)
Altitvde Profile Number
(k) D, D | Dy D, | Ds Ds
0 138375 1.1757% 119053 1.21632 1.22022 1242352
1 1.65165 100358 0676 1.10178 1.11488 112318
2 23539 D887 0523 85730 1.00910 1.02030
b} 5470 AT702 £33 81313 90849 91785
4 J5503 J9707 S0 81057 81786 B2Z535
5 Jqu JeR T35 13087 13636 14205
6 LA1S £s221 £5750 65850 65223 68386
7 S5T82 z31s L0127 59320 59433 59556
8 S5%3 S2141 55045 53326 53195 53064
9 45708 AT LT85 A7792 47376 46960
10 A1%47 A2143 L2118 A48 41862 41296
un 2707 27420 P-1p4] ey 36567 35885
12 ey 200 31662 30962
n } 20050 29084 23100 27810 27142 20474
14 2SR017 2460 24250 23355 23317 227119
15 2201 22049 20520 20409 20054 19639
18 16310 18969 17903 17545 17209 16373
17 b lowe) 16178 15253 14353 14656 14419
18 13442 13533 12923 12634 12480 12275
19 J1180 J140 10200 406716 18565 10414
20 02338 03553 03201 00057 08944 Ca831
bal 0mi2 02457 07763 07633 07576 07459
2 L4877 0325 B0S00 03496 06424 005%2
2 K oviv] 05765 00003 05514 05456 05308
@ BAT92 OO0 0470 04630 04637 04535
) 04063 04300 0002 03991 0346 K

214

ey o a2 .

e — W e !



-

sl , .
| b AmCP 705-200
ot
} €
} I =
L S TABLE 2-4. DENSITY AND TEMPERATURE PRCFILES {cont)
KA ! O 4
v,
Yoo C. Density Profiles for Tempe- ate Zone
: ‘ ’ (Unai: Xz/ra?)
¢ {
i
: Altitude Profiie Nurabe:
° ; (km) B D, Dy Dy Dyg Ly Dy2 D43
" ¥ —— —— - —— Y———
° - ‘ [J 121521 122279 123037 1.26118 1.27528 1.29368 131203
1 IR , 1 1 9610 1.105%0 * 111580 113046 118357 1.15177 116797
s 1 2 « 2145 09365 1.00764 101610 1.01591 1.03061 1.04521
o . 3 BY356 89230 80624 01249 91174 92344 93514
! , ¥ 4 £0425 80321 81429 81934 81871 82801 B3131
- | C 5 12371 a2175 13179 73584 73496 74233 74570
! 6 85067 85396 85725 66013 83911 66430 56949
QO . 7 58444 58715 58826 53141 53954 593568 59758
: ) 3 52524 52524 52524 52201 52781 Szind 52181
- 9 47157 470652 46947 46342 46306 46634 46352
e 10 472211 41769 41327 41294 41652 40692 39732
! ’3 1 3728 36522 35760 33820 36140 35030 33920
| 12 3260 31327 30494 50643 30877 29837 28797
. 13 ZiM8 26730 26112 26110 268132 25376 24820
' 14 23382 229 22444 22327 22219 21650 21031
N 15 20024 1964 19302 19129 18972 18533 18094
{ 16 g0 38 16855 13594 16385 16232 18872 15512
{ 17 14667 14458 14249 14020 13359 13563 13267
2 18 12547 12391 12235 11995 11850 11605 11380
I 19 10730 10612 10494 10256 10138 09932 09728
14 20 09161 30M 03001 08775 08673 03504 08335
™ 2 07850 Kirggthl 07720 07511 07405 07257 07109
¢ 22 06736 (6630 06524 06425 06330 {6199 06068
-~ 22 05770 05725 03680 05495 05410 05297 05184
i 24 04940 04504 04863 04701 04628 04527 044
.’ 25 04231 04199 04167 D402 03962 03872 03782
"
D. Density Profiles for Polar Zone
(Unit: kg/mé)
Altitude Profife Number
: {km) Dy, Dyg Dy Diq RIT: Dy Dy
¥ 0 1.22769 1.24200 1.25631 1.33520 141360 243400 145440
) 1 1.09663 111235 112807 1.17170 1.20340 1.22460 1.24580
S 2 82017 100251 ...— 0I5 1.03904 1.05278 1.05968 1.03658
v, M 89336 80223 91050 92697 93477 54697 95917
[ 4 £0508 81134 B1760 82868 B3384 B4104
f 5 72466 1206 73365 74063 74410 74250 75310
; 6 85195 65493 L5781 66121 £6332 f5424 #3518
7 58507 53742 53877 48370 59061 R 58701 58341
8 52636 5527 52418 52123 52244 51479 50714
y 9 47079 48740 46401 45739 45685 44617 43549
10 41753 41043 40333 39630 39425 316
11 35349 35478 34607 23928 7544 SeH04 1624
5 12 1248 SO 29505 25019 26573 27831 27039
- 13 25604 25000 20386 24866 24422 23850 23278
o 14 22818 22364 21910 21364 20938 20486 19234
@ 15 10023 19253 18833 18380 17972 17570 17168
16 16354 16563 18272 15760 15438 15035 347504
g 17 14450 14231 14002 13560 13268 12975 12690
| 18 J2404 12224 12044 11640 11381 11139 10287
19 10623 10487 10351 10000 09773 09568 09333
20 001065 72003 03333 03520 {03386 03216 02048
a 07818 07733 07658 07404 07193 07049 023035
o 22 0870 56ai 08573 06357 06178 (5045 05912
"r\ 23 Coia0 05700 Ry 05441 05297 (5183 05079
‘ 2 04335 01004 04353 04853 04542 04442 04342
“ 2 04223 04201 04109 03935 03898 03003 03717
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TABLE 24. DENSITY AND TEMPERATURE PROFILES (cont) {

E. Density Profiles for Tropics and Subtropics
(Unit: Percent Deviations from U. S. Standard Atmosphere, 1962)

Altitude Profile Number
(km) § D, D, D, D, Ds Dg
R T, o ——— - Cm— —
(1] -5.0 -4.0 -2.1 -7 4 15
1 -45 6 -22 -9 3 15
3 -40 -43 -2.0 -3 2 14
3 -33 ~-3.5 -18 -1.1 -1 9
4 =37 ~2.7 -14 .17 -2 q
§ =34 -19 -9 -8 0 8
g 6 -28 .12 -4 .2 3 9
. 7 ~29 -3 2 5 q 9
! 8 -12 3 9 14 12 9
1 9 0.0 11 1% 23 14 5
! 10 12 19 18 248 12 -1
! i1 4.1 2.3 17 2.1 2 -16
2 8.0 6.0 40 3.1 15 -7
13 120 9.1 54 43 18 -1
18 PR3] 115 6.4 4.7 23 -0
15 18.0 13.2 73 51 3.0 8
{ 18 19.0 139 176 54 34 13
1 17 150 137 712 51 32 13
! 18 105 12.1 6.2 4.3 26 9
! 19 15 97 48 3.0 16 1
! 20 5.0 15 35 16 6 -7
1 24 42 81 25 9 -2 -13
{ 2 35 58 23 7 -4 -15 .
{ z 30 53 19 2 -8 -19 -~
2 ] 21 5.0 18 -1 -1.2 -23
l 35 15 48 13 -4 -15 -2.7 .~ -
!
! F. Density Profiles for Temperate Zone
| (Unit: Percent Deviations from U. 8. Standard Atmosphere, 1962)
i
| Altitude Protile Number
! (km) n, D, [ Dy J Dy l Dy, Dy, I Dy,
} S SN U S S Y
! 0 -8 -2 4 29 41 56 71
; 1 ~-14 -5 3 17 21 36 5.1
! 2 -15 -7 A 9 9 24 38
! 3 -17 -1.0 -3 3 3 16 238
, 4 -13 -12 -5 -0 -1 1y 22
| 5 =17 -12 -4 -1 -2 8 18
] -14 -8 -4 0 -1 6 14
7 -9 -5 -0 2 -1 6 13 .
3 1 3 d 4 4 4 4
9 19 7 S ) 4 -1 -7
10 21 1.0 -0 -1 7 -16 -39
11 22 1 -2.0 -14 -9 48 -T.4
: i2 5i 3 -22 -18 -1.0 -4.2 =11 *
‘ 13 26 3 -20 -21 -2.0 45 -76
i i 26 s L% 20 -25 -50 75
| L] 23 1.0 -9 -18 =23 -48 -11
| 18 29 13 -3 -1.6 ~25 -48 -68
; 17 31 148 a -15 -2 4.7 -8.8
. 18 3 13 K] -14 48 -4.6 -8.6
\ 15 32 20 9 -14 -Z5 -45 -85
3 33 2.z 12 -13 -24 -43 -6.2
2t 35 26 1.7 -1.1 -25 -44 -6.4
N 2 44 35 27 -4 -19 -3 -59
4 49 41 32 -1 -1.8 3. ~-58
24 54 45 an 1 -14 -35 -5.7 '
. o3 X 43 49 3 -1.1 3.4 -5.6 e
o f
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i ‘ \ ,, TABLE 2-4. DENSITY AND TEMPZRATURE FROFILES (cont)
Sol
" ‘ ¥ G. Density Profiles for Polar Zone
! ! (Unit: Percent Deviations from U. S. Standard Atmosphere, 1962)
of Alttude | Profile Number
l E (km) Dy Dy Dyg Dy, Dy Dy Do
T =
T 0 2 14 25 9.0 154 171 187
| } ! 1 -13 0 1% 54 82 101 121
. ~ 2 -18 -4 8 32 44 63 79
| 3 -17 -8 1 19 28 41 55
i 4 -11 -10 -2 11 18 2.1 37
P 5 -16 -10 - 8 10 16 23
IR g 12 -8 -3 2 5 6 8
T ; 7 -1 -4 -2 -2 1 -5 -11
! ! 8 1 -1 -3 -9 -5 -21 -35
5 i 9 8 1 -8 -21 22 -45 -8.7
! § 10 1.0 -3 -25 -42 -46 15 -103
=, X 11 -3 -21 -51 -1.0 -8.0 -10.7 -133
o 12 2 -26 54 =70 -84 -108 131
13 -2 25 -47 -61 -84 -105 <127
. 14 1 -18 -38 -6.2 -8.1 -102 -122
o 15 8 -1l -390 -51 17 -98 -118
7 s 16 12 -5 =22 -5.2 -13 -93 -114
LR 17 16 0 -18 -47 -68 -88 -108
L 18 20 5 -1.0 -43 -64 -84 10
il 19 21 8 -5 -338 -6.0 -8.0 10U
ey 20 24 12 1 -34 -5 216 -95
A 21 30 19 9 -25 -5.2 211 -9.0
. 22 39 29 20 -14 -42 -63 -83
. { } 23 45 36 2.1 -11 -3.7 =51 -
R ! 24 51 43 34 -8 -32 -54 <15
. 25 56 48 49 -3 -27 -5.0 -13
“ i‘ H. Temperature Profiles for Tropics and Subtropics

{Unit: Degrees Kelvin)

{
e -
! % Altitude Profile Number -
< ¢
“ , 3 (km) T, i T, Ty l T, Ts T
‘ i e e S S —— A
MR T 0 205 282 2931 2905 2873 2841
} i 1 2932 2964 239.0 285.1 2818 278
! i 2 2835 2908 283.0 2196 2158 2715
: ¢ 3 2°8 239 2768 2740 2703 268
e ; 4 2185 2165 2103 268.1 2645 2849
! { 5 2129 2699 2638 2616 2519 244
- | 8 267.1 2"1 2588 2546 25038 72
® ! 7 2009 2564 2494 2472 2435 93
{ ¥ 8 254.3 2495 2420 2396 236.1 z25
= e 3 402 225 2343 2322 2285 2288
! 10 295 2359 2231 250 223 2228
, 11 2316 2295 2228 2184 2187 2220
| 12 2234 2234 2132 2130 213.1 211
o & o 13 2154 2178 2154 2098 2153 219.6
14 207.7 2131 2130 2034 2139 217
P 15 2009 2090 2107 2012 2120 239
: 15 196.0 2063 209.0 2062 210, 2142
= 7 1846 22 2035 205.6 209.7 2130
= | 18 104> 254 209.2 2073 2099 2130
: , 19 2007 206 11 2090 211 2135
v : 20 2065 %129 2130 2107 2124 2143
o, x 21 2102 2156 249 212 2139 2155
o r - 22 2131 2177 2167 213.7 2154 2170
* } 2 2156 2196 2182 21511 2169 2136
R 24 218.0 2214 2198 2163 2184 2203
. % 2204 2232 214 a8 219 2221
)
: .,

2.1
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TABLE 24. DENSITY AND TEMPERATURE PROFILES (cont)

1. Temperature Profiles for Temperate Zone
(Unit: Degrees Kelvin)

\ 3 ! Altitvie Profile Number
(km)
) b -
e 0
1
‘ 3
‘ 4 2339 2039 234.9 281.0 2578 255.0 252.2
f 5 2326 2008 259.0 2545 251.1 2483 2455
: 8 2459 254.2 2525 247.6 244.1 2413 2385
) 7 248.7 2471 2455 2403 236.7 2340 2313
( 1N 8 2401 2395 2319 2329 2293 2263 2243
y 9 2324 7219 208 2259 2220 2205 219.0
10 2259 2249 242 2204 2149 216.2 2163
o u 2188 2209 2221 2175 211.7 2145 216.6
: 12 215 2208 2243 2175 2115 2149 2170
- 13 2193 2218 2247 218.2 2125 215.6 2i7.7
14 2105 2218 2243 2183 2129 215.2 2175
15 2187 2214 2231 218.1 2125 2149 217.1
18 2202 2217 2232 2178 2121 2145 216.8
17 2208 2218 2228 217.6 2118 2140 216.3
18 204 2222 2230 217.5 2114 2136 2158
19 2218 2206 2234 2174 211.1 2133 215.6
20 2223 2231 239 2175 210.7 2131 2154
Pl 222.8 2236 2244 2173 2102 2123 2153
2 223.1 224.1 225.1 2179 2099 212.7 2154
23 223.7 2047 2257 213.2 209.6 2125 2154
24 2.5 225.8 2251 2186 2092 2123 2154
3 2255 2257 2219 219.1 203.8 2121 2153

o

J. Temperature Prcfiles for Polar Zone

N (Unit: Degrees Kelvin)
Altitude , Profile Number
(k) Tia Tys Tie Ty Tys Tyo T2
:..———-.——-———]'_- —
0 0.1 2829 2787 265.2 254.8 2478 2402
1 2533 203 2143 2680 261.0 2538 246.6
2 2503 2151 2899 2634 260.6 253.6 246.6
4 3 2145 2037 2349 2539 258.6 2498 243.0
4 2638 2040 292 253.4 251.0 2445 238.0
S 2527 2518 2529 248.1 2443 2383 2323
6 253.0 251.0 246.0 2408 K12 232.0 2268
1 2438 2438 2338 2342 2297 22530 2223
8 411 2335 2319 2281 2232 2213 2188
9 2335 295 274 223.5 2173 2185 219.7
10 2263 2251 224.0 2213 215.1 2180 2213
11 2202 224.0 2270 221.8 216.5 219.2 2231
f 12 2199 2245 2235 2223 217.1 220.0 22436
i 13 2218 2255 2233 222.1 216.7 2200 223.8
1 2224 2253 2218 2225 2162 2105 oy
15 2222 2248 Pryie 2221 2156 219.2 224
i 221 2245 228.9 2218 215.6 218.8 %232
17 2223 2245 223.7 218 2144 218.5 223.0
13 229 2438 2257 2213 2138 218.2 2228
13 2231 225.0 2289 221.2 213.2 2179 2228
prs} 2236 2255 2274 2212 7126 2176 2224
a 2241 2239 2219 221.1 212.0 2174 2222
2 2248 2235 2234 2209 2114 217.¢ 2220
n 2251 2500 2239 2207 210.3 216.6 2218
A 2259 213 229.7 2209 2102 2168.2 2218
233 2237 2238 2305 221.1 2098 215.8 2214
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CHAPYER 3
SYSTEN DESIGH

3-1 GENERAL

The first point to be considered .n the design
of a rocket system is the purpose of the system
We shall attempt to answer the first questions
usually asked: To what use will the system be
put; who will use 1it, and how wal' 1t be used”
Next will be a more precise and detailed exarain-
ation of the requirements to provide & basis for
developing, first, the conceptual approach and,
then, the detailed design. Rocket system require-
ments can be documented in varous forms, as
will be explained in more detail later, or they
can be orally expressed statements in anticipation
of later, formally documented statements Re-
gardless of form, requirements based on real or
anticipated needs should precede any system. de-
sign 1n order for the design to be meanngful
With the requirements as a basis, an orderly a-d
systematic procedure leading to a successiul con-
clusion can then be established.

Before discuassing the systemate procedure
for the design of a rocket system, however, a brief
survey of classes of rockets, operatioual modes,
and launching methods will give us a common
background and terminology for the discussion

3-2 CLASSES OF ROCKETS
3-2.1 MILITARY ROCKET SYSTEMS

In general, rocket systems used by the several
branches of the armed forces are classed as mih-
tary systems They are used, except In several
instances which will be noted later, to deliver
some form of destructive warhead on an enemy
target Th. tvpes used most frequently by the
Army are bnefly described mn the paragiaphs
whuch follow.

3-2.1.1 Artillery

Arullery rocket systems are used in the same
manner as artillery gun sysiems--to suppor* per-
sonnel in contact with the enemy i forwa-d aress

They have long range capabithity and vary in size
from small, man-handled rocket: to very large
ruckets requiring heavy eqrupment for handling
and lvading The primary function sf ap crtllery
rocket system 1s support by indwrect iire, but
most systems have some capainlity for direct fire.
System accuracy 1s probably the most ‘mportant
consideration i actillery rocket systems.

3-2.1.2 Infandry

Infaatry rockei systems are used by cersonnel
in forward areas, in direct contact with the op-
pusing forces. Infantry systems ar. generally di-
rect-fire-type weapons, usually sinaller than ar-
tillery systems, and, frequently. man-carried and
-fired. The most notable tyve of mfantry system
1s the antitank weapon, carried by the individual
soldie: and des.zi.ed o be fired from the shoul-
der Many special factors must be considerad mn
such systcms since the rocket and man are in
such close contact. The weapon must bc effec-
tive, yet safe to be handled and fired without en-
dangering the user. Infantry systems a.. hght.
easily transported by men, and simple to facih-
tate fast reuction to changing battlefizld cond:-
tions.

3-2.1.3 Air Dafense

Arr defense rocket systems are used to protect
the ground soldier from enemy arcraft. They

range 1n size from small, individually carried and
fired systems to large, complicated systems cap-
able of attaiming very high alttudes Many of
these employ some type of guidance sysiem to
enable the rocket ta manenvaer snd ~ountarnct
the aircraf* evasive tacties. The free rocket sys-
tems are generally fired i» number mnto an area
where the aircraft 1s or 1s expected 10 be This
results in a pattern in the target ares sumilar to
a paitern of shotgun peflets fired at a tlyme hird.
The rockets in these systems are usuallv small
and simple in design to permit iarge numbers to
be used econormecally
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3-2.1.4 Armor

Rocket systems used by the armored forces are,
in manv instances, the same as those used by the
infantry and artillery. The tank, armed with a
dizect-firing gun or rocket system, 1s the primary
wegapon of the armored forces. The primary tar-
get of tanks is enemy tanks; consequently, the
antitanik type of rocket is generally employed.
However, tank weapons are also used against
mony types of ground tanjets. For this resson,
they carry ammunition mixes suitable to the more
prevalent targets expected.

3-2.1.5 Aviation

Rocket systems to be mounted cn, and fired
from, Axmy fixed and roiary wing aircraft have
been of imweasing interest. The need for these
small aircra®t {0 have some type of defense, and
to be able to parform an attack function in close
support of the ground soldier, has been shown to
be of considerable importance, as evident in
brush-fire activity in several parts of the world
When this need for aerial rocket weapoens firs
becrme urgent, attention was turned to adapting
an appropriate rocket system originally developed
to fill other requirements. Since aircraft are used
by the individuel branches of the Army ground
forces, rocket systems are used to accomplish
the missions assigned the using branch. In ad-
dition, airborne rockets are used for the de-
fense against aircraft of the orposing forces. The
notable difference in these systems is that they
are fired from an elevated platform that 1s un-
steble and in many instances rapidly moving.
Rotary wing aircraft can stop and hover but, un-
like a tank, they have no firm ground base as a
steady firing point. Many additional factors must
be considered in the design of aircraft systems
to permit attainment of the tactical performance
desired without endangering the aireraft or its
crovy.

3-2.1%5 Logictic

Although no significant development of logistic
rocket sys* ms has occurred up to this time .r
this class of rocket, it will undoubtedly play en
important role in future large scale warfare. The
Ingistic rocket is proposed as an extremely fast

2
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direct method of delivering to ground forces
all types of supplies needed on the battlefield. In
this concept the payload, in tead of being a de-
structive mechanism, is composed of food, cloth-
ing, ammunition, medical items, or any other items
of supply needed by personnel, and can be any
single item or any desired mixture of items. At
the destination, the payload is separated and para-
chuted to the ground. Rapid movement of men
to forward areas and distant points by means of
rocket transport has hecen proposed; however,
much more elaborate techniques must be de-
veloped and utilized before this method of trans-
port becomes practical.

3-2.1.7 Support

Rocket systems can also be used to support
other operations. Examples of such systeins are
flare rockets for night operations in the battle
area, tactical meteorological rockets for obtaining
data necessary in artillery fire operations, rockets
for delivery of some type of electronic equipment
to a specified point for place-marking or trans-
mittal of intelligence, and rockets that will pro-
duce smoke or other visual means of spotting on
atarget. The uses to which rocket systems can be
put in their support role seem to have no par-
ticular limit. The same design approach is used
for support rocket systems as for any other rocket
system; the designer is limited only by ths par-
ticular dictates of the specific requirement.

32,2 RESEARCH ROCKET SYSTEMS

3-2.2.1 Genaral

Research rocket systems have, in common with
military rockets systems, the general character-
istic of delivering a payload tc some designated
point. Research rockats are alse made up of the
same general group of components. Their prime
function, however, is different. They are designed
to accomplish a mission from which useful tech-
nological data 'will be obtainea to further a scien-
tific understanding of a specific disciphine. In
this role, the pzyload becc mes a device to gather
data for later evaluation. Su h a payload ob-
viously necessitates a means for payload recovery
and a means to jrevent payload damage or de-
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struction that would negate mission completion.
In a sense, many military rockets serve as re-
search rockets during their developmental phase.
In this phase, the payload is a ballast weight or
data gathering device; equipment exterior to the
system also is used to gather information on the
rocket flight. The knowlcdge obtained is used
to further the understanding of rockets and their
behavior as powered airborne vehicles.

3-2.2.2 Metearological

Rocket systems have been used to place sensing
devices @t various altitudes in and out of the
earth’s atmosphere. These have the purpose of
providing information about the earth’s =zir, the
winds, temperature, radiation, moisture, and
other phenomena. Because these systems utilize
a vertical or near-vertical trajectory, the object-
ive is the attainment of altifude.

3-2.2.3 High Altitude Sounding

Rocket systems for scunding at high altitud-s
are used for obtaining some specific bit of infor-
mation at altitudes ranging to several hundred
mites above the earth’s surface. These, like the
meterological rockets, utilize a vertical or near-
vertical trajectory.

3-2.24 Satellites

Unguided, aerodynamically stabilized rocket
systems can be used to place a payload into earth
orbit. The payloads of these systems are usually
small sensing devices for gathering information
and transmitting it back te earth, These systems
are usually multistage, with the first, and perhaps
a second, stage operating in the unguided or free-
flight mode. In later stages, it is necessary to
provide some type of guidance to permit maneu-
vering into an attitude to attain the desived or-
bital path. In these stages, the purpose of the
unguided phase is to place the vehicle at some
appropriate altitide from which the orbital phase
can be initiated. For small payloads, this system
approach results in considerable saving in guid-,
ance hardware, particularly where precise orbital
mechanics are not required.

3.2.2.5 Dispensing

Dispensing rocket systems can be either re-
search or military The purpose of such a rocket
system is to dispense a material, or materials, at
some point in the rocket’s trajectory. Examples
are chaff-dispensing rockets, leaflet-dispensing
rockets, smoke screen rockets, and tockets to dis-
seminate crystals of various substances for cloud
seeding to ‘nduce rain. The chaff dispensers are
used to put large quantities of very small metallic
wires into an area at some height above the
ground. These wires, or dipoles, are then tracked
by ground radar to determine the nature of wind
currents at various altitudes. Leaflet rockets are
used to deliver propaganda leaflets over areas not
accessible from the ground. The psyload is re-
leased at a specific altitude and the Ieaflets flutter,
spread, and are carried over large ground areas
by the wind. Although not in general use, cloud-
seeding rnckets have been proposed, e.g., = rocket
to dispense small pellets of dry ice into fog banks
for fog removal over airports and smmilar areas.
It appears practical to use rocket delivery meth-
cds for dispensing materials such as those de-
scribed above, particularly where other means
requiring human presence are not practical or
are denied. The rocket's presence is almost un-
known until after it has accomplished its mission.

3-3 GPERATICNAL MODES
3-3.1 General

Rockets may be designed and used in an aln.ost
unlimited number of ways. ‘They hrve been used
not only to serve military and reszarch purgoses.
as discussed in the foregoing paragraphs, but also
to propel aircraft and land-based vehicles, and
for other similar purposes. it is not the puarpose
of this handbook to disruss the many favets of
rocket uses, but only t. present the uses most
commonly cmployed in military systems The
paragraphs which follow will briefly describe the
modes normally used for military rocket systems.

3-3.2 GROUND-TC-GROUND

In the ground-to-ground mode the rocket is
launched from a point on the ground to 2 target
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on the ground. Most artillery, infantry, and ar-
mor systems are used in this mode.

3-3.3 GROUND-TC-AIR

In the ground-to-air mode the rocket is launch-
ed from the ground against an airrborne target.
The target may be a manned airplane, an un-
manned drone, another rocket or missile, or simply
& point in space. The air defense, meteorological,
high altitude sounding, and dispensing rocket
systems operate in this mode.

3-34 AIR-TO-AIR

The air-to-air rockzt systems are used in de-
fensive and offerisive operations from aircraft
against other airborve targets. Some of the avia-
tion rocket systems for use on fixed and rotary
wing aireraft are in this category.

335 AIR-TZ-4ROUND

-Air-to-ground rocket systems are used in sup-
pressive fire over areas of ground, for point tar-
gets on the ground, and to deny an enemy a
ground position. They are fired from fixed wing
and rotary wing aircraft, usually at relatively low
aititudes. It is extremely difficult, except in un-
usual circumstances, to recognize and identify
ground targets from an aircraft, and the higher
the viewing position, the more difficult this be-
comes. For this reason most air-to-ground rock-
cts ¢z not need extremely long range capability;
however, they do need to be as accurate as pos-
sible to permit effective fire from the unstable
aircraft firing platform.

3-3.6 UNDERWATER-TO-AIR

Rockot systems have heen designed and huilt to
be fired from under the surface of a body of
water and to_continue flight after emerging into
the atmosphere. At present, the submarine-
launched POLARIS missile system is the most
notable example. Although the POLARIS is a
guided missile of considerable complexity, there
is nothing inherent in rocket technology to pre-
vent any rocket system, guided or un ided, from

34

functioning in this mode. The cntical factor is
accuracy since the purpose of firing this type of
rocket is to hit a target.

3-3.7 SURFACE/AIR-TO-UNDERWATER

These systems are the reverse of those described
in the preceding paragraph. L. these systems,
the rocket is fired from a surfac: or air lJaunching
point. enters a body of water, and continues its
trajectory in that medium. One current example
is the SUBROC, or submarine rocket, used by
the Mavy to attack underwater targets from sur-
face ships.

3-4 LAUNCHING METHODS
3-4.1 GENERAL

A rocket is primarily a powered, airborne ve-
hicle. As such, it must have some point of de-
parture, cr launching point. Rocket launchers
have assumed many varied shapes and sizes, de-
pending on system requirements and intended
uses. The launcher supports the rocket and
points it in the desired direction before launch-
ing. During the launch operation, the launcher
guides the rocket in iis first motion and prevents
smail disturbances from diverting it from the
desired path. The launcher can also be used for
other purposes, such as a packaging and shipping
case, as a transporter, and for imparting other
desired motions (such as spin) to the rocket dur-
ing the launch phase. The paragraphs which
follow describe the more common launchers ard
launching systems.

3-4.2 RAIL LAUNCHERS

Rail launchers derive their name from ther
similarity tv the rail of a railroad track. The
rocket is supported on the rail with shees which

slide aiong the rail as the rocket moves forward.

The launching shoes are usually a part of the.

rocket and can be fixed, retractable, or jettisoned
after leaving the launcher. Since the shding mo-
tion occurs only over a few feet of travel, friction
is usually not of critical concern. Rail launchers
may have a number of variations, the most con-
mon of which are deseribed below.
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3-4.2.1 Singie

Single-rail launchers have one rail along which
the rocket moves. The rail must have sufficient
width, and the launching shoes must be so de-
signed that lateral, or rocking, motion is prevented
or held to a mmmum as the rocket moves over
the rail.

2.4,2.2 Multiple

Multiple-rail launchers may be interpreted in
two ways. One concept is a launcher having two
or more rails, each of which serves as the launch
guidance for a rocket. The barrage-type rocket
systems, which launch a number of rockets simul-
taneously, often use this launching scheme. On
the other hand, a launcher with two or more rails
can be used to launch one rocket. Such schemes
are used to provide a more rigid launching sup-
port and, in some instances, to dispense with
launching shoes. The rocket slides through the
rail structure the same as it would through a tube.

3-4.2.3 Helical

For this launcher concept, the rail is twisted
through a helical angle in order to impart spin to
the rocket. Generally, the helical rail launcher
has two or more rails to provide a torsional couple
to the rocket because it is impractical to impart
a torsional coupie with one rail. The technique
is analogous 10 the rifling grooves in the bore of
a gun or rifle. Unlike the gun, however, helical-
rail launchers are not used for spin rates of suf-
ficient magnitude to provide spin, or gyroscopic,
stabilization. The spin produced is low in mag-
nitude for the purpose of reducing errors resulting
from some of the rockct imperfections. This is
discussed more fully in Chapter 7.

3-4.3 TUBE LAUNCHERS

Rockets may be launched from tubes in much
the same way as gun projectiles. The Iength of
the tube can vary from about one rocket length
to several rocket lengths, depending on the char-
acteristics of the rocket, its intended use, the
envircnment in which it will be used, and accu-
racy considerations. This tube can have a smooth

e = v T TR e et e e

bore or may be grooved in some manner to pro-
vide or prevent rotational motion during the
launching. No launching shoes ave required on a
tube-launched rocket, although devices known as
bore-riders may be used to support a portion of
the rocket that is smaller than the tube. The
bore-riders prevent the rocket from wobbling, or
balloting, as it moves through the tube, and as-
sure its continuing in the desired direction. Tube
launchers may be designed to be reusable or
may be designed to be disposable after the firing
of one rocket. The latter is found quite often as
a part of small rocket systems, particularly the
small infantry antitank systems. This allows the
individual soldier to discard unnecessary encum-
brances on the battlefield. For similar reasons,
disposable launchers are also incorporated in
aviation rocket systems to permit the launcher
to be jettisoned after use. Tho most common
types of tube launcher are bri=fly discussed in
the paragraphs which follow.

3-4.3.1 Single

Single-tube launchers are generally used in
hand-held or single-man-operated rocket systems
and in some systems with automatic feed mecha-
nisms. As with any rocket system, ti:e choice of a
single tube results froimn considerations of the
system requirements and rocket characteristics.

3-4.3.2 Multiple

Multiple-tube launchers are used to provide a
fast firing rate where the complexity of automatic
feed mechanisms in conjunction with a single tube
is either undesirable or is prohibitive. With the
employment of a muliiple-tube launcher, the
rockets can be fired all at once, in salvo, or 1»
fast ripples. The ability to fire one rocket at a
time is also inherent and can save considerablc
time by not requiring reloading after ecach firing.
Multiple-tube launchers are frequently employed
as barrage weapons, replacing a number of guns
concentrated in a small area.

3-4,3.3 Open Breoch

An open-breech launcher is one where the rear
end of thc tube is completely open and is the
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full diamoter of the tube. This is the most com-
mon fozm of tube launcher. The gases exiting
from the rocket are unrestricted in passing
through and out the rear of the sube, and the tube
experiences little if any reaction force.

3-4.3.4 Closed Bresch

A closed-breech launcher is cne in which the,

rear end of the tube is completely closed. The
goses from the rocket cannot escape, and pressure
builds up between the closed tube-end and the
rocket. This type of tube launcher experiences a
reaction force, or recoil, similar to that of a gun.
Tubes of this type are generally used in places
where the rocket exhaust gases would be unde-
sirable or dangerous if allowed to exhaust rear-
ward. The tube launcher of a tank-mounted sys-
tem is an example of the closed-breech launcher.
In this instance, the rocket is loaded into the tube
from within the tank but the ri.cket exhaust gases,
for obvicus reasons, cannot be tolerated inside
the tank.

3-4.3.3 Restricted Breech

A restricted-breech tube launcher is one in
which the rear end of the launcher has been re-
duced to some diameter less than the bore dia-
meter, but not sealed off completely. This form
of tube launcher is used only in instances where
some particular effect is desired. If the restriction
is made in the form of a rocket nozzle, some useful
forward tirust may be ubtained that will counter-
act to some degree the recoil resulting from the
restriction. The higher pressures resulting in the
tube may be utilized to afford a higher muzzle
velocity o the rocket without changing the rocket
or increasing its size.

3-43.8 Betling

Ags this name implies, the gatling launcher is
derived from the old Gatling gun concept. It is
a form of automatic feeding launcher since, as
one or several rockets axve firlng, cne or several
are being fed into empty tubes. The tube cluster
rotates so that those tubes firing are always at a
fixed position, us are those being loaded. Several
rocket systems have been designed around this

type of launcher, using the closed-breech type ~f
tube mentioned above.

3-44 OTHER LAUNCHER TYPES

In many instznces the simple apprcach to a
launcher design is not adequate. It then becomes
necessary to examine techniques and designs that
will provide a necessary function, a particular mo-
tion or effect, or will impari to the rocket some
required characteristic. The result may be a
modification of one of the types described in the
preceding paragraphs, a combination of several
types, or a completely new approach. It may be
necessary to add varying degrees of sophistica-
tion, or to provide additional equipment or devices
for a particular effect or function. One of the
more notable t7 jes is the zero-length launcher.

This launcher is, as its name implies, one that
supports the rocket but releases it frorn con-
straints immediately, cr with zero guidance. upon
first rocket motion. It is not too practical in most
instances to achieve a true zero-length guidance;
however, guidance lengths of a fraction of an inch
have been achieved for smal! rocket systems and
several inches for large systems. The rocket
must be adequatelv supported on the launcher
and must maintain its aim alignment until it is
launched. Mechanical considerations generally
will dictate the size and length of the attaching
devices and, consequently, the guidance length
in zero-length launchers,

3-4.5 VARIATIONS
3-45.1 Autospin

* As has already been stated, it is sometimes de-
sirable to impa“t a slow spin to rockets in crder
to reduce or climinate some types of error during
the flight phase. One method of imparting spin
that has been aualyzed and tested uses in the
rocket a device that spins the rocket warhead in
one direction; the reaction spins the propulsion
motor in the opposite direction. Spmning during
the flight phase, or even before rocket metion oc-
curs is desirable. Since simplicity is also impor-
tant, the rocket is made to spin after it has traveled
approximately one inch. In this case, the zero-
length launcher is necessary, because the rocket
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must be free of launcher cunstraw.ts at the time
spinnung begins. It must be borne 1n nund that
the thiust and acceleratiun charactenistics of the
ruocket motor must be suitull. o mamntain the
rucket in an acceptable flight attitude at this time,
vtherwise, the rocket may drup o: deviate 1n such
a manner as to make its flight meaningiess.

3-4.5.2 Prespin, Automatic Gynamic-Alignment
(PADA)

One effect of spinnung a rocket is to cause the
accrual of errors from dynamic unbalance. No
rocket is perfectly balanced, and the center of
mass will not lie exactly on the longitudinal axis.
Even the longitudinal axis cannot be expected to
be perfectly aligred since the rocket is usually
made of components joined together. Consequent-
ly. the rocket will not spin these components
around the longitudinal axis of symmetry, but
will seek to spin about some other axis which is
the dynamic axis. The rocket, if spun on a rigid
launcher and attached to the launcher by rigid
mounts, will be constrained to rotate around the
longitudinal axis of symmetry purely from me-
chanical aspects. Once released from the launch-
er constraints, however, the rocket will seek im-
mediately to spin around its dynamic axis, which
results in errors along the flight path. The dy-
namics and errors resulting from this phenomenon
are discussed in more detail in Chapter 7. The
zero-length launcher with flexible arms support-
ing the rocket is one approach to gaining the
beneficial effecis of spinning the rocket before
launching without the undesirable effects of jump
at release of launcher constraints. This is more
practical than attempting to design flexible shoes
for the rocket. Zero length is the logical launch
approach since it would be very difficult to pro-
vide flexible rails that would functiun in the de-
sired manner during the guidance phasc. The
flexible launcher arms permut the recket to find
and align itself along its dynamic axis as it spins,
and when launched, to mantain the attitude at-
tamed duning the spin-up period. The critical
constderation i this schem. is to make sure that
the spu rate of the rocke. does not couple with
the resonant frequency of the launcher arms.
This can cause violent pertuibations of the rocket
and possible failure of the launcher structure. It

1s desirable to stay below the critical rate or, if
it is necessary to go above, to provide a spin 2.-
celeration sufficient to carry through the reso-
nant point as rapidly as possible. The name as-
cribed to this launcher concept is prespin, auto-
matic dynamirc zlignment launcher, or PADA
(pronounced “Payday’’}.

3-45.3 Spin-On-Straight-Rail (SOSR)

Although the effects of shifting axes produce
undesirable results, prespinning a rocket before
launch on a rigid launcher is nevertheless some-
times beneficial. The benefits derived overshadow
the ill effects of dynamic unbalance sufficiently
to justify the inflexible launcher. The rocket
i3 thus provided with bearing systems in which it
can rotate while on the launcher and then be
launched along a rail in the usual manner. This
technique has been termed spin-on-straight-rail,
or SOSR. Although helical rails could be used.
they may be undesirable because of length,
weight, or other factors. Also, the spin rate de-
sired may not be attainable with any reasonable
rail length and hehx angle. In the SOSR system
almost any desired spin rate can be obtained.
The method of spinning can be an integral part
of either the rocket or launcher. The spin me-
chanism, i it 1s a part of the rocket, is usually
a system of small rocket motors exhausting tan-
gentially to the longitudinal axis. If the spin
mechanism is a part of the launcher, it may be
electrical, hydraulic, mechanical, or it may use
whatever power source is most applicable. Power
transmission to the rocket may be by belt, gears,
or other appropriate means. The dynamic treat-
ment of this technique is also covered in Chapter
1.

3-46 METHODS OF TRANSPORT

Rocket launchers can be transported .n many
different ways, with or without rocket loads. The
small infantry launchers designed for the indi-
vidual soidier are usually hand-carried and strap-
suspended, much the same as a rifle. Larger
types may still be man-transportable by dividing
the system into man-load components, although
the assembled launcher when it is fired may have
to be supported on a tripod or other appropriate
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base. The larger, heavier, artillery rocket launch-
ers are mounted on wheels and towed behind a
vehicle as a trailer, or are mounted on a vehicle
that is then an integral part of the launcher sys-
tem. The largest of these systems are frequently
mounted on self-propelled, tracked vehicles w
provide & maximum cross-country capability. The
mobility characteristics of the rocket-and-lauacher
system are dictated by the system requirements
and the rocket characteristics. Many of the me-
diurn and large rocket systems are required to
be.air transportable. Here the designer must be
conscious of both weight and size if he is to
achieve a system small enough to fit into modern
transport aircraft and light enough to be carried.
The aviation rocket systems are mounted on, and
are an integral part of, the aircraft. Size, weight,
and aerodynamic characteristics of the configura-
tion are paramount. A high-drag design can slow
an aircraft to the pcint where its vulnerability
to enemy air and ground fire becomes acute.
Rocket armament for a tank is also an integral
part of iis transporter. The factors for serious
consideration witli these systems are that of
space in the tank and that of the burned gases
from the rocket. ‘The launcher designer must
provide means of exhausting the gases, must pro-
vide adequate room for the tank crew to operate,
and musi provide means for handling and load-
ing the rockets from within the tark. Consider-
able ingenuily is required te achicve an accept-
able balance of space, weight, and safety for sys-
tems that ar= to be operated in such closely con-
fined speces.

3.5 SYSTEM ELEMENTS

3-5.1 GENERAL

A rocket system is made up of a number of ele-
ments, or subsystems, each of which performs a
function necessary to the successful performance
of the system. In general the system is composed
of three main elements: (a) the rocket, (b) the
launcher, and (c) the fire control device. Each
of these in turn is composed of subelements, or
components, each of which has a necessary func
tion to permii sucerssful operation of the wkhole.

In keeping with the intent and purpose of this
handbook, only the rocket will be discussed in

4

detail. This is not to imply that the other ele-
ments are any less important, but they are more
properly considered in other handbuoks dealing
with their particular disciplines. The launcher
and fire control elements will be described suf-
ficier.tly to permit an evaluation and appreciation
of the particular problems attendant upon these
elements. This approach 1s also taken with the
payload, or warhead, of the rocket, which is cov-
ered in considerable detail in other handbooks.

3-5.2 ROCKET

The rocket is composed of a payload, or war-
head, a propulsion motor, and an airframe to
provide structural rigidity. In the smaller, sim-
pler rockets the warhead and propulsion motor
serve also as the airframe, and no additional
structure is reguired other than the fins or other
device to provide aerodynamic stabilization.

3-5.2.1 Warhead

The rocket warhead has a shell, or casing, which
is hollow, and which may be aerodynamically
shaped to serve as the nose of the rocket. An
appropriate high explosive is loaded into the cas-
ing. Actuation of the explosive is performed by
the fuze. The fuze may be located in a number
of positions in the warhead structure, depending
on its type and method of operatioon, and on the
type of detonation desired. For high explosive
warheads, the fuze may be placed at the forward
tip of the warhead and may be actuated by strik-
ing the ground or another object. The shape of
the warhead may take a number of fcrms, the
selection usually being determined by the type
of warhead, the aerodynamic characteristics and
requirements for the rocket, the fuze type, and
structural considerations. The warhead has two
general parts, the shaped nose portion, or ogive,
and a bedy, usually a cylindrical portion. The
cylindrical portion may or may not be present,
depending on the design requirements, but the
aosz or ogival portion is always used. The ogive
may have a number of shapes. It may be conical;
it may have curvature and be termed a tangent
o1 secant ogive, or it may be hermispherical. Ogi-
val shapes and their aerodynamic characteristics
are covered in n.ore detail in Chapter 8.
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The material for the warhzad casing is also
selected according to requirements. It may be
cast-iron, steel, aluminum, or a combination of
these or other materials. The matezial, in com-
bination with the high explosive, is the destruct-
ive mechanism, and thus must have characteris-
tics that will produce the maximum desired effect
on the target.

Fuzes, as mentioned above, can be of several
types. The point-detonating fuze imitiates the ex-
plosive charge immediately upun striking an ob-
ject. The delay fuze initiates a powder train that
delays the actual explosion for a period of time
ranging from several seconds to minutes, and in
some cases to hours and days. The air-burst fuze
is timed to actuate at some desired pomnt in the
air above or in the proximity of the target. Fuzes
may also be located at the aft end of the explosive
charge with an actuating device in the nose. On
impact with an object, the actuating device gen-
erates an electrical impulse to nitiate action of
the fuze. For some aircraft rockets the warhead
should penetrate and enter the aircraft structure
bofore detonation. These warheads may use a
coil-type actuator, located behind the warhead,
which will generate an electrical impulse on pass-
ing through the metal structure. Fuzes for ac-
tuating the explosive charge may be simple, or
may be intricate devices requiring the technical
competence of a watchmaker to design, build, and
assemble. These mechanisms, thiough precise,
must pe rugged and must perform weli under the
fnost trying cenditions.

A necessary aspect of fuze design and function-
ing is that of safing and arming. The rockc. war-
head must be kept safe to handle, even to drop,
without endangering perscanel to accidental ex-
plosion. For this reason fuzes have built-in safety
devices that :nust be actuated ip some manner
before the tuze can function. These safety devices
cange from simple pull wires, which are reinoved
by hand just prior to firing the rocket, to intricate
mechanical and electrical mechanisms that are
actuated by the forward acceleration of the rock-
et. In many instances, for safety reasons, the
fuze should not be fully armed until the rocke!
has moved for some distance away from its launch
point. For these cases the safing and arming
device may be a small escapement mechanism
(similar to that of a watch) that is actuated by
the forward acceleration of the rocket, remcving

a blocking device between the fuze detonator and
the high explosive.

For a full and comprehensive treatment uf ex-
plosives, warhead design, and fuze types and de-
sign, the reader is referred to other hgndbuoks
in this series.

3-5.2.2 Motor

The rocket motar is the engine that propels the
rocket from the Iaunch point to the target. For
present purposes z general description of its
components will suffice A more detailed cover-
age of its design is presented in Chapter 5.

The motor is an internal combustion engine
with a combustion chamber, an orifice through
which the burning gases are expelled at high
velocity, and the propellant ~harge that produces
the high-temperature high-pressure gases as gro-
ducts of the combustion process. Also included
is the igniter which starts the combustion pro-
cess in the chamber.

The propellant charge, or grain, is a mixture
of a suitable fucl and an oxidizer. Thus, unlike
most air-breathing internal combustion engines,
a rocket motor does not utilize or need the sur-
rounding air to operate. In fact, it can and does
function equally as well in a vacuum or in outer
space  When the propellant charge is ignited, the
heat generated causes a decomposition of the
chemical compounds in .is structuie to produce
«nmbustible gases ~= ihe grain surface. The gases
are burned, and the process proceeds in an orderly
aad predicta})le fashion. The products of the
combustion process are high temperature gases
and, in some cases, solids in suspension in the
gases.

Propellant grains may be oblamned m a large
variety of compositions and shapes. Rach 15 de-
signed {v operate in a specified manner and en-
vironment, the particular manner of operation 1s
selected to fit the perforniance requsrements. The
grains may be cast directly into the motor com-
bustion chamber, or inay be molded or cast into
a separate container that is loaded into the cham-
ber as a cartridge. A grain may be end-burning,
as a cigarette burns, or it may have perforations
in which the burning occurs, Some motors, calied
multi-grain mutors. may ba losded with « num-
ber of small grains. Generally the end-burning
grains operat: at low pressure over relatively long

33

LAl L

- i ey

[P ER—

S g e AN et e B it e




AMCP 706-280

periods of time, whereas the perforated grains
operate at medium and high pressures for vela-
tively shiort perivds of time. Multi-grain motors
are usually employed to provide extremely short
burning periods at very high temperatures.

Grain compositions vary in operational char-
acteristics. The more general types of fuel mix-
tures are single base, double base, triple base, and
composite propellants. To the fuel is added the
chemical oxidizer. Other chemical ageuts are
added to the mixture to obtain desired perform-
ance churacteristics. These ageats act to inhibit
or slow down the burning, to speed up burning,
to stabilize the burning, to counteract or mini-
mize temperature and pressure effects on the
burning, and to produce other desirable effects.

Propellant compositions are in many instances
developed to provide desirable physical charac-
teristics. The propellant strength should be fair-
ly uniform over wide temperature ranges, and :ts
density and specific volume remain as constant
as possible despite temperature change. Powdered
metals are adcled to some propellants to raise the
combustion temperature and the usable energy.
The designer is concerned with obtaining the pro-
pellant with the highest possible density arnd
energy per unit weight since these factors will
provide the least weight and size of motor to do
the required job.

The metor combustion chamber is a pressure
vessel to contain the propellant and the high-iem-
perature, high-pressure gases during burning. An
opening is provided at one end through which
the gases are expelled. The size of the orifice
relative to the physical dimensions and burning
characteristics of the propellant grain 1s governed
by precise mathematical relationships and differs
with types of propellant and operating conditions.
The motor case may be constructed of any ma-
terial capable of withstanding the prescure gen-
era ed, but it is of primary interest to keep the
weight to a minimum. For this reason, the vezy
high-strength steels, high-strength aluminum, and
the glass-reinforced plastics are most often us:.d.
Other metals, such as titanium and rmagnesium,
have neen used, usually to obtain some particular
characteristic not afforded by the more common
materials.

The motor exit-urifice, vr nozzle, 1s designed .

to huve precise grometric and mathematical re-
ladonship:, both with the propellant grain and
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with the properties of the exhaust gases. The de-
sign usually is in the form of the De Laval nozzle
with converging-diverging sections. The con-
verging section, located before the throat orifice,
is commonly called tne expansion cone. Mater-
ials used in nozzle construction are generally the
same as those used for the motor chamber. How-
ever, it is not unusual to employ a reinforced
plastic nozzle with a steel or aluminum motor
case. Sometimes the nozzle throat is lined with
graphite. This material resists the erosive char-
acteristics of the exhaust gases much better than
most materials and it changes dimensions very
little with changes of temperature. Because it
is brittle and has little physical strength, this ma-
terial must be adequately supported in the noz-
zle throat to prevent disintegration. Protective
coatings of other types also are used to cover the
entire inside surface. Particularly applicable to
nozzles made of aluminum, the coatings provide
a very hard, erosion-resistant surfzce. These
coatings, too, are very brittle in nature and must
be adequately supportzd to prevent disintegration.

Variations of the e Laval nozzle have been
employed on rockets. They are designed to pro-
vide a particular effect on, or enhancement of, the
motor thrust characteristics. The production costs
for some of these variations may be appreciably
higher than for the simple conical-section De La-
val nozzle. Therefore, the effect to be gained
must be weighed carefully against the added cost.
One variation that has been of considerable inter-
est and study is the plug nozzle. This is essen-
tially an inside-out De Laval nozzle which has
the characteristic of providing optimum or near-
optimum expansion characteristics for the ex-
haust gases at all altitudes, or, more properly
stated, at all ambient pressures. ‘Thus, this nozzle
has the polential of »erferming equally as well
at sea level as it does in the vacuum of outer
space. It is not too difficult to build and should
compare favorably with the conventional nozzle
in cost and weight.

A necessary considerativn for some types of
rocket motors is that of insulating the case wall
For tlie long-time, end-burner type of propellant
gramns, and for cartridge-type gramns where the
gases may impinge directly on the case wall, the
loss of strength in the material can cause rupture
ar.d failure of the system. To prevent this accur-
ence, an insulating lining that will preves.t over-
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heating and loss of strength should be applied 10
the wall The material selected for insulation
may be applied directly to the wall by painting,
casting and curing it in place, or by other suitabl.
mean; Insulation may also be fabricated and
inserted into the motor case. The liner must be
bonded to the wall with an adhesive since it will
not function properly if the hot gases flew be-
tween the insulation liner and the wall. Insulat-
ing materials may be of several types. Sume are
charring in nature, others ablative. No one type
is superior, some work best in one type of en-
vironment, others best in another environment.
The best guide to selection is past experience and
experiment The primary consideration is maxi-
mum effect for minimum thickness and weight
since insulation reduces space available in a given
chamber for propellant.

Some device is necessary to initiate propellant
combustion in the chamber. The device that per-
forms this function is called the igniter. Although
:i may take a number of forms, they all have the
same general characteristics. The squib, a Jlevice
that receives the firing signal, may be electrical
or mechanical, the latter usually being of the
percussion type The electrical squib is in es-
sence an electric match. The current passes
through a resistance wire that becomes very hot,
much as the cooking element of an electric stove.
The hot wire ignites a small powder charge that
generates hot gases, The hot igniter gases are
directed against the propellant grain surface that
is in turn ignited. The sma.l container in which
the igniter is housed is usually of a britt.e or very
flexible material, plastic in most cases, so that
it may be easily ejected through the nozzle after
propellant ignition. The igniter cup must not be
permitted to block the nozele threat as this would
cause an extremely fast pressure rise in the motor
chamber, resulling in chamber rupture.

Most propellants exhibit better ignition char-
acteristics urider pressures considerably higher
than atmc:pheric. The surface of the grain ig-
rites faster, and the flame front covers the entire
burning surface much faster under elevated pres-
sure. To provide this pressure condition a closure,
called the nozzle closure, is rlaced in the nozzle
throat. It is designed so that the igniter gases
are not permitted to escape, but build up pressare
in the combustion chamber. It is also designed
to blow out of the nozzle at some predetermined

pressure, usually lower than the operating pres-
sure of the motor. The 1gmter cup may function
also as the nozzle closure, or a separate closure
may be provided. The closure may be of any
suitable material, usually plastic or metal. It must
exit at the desired pressure level and must be
constructed in such a manner that .he nozzle or
expansion cone will be undamaged as it leaves.
For some aircraft rockets, the nozzle closure may
be ejected at a fairly high velocity. If it were
to strike a vital part of the aircraft, it could en-
danger both aircraft and crew. In such instances
tha nozzle closure should be made of a mauterial
that is very light and that preferably will disin-
tegrate into a powder when ejection occurs. Other
problems and environmental requirements may
dictate that different materials and techniques
be used in designing the nozzle closure.

3-5.2.3 Structure

The rocket must have a frame of some sort o
tie the parts together and to provide the desired
aerodynamic shape. For the smaller and simpler
rockets, the compononts themselves frequently
constitute the airframe, being joined together by
threaded sections, by bolts or screws, or by a sim-
ple crimping process. The components, warhead
and motor, are shaped so that the desired aero-
dynamic configuration is ubtained when they are
joined. As size and 'or cumplexity inczease, it
may be desirable or necessary tu provide a proper-
ly configured frame that will encluse the func-
tional co.nponents. The warhead need be shaped
only from a maxzimum cfiectiveness staidpaind,
and the motor for maximum perforriance. One
or both may be enclosed in the airframe, depend-
ing on the particular ;ystems reguiriments.

The skin of the airframe is made of alightweight
material, usually alumiznum or reinforced plastie.
It may be shaped by drawing, hot or cold, by roll-
ing and welding, by stretch forming, or by any
other appropriate process. The particular forming
process used is the result of considerations of re-
quirements, materials, and ecunomics. The skin
is supported un a framework consisting of bulk-
heads and, in some cases, stringers. The i 3ore

elaborate the structure Lecumes, the more strin--

gent becume the requirements for cluse tolerances,
aligninents, positioning, and shaping. For a fuily
enclosed system, the comg~nents are tied to sev-

KR

T T e T WNW TR FITTEVPETTY YR R T WSO “M!*W”%WM w
.

R

e gt AT Tl s i = 4= =
«

r _—amd iR

I S RSP S TR N APAP TIC PO [ VPRSP I




i

AMCP 706-260

eral key bulkheads; where only part of the com-
ponents are enzlosed, they may be sttached to
tulkheads and/or the nonenclozed member.

For some types of rockets, several propulsion
motors are used in a cluster. This arrangement
provides the capability for obtaining different
thrust levels by firing varying numbers of the
motors to meet varying operational conditions. The:
clustered motor configuration is one that is usual-
jy fully enclosed within the airframe.

Tha rockels of immediate concern in this hand-
book are the free-flight acrodynamically stabilized
rockets. The component that provides the aero-
dynamic stabilization is most often a set of fins
located at the aft end of the airframe. Other means
of aerodynamically stabilizing a rocket have been
used and a number of proposed methods huve
been studied. The functional action of fins and
other aerodynamic stabilization methods are cov-
ered in considerable detail in Chapters 7 and 8.

In order to stabilize a rocket along the flight
path, a minimum of three fins, equally spaced
circumferentially around the body, is required.
The more usual configuration has four fins; how-
ever, as many as six and eight have been used to
satisfy a particular set of environmental require-
me,. ;. Generally the fins are either rectangular
or iriangulur, with any number of variations of
these. They may be mounted normal to the rocket
centerline, or tangential to the girframe. They
may be fixed or, if necessary, folded, in which
case they open after the rocket is launched. They
may open due to rocket acceleration or may be
opened by some mechanical device such as springs,
pistens and cylinders, or other sppropriate means.
Folding mzy be radial or longitudinal; for the
latter, they are either forward folding or rearward
folding. For some rockets it may be necessary to
curve the fins to the same curvature as the air-
frame to provide a smooth contour prior to iaunch.
This is especially true for some tube-launched
rockete where restrictions of size and weight ave
imposed and where there is insufficient space to
mount other types of fins.

The size and configuration of the fin are de-
termined from a comprehensive study by the
serodynamicist of the flight path environment, the
performance characteristics, and the configara-
tion of the body of the rocket. As mentioned,
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the available space, launching technique, and
weight restrictions also play important roles in
designing the fin planform.

The methcu of attaching the fins to the air-
frame is again determined from physical and me-
chanical consideratiors of the parficular system.
They may be welded, riveted, boited, screwed,
or cemented on. It is often desirable to .nount
them with a small cant angle t. the rocket center-
line so that the acrodynamic reactions on the cant-
ed fins will produce a roll in the rocket.

The rocket must Le attached to the lauacher,
except in the tube launcher, where thie rocket
merely slides through the tube ard no special
attachment devices are requiced. Other types of
launchers such as rail launchers usc a connecting
device, or launching shoe, to constrain the rocket
to move in a precise and predetermined manner
during the launch cperation. The number of
shoes required is determined !, the size of the
rocket and the degree of comple ¢.ty of launching
motion imparted y the launche: tu the rocket.
For most rocket a minimum «f two shoes is
usually adequate, pacticularly where the motion
is simply a straight, nonrotating movement along
the rail. The shues may be fixel permanently
to the rocket, may be fclding or retractable, or
may be of an ejection type.

Other devices are at times mcluded in a free
rocket system to provide some desirable or nec-
essary function. One frequently employed is a
mechanism to pruduce slow spin b, the rocket
prior to or immediately after launching. This
mechanism ranges from the small canted vanes
in the exhaust nuzzzle of the rocket that react
to the exhaust gases, to compiex devices such a5
gear trains, drive shafts, pistons operated pneu-
matically through helixes, and other similar rys-
tems. Other devices for providing spin mzy be
a component that (a) must be tied into the 1ocket
system by the airframe, (3) may be a part of
the airframe, or {¢) may be a simple attachment--
whatever the davice, it must have proper con-
sideratior. and emphasis in the overall structural
assembly. In addition, the efiect of the spin pro-
duced must be considered along with the aero-
dynanic and accelerat,on forces when analyzing
the structural integrity of the airframe and com-
ponent assembly.
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3.5.3 LAUNCHER

The launcher, like the rocket, consists of several
components each of which performs a function
to provide the total required verformance (see
par. 3-4 above). Many of the terms used for
launcher components have been carried over from
artillery practice since much of the design and
development work has been done by gua design-
ers. The similarity between a rocket launcher
and an artillery field piece is in many instances
quite evident, the gun tube being replaced by
the launcher rail. Only a brief description of the
three basic launcher components will be given
since this subject is more properly covered in
other iexts and handbooks.

The launcher rail is the component on which
the rocket rests and which guides it in its first
motion of travel. The rail may take any number
of forms and may also be a tube through which
the rocket slides. It must have sufficient strength
to support the rocket and must be sufficieudy
rigid to prevent successive deflections and ostilla-
tions that could cause mallaunch of the rocket.

The launcher rail is supported on an upper car-
riage through a truzaion connection. This is the
joint that provides for the angular elevation and
depression of the rail, or change in quadrant ele-
vation, nece’sary to achieve varying ranges for
the rocket. If the rocket system is large, a means
of assisting the elevation change—through gear
trains, hydraulic pistons, or other suitable means
—may be nccessary. The ussist mechanisra may
be manually operated or rnay be mechanized for
remote contcol, faster oparation, or for lessening
the burden on the launcher crew.

The launcher rail and upper carriage assembly
is mounted on a lower carriage through a vertical
pin connection around which it can rotate. This
provides the change in azimuth, or directiori of
fire. Manual operatiors or mechanized means of
assisting the motion may be provided. The lower
carriage also torms the base of the launcher. It
may have wheels mounted to it for towing behind
a vehicle; it may be mounted on a wheeled or
tracked vehicle as a self-propelled unit; or it may,
for small rocket systems, have legs or a base to
stand directly on the ground.

Other equipment that may be a part of the
launcher tc provide a specific function or capa-
bility includ¢s devices,for imparting spin te the

rocket; the firing mechanism, either electrical or
mechanical; and cranes or hoists to assist loading
the rocket on the ‘il for the larger systems.

Launchers may consist of less than the three
basic components—rail, upper carriage, and low-
er carriage—but, of course, must always have
the rail or other device for supporting or guiding
the rocket. For the antitank rocket syslems of
the bazooka type, where the launcher is a tube
supported on the man’s shoulder, the other com-
ponents do not exist; the flexibility of tha man
provides the necessary otion capability for
changing azimuth and quadrant elevation. In
other systems the carriages may nct exist as
cuch, being reduced to nothing more than pinned
joints or very simple support members. When
the system is self-propelled, the vehicle on which
it is mounted may constitute the lower carriage;
however, it would not be identifiable as such if
the launcher were removed. The particular sys-
tem and the dictates of the system requirements
will deterinine how the launcher rail is to be sup-
ported and how the rzquired motions are to be
provided.

3-5.4 ANCILLARY EQUIPMENT

Many rocket systems require items of special-
ized equipment necessary to effect total operation.
Military systems are required to have the capa-
bility of functioning in all types of weather and
terrain conditions anywhere in the world. Some
rocket components, such as propellant grains,
may be limited in their operatinnal characteristics
by temperature or some other factor. In order to
provide total capability, it is at times necessary to
provide some piece of equipment to aid, facilitate,
or accornplish some function to offset the restric-
sions. In the case of the propellant grains that
arc temperature-limited, a heating blanket is pro-
vided that can ke wrapped around the outside
of the motor case. This blankat has electrie
resistance heating elements very similar to thoze

found in commercial electric blankets for home
use.

3-6 CONCEPT SELECTION

3-6-1 REQUIREMENTS

The need for a new weapo.. sysiem becorres
established when a situation that cannot be
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handlod by &v'sting weapons 1s enccuntered
either in actua! battle cr by projection of what
i3 expected to occur in future conflicts. When
the need for a weapon becomes apparent, a set
of general rzquirements can be escablished that
will satisfy the needs. The requirements might
be in the forin of the amount of explosive force
required to destroy the objectives as well as the
mobility of the weapon and any adverse condition
that might hinder iis use. For instance, a re-
quirement migl t exist for a weapon system that
could destroy a ‘arget of defined size and harg-
ness in a mountainous environment.

These general r2quirements for weapon sys-
iems are usually dovumented and mede available
to various groups fn~conceptual studies. At this
point parametric siuvdies are made of a wide
range of concepts th .t might meet the require-
ments. The purpose of these studies is to deter-
mine whether the weapun should be a gun, mortar,
rocket, etc., and whethe: the eoncept lies in the
present or foreseeable state-of-the-art.

The end results of the conceptual studies are:
the definition of the weapon system; specification
of acceptable limits in range, weight, accuracy,
etc,; and establishment of problem areas. These
requirements sre documented and used as the
basis for the preliminary design of the weapon
system,

35.2 CONSTRAINTS

It is not usually possible to proceed directly
into the selection of the weapon concept. Circum-
stances beyond the control of the designer always
exist that prevent him from achieving the wea-
pon performance he desires. Inevitably, there arc
components of each system concept whose per-
formance is limited by the siate-of-the-art 4o
something less than required. Therefore, con-
sivaints are imposed within which the aralysi
must work.

There are two alternatives. The time allowable
for the development of the weapon may permit
components to be included that are outside the
present capability of these components but are
considered feasible within the development time
of the weapon. Ths, a prediction of future com-
ponent availability is made that is based on pres-
ent research and expected resuits. In this case,
the analyst is taking the chance of having to ex-
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tend the t'me required to put the weapon in the
flield should unforeseen probiems appear
deveioping the component. In fact, it is possible
that the required performance cannot be
achicved, and thi weapvnn system mwmy suifer
Tuones $hen 3 wold Lave if existing componenis
had been specified at the beginning,

The second alternative is to 1estricl the selec-
tion of components to those that are tmmediately
available. In this situation the analyst is at-
tempting to reduce development time at the cost
of system performance. Naturally, considarable
thought must be given to either approach so that
the best possible weapon can be oblained in the
iune available.

3-6.3 PARAMETRICS

The requirements and components having been
specified, a range of weapon concepts is con-
sidered that will satisfy them. The performance
of each system is studied in terms of parametric
variations of the important system variables. In
this way it is possible further to identify prob-
lem areas and to understand the sensitivity of
the overall system performance to changes in
the performance of critical items. These studies
pave the wa, for detailed trade-offs and the
selection of the concept that best meets the
requirements,

3-6.4 SYSTEM SELECTION

The results of the parametric studies allow
cach weapon concept to be comnpared to all others,
Weighting factors can be applied to the advan-
tages and disadvantages of each concept. Finally,
a concept is selected; the system is then defined
as a rocket, gun, ete,; and its ucceptable perform-
ance is specified. These specifications are docu-
mented and released for the preliminary design
of the weapon system.

3-7 PRELIMINARY DESIGN

The preliminary design phase, like all the other
stages of the development of a weapon system,
is stnply a more detailed refinement of the work
that preceded it. The overall process consisis of
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a continuous review and rework of the design.
The depth of the refinements increases, until the
final phase when the requirements for each rivet
have been cstablished.

We will accume for the remainder of the chap-
ter that the weapon system is a free rocket.

3-7.1 PAYLOAD

The conceptual design phase establishes the
function .-¢ the payload and the limits of its size
and weighk*. During tlie preliminary phase, more
detailed questions ave studied such as the nature
of the device to accomplish the objective (anti-
personnel, hardened site ¢..truction, armor pen-
etration, etc.) as well ss more exact determina-
tion of the size. shape, and weight.

3-1.2 PROPULSION

In the preliminary design of the propulsion
system, parametric studies are made to deter-
mine the required thrust of the rocket motor, its
specific impulse, total impulse, burning rate, etc.
Studies are made of available propellants and
grain cross sections. In this process problem
areas may be uncovered that require further
study.

Detailed accounts of the methods used to de-
termine the required motor performance and the
design of the motor elemerts are presented in
Chapters 4 and 5.

3-1.3 AERODYNAMICS

Acrodynamic shapes must by developed that
will contain the payload and motor while keep-
ing drag to a minimum. In addition, the amount
of aerodynamic stability required by the mode
of operation of the weapor must :~ established.
"The amount cof stability required is affected by
any dispersion reduction techniques that may be
employed. These subjects are discus:s 4 in Chap-
ters 7 and 8.

In addition to drag and stability considera-
tions, the przliminary aerodynamic analysis must
consider the aerodynamic heating tiat is en-
countered in high speed flight. The results of
these studies determinc the requiremer..s for in~
sulatior: and ablative materials.

3-7.4 BYNAMICS

Estimates of the accuracy must be made.
Parametric studies are made of the accuracy
available with different launcher Jengths and le-
vels of stability, as we!l as spin or other disper-
sion reduction techniques. Problems sssociated
with launcher requirements and spin methods
are identified. In addition, manufacturing toler-
ances ~n static and dynamic balances are estab-
lished. :

Computations are made of the dynamic lvads
under all conditions to whaich the rocket is ex-
pected to be subjected.

3-1.5 STRUCTURES

A tabulation of the weight and balance char-
acteristies of zall the preliminary design config-
uraticns under consideration must be constantly
kept up to date. In addition, the information
from the dynamics analysis must be used to de-
fine the proper sizing of all the structural ele
ments,

The preliminary aerodynamics unalysis wil
place requirements on any insulation material
that must be considered in the structural analy-
sis. Problems in weight and balance must be
identified as early as possible so that a wide
range of structural materials may be considered.

3-1.6 PERFORMANCE ESTIMATES

Each preliminary design configuration must
be evaluated for performance. Comparisons are
made betweer: the systems, and changes are de-
fined. The preliminary performance estimates
are the basis for important design modifications.

3-1.7 AUXILIARY DEVICES

The preliminary design phase defines the re-
quirements for devices that are not considered
a part of the primary rotket system but are
necessary for its operation. Such devices are:
heating blankets for propellant temperature con-
trol, anemometers for field wind measurements,
and firing equipment and other devices that
muight be required to perform functions unique
to a given system,




O e
'

| AR

AMCP 706-280

3-8 DESIGN OPTIMIZATION

It was mentioned above that the design pre-
cess is repetiive. The conceptual and preilmi-
nary design phases involve similar computation,
the only ditterence is the amount of detail that
is included. However, the consideration of some
of these details may invalidate er at least modify

_some of the pree~ding wegults, Mhozz dotaeiled
considerations are Ppossible because the “gress
factors have previously been identified. This
allows individual areas to be studied in depth.
The optimization process 15 the consideration of
the design details and the combination of these
details in such a way that cost, performance, and
reliability are optimum.

5-3 SYSTEM INTEGRATION

System integration is first accomplished dur-
ing the concept phase Jdesign. Estimates of the
design and performance characteristics of various
elements of a total system are integrated to make
up a hypothetical design. An infinite number
of design options are available. Components or
elements in a range of sizes may be assembled in
combinations to make up various contigurations.
The design and performance characteristics of
each seiected component or element affect the
design and performance characteristics of each of
the components or elements of the overali rocket.
The selzction and integration of these elements,
therefore, involve the resolution of numercas de-
sign compromises and the formulation of numer-
ous design decisions. The objective is to select
and integrate those elements that provide the
best promise of achieving system perfo, mance
requirements, with high reliability and minimum
cost by some specified availability date.*

As design and development progress, the de.

sign of each subsystem becomes more specific.

*The manufacturing, operations, mairtenance, and logistics
problems and costs associated with each candidate design
must also be considered, and can easily be controlling fac-
tors in the selection of design options. Fixed and variable
costs for anticipated launch rates etc, must be considered.
However, this Yandbook Is concerned primarily with the
integration of the rocket system, particularly with respect
to design and performance characteristics and design and
davelopment costs and schedules of rocket systems. There-
fors no extensive discussion of manufacturing, operations,
maimenance, and logistics factors is included.
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Throughout this period, coordination must be ac-
complished among the design groups to assure
cofhpatibility and to resolve design compromises.
A propulsion design group may desie & high
chamber pressure to provide higher engine per-
formance. The structural design group may de-
sire lower pressure to save sirnctural weight.
These are the obvieus considerations of the

-problem and do not represent all considerations

that must be made. The total range of possible
chiambe: pressure must be investigated with re-
spect to effects on all systems and total rocket
performance. The ubjective is to determine the
pressure that results in maximum overall rocket
performance within cost and schedule limita-
tions. Similar compromises must be resolved in
all areas of rocket design. Each must be made
on the basis of performance of all elements and
the total rocket, and must includz considerations
of cost, schedule, performance, and reliability.

As the design becomes more refined, the de-
sign and performance estimates must be altered.
Mission requirements, and the design and per-
formance characteristics of various elements
change, Payload weight may increase; mission
profiles may change. A problem may occur dur-
ing the development of an engine, resulting in
lower than anticipated thrust, Structural weight,
rigidity, etc, may vary from that originally
planned. Product improvement proposals may
be presented that alter the design and perform-
ance characteristics of various systems. Since
the design and perfermauce characteristics of
each element affect or interact with the design
and performance characteristics of cach of the
cther elements, each alteration of original esti-
mates requires reintegrat.on of the xocket sys-
tem. As in the problem of mntegrating the ori-
ginal rocket design, numerous solutions to each
integration problem are possible. Any of several
approaches can be emplayed to mest inereased
mission requirements. Mumerous redesigns can
be initiated to regain a performance loss due to
failure of a system to imeet expectations. Evalua-
tion of a produced improvement propcsal may
present several design alternatives. Once again,
the objective is to select that approach that best
meets project objectives of performance, cost,
reliability, and schedules.

Any of numerous design changes may be em-
ployed to meet increased mission requirements.
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Upon development of a design problem, such as
an engine that will not produce desired thrust,
several redesign alternatives must be considered
The alternative that offers the best promise of
restoring the original performance with mini-
mum cost and schedule impact must be estab-
lished. Each proposed product imorovement
changc must be evaluated on the basis of effect
on all rocket systems, overall vehicle perform-
ance, cost and schedule impact of the change,
etc. Systemn integration, therefore, must be ac-
complished constantly throughout design and de-
velopment,

In summary, system integration is first accom-
plished during conceptual design. Throughout
the remainder of design and development, design
compromises must be resolved and design op-
tions must be selected. Mission requirements
change, and design and performance character-
istics of various elements of the rocket change.
Each of these changes may require reintegration
of the total design. For each reintegration prob-
lem, thcre are numerous alternate solutions or
approaches to reintegraling the system. The ob-
jective is to ensure that the selected approach
best meets performance and reliability require-
nients with a minimum cost hy a delivery date.

3-10 TESTING METHODS

Before a rocket system can be released for use
in the field, it must undergo a series of rigorous
tests that verify its performance and integrity.
Testing, therefore, is also a part of the develop-
ment process, Aerodynamic testing of scale
models, as well as characteristics, structures, and
materials, help to establish the rocket configura-
tioa by supplementing theoretical analyses.

This paragraph discusses the role of testing in
the development of the rocket systera, More de-
tailed coverages of testing methods are available
in other parts of this handbook and in the cited
reference material,

3-10.1 STATIC TESTING

Static testing is primarily a check of the rocket
motor performance that is accomplished by tying
down the rocket so that it cannot move. The

test rocket may be actual flight hardware or a
boilerplaie model that has a structure designed
to permit firing the rocket motors withou! the
danger of damage.

Statie testing permits the use of extensive in-
strumentation. The testing can be carried out
under closely controlled conditions. For these
reasons static testing reveals much about the de-
tail characteristics of many of the rocket system
components. However, many of the conditions
. ountarad in {lighi such as aerodynamic and
dynamic loads, are not present.

3-10.2 FLIGHT TESTING

Final evaluation of the rocket system perform-
ance, as well as some phases of development,
can only be accomplished by actual flight.

Development flight testing consists of making
final adjustments of the aerodynamic configura-
tion to provide the required stability. Study of
the rocket on tl:e launcher determines if the re-
leasing mechanism and rocket clearances provide
satisfactory initial conditions for the flight, Spin
systems require extensive development testing,
especially those whose ignition timing is critical,
such as the Spin-Buck concept.

The final phase of testing is the performance
testing where range and accuracy are compared
against the expected values. Range testing is
straightforward and consists of firing rounds at
various quadrant elevations and propellant grain
temperatures. However, a precise knowledge of
atmospheric conditions is required. Extensive
meteorological data are collected over the entire
flight trajectory. Measurements of winds, tem-
perature, and density are made on the ground
and at altitudes along the path of the rocket.

Accuracy testing requires many rockets to be
fired so thai the impac points can be combined
statistieally to determinc operational accuracy.
Atmospheric effects are eliminated by firing the
rockets in pairs.

3-10.3 STRUCTURAL TESTING
The complexity of rocket structures makes it
difficult to predict the structural strength of a

design with sufficient confidence. The available
analytical methods are inadequate to ccnsider
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the effects of stress concentrations, fasteners,
bonding materlals, etc. The heavy loss in per-
formance caused by excess structural weight
makes it important to keep the siructure as light
as possible. Therefore, the design process for
rocket structures is a combination of predictions,
based oh results of theory and past experience
with similar structures, and of verification by
testing,

Chapter € presents a more complete discussion
of structural testing methods.

3-10.4 AERODYNAMIC TESTING

The design of the aerodynamic configuration
requires the development of a shape that will
provide adequate volume for the payload while
obtaining minimum drag. In addition, the ac-
curacy requirements determive a specific level of
serodynamic stability. Aerodynamic testing, like
structural testing, is a pro.ess of theoretical pre-
diction and verification. Aerodynamic testing is
thus an integral part of the development process.

A more complete discussion of aerodynamic
testing methods is presented in Chapter &.

3-10.5 ENVIRONMENTAL TESTING

Military rockets must be able to operate under
a wide range of climatic conditions. Investige-
tion of the effects of temperature, humidity, and
other environmental influences, such as sand and
rain, on the deployment and firing of the rocket
system plays a very imporiant role it determin-~
ing its value as a field weapon. Some propellants
smoke excessively under humid conditions. Most
solid propellants must be heated by special
blankets in cold climates. Factors such as these
must be identified before a weapon is ready for
use jn any given area of the world,

3-11 COST EFFECTIVENESS

Cost effectiveness might be thought of as get-
ting the most performance for the money spent
on a rocket system. However, the concept is
much more complex. There are many factors
that must be considered before a value can be at-

8

tached to performance. The cost of deeloping
higher levals of performance must be considered
in relation to’ time and money. Often perform-
ance hecomes all-important. For example, the
need for a rocket of a given capability might be
so great that any cost is justified. Other situa-
tions may justify sacrificing performance poten-
tial to meet an urgent time requirement. An-
other possibility is that the highest level of per-
foymance possible is not needed to satisfy the
existing requirement. The framework within
which these cost-perforance {rade-ofis are made
is called the design economy. Under war con-
ditions, time and performance are of utmost im-
portance; cost plays a relatively minor role.

It should be emphasized that cost effective-
ness is not so much a design method as an aware-
ness of the relationship between cost, perform-
ance, and reliability. Cost effectiveness is the
conscious evaluation of the trade-offs between
thiese items according to a set of established
ground rules throughout the design of & rocke:
system,

Increased performance capability does not nec-
essarily indicate greater probability of destroy-
ing a target. The reliability of weapon systems
usually decreases with increased performance
since performance is usually gained at the cost
of complexity.

Another consideration is the evaluation of the
importance to be given the accuracy of t{he sys-
tem. From a cost zffecliveness standpoint it may
be more desirable to fire several rounds of a
less accurate weapon than to pay the increased
cost of developing a smore accurate weapon that
may require only one round.

The cost and reliability of a weapon system
can be significantly affected by the concentrated
effort of the peopie invoived in the design and
manufacturing process to avoid mistakes and
waste. The Army has called attention to this
fact in its Zero Defects program. The time and
money saved by avoiding the repetition of work
because of errors reflect directly in the cost of
the weapon and its avuilability for use against
an enemy,
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CHAPTER 4

PERFORMANCE PARAMETRICS

Ballistic coefficient parameter|;;2), psi
Modified form of ballistic coefficient (_’_"_p;t,_) )
psi

Meoning W )

id?
Drag coefficient of projectile, nondimen-
sional

Drag coefficient of a standard projectile,
noudimensional

Maximum diameter of projectile, in.
Reference area for aercdynamie coeffi-
cients, in.?

Thrust of booster motor, Ib

Thrust of sustainer motor, Ib
Gravitational acceleration constant, ft/sec*

Drag form factor/ _Cp '\, nundimensional

C
bsrp

Total impulse of booster motor, 1b-sec
Total impulse of sustainer motor, 1b-sec
Specific impulse delivered by recket mo-
tor, sec

Natural logarithm

Propeilant weight fraction, the ratio of pro-
pellant weight to loaded motor weight

SYMBOLS
Symbe! Keoning

Q Growth factor, the ratio of gross weight to

payload weight (b_), nondimensional
wP L

Q€  Quadraat eievation, or launch angle seas-
ured from horizontal, deg

rg  Booster mass ratio, the ratio of gross rocket
weight to total weight without propellant
( W ) , nondimensional

"‘o - wP

R Range, km

R;  Range to target, km

tg  Booster burning time, sec

t, Time to target, sec

Vg Velocity increment imparted by booster,

(burnout velocity) fps ~

V1peay Velocity increment by booster in absence

W
g
Ho
p

7
Yuax

of drag and gravity, fps

Weight, Ib ,
Weight of rocket at burnout, Ib
Initial or gross weight of rocket, 1b
Propellant weight, Ib

Payload weight, Ib

Summit altitude, ft

41
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4-1 INTRODUCTION

In the Jesign of any iochet sysiem, the deter-
mination of performance parametrics is a neces-
sary first stzp since these define the relationship
between the performance requiremeat and phys-
ical characteristics. Performance parametrics not
oniy serve s&r the basis for trade-off considera-
tions among competing requirements and char-
acteristics, but thej also serve to show the sensi-
tivity of the rockei’s physical characieristics to
variations in performance requirement, propul-
sion system efficiency. aerodynamic characteris-
tics (primarily drag), and energy management
technique.

1t is not possible, in a handbonk of this scops,
to present parametric performance dat which
will cover every conceivable situation. The pur-
poses of this discussion, therefore, will be to
call attention ¢o those parameters which affect
tie performance of a rocket; to illustrate various
approximation techniques; and to present a lim-
ited amount of parsmetric performance informa-
tion,

The discussion will be limited to items neces-
sary 1o define the relationships between perform-
ance and physical characteristics for the follow-
ing types of rocket:

a. Indirect-fire, or surface-to-surface ariillery
rockeis

b. Direct-fire rockets of the type normally
employed in antitank or similar roles

¢. Sounding rockets which are launched ver-
tically for the purpose of reaching extreme alti-
tudes

d. Surface-to-air rockets for an interceptor
role

4-2 PERFORMANCE PARAMETERS

Mha manamatawns
- AN »

ered in the evaluation of the rocket’s perform-
ance can be divided into three major categories:
a. Those factors asscciated with’ performance
such & payload, velocity, range, altitude, time
of flight, and launch angle
b. Factors associated with the propulsion sys-

an uvaniahlue that ora nanaid.
w) va v ) VRSNV IMew wwesweww

¢, Aerodynamic considerations such as shape,
meats of stabiliration, drag characteristics, and
diameter

'4-2,1 PERFORMANCE FACTORS

Generally speaking, those factors associated
with performance will be specified as fixed con-
ditions for the solution of a given problem, with
the possible exception of launch angle (an the
case of indirect-fire artillery rockets) and time
of flight.

4-22 PROPULSION SYSTEM FACTORS

With regard to the propulsion-system vari-
ables, it is necessary to examine the effects of
variations in the following:

& I,p,- specific impulse delivered by the

rocket motor

b. Fp/Hy: ratio of booster w.rust to rocket

takeoff weight (a measure of boost
phase acceleration)

¢c. Fg/Fp: ratio of sustainer thrust to booster
thrust
ratio ot sustainer total impulse to
booster total impulse
propellant weight fraction (ratio of
uzable propzilant weight to loaded
motor weight)

f. Time and duration of propulsive

force application

Determination or selection of optimum values
of the propulsion-system variables for a rocket
system is called energy-management. Energy-
management determines the magnitude of the
boost and sustainer thrusts. and their duration.
It also considers the duration of coast periods.
The objective of energy-management is to de-
posit the payload at the target with a minimum
expenditure of propulsive energy while meeting
performance, ccst, and reliability requirements.

4-2.3 AERODYNAMIC CONSIDERATIONS

With regard to the aerodynamic considerations,
it is generally assumed that, for the types of
rockets being discussed, drag is of paramount

4. IS/IB :

e, PiiF:

.

tem such as energy management technique, spe- concern. Discussions of the effects of drag on P
cific impulse, thrust, burning tirie, and propel-  projectile trajectories are given in Reference 1.
lant-weight fraction it shall suffice here to say that the effects of dvag -/
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on the irajectory are the functions of the drag
coefficient 1, the mass of the projectile W, and
the digmeter of tho projectile d. The ballistic
coefficient parameter given in Reference 1 is
C = W/id? and is useful in describing the effects
of drag un the rocket during the post-burnout
flight phase.

Although the ballistic coefficient is a useful
parameter for the defermination of drag effects
for the post-burnout trajectory phase, it is not
useful for the propulsive phase of the trajectory
because of the effects of thrust and weight
changes. In the compilation of parametric per-
formance data, it is more convenient to work
with a modified form of the ballistic coefficient
C, defined as C’ = W, /id?, where Wy, is the
payload weight in pounds. This form of the
ballistic-ccefficient parameter is more conveni-
ent to use because the rocket payload is usuully
specified as an initial condition, as opposed to the
situation for artillery projectiles where the
weight of the complete projectile is specified.

Performanee parametrics provide data relating
performance to phys.cal characteristics. Weight
is thy principal physical characteristic with
which the rocket designer is usually concerned.
This discussion will therefore be limited to the
weight consideration. although other physical
characteristics—such as length, diameter, or vol-
ume-—may sometimes also be limiting factors.
The weight parameter for a rocket design may
be stated in a nondiraensional form, as the zatio
of rocket gross weight to payload weight. This
raiio is designated the growth factor Q because
it indicates to the designer how much his rocket
must weigh in relation to the payload, or how
much the overall weight must “grow” {0 account
for unit increzses in payload. The growth factor
is useful, not only as a nondimensional measure
of the weight of the rocket, but also as an indi-
cator of the efficiency of the chosen method of
delivery; a low growth factor indicates high ef-
ficiency.

4-3 APPRUXIMATION TECHNIQUES AND
APFLICABLE EQUATIONS

43,1 ESTIMATION OF VELOCITY REQUIREMENT

Where the effects of drag can bz estimated
accurately ot neglectzd without undue effect,

it is possible to estimate the velocity increment
that the propulsion system must impart to the
payicad. It is tteu u simple matier 1o caiculate
the size of the propulsion system required. There
are various methods for estimating the velocity
requirement, deperding upon the application,
and the degree of accuracy desired. These are
discussed in the paragrapns which follow.

4.3,1.1 Indirect-Fire Systems

A crude approximation of the velocity require-
ment for the indirect-fire rocket is given by the
rag-free range equation

VB? Szn (20F)
4 (4-1)

R =

which, for the optimum Jlaunch angle of 45%
yields the required velccity increment

Vp = VRg

In the above equations, R is the range; Vy is
the velocity increment imparted by the booster;
QF is the quadrant elevation, or launch angle,
measured from the horizontal, in degrees; and
g is the pravitational acceleration constant. Any
consistent set of units may be used.

While the drag-free approximations are ade-
quate for preliminary work on most rocket sys-
tems, the relatively greater effect of drag on the
indirect-fire system cften requires a more ac-
curats calculation. This can be obtained through
use of ballistic range tables (Reference 1), which
introduce the effect of drag in the form of the
ballistic coefficient ¥/id?. Fig. 4-1 presents the
relationship between range, burnout velocity
and ballistic coofficient, taken from Reference 1.
Since the bullistic coefficient is not independent
of burnout velocity, the use of Fig. 4-1 requires
an iterative procedure for any given payload and
diameier. Iiowever, these data are extremiely
useful for rapid, accurate estimation of perform-
ance parametrics for high acceleration, surface-
to-surface rockets.

(4-2)

4-3.1.2 Direct-Firs Rockets

If we asume that the effects of drag can be
accounted for, it is usually a simple matter to
determine the velocity requirement for a direct-
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i‘ H
1 . fire rocket, based on the rauge to the target Ry,  ly referred to as the bousier-mass ratio rg. This
‘ ' s the desired time of flight z,.and the desired burn-  reluiionship is illus rated graphically in Figure 4-2.
/ o ing distance or time ty . In the absence of drag,

3 v the velocity requi t £ t-accelera- . .
= ﬁ;‘;:ozs: ;h::g;remen or a constant-accelera 4-3.2.2 Propellant-Yvaight Fraction
3 ‘ If we consider *he rocket to consist of two

! Ry

3 : Vg = major components-~the saylcad and the rocket

§ } t, - 12— tg (4-3) motor—we can define the gross weight as

¥ ; "

] ? Although this equation neglects the effects of My = Hpp + L
L‘ f drag and gravity, it is usefu! for approximetion. PHE (&T)
f’ ; where PHF is the propellant weight fraction

5 ; 4-3.1.3 Saunding Rocleis We/(Ho=Hp, ) , nondimensional, and the burn-
f'( | out weight as

; In the absence of drag, the summit altitude .

i ‘ Yyax reached by a vertically launched projectile ) Hp W
is given as LI -;lvﬁ" - (4-8)
1 Y !gj The booster-mass rotio caa then be .expressed as

; NAX =

{ \ 2g (4-4)

) op +[ 2

{ 4 Therefore, an approximation of the required ve- " PL "\ Pur

5 locity would be . rg = °o v

{ o - Ho = W W

| ) Vg = V28 Yuux (4-5) e="r 7B WPL*("'KP_ - Wy

E \PHF (4-9)
Eﬁ 4-3.2 ESTIMATION OF ROCKET MOTOR

} HEQUIREMENTS 4323 Growth Facter

;g If we °‘;n thassume that 2 sufficiently .accExmt: Eq. 4-9 can be reducad to a form which ex-

! ;im:::eo? anye :;hthcelt}x’n :f}?:dlze?;l:tiiegc}:l::e presses the weight [ the rocket in a nondimen-

; 2 J i b{ ti fact follows:

) we can calculate the weight of the rocket using sional form (growti facter ¢) as follows

{ the relationships defined below. Ko rg (PHF)

{ , ) Moy 1-rgll-PHF) (430

; 4-3.2.1 Sperific Impuise and Booster-Mass Ratio .

The relationship between rocket weight, spe- 4-3.3 SUMMARY
cific impulse, aad propellant weight is given by

the “ideal” velocity equation

The relationship among growth factor, propel-

'

W R PN A

14

Wo
VipsaL = gl pln (W ; WP> = gl ln (rg)
. 0 (4-6)

where I . is the specific impulse delivered by
the rocket notor in seconds, W, is the initial or
gross weight of the rocket in pounds, #p is the
propellant weight in pounds, and ln is the natural
logarithm. 'The ratio #,/(W, - Wp) is common.-

lant-weight fraction spacific impules snd ve-
locity requirement jo illustrated in Figure 4-3.
Information of this iv'pe is useful since it illus-
trates the sensitivity of the rocket weight (for
any given performance level) to variations in
specific impulse and propellant-weight fraction.

It should be romewnbered that the equations
developed in paragrach 4-3 are only crude ap-
proximations of the representaticus of rocket
performance describec in the paragraphs whick
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follow. Nevertheless, they are extremely valu-
able in the preliminary design of any rocket. As
demonstrated in the example problem at the ¢nd
of this chapter, these relatiouships are used in
the early phases of design to establish the ap-
proximate values of the importunt rocket vari-
ables such as I,,and growth factor. These values
will determine if the design requirements are in-
consistent with the state of the art. In addition,
the approximate numbers will establish the re.
gion of interest for the more detailed analysis
of the variables.

4-4 PARAMETRIC PERFORMANCE DATA
FUR INDIRECT-FIRE SYSTEMS

4-4.1 DELIVERY TECHNIQUES
4-4.1.1 Trajectory Profile

The trajectory profile for 25 unguided surface-

to-surface rocket (ballistic rocket) is shaped.

generally like a parabola, with an initial depart-
ure angle of between 45° and 80° for maximum
range. Some large ballistic rockets are lauriched
veriically; however, these require a maneuver
to tilt the rocket onto a ballistic path. The dis-
cussion that follows will ke limited to the non-
maneuvering type of rocket.

44.12 Energy-Managsment Techniques

Among the methods that have been used to
impart propulsive energy to indirect-fire rocket

In the boost method, ihe boosier mo'or fires
contintiousiy throughout the flight of the yocket,
or until fuel is depleted. This approach is by
far the least complex of the above and has found
use generally in the field of asimple, unguided,
‘ballistic rockets. -

The boost/sustain approach consists of an ini-
tial thrust of the booster motor, followed by a
constant gustaining thrust of lesser magnitude,
While this approach offers performance advan-

“

tages over the boost approach for some appli-
cations, it requires a more complex and costly
motor construction,

In the staged boost approach, the total thrust
is delivered by a series of booster motors, each
jettisoned upon burnout. This is the most ef-
ficient means of enurgy-management but its use
is limited to those cases where weight considera-
tions override the cost and reliability penalties
of staging, and where the hazards of falling mo-
tor cass can be permitted. Since very few
rockets within the scope of this handbook meet
these limitations, this discussion will not include
the staged boost approach. ‘

4-42 PARAMETRIC PERFORMANCE DATA

The relationship between growth factor (rvatio
of .gross rocket weight to payload weight) and
range for an indirect-fire rocket system is a
furction of the following ilems:

a. QGE: launch elevation angle

b. I,,:  propellant specific impiise

c. PAF:  motor propellant weight fraction

d. W, /d?: ratio of payload weight to diameter

squared
drag-fcrm factor, ratio of drag coef-
ficient of rocket under consideration
to drag coefficient of standard rocket
shape for which range tables bave
been computed
f. Fg/W, : initial-thrust-to-weight ratio (boest
acceleration)
g Fg/F5: ratio of sustain thrust to boost thrust
h\Ig/I;: ratio of sustain impulse to boost
. impulse
The »2ugle at which the rocket must be
launched in order to achieve maximum range is
of initial interest to the designer. Fig. 4-4 pre-

cmam e Alea -~ ~
senis the effect of boost acceleration Fy, /W, end

growth factor Q on the optimum lat...ch angle
for an all-boost system, with fixed values of
I,,, PNF, and ¥, / id?. Although the data would
be different if these parameters (1, , PHF, Hy y/id)
were varied, the trends of the curve are worth
noting. Lov accelerations requirc the highest
launch angles, with the dependence of launch angle
on acceleration being ‘~ongest at low accelers-
tions, Higher growth fa. _urs indicate higher launch

e i

—— e =

P




o g,

i dotey

M 21 oo il Db 2o pintenic N—

B L —

AMCP 706-280

£n.
ol

\\
\\

50+

OPTILUM QE

GrTINUM LAURCH QE
INDIRECT FIRE - ALL B0OST

lsp ~ 25030
PIFI 17
WpL/id2. 2

40 -

o
-9

"0 1 80 %
Fa/vg

Figure 4-4. Indirect Fire — All-Boost; Effect of
Thrust-to-Weight Ratio on Optimum Launch
Quadrant Elevation

angles because they ara equivalent to longer boost
burning times at any given level of acceleration.

For a boost/sustiin system, the optiraum
launch angle will be a little greoter than for an
all-boost system, ar shown in Fig. 4-5. As the
ratio of sustainer thrust to booster thrust is de-
creased and/or th. raio of sustainer impulse {o
booster impulse is increased, an increase in op-
timum launch angle is indicated.

Fig. 4-6 presents the relationship between
growth factor and range for ax all-boust system,
with QF optimized and P#F, I, , and Wp,/ 1d?
held constant. 1t is seer: that the lower accelera-
tions permit more officient energy-management
schemes since they yield a lower growth factor
for any specified range. Although this curve is
constructed for only one value each of I, P PIF,
and Wp,/id?, it is indicative of trends; we may
therefore say that the growth factor (for a given
range) will be inversely proportionalto I,,, PHF,
and Wp,/id?. The designer would, of course,
examine trade-offs between these parameters, as
discussed later on in this chapter. Before leav-
ing Fig. 4-6, however, we should note another

rend of significance to the designer or to the
requirements originator. Examination of the
curve shows that significant range increases can
be obtained for relatively minor rocket-weight
increases. For example, whereas a growth factor

OPTIMUM LAUNCH Q&
INDIRECT FIRE BOOST/SUSTAIN

Q-2 FgMg.40
!sp - ZSOSec,PVF-J
Wpy /id2-2

60
Fs/Fg

—/.l
- o et 2

P ]

(7Y
U

OPTIMIZED QE (DEG)

L

=1
0

Is/g

Figure 4-5. Indirect Fire — Boost/Sustain; Effect
of Impulse Ratio en Optimum Launch Quadrant
Elevation

of about 2 is required for a range of 30 kilometers,
a 25 percent increase in missile weight (an in-
crease of Q from 2.0 to 2.5) doubles the range
{to 60 km).

The relationship between growth factor and
rangz for a boost/sustain system will be depen-
dent upon the choice of sustainer parameters in
addition to the parameters discussed above for
the all-boost system. There is no unique method
for determining optimum sustainer parameters
since the choice will depend upon which chai-
acteristics of the rocket the designer is attempt-
ing to optimize; for example, weight or accuracy.
The designer has a clioice of methods for provid-
ing the sustainer impulse. This can be done with
separate booster and sustainer motors, or by -one
motor with two thrust levels. In the case of
separate motors, it is possible to achieve high
specific impuise with each metor, byt the pro-
pellant weight fraction of the combination is
usually lower than for a single motor. In the
case of a single motor with two thrust levels, the
specific impulse of the sustainer will be less than
for the booster (due to decreased chamber pres-
sure during the sustainer phase) if a constant-
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\

-
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N
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~
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¢ 10 20 X LY

L (]
RANGE (10)

1 % L 10 1

Figure 4-6. Indirect Fire ~ All-Boost; Effect of Range on Growth Factor

geometry nozzle is used. For this discussion it
will be assumed that ¢ single ‘motor with two
thrust levels and fixed nozzle geometry is used.
The relationship between the ratio of susiainer
thrust to boosi¢r thrust and the resulting ratio
of specific impulse is presented in Fig. 4-T.

Fig. 4-8 indicates the type of parametric data
which should bhe generated for optimization of
sustainier parameters in situations svhere mini-
mizing weight is the primary concern.

Fig. 4-9 presents the relationship between
growth factor and range for a boost-sustain sys-
tem, where the sustainer parameters are as-
sumed to have been fixed by considerations other
than minimum weight. A comparicon of these
data with the data for the zll-hoost system will
show that there arc conditions fer which the
honat /auctain system iz heavier than an all-boost
system. This resulis from the reductiox in sus-
tainer specific impulse as discussed earlier.

‘The data above bave been presented for only
one value eachof I, , PHF, and Wp /id?
The designer will be interested in knowing the
sengitivity of the missile weight to variations in
these parameters also. Fig. 4-10 presents the
effects of I,, and PHF on the growth factor for
a spedific range, acceleration level, and ballistic
coefficient. Fig. 4-11 presents a similar trade-
410 ‘
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Figure 4.9, Indirect Fire — Boost/Sustain; Effect of Range on Growth Factor
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Figure 4-10. Indirecs Fire — All-Boost; Effect of
" Propellant ¥eight Fraction on Growth Factor
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Figure 4-11. Indirect Fire ~ All-Boost; Effect of
Bellistic Coefficient on Growth Factor
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off with acceleration and ballistic coefficient as (

variables.

The data presented above have not been in-
tended to cover every situation. They are an
indication of trends and serve to illustrate the

various trade-offs which the designer must con-
sider.

4-5 PARAMETRIC PERFORMANCE DATA
FOR DIRECT-FIRE SYSTEMS

451 DELIVERY TECHNIQUES
4-5.1.1 Trajactory Profiles

Both beallistic and maneuvering tynes of tra-
jectories have been used for direct-fire systems
Either of these is essentially flat, however, and
the degree of maneuver, if used, is generally
limited. Therefore, for purposes of parameter-
ization, no distinction is made between the two
types. Generally speaking, it is sufficient for
performance calculations to assume a constant-
altitude, line-of-sight trajectory.

4-5,1.2 Energy-Manzgement Tachniques

Among ths commonly employed energy-man-
agement techniques for direct fire rockets are:

a. Boost

b. Boost/sustain

¢. Boost/coast/sustain

The choice here will depend to some extent
on the level of performance required and on the
intended method of use. Considering the method
of use, we must determine whether burning out-
side thz Jounch tube can be permitted. Iz the
case of direct-fire infaniry weapons, this cannot
usually be permiitied; whereas for weapons to
be employed on armored vehicles, there is no
problem (aside from accuracy considerations)
involved in burning outside the launch tube, If
burning outside the launch tube is permitted,
either the beost or the boosi/sustain approaches
will apply. Where burning outside the tube is
not permitted, the choice is between the boost
and the boost/coast/sustain approaches, with the
boost approach generally limited to low per-
formance systems by the maximum velocity

.
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which can be attained within the limitations of
the tube length and the rocket acceleration.

4.5.2 PARAMETRIC PZRFORMAMNCE DATA

In defining the relationship between perform-
ance and physical characteristics for direct-fire
rockets, it 1s not necessary to separate those rock-
ets which must have & coast phase from those
that do not. The reason for this is that, in the
usual case, the additinnal time of flight will be
negligible, on the order of 1/10 sec.

The relationships between growth factor (ratio
of rocket weight to payload weight), range, and
tin. » of flight are determined by:

a. I, propellant specific impulse

b. PHF:  motor propellant weight fraction

c. Hpy/d?: ratio of payload weight to diam-

eter squared

d i: drag-form factor

e. Fp/Wo: ratio of initial thrust to weight

f. Fg/Fg: ratio of sustain thrust to boost
thrust

g Ig/Iy: ratio of sustain impulse to boost
impulse

For initial considerations, the first four of these
parameters (I,,, PHF, W, /d?, i) can usually
be estimated with adequate accuracy; however,
it is desirable also to examine variations of these
parameters if the situation permits,

Fig. 4-12 presents the relationship between
target range, time of flight, and energy-manage-
ment scheme for a given set of missile charac-
teristics,. The best energy-management scheme
is seen to he the bosst (no sustainer) in cases
where a minimum time of flight is desired. 'This
is usually the ca-e for systems in which the gun-
rer has no control over the projectile after
launch. However, in cases where command guid-
ance is used, time of flight is a secondary con-
sideration, with the velocity of th2 prejectile be-
ing limited by considerations of gunner capa-
bilities, command data rates, type of command
link, ete. Since the considerations involved in
the determination of time of flight (or averagn
velocity) for the command-guided case are many
and varied, it is desirable to concentrate for the
remainder of this discussion on the systemx which

JIRECT FIRE ROCKET
Q1S
fFpry. 4
by " B
PEfal]
"Ptl'“z-l

1

TIME TO TARGET (SEC)

Iy

Figure 4-12. Direct Fira — Boost/Sustain,
Effect of Impulse Ratio on Time to Target

yields minimum time of flight, namely, the boost
system.

Fig. 4-13 presents trade-offs with respect to
growth factor, time of flight, range, and boost
acceleration, A performance limit appears to.be
reached at a growth factor of about 3.0 because
increases beyond this point reduce the time of
flight an insizmificant amoant. Increasing the
boost acceleration reduces the time of flight, but
decreases the percentage of powered flight. For
example, at a growth factor of 1.7and Fp /#, = 20
the burning distance is about 3 km, and we
reach 4 km in 9.7 sec. If we increase Fg/H, to 80,
the burning distance is reduced to about 1 km and
we reach 4 km in 8.5 sec. This illustration points
out another of the choices facing the designer,
namely, the trade-off between time to target and
percentage of powered flight.

Once the designer has examined the trade-offs
between range and time of flight, he may wish to
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|
i P determine the effects of various design param-
2 .eters on the missile weight (or growth factor) _
for a speclﬁed performance level. For example, ~— Fo/%
: E PFig. 414 shows the tradecff between N, /id?, o I
F,/lo » and growth factor for a specified per- &
» formance level of 2 km in 3 sec. Fig. 4-15 illus- 2 2 \\
- trates the trade-off between PIF, I,, andgrowth & ~——|
; factor for the same performance level. § -0
E '1 ill a"‘ pti‘—i‘{’“—.-‘- p;.—-‘wma;}-:_on -M.mm ‘\ul MREOTFIREi-ALLBOOST
been made merely to illustrate the types of trt.de- TARGET MANGE - 2im
offs with which the designer of direct-fire rock- TME TO TARGCT -3 30¢
ets must be concerned. From this diacussion, the lyg 250 3¢
following conclusions can be drawn: 1, PF- 1
2. For minimum time to target, the boost ﬂ‘/t p 1{0 2 ;
system is superior to the boost/sustain system. ’ 20 v
~. .1 _..b. 'The choice of boost acceleration must re- Wil (BT
sult from a consideration of the trade-off between
time to target and percentage of powered flight Figure 4-14. Direct Fire ~ All-Boost; Effsct of
desired. Ballistic Cosfficient on Growth Factor
14
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Figure 4-15. Direct Fire — All-Boost; Effect of
FPropellant Weight Froction on Growth Factor

c. Increasing PHF, I, W, /id%. or Fp/¥,
results in decreased missile wveight {or a given
payload weight anid specified performance (time
to target). :

d. Increasing the growth factor beyond about
3.0 results in negligible performance increase
for the range of parameters studied.

4-6 PARAMETRIC PERFORMANCE DATA
FOR SOUNDING ROCKETS

4-8.1 DELIVERY TECHNIQUES
4-8.1,1 Trajcctory Frofite

The cniy trajectory profile to be considered
here for the sounding rocket is the vertical as-
cent. In some cases it may bs desirsvle %o
launch a sounding rocket away from the vertical
to insure impact within a given area, but for pur-

g—

poses of performance parameterization, the ver-
tical ascent is sufficient.

4-6.1,2 Energy-Management Tackiiiques

The energy-management techniijues which are
used with sounding rockets are the same types
as listed for the indirect fire rocket systems,
namely:

a. Boost
b. Boost,sustain
c. Staged boost

As stated earlier, the choice between these ap-
proaches must be the result of a trade-off, con-
sidering the boost system to be the simplest,
cheapest, most reliable, and least efficient; where-
as the staged boost would be the most efficient,
most expensive, and least reliable. The boost/
sustain approach would be intermediate in all of
the above considerations.

482 PARAMETRIC PERFORMANCE DATA

The relationship between growth factor and
peak altitude for a sounding rocket is determined
by the following parameters:

a I, gl specific -impulse

b. PHF: propellant weight fraction

<. Wp,/id?: ballistic parameter

d.i:  drag form factor

e. F,/W,: ratio of bcost thrust to takeoff
weight )

£ Fg/Fy: ratio of sustain thrust {o boost
thrust “

g Ig/Iy: ratic of sustain impulse to boost
impulse

In Fig. 4-16 the relationship between growth
factor, energy-management scheme, boost accel-
eration, and peak altitude is prezezfed. It can
be ceen here that the boost/sustain approach
would provide the lowest missile weight for a
giver altitude. This relationship is shown for
only one value each of I,,, PWF, and Wp,/id?,
some shifting of data would occur if these param-
eters were changed.

For any given maximum altitude, the growth
factor will be inversely proportionalto PWF, I,,,

418
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Figure 4-16. Sounding Rocket ~ All-Boost and Boost/Sustain; Effect of Growth Factor on Summit Altitude

and ¥, /id?. This is shown in Figs. 4-17 and
418 for summit altitudes of 150,000 ft and
250,000 ft. These curves are for the all-boost
case; bowaver, the boost/sustain curves would be
similar. From these curves, we see that the
lightest missile results from a high performance
motor thigh PWF and I,, ) and a large pay-
load-to-diameter ratio.

41 PARAMETRIC PERFORMANCE DATA
FOR SURFACE-TG-AIR ROCKETS

4.7.1 DELIVERY TECHNIQUES
_41.1.1 Trajectory Profile

Tho unguided surface-to-air-rocket flies a bal-
listic trajectory and may be launched at any quad-

418

rant-elevation angle recessary for irtercept of
the target. Usually, the rocket will be designed
to reach a given allitude in a given time and,
therefore, the vertical ascent is of primary con-
cern. For this reason the vertical trajectory is
normally used to size the rocket, althaugh 1t must
be kept in mind that the distance traveled in a
given time will- be slightly less for trajectories
other than the vertical.

4-1.12 Ensrgy-Management Techniques

Energy-management techniques applicable to
surface-to-air rockets are:

a. Boost

b. Boost/sustain

c.” Staged boost
If we consider that minimum time to target will
be desired for the surface-to-air rocket, and that

—
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Figure 417, Sounding Rocket ~ All-Boost; Effect of Propellant Weight Fraction on Growth Factor

SOUNDING ROCKET ~ ALL BOOST
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Figuro 4.18. Sounding Rocket — All-Boost; Effect of Ballistic Coefficient on Growth Factor
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achievable accuracy will limit this type of rocket
te low altitude application (under 30,000 ft), the
becst apprcach will usually be found to be the
most attractive. For this reason, the discussion
will be limited to the boost approsch.

4-1.2 PARAMETRIC PERFORMANCE DATA

The relationship between growth factor and
performance reqrirement (specified as time to
a given altitude) is determined by the following
parameters:

a In: specific impulse

b. PAF:  propellant weight fraction

¢. Wp,/id?: ballistic parameter

d. i: drag-form factor

e. Fy/Wy: ratio of boost thrust to takeoff
weight

Fig. 4-19 presents the relationship hetween
growth factor, boost acceleration, and time to zl-

1

| '
Fal¥g
)

It iR )

K
T
\

o
§ ¢
§ \
% T \_\ \
SURSACE TO VR = AL BOGET \\\\
“r_Qf-EO' ;"fp:/.;z zh,nwiﬂ-. \\ \\
TARGEY ALTITUGF « 20000 1 ™
TR T ALTITUDE (SEC)

Eigure 4-19. Surlace-to-Air — All-Boost; Effect
of Tims to Altitude on Growth Facter

L 31 ]

titude for target altitude of 20,000 ft. As seen
in these curves, an increase in boost accelera-
tion reduces the time to aliitude. An increase
in growth factor above 5 would decrease time
to sltitude very little.

The trade-off between I,,, PHF ,and growth
factor for a specified performance level of 20,060
fi in 5 sec is given in Fig. 4-20. Fig. 4-21 illus.
trates the trade-off between PHF, I,P ,and growth
factor for the same performance level,

From the previous discussion, the following
conclusions may be drawn:

a. Increasing growth factor above 5 results
in negligible performance increase for the range
of parameters studied.

b. Inc-casing PHF, I,,, and Hp,/id? results
in decreased missile weight for a given payload
weight,

10 -1
\ SURFACE-TO-AIR ~ ALL-BOCST
9 Fg/p = 80——t~—Wpy /id2« 2—
ALTITUDE » 20,000 ft
TIME TO ALT . 5sec
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Figure 4-20. Surfuce-to.Air ~ Ail-Bouzt; Effact
of Propellant Weight Fraction on Growts Facior
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SURFACESTO AIR = ALL-BOOST
- B0 PEF .
ALTITUD®: - 20,0001t
TRIE TOALT « §sec
S —— Fg/vy
[}
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\
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«
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Figure 4-21, Suifara-to-Air — All-Boozt; Effect
of Ballistic Coefficient on Growth Factor

4-8 NUMERICAL EXAMPLE

Axn imairect fire surface-to-surface missile de-
sign problem is presented here to illustrate the
steps to be followed in designing a missile when
the required performance is specified. The prob-
lern is to determine the propulsion system char-
acteristics, the weight breakdown, and the di-
mensions of the vehicle that will transfer a given
payload over a desired range.

The graphs presented in the preceding para-
graphs of this chapter indicate the complexity
of the relationships between the performance
parameters, Because of these complex relation-
ships, there is no easy way to arr.ve at 2 rocket
configuration wh.ch will satisfy all *he required
relationships and still meet the performance re-
quircments. Tha only alternative is to assume
some of the important rocket or motor param-
etvrs, such as body diameter and specific im-
pulie, and calculate the performance for these
assuimed conditions. The caleulated performance
dsta are compared with the desired values; then
the origina® assumptions are modified and the
procadure is yepeated until the desived results
are obtained, It is easily seen that the accuracy
of the original assumptions determine the

amount of work required to reach the final solu-
tion. This is the reason that experience with the
design of rocket systems is so import:ni ‘uring
the preliminary desige stage.

Fig. 4-22 is a flow diagram illustrating the
steps of the design procedure. Block 1 indizates
the design performance specification. In this
cas¢ the rocket range and payload are specified.
Blocks 2 and 3 show the parameters whose values
are being assumed - - that is, the first guess at
the design configuration. The next sequence of
blocks (4 through 8) illustrates the iterative pro-
cedure which must be followed until the initial
assumptions are verified. After the iterative
process is complete, enough is known about the
system to define its performancez parameters.
This is done in the final Block 11, headed CAL-
CULATE.

A ballistic coefficient is assumed in the first
block of the iterative loop (Block 3). This fixcs
the burnout velocity, the booster-mass ratio, the
burnout-to-payload-weight ratio, and the pay-
load ballistic coefficient. Notice that the value
of the payload ballistic coefficient was assumed
in Rlack 3 and it is necessary that this value be
duplicated. If this has been satisfied, there are
no contradictions and the example can proceed to
the defining of values.

If the payload baliistic coefficient value can-
not be duplicated and/or the resulting values
are not realistic, it will be necessary to make a
trade-off study of the parameters in the second
block until all criteria are satisfied.

The numerital example which follows utilizes
the logic shown in the flow diagram.

1. We shall start with a specified range R of

30.0 km and a payload weight of §90.0 lb.

2. From a knowledge of similar rockets, as-
sume a propellant weight fraction PHF
of 0.77, a specific impulse I,, of 250 sec
and a payload ballistic coefficient Wp, /id?
of 4.0 In/in.

3. For the required range, assume a ballistic
coefficient Wy /id? of 45 Ib/in . "There-
fore, a burnout velocity V, of 2706 fi/sec
is necessary as shown in Fig, 4-1.

4. For an I,, of 250 sec, the booster mass
ratio rp is defermined from ¥ig. 4-2 to be
14,
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Figure 4-22. Flow Diagram
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5. For a given PHF of 0.77, calculate the ratio 9. The burnout weight W, is calculated
of burnout weight to payload weight: " ‘
8 .
g PWF iy =(Tv_\)w” = 1.138(890) = 1014 1b ¥
p, 1 - ry(1 - PHF) P ‘
10, The rocket diameter d can be calculated i
= 9.7 = 1,138 '
1.0 - 1.4(0.23) 0% Moy 12 re90\ 12 i
d= m = T = 15 in. »
8. Calculate the ballistic coefficient: P/t 1
. i is found b .
Iy i _lfﬁ_ 1’1 ’;\.. (138 (4) 11. Propellant weight K, is found by i
W? Wy, \ g2 ' Kp = PHF(Wp, )(Q - 1) !
:
= 4.552 1b/in? = 0.77(890)(0.58) = 405 b '
7. A value of Ity /id?was assumed in Step 3.  12. Motor weight #_is i
Match this value with the value calculated Ho(1 ~ PHF) !
in Step 6. They are the same. If they iy = el 1
were not the same, then another value of PHF ‘
Wp/id? should be selected and Steps 3 890 (0.23) i
through 7 repeated until they agree. = -——0-77——— = 120 1b >
8. After satisfying Step 7, either calculate the y '
growth factor Q or read it from Fig 4-3. 13. Total weight ¥ is i
Q= r8<—::-8_>= 1.4(1.138) = 1.59 Wr = gy + Wp = 1014 4+ 405 }
PL = 1419 b !
|
i
!
)
i
f
4
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CHAPTER 5
PROPULSION

LIST OF SYMBOLS

Meaning

Constant (see Eq. 5-19a)

Constant (see Eq. 5-19b)

Area, ft?

Constant (see Eq. 5-19b)

Effective exhaust velocity, t/sec; speed of
sound, ft/sec

Thrust ccefficient

Specific heat at constant pressure, BTU/lb
°R

Specific heat at constant volume, BTU/Ib
°R

Scale factor

Rocket thrust, 1b

Gravitational acceleration, ft/sect

Total motor impulse, Ib-sec

Motor specific impulse, sec

Erosion burning constant (see Eq. 5-21);
ratio of grain burning surface area to
nozzle throat area

Mass of propellant, slug

Mass flow rate, slug/sec

Mass flow rate that will produce a velocity
equei to the speed of sound, slug/sec
Molecular weight of gas, R /R

Mach number

Exponent (see Eq. 5-19a); number of moles
Combustion chamber pressure parameter
(see Eq. 5-23b)

Pressure, 1b/ft*

Heat of reaction at reference temperature,
BTU/Ib

Gralin hurnlng rate, in./seo

Universal gas constant, 1545 ft-lb/lb-mole
R

Gas constant, R, /m

Temperature, °R

Symbol Meoning
Y Velocity, ft/sec
¥ Weight, 1b
¢ Erosion factor (see Eq. 5-21)
Y  Ratio of specific heats (C,/C, )
{4 Discharge correction factor
¢y 'Thrust correction factor
¢ v Velocity correction factor
9 Propeliant burning time, sec
P  Density, slug/ft?
Y Summation
Subscripts:
atmosphere  Ambient (or atmospheric)
conditions
b Burn-out condition; burning

surface (see Eq. 5-20)

basic Basic (or original) config-
uration
Back pressure
c Combustion or stagnation
conditions
e Erosion condition; exit con-
ditions
ezhaust Exhaust (or exit) condition
g Propellant grain
i Inlet (or entrance) condition
n Molal value (see Eq. 5-25)
max Conditions for optimum ex-
pansion (see Er. 5-9)
moto Motor conditions,
scaled Scaled (fror: basic) config-
uration
o Throat (or minimum area)
conditions
z Axial distance (along the

nozzle centerline)
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5-1 GENERAL

) A rocket is propelled by an interaal combus-

. tion engine that burns either liquid or solid fuel.

The primary function of rocket propulsion is to

move the warhead and airframe from the launch-

er to the target with prescribed accuracy. Since

the oxidizer is carried internally, rocket engines

can operate in the atmosphere, above the at-

) mospligre, or under water. As previously indi-

cated, this handbook will discuss only solid pro-
i pellant rocket engines.

] ' Unlike other combustion engines, a rocket mo-

tor does not contain cylinders, pistuns, or turbine
blades, nor does it need a supply of air to mix
, with the fuel. Because its oxygen supply is car-
ried within the propellant, a rocket engine has
a number of advantages over other types of
power plsnts:

a.  Thrust is practically independent of its en-
vironament and flight speed.

b. There is no altitude ceiling.

¢. It functions in a vacuum.

d. Thrust per unit of frontal area is the largest
of any known propulsion engine.

The basic rocket motor consists of an igniter,
a propellant charge, and a chamber that is strong
enough to withstand the combustion of the pro-
pellant and the pressures thus generated. The
chamber has a nozzle through which the propel-

“] lant gases escape in the form of a jet. Igniter
. types, propellant composition, and chamber ma-

SURCISUUR U

NEAD CLOSURE —) WOTOR CASE

terials vary from system to system, depending
on the individual requirements. A schematic of
a typical rocket motor is shown in Fig. 5-1.

Rocket propulsion involves the study of the
burning rate of propellant in the motor chamber
and the discharge rate of gas through the nozzle.
The pressure in the motor is the result of a deli-
cate balance between the burning of the pro-
pellant and the escape of gasas through the nozzle.

For the operation of a solid propeilant motor,
the chamber is loaded with a propellant charge
and an igniter. Motor operation is initiated when
the igniter ignites the propellant. The burning
propellant furnishes at high pressure a continu-
ous supply of gas that expands and is ejected
from the chamber nozzle at high velocity.

The thrust of the rocket motor is produced by
the change in momentum of the combustion gas
expelled through the nozzle and the pressure
forces acting on the rocket body, so that

Fsﬁlv +(P

exhaust exhaust = auoxphcre) Aexhauu
(5-1)
where F is the rocket thrust, n is the flow rate
of the combustion gas, V is the velocity
of the exhaust gas, P is the pressure of
the exhaust gas, meh‘n is the atmospheric

pressure, and 4, . = is the exhaust gas flow
area. If the flow is ideally expanded in the nozzle

exhaust

exhaust

chhaust = Uatmosphere

NOZZLE

NOZZLE CLOSURE
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and

F= ’;‘Ve:hau:t (5-2)
For convenience, an effective exhaust velocity ¢
is defined as

c=V (Pexhau.:: - Pauoaphere) 'Aexhaust

exhaust A
" (5-3)

thus :

F. n ifP

exhaust =

(5-4)

Two useful performance indicators are the spe-
cific and total impulses. The specific impulse
I,, is the thrust per unit weight rate of con-
sumption of the propellant; thus

atmosphere

(5-5)

where g is local gravitational acceleration (32.2
ft per sec*), and all other symbols are es defined
previously. The total impulse I, . ; is the inte-
gral of the thrust over the time that the propellant
burns. Thus,

9, 9., ‘
Tt = Fao = [ 1,, g df
0 /9 (5-6)
or for constant thrust,
Lotat = Fy = I, mg (5-1)

wiere 0, is the time during which the propellant
burns, n is the total mass of propellant consumed,
and all other symbols are as defined previously.

For additional information on rocket motors
see Ref. 9.

5-2, NOZZLE

The rocket nozzle expands the combustion
chamber gas from the chamber pressure to at-
mospheric pressure, The gas is accelerated by con-
verting internal energy into kinetic energy. Sub-
sonic gas flow (i.e., velocity less than the speed
of sound) is expanded and accelerated by decreas-
ing the flow arex (e.g, a convergent nozzle).
Supersonic gas fiow (i.e., velocity greater than the
speed of sound) is expanded and accelerated by
increasing the flow area (e.g., a divergent nozzle).

The velocity of a gas exhausting from a con-
vergent nozzle increases as the ratio of upstream
to downstream pressure increases but will not
exceed the speed of sound. To illustrate, let us
consider a convergent nozzle with a constant up-
stream pressure and a variable downstream pres-
sure, such as that shown in Fig. 5-2. When the
upstream and downstream pressures are equal,
there will be no flow. As the downstream pres-
sure is reduced, the gas will begin to flow and the
velocity and mass flow exhausting from the nozzle
will increase untii the exhaust velocity is equal to
the speed of sound. Further reduction in the
downstream pressure will have no effect on the
velocity or muss flow. The minimum pressure
ratio across the nozzle that will yield a sonic ve-
locity is termed the critical pressure ratio, and is
a function of the flow conditions and gas proper-
ties. At pressure ratios greater than the critical,
the velocity will remain sonic and the mass flow
can only be increased by increasing the upstream
pressure. The sonic velocity will always occur
(if it occurs) at the minimum area section. The
ratio of velocity to the speed of sourd is termed
the Mach number ¥ . .

The above discussion indicates that a subsonic
gas may be accelerated to the speed of sound in a
convergent section, It may then be further ac-
celerated to supersonic velocities in a divergent

WOTE. THE FAF ORMATION ON THIS FIGURE .5 NOT MEANT FOR DESIGN
USE BUT IS INTEXDED ONLY FOR A QUALITATIVE DESCRIPTION

OF NOZZLE FLOY PHENCHERA
G SrEED OF 000 # - MsRTMTE
V- VELOCITY WOZILE .1 ¢ - EXT vave
N - NADK W I‘xcmu'l 82 Bk .
CONSTANT | i .N Y
PRESSURE P T s
sy m
Yion <10
[
P - COMTANT

Figure 5-2, Subsonic Flow Through a Converging
Nozzle
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section. Such a nozzle with convergent and di-
vergent sectinng is called a supersonic or De Laval
nozzle. The velocity at the section of minimum
area (throat) will always be less than or equal to
the speed of sound, depending upon the pressure
ratio across the nozzle. To illustrate the flow
phenormena, let us consider a supersonic nozzle
with a constant upstream pressure and a variable
downstream pressure as shown in Fig, 5-3. When
the upstream and downstream pressures are
equal, ts:are will be no flow. As the downstream
pressure is veduced, the gas will begin to flow,
and the exhaust velocity and mass flow will in-
crease until the velocity at the throat is equal to
the speed of sound, As the downstream pressure

Is furihe »educed, the mass flow will xemain con-
stant ~i Lhe velocity at the throat will remain at
the speed of sound. A downstream pressure will
be reached at which the gas is completely ex-
panded ideally within the nozzle and the exhaust
velocity is supersonic. At downstream pressures
lower than this, the exhaust flow remains super-
sonic but the gas is underexpanded within the
nozsle; therefore, additional expansion takes place
outside the nozzle. At higher downstream pres-
sures the gas is overexpanded in the divergent
section of the nozzle, resulting in pressure shock
waves and in flow separation from the nozzle wall.
Preasure shock waves ave distinguished by abrupt
presaure rises and a velocity change from super-
sonic to subsonie.

As internal energy is converted to kinetic en-
ergy throughout the nozzle, the gus temperaturs
decreases. The gas pressure and density also
decrease as the gas expands through the nozzle.

The above discussion presents a qualitative
description of nozzle flow phenomena. The dis-
cussion which follows will present methods of
defining the flow phenomena quantitatively.

52,1 THERMODYNAMIC RELATIONS

To design and evaluate the performance f a
rocket, it is necessary to define the thermody-
namic relations of the gas flow through ths nozzle.
The normal approach is to evaluate the thermo-
dynamic relations based on the ideal flow of an
ideal! gas ant .hen mudify these relations for the
real flow of tke real gas. Generally, the actual
rocket motor performance is within 10 percent of
the performance calculated for ideal conditions.

$4

5-2.1.1 1des! Flow

Flow through nozzles is considered 2 be ideal
when: (a) there is no friction, (b) there is no heat
transfer (adiabatic), (¢) flow is steady, (d) flow
is uniferm across sections normal to the nozzle
longitudinel axis, (¢) flow exhausting to the at-
mosphere .s parallel to the nozzle longitudinal
axis, (f) the gas (vroducts of propellant combus-
tion) is homogeneous, (g) the gas is in chemical
equilibrium and does rot shift, and (h) the gas
obeys the perfect gas laws. The above assump-
tions ailow the definition of flow through the
nozzle to be based on the isentropic thermody-
namic relations and the perfect gas laws. Flow
across pressure shocks cannot be considered as
ideal.

If we apply the principle of the conservation of
energy and consider the isentropic flow of a per-
fect gas, the nozzle exhaust velocity is

- P,
Vexlmlt =;/2L;' RT: [1 - el
(5-8)

PC
where g is gravitational acceleration (32.2 ft/sec?),
y is the ratio of the gas constant pressure specific
heat to constunt volume specific heat, R is the gas
constant (R, /m), T, is the temperature of the gas
in the combustion chamber, P, is the pressure of
the gas in the combustion chamber, and P, ..
is the pressure of the exhaust gas. For optimumn
expansion, the pressure of the exhaust gas will
be eyual te the atmespheric pressure, If the ex-
haust gas pressirs is greater than atmespherie,
the gas will be underexpanded (because the ex-
haust flow area is too small) and expansion will
continue to take place outside the nozzle. The
relationship between the area ratio (exhaust to
throat) ond pressure ratio (chamher to exhaust)
for ideal expansion in the dive.gent secticn of a
supersonic nozzle 1s shown in Fig. 5-4. If, for a
given area ratio, the exhaust pressure (deter-
mined from Fig, 5-4) is less than atmospheric, the
gas will be overexpanded (as the exhaust flow
area is too large) resuiting in shock waves and
flow separation within the divergent section of
the nozzle. When the gas is overexpanded, a
portion of the divergent section of the nozzle is
unused and, therefore, is unnecessary weight. The
decrease of atmospheric pressure with altitude
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makes impossible the design of a nozzle that will
always operate at optimum -expansion. Conse-
quently, the nozzle is generally designed to oper-
ate at optimum expansion at sea-level {~r a¢ a
relatively Jow aititude) and thus to operate over-
expanded at higher altitudes, A maximum ex-
haust velocity exists for a given combustion gas

.and combustion temperature. When the ratio of

Puku /Pc is.um (Pc!hau = 0 ),aswou]dbe
the case for optimum expausion in a vacuum, the
velocity is:

(fo ut f"—é"
ha ‘)nu RT (5-9)

Nozzle piessure ratios, for rockets. of the class
dliscussed in this handbook, are sufiwient to pro-
ducs a sonie velocity in the thrwat. The sonic
velocity is equal to

v, = /?3" RT,
y+1 (5-10)

If we use the continuity equation, ther, for steady
flow, the mass flow rate through the nozzle is

s

. A,PJ\/(,—%;) (y+1)/(y=1)
;.
[eyBT, (5-11)

where A, is the throat area and al! other symbols
are as defined previously.
Under the conditions of adiabatic isentropic

flow, the temperature at any axial location x in
the nozzle is

£
155 GgCP

x = fe T

(5-12)

where V_ is the velvcity at location %, and C

is the constant-pressure specific heat of the gas.
The relationships betweep the pressure, tempera-
ture, and density in the c-.nbustion chamber tnd

location x are
_{e V-1
“\7,)

T p &
<= [
T‘ (PS)

<3

(5-13)

The pressure, tcmperature, and density at any ..

location v are related according to the petfect
gas law as

P, =, BT, (5-14)

Substituting Eqs. 5-8 and 5-11 into Eq. 5-1
yields the following expression for rocket thrust:

F =

AP /ﬁy 2\y-tty-n | P echaunt\ (y= 1/}
y-1 \r+1 \ P J

c

+(P exhaust =~ at-o:phcre) Aerhacee (5-15)

The thrusi coefficient G is dofined as:

Cr -

/2),: /_g_)(yﬂ)/(y-l) 1 o fPeshass V2117
y-l(y+1 P

[

( exhaust =~ atuapherc) Aexlmue
P : A

[ t

(5-16)
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F - C;A,P, (5-17)
The thrust coefficient is shown graphically in
Fig. 5-5 (A) and (B).

5-2.1.2 Real Fiaw

In real nozaes, friction is present, heat is trans-
{erred; flow may be unsteady; flow and gas prop-
erties across sections of the nozzle are nonuni-

*form; flow is nonaxial, equilibrium shifts in the
nozzle; and the gas is nonhomogeneous and im-
perfect. An empirically derived correction factor
is generally used to account for all deviations
from the ideal flow performance.

Refevence 1 presents indications of the magni-
tude of the deviations from ideal conditions. The
velocity, discharge, and thrust correction factors
account for friction effects, heat transfer, imper-~
fect gases, nonaxial flow, nonunifermity of the
gases, and nonuniformity of the flow distribution.
The velocity correction factor{ , is the ratie of
actuul exhaust velocity to ideal exhiaust velo.ity,
and ranges between 0.85 and .93, with an aver-
age of 0.92." The discharge correction factor{ 215
the ratio of the actual mass flow rate to the ideal
mass flow rate, s.id ranges between 0.98 and 1.15,
with an average of 1.04. The thrust correction
factor &, i the ratio of actual thrust to idwal thrust,
and ranges between 0.92 zud 1.0, with an average
of 6.96. The correction factors are related as
follows:

Cf =<, % (5-18)
The average values of the correction factors
indicated above are reconimended for preliminary
design. In advanced design, it will be necessary
to consider chemical equilibrium shifts through
the nozle, gas propernty variativis acruss sections
of the nozzle, and other effects treated only as
averages in this handbook.
For a more detailed study of flow in nozzles,
consult Refercaces 1 and 2,

522 H0ZZLe CONTOURS

The design of tlLe optimum nozzle conwour re-
qiutires complex analyses utilizing high-speed digi-

tal computers as cutlined in Refereuce 3. In
general, the contour of the divergeni section is
critical. The primary revuirement on the con-
vergent and throat sections is that they be well
rounded to avoid disturbaaces in the flow.

For ease of manufacture an.! desizn, the use
of a conical divergent section iz ofien desirable,
The cone half angle of such a section, according
to Reference 4, should be appr-oximately 9 deg
to obtain maximuzn thrust, Since the nozzle should
be as short as possible to reduce weight, a cone
half angle as large as 18 deg can be used with
only a 2 percent reductior in thrust. To prevent
flow separation, angles greater than 18 deg should
be avoided. The nozzle exit should be manu-
factured with a sharp edge to prevent overexpan-
sion and flow separation.

The thrust may be increased by roughly 1 per-
cent by using a parabolic inslead of a conical di-
vergent section. A method of approximating the
optimiim parabolic contour is presented in Ref-
erence 4.

523 NOZZLE EZRGSION

The high-velocity gases passing througn the
nozzle contain solid particles that erode the innev
surfaces of the nozzle, Erosion at the nozzle
throat is particularly serious since the flow area
is increased, which alters the combustion cham-
ber pressure, mass flow rate, velocities, and, con-
sequently, the rocket performance. Erosion may
be controlled for chort durations through use of
protective coatings such as chrome plating, or for
longer durations by using ceramie or grapbite
inserts.

5-3 PROPELLANTS

21 ODAIM
Swes W "

cursiny

¢

The body or mass of tke solid propellant, which
is formed by casting, molding, or extrusion, is
called the grain. It is a specific chemical compo-
sition that sustains combustion. The grain, when
it is properly designed, burns at a unifcrm rate
in a direction normal to the burning surface. Burn-
ing may be prevented on surfaces by employing
inkibitors that are chemically inert substances.
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The burning is termed restricted or unrastricted,
depending upon whether inhibitors are used or
not. The geometric .configuration of the grain
determines the burning area and, thus, the cham-
ber pressure and thrust for a given chamber and
nozzle design. The burning characteristics are
termed progressive, neutral, or regressive, de-
peading upon whether the burning area increases,
reraains constant, or decreases with time, ve-
spectively.

53.1.1 Ghemical Compasitions

Solid propellants ave classified as composite
when meds up of an oxidizer and fuel, or as
double-base when made up of unstable chemical
compounds, each a self-sufficient combustible,
The term double-base refers to the common ap-
proach of canbining two of the unstable com-
pounds in a colloid. Additional ingredients may
be added to the grain for strength, heat transfer
characteristics, catalysis, chemical stability, re-
duction in temperature sensitivity, and ease of
precessing,

The oxidizers generally employed in composite
propellants are the perchlorates and inorganic
nitrates. Sodium, potassium, magnesium, znd
ammonium perchlorates, and sodium, potassium,
and arymonium nitrates are the most common.
The reaction of the perchlorates with the fuei
produces chlorine products that are toxic and cor-
rosive, such as hydrogen chloride. Ammonium
and potassium perchlorate are useful in situations
where the propellant is exposed to moisture since
these perchlorates are only slightly soluble in
water. Potassium and sodium =mitrates produce
smioks, whersns ammonium nitrate is smokeless
anid nontoxic but has a low oxidizing potential.

The organic fuels generally employed in com-

matic nitro compounds. The most common ni-
trates are glycerol trinitrate (nitroglycerin), di-
ethyleneglycol dinitrate (DEGN), and cellulose
nitrate (nitrocellulose). The most common nitro
compounds are ammonium picrate and trinitro-
toluene (TNT).

The preceding discussion is only a cursory re-
view of some of the propellants employed in solid
rockets and some of their salient characteristics.
For a morz detailed discussion of solid propei-
lants, see References 4, 5, 9, 10, and 11.

£-3.1.2 Configuration Geometiy

The design of the grain configuration must be
based primarily on the required thrust history
but must also consider strength, heat tramsfer,
erosion, and missile size requirements. An inti-
nite series of thrust histories can be attained by
variations in propellant compositions, grain ge-
ometries, inhibitor locations, and grain combina-
tions (when using more than one grain). Com-
plex thrust histories require solution on digital
computers. Examples of some typical grain ¢ross
sections are shown in Fig. 5-6.

For simple cylindrical grain configurations, the
burning will be progressive, if restricted to in-
ternal cylindrical surfaces (i.e.;longitudinal ports
or port); neutral, if restricted to the cylinder end
or allowed on both internal and external cylin-
drical surfaces; and regressive, if restricted to ex-
ternal cylindrical surfaces. Other cim,.e geom-
eiries are the cruciform which burns regres-
sively, and the rod and tube (burning on inside of
tube and outside of rod) which burn neutrally.
Burning will also be neutral if rastricted to a star-
shaped port with u periphery equal to the circum-
fexence of the outside of the eylindrical grain.
Examples of the installations of some typical

ool hMM“A—-‘A avs ....J...un -,mé';vaﬂn m;‘Js-vc

araine ara chaum in Tie K7
g ara ghown In Mig a-1,

PRSP0
and plastim. Oil must be added to asphalt fuels
The addition of oil,
however, makes the asphalt soft and subject to
deformations at higher storage temperatures. The
plastics used are thermosetiing (such as phenol

- formaldehyde} or nron-thermosetting (suvh ‘az
“-siyrene). The rubber fuels are especially useful

whese the propellant is subjected to an eaviron-
toent with a wide temperature range.

The somppunds generally employed in cdouble-
hase propellunts are the organic nitrates and' aro-

X

For some configurations, especially the inter-
nal star design mentioned above, not sil of the
grain will be burned, That portion remaining is
known as “slivers” and represents added weight
to the rocket.

It is desirable to bond the grain to the com-
bustion chamber case; this acts as thermal insu-
lation, allowing thinner and lighter cas. walls
Burning on external surfaces subjcets the case
walls to severe heating, requiring use of insula-
tion or heavier walls,
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Figure 5-6. Examples of Grain Cross-Sections

Combustion gases formed at the forward sec-
tions of perforated grains must pass across the
aft grain surfaces 7o reach the nozzle. It is desir-
able to keep passages through the grain large
enough se that gas velocities will be low and ero-
sion cffects on the grain surface will be reduced.
Erosion will be discussed further in Par, 5-3.14.

For a more ccmplete discussion of grain con-
figuration design, see References 8, 7, 9, 10, and 11.

§-3.9.3 Burning Rate

The burning rate is the velocity at which the
grain is consumed in the direction normal to the
burning surface. The burning rate is generally
determined empirically 'and presented in litera-
ture supplied by the rocket motor manufacturer.

The following two equations approximate the
burning rate:

AMCP 706-280
re=aprt (5-192)

or
r=ay+ bP (5-19b)

where r is the burning rate; P, is the combustion
chamber pressure; and a;,a,, b, and n are em-
pirically determined constants whose values de-
pend on the propellant composition and initial
temperature. The burning rate increases with
increasing chamber pressure and grain initial tem-
perature. Typical burning rates for the most
common propellants vary between approximately
0.025 and 2.5 inches/second. The flow of high
velocity gases across the grain burning surfaces
increases the burning rate. This phenomenon is
defined as erosion and is discussed in Par, 5-3.14.
The mase fiow rate of propellant is related to
the burning rate as follows:
= Apgr (5-20)
where # is the mass flow rate, A, is the grain
burning surface area at the particular time in
question, and P, is the grain density.

A
§MLM [ eEr AL
SECTION AA N\— jmiINTOR »OZZLE
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BURKING SURFACE
(A) END BURNING (CIGARETTE)

BURNING SURFACE PROPELLANT "'“/_umma wiL
NANUNNAN
' i
N
SECTICK AA INIBITOR MZ2LE
A
(B NTEANAL BURNING
BURRING SURFACE PROJELLAAT
womng PR NN
CEVICES
A
SECTIONAA  iupIOR Y~

(CHIATERNAL AND EXTERNAL BURNING

Figure 5-7. Typical Grain installations
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33.14 Eracian

Although only the effects, and not the nature,
of erosion are understood, erosion seems to be a
result of the increased convection heat transfer
rate from the combustion chamber gas to the
grais surfaces.

Erosion must be determined experimentally.
The effects on the burning rate can be evaluated
from the following equation:

€ = :3- =1« K-’—?-
r e (5-21)

where ¢ is the erosion i’ictor, r is the burning
rate without erosion, r, is the burning rate with
erosion, K is the erosion burning constant (deter-
mined experimentally), = is the mass flow rate
through the grain, and m* is the mass flow rate
that will produce a velocity through the grain
equal to the speed of sound (Mach number = 1.0).

The erosion effects may be eliminated by de-
signing flow passages large enough to maintain
low gag velocities. The effects will be greatast
in the early pheses of rocket engine operation
and will decrease as the prain burns away and
the flow passages become larger. Erosion is
greater in slow burning propellants than in faster
burning grains.

For a further study of erosion, see References
1 and8.

5-3.2 IGNITION

The ignition of the solid propellant is effected
by heating the propellant to its ignition tempera-
ture while maintaining the chamber pressuxe at
a sufficient level to sustain combustion. The pro-~
pellant is usually heated bty hot gases produced
by s pyrotechnic igniter containing a solid charge
that is detonated electrically. A schematic of a
typical igniter is shown in Figure 5-8. To build up
the pressure in the chamber during ignition, it is
sometimes necessary to install a nozzle closure
that will rupture when the desired pressure is
reached.

The igniter should be positioned to expose the
maximum amount of grain surface to the direct
impingement of the ignition gases. The most com-
mon locations for the igniter are in the forward
end of the chamber, in the nozzle, or embedded
in the propellants,

The exact nature of igrition is not understood
and no adequate ignition theory exists. There-
fore, design of ignition systems for solid propel-
lants is based primarily on empirical data and
experience.

Propellants employing ammoniumn nitrate are
the most difficult to ignite while double-base pro-
pellants and propellants employing ammonium
perchlorate as the oxidizer are the easiest to ig-
nite. Propellant manufacturer’s specifications are
the best source of information for ignition data.

CHARGE

IGNITION
GAS FLOW

BLOW QUT

;>—— ELECTRODES

SMALL DIAMETER WiRE
HEATED ELECTRICALLY

\—IGNITER CASE

Figure 5-8. Typical lgniter
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5-3.3 HANDLING

Because they are susceptible to cracking, solid
propellant grains must be handled carefully.
Cracks increase the burning surface area, altering
the rocket performance. Chapter 6 discusses
handling procedures that can be applied to the
grains,

5-4 INTERNAL BALLISTICS

The combustion chamber pressure, for a given
propellant composition, is a function of the ratio
of the grain burning area to the nozzle throat
area. Equating the mioss generation rate for steady
flow (Eq. 5-20) with the nozzle mass flow rate
(Eq. 5-11), utilizing the burning rate equation
(Eq. 5-19), and rearranging the terms, yields

1 L
{=n — {=n
p . (2 Pgo1 g RT,
[ A'
/ 9 (y+1)/(y-1)
Y(y+1) (5-22)
when
k=2
A, (5-23a)
and
= 1
[ Pear Vg RT, 1-n
/ gy (VENIly-1)
Y (y+1) (5-23b)
then
.
{e
Po=pk ' (5-24)

where P_ is the combustion chamber presssure,
Ay is the grain burning area, A; is the nozzle
throat area, P, iz the density of the grain, a; and
n are constants from the burning rate equation
(Eq. 5-19), R is the gas constant, T, is the tem-
perature of the gas in the combustion chamber,
g is the gravitational constant, and y is the ratio
of the counstant-pressure specific heat of the gas
to its constant-volume specific heat.

The evaluation of tne combustion chutber gas
temperature requires a detailed analysis of the
chemical reaction, product composition, and pro-
duct quantities. Equating the heat of reaction
and the summation of the change of each of the
combustion chamber products yields

%= 3 [j: c,). dr}

]

(5-25)

where Q, is the heat of reaction at reference
temperature T, n is the number of moles of each
product formed, (C,). is the constant-pressure
molal specific heat of each product formed, and

ST (). s the enthalpy change of the

product formed associated with the enthalpy
change from reference temperature 7, to com-
bustion chamber gas temperature T. The heat of
reaction is the algebraic difference between the
heat of formation of the products and the heat of
formation of the reactants. The heat of formation
and the ccnstant-pressure molal specific heat of
the various compounds are available in standard
chemical handbooks. A more detailed discussion
of the evaluation of chamber gas temperatures is
presented in Reference 1. Rocket ‘motor manu-
facturer’s specifications and performance reports
should be consulted to estimate gas temperatures.

Other factors associated with internal ballistics
(such as burning rate, erosion, grain configura-
sion, and ignition) were discussed under Para-
graph 5-3. Consult Reference 8 for a further
discussion of internal ballistics.

5-5 SCALING OF SOLID PROPELLANY
MOTORS

The performance characteristics of solid pro-
pellant rocket motors may be scaied within cer-
tain limitations. This means that performance
data available for a basic motor may be modified
and applied to a similar motor that differs from
the basic in size, thrust level, total impulse, and
propellant composition.

When all dimensions are varied from the basic
motor dimensions by the same scale factor

F:caled = f2 Fbcn'c (5-26)
513
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’l)hr scaled f w-otor bazic
(5-27)
(Tygrat Jacated = 2 (Zorat rasic  (5-28)
and
(oi)ucld = f(ob }bu(c (5-29)

where F is the thrust, ¥, . is the weight of
the rocket mstor, I,,,,; is the tetal impulse, f is
a acale factor, and 6 is the time required for the
propellant to be consumed. In evaluating the
rocket motor weight, it is assumedd that the same
matarials and structural criteria sre applied fo
the basic and scaled motors.

When only the length of the grain (with ends
restricted) is varied from the basic by the scale
factor f, and when the nozzle flow areas are ad-
justed to maintain the same chamber pressure as
in the basic motor,

Feated = fFruic (5-30)
(A )scated = F(ADyaic (5-31)
(Acshesst Jacated = F(Ashensbasic  (5-32)
and
(Prater Jocated = FMuctor hasic  (5-33)

where A, is the nozzle throat area,” 4,,, .. is
the nozzle exhaust flow area, and all other sym-
bsls are as defined previously. If it is desirable
to change the nozzle throat area by utilizing in-
serts while maintaining the same exhaust area
as the basic nozzle,

(Cp )s caled
(Cr )basic

scaled basi

© (534)

{Cr) scaied

(I:p)anled = momm—— (Iap)\{m'ic

(Cr Dusic (5-35)
and
) (‘:"F ) scaled
(qul )aulcl - —""_'l"" (Itoul ) basic
(CF )bnic (5-36)

514

where Cy is the thrust coefficient, I, is specific
impulse, and all other symbols are as defined pre-
viously. The above technique is not applicable
if the grain erosion effects are saitered signifi-
cantly.

The motor thrust level may be changed by
scaling the nozzle threat area hy the fastor f so
that

n

Facclcd = - 'gfp—z':::l"'i Fba:ic
Y Jpasic (5-37)
1 .
- _—
(P, yseated = f (P, Jbasic  (5-38)
“1en
Tacaled = f Thasic (5-39)
(04 )scated = f 1= (04 Joasic  (5-40)
(Cr) sea
(Itotcl Dicaled = ’_:__i'i (Itota!)buic
(CF)buic (5-41)
and
(Cr)scate
(Ilp )ucld = i « (Ilp)ban'c
F ) basic (5-42)

where P, is the combustion chamber pressure, r
is th- grain burning rats, n is the exponent in the
buriing rate equation (Eq. 5-19), and all other
symbols are as defined previously. If the grain
erosion effects are significantly altered, or if the
cham’ - pressure during burning is not constant,
this technique is not applicable. The above tech-
nigue requires an iterative solution because the
thrust coefficient is a function of the nozzle
thrust area and combustion charnber prassure.

The total impulse may be changed by scaling
the nozzle exhaust flow area, thus changing the
expansion ratio so that

(CF ):calcd

F basic
(CF ) basic

F scaled =
(5-43)
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(I (Cr)ccaled (
)scated = " L, Jbasi
sp / scale (CF )bun’c sp /basic (5-44)
and
(CF )u‘cled
(Itotal):ccled e (Itotal )basic .
F ) basic (5_45)

where all symbols are as defined previously.

When the propellant composition is changed,
and when it is desirable to maintain the sume
chamber pressure as the basic motor by changing
the nozzle <onfiguration

(At ):caled =

1=ngealed p 1=nposie
Pecated z (Ae) basic
P, Pposie

(5-46)
(A t ) scaled

(A exhoust )umled = (A exhaust )buic

(At )bau'c (5_47)
scaled = (A_'):'“—li Fbu ic
(At Dbasic (5-48)
(ob )ualed =
r((11 )b : ("balic ""ccaled)
—I|P (65 Jbasic
(al )lcalcd ¢ (5_49)

where p is the constant (combustion chamber
pressure parameter) in Eq. §-23, a, is the con-
stant in Eq. 5-18, n,.,;q is the new propellant
exponent iu Eq. 5-19, n,,,;. is the old propellart
exponent in Eq. 5-19, and all other symbols are as
defined previously. The abova technique is only
annlicahle if the epnsion chavastaristice are not
altered significantly and the chamber pressure
does not vary significantly during burning.

When changes in the basic motor require more
than one of the techniques described above, the
scaling should be performed in steps. One scal-
ing technique should be completed and all scaled
characteristics computed. This new information
is used to complete the next scaling technique,
and so on,

Care must be exercised in scaling motors in
which erosion is significant. Erosion character-
istics may not scale well even when the ratio of
grain internal flow area to nozzle throat area is
preserved in the scaling.

5-6 TESTING

Tests must be conducted on rocket propulsion
systems during the periods of development, man-
ufacture, and qualification. These tests are usu-
ally of the following types, although additional
tests may be required depending on the peculiari-

" ties of the particular system:

a. Pressure proof and leak checks

b. Component functionzl and operational
checks

¢. Static firings

d. Flight performance

In some cases it may be desirable and neces-
sary to test only statistical samples, while in other
cases every item produced must be tested. Often
it is possible to test scale models—utilizing scal-
ing techniques discussed in Par. 5-5—thus reduc-
ing the cost, the size of the test item, and the size
of the test facility. Rather than formulate rigid
rules for designing test programs, the test de-
signer should exercise freedom in establishing
test criteria, basing his parameters upon the in-
formation required from the test and utilizing the
most economical and expediticus testing methods.

Propulsion testing will be discussed in the
paragraphs which follow. For a more complete
presentation \and an excellent bibliography, see
Reference 1.

Instrumentation is required to measure forces,
flows, temperatures, pressuresg, structural stresses,
time sequences, and all other parameters—such
as acceleration and vibrations—that are of inter-
est. Instrumentation consists basically of a pick-
up, a sensing element, and an indicator. Auxili-
ary cguipment, such as electronic zmplifiess of
telemetering devices to iransmit flight measure-
ments to ground stations, may also be needed.
The pickup is installed at the location where the
value of a particular parameter is to be measured
and transmits the magnitude of the parameter to
the sensing elements. The sensing element, which
often is integral part of the pickup, gauges the
magnitude of the parimeter under consideration
by mechanical, electrical, or other means. The
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indicator then displays the measurements of the
sensing element. The American Society of Me-
chanical Engineers’ Power Test Codes describe
various forms of instrumentation and present rec-
ommendations for their use.

Extensive and eleborate safety precautions are
required, especially during the rocket develop-
ment perind. Although soiid propellants do not
present the explosive hazard exhibited by liquid
propellants, peraonnel must be located remotely
when the rocket is launched, in case of explosion
or an uncontrolied flight. The ignition must be

initiated from a remote location, and the instru- (
ments must be capable of remote indication, to
allow personnel to monitor and control the test
in ¢ fety. Photography and television are em-
ployed extensively to observe the rocket closely
during the test. For flight tests, a range must
be constructed that is instrumented and is located
away from inhabited areas. Zor long-range flight
tests, it is n vesssry to build into the rocket a
destruction .sstem that can be activated from
the ground if the trajectory should present a
hazard to personnel or property.
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CHAPTER 6 ‘
STRUCTURES |

|-
LIST OF SYMBOLS %
Symbol Meantig Symbol Meoning ,\
a Linear acceleration, ft/sec? + Free stream Mach uumber, dirensionless :

A Area, ft* M.S. Margin of Safety, dimensionless

A, Cross sectional area of fin at exposed root
chord (Table 6-1), £¢*
b Fin span, ft
¢ Airfoil chord length, ft
¢ Perpendicular distance from beam neutral
surface, ft
Cp Acrodynamic drag coefficient, dimensionless
¢ Skin friction coefficient (see Chapter 8), di-
mensionless
C Ny Acrodynamic normal force coefficient gradi-
% ent, per degree
C, Constant pressure speclﬁc heat, BTU/Ib °R
cg Center of gravity
cp Center of pressure
d Diameter, ft
D Aerodynamic drag force, Ib
E Modulus of elasticity (Young's Modulus),
Ib/it?
F Rocket thrust, Ib
F, , Radiation combined emissivity, absorptivity,
and orientation factor, dimensionless
h;, Inside surface heat transfer coefficient, BTU/
(sec) (ft?) (°R)
h,, Cutside surface heat transfer coefficient, BTU/
(sec) (ft?) (R)
I Mass moment of inertia, slug-ft*; area moment
of inertia, ft!
k Thermal conductivity, BTU/ (sec) (ft*) (°R/£t)
K Coeflicient of plate stress, dimensionless
1,2 Length or distance, it
In Natural logazithm
m Mass, slug
M Mach number, dimensionless; bending mo-
ment in structure, ft-1b

n Number of rivets
N Aerodynamic normal force, Ib

Ny, Nusselt number, dimensionless

N, Prandt] number, dimensionless
N Reynolds number, dimensionless

p Pressure, Ib/ft:

P Structural load (force), Ib

g Dynamic pressure, Ib/ft!; heat transfer rate,

BTU/sec

r Recovery factor, dimensionless; radius, ft
S,.sRocket reference area, ft?

' t Thickness, ft
Temperature, °R
Overall heat transfer coeﬂicxent, BTU/(sec)
(fi*) (°R)
Velocity, fps
Widtn, ft
Weight, 1b
Height, ft

Thermal radiation absorptivity, dimensionless;
angle of attack, deg
Angle between the rocket longitudinal axis
and the vertical, deg
Ratio of specific heat at constant pressvre to
speeific heat at constant volume, dimensionless

Thermal radiation emissivity, dimensionless

fwxg < &=

[e>]

~

Q™

Time, sec

g Dynamic viscosity, slug/ft-sec

p Density, slug/ft*; internal gage pressure

¢ Stress, lb/ft*; Stephan-Boltzmann radiation
constant, BTU/ (sec) {ft*) (°R*)

r Shearing stress, Ib/ft?
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'q_-a GENERAL

The rocket structure provides a specific ex-
ternal shape, a proiective envelope, and u plat-
form for tke delivery of a payload to a target.
This chapter will present methods of designing
a structure with niinimum weight and sufficient
strength to withstand gzound kandling and flight
Joads.

The strength of a structure depends on tha
physical and mechanical properties of the ma-
terials, and the geometric configurations of the
structural members. The proportional limit, elas-
tic limit, yield point, ultimste strength, modulus
of elasticity, ductility, and hardness are the sig-
nificant properties of materials for preliminary
design. These properties are defined as follows:

a, Proportional limit is the maximum stress
that a2 material can resist without deviating from
the law of proportionelity of stress to strain
(Hooke's law).

b. Elastic limit is the maximum stress tbat
a material can resist without permanent deforma-
tion. The proportional limit and elastic limit
are-often taken as the same value,

¢. Yia2ld point is the minimum stress at which
the material will deform without an increase in
load, and also often will deform with an abrupt
decrease in joad.

d. Ultimate strength is the maximum stress
in a material before fracture.

e. Modulus of elasticity is the ratio of stress
to strain, at stresses below the proportional limit.

f. Ductility of a maierial is the percent of
elongation at the time of fracture in fension.

g Harduess of a material is « mezsure of the
redistance to scratching, abrasion, and indentation.

The physical dimensions, moment of inertin,
and cross-sectional area are thr significant geo-
wetric factors of the structural members.

£-2 WEIGHT AND BALANCE

8-2.1 MASS AND CENTER OF GRAVITY
ESTIMATION

. The mass of much of the rocket structure and
raany of the rocket components will not be known
and must be 2st!mated. For analysis, the rocket
should be divided into sections made up of homo-

&2

geneous materials and voiumes that are easily
defined. 'The mass of the sections imay be esti-
mited by multiplying the section volume by the
material density. The volume of thin-skin sec-
tions is easily approximated by muliiplying the
surface area by the skin thickness.

The equations for evaluating the volumes of
some typical rocket sections are nresented in Tab_2
6-1. The volume of an ogive nose cannot be so
easily determined. A method of approximating the
volume of an ogive was developed in Reference 1,
based on the relationship between the ogive vol-
ume and volume of a cone with the same length
and diameter. The equivalent cone volume caa
be evaluated from the nomograph in Fig. 6-1,
and the ratio of ogive volume to cone velurne can
be obtsined from Fig. 6-2. The equivalent cone
surface area can be evaiuated from the nomograph
in Fig. 6-3, and the ratio of ogive surface area
{o cone surface area can be obtained from Fig. 6-4.

The location of the center of gravity of some
typical rocket sections is presented in Table 6-1.
For ccnvenience thesc locations should be identi-
fied as rocket j;tation nnmbers, ie., distances
from the nose tip. The location of the center of
gravity of the complete configuration can he
estimated by summing imoments of the section
masses about the nose tip and dividing by the
total rocket mass, makirg sure that consistent
units are used.

6-22 PITCH INERTIA

The rocket pitch inertia is the mass moment
of inertia of the complete configuration with re-
spect to the pitch axis, which passes through the
center of gravity and is perpendicudar to the
iongitudinal axis of symmetry. For analysis the
rocket should be divided, as ! fore, into sections
marie up of homogeneous materials and easily
defined geomctries. Thnen the piich inexdia of
the complete configuration is the algebraic sum
of the individual section moments of inertia with
respect to the pitch axis. For convenience, the
saction moments of inertia may be evaluated with
respect to an axis through thie section center of
gravity and transferred to the parallel pitch axis
by the following formula:

T 2
I = I+ ml 1)
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LENGTH
ft
!

8.0
1.0
6.0

50

CONE VOLUME  C'AMETER
cu ft ft
v d
8.0
+100.0
3580.0 1.0
Ts0.0 6.0
130.0 5.0

g &
~Ny

8

Figura 6-1. Volumes of Cones

EXAMPLE
! « LENGTH « 20t
d = DIAMETER = 1.0t
+ JOLUME « .524 cu ft

NOTE: IF CONE DIMENSIONS ARE
OUTSIDE THE RANGE OF
THIS FIGURE, CALCULATE
VOLUME AS:
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Figue 6-2(A). Ratio of Yclume of Ogive to Cone Versus {/r at Various 0/d's
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Figure 6-2(C). Ratio of Volume of Tangent Ogive to Cone With Identical (/d

where I, is the section moment of inertia with
respect to the pitch axis, I is the section moment
of inertia with respect to the local axis that is
paraillel to the pitch axis, m is the mass of the
section, and ! is the distance between axes.

The moments of inertia of typical rocket sec-
tions can be determined from Table 6-1. The
pitch moments of inertia of fins and ring tails
may be approximated for preliminary design by
considering the fin mass to be concentrated at
the rocket base. Then,

Ig = ml2 (6-2)

where m is the mass of the fins and ! is the
distance between the rocket center of gravity and
the base. The error due to this approximation
will be less than 4 percent if the fin root chord
is less than one-third, and the span less than two-
thirds, of the distance between the rocket base
and the rocket center of gravity.

The moments of inertia are not explicitly de-
fined in Table 8-1 for rocket sections that are
partially hollow and/or made up of composite

materials. The moments of inertia of thesc sec-
tions can be evaluated by employing the principle
that, with respect to a common axis, the total
moment of inertia is equal to the algebraic sum
of the moments of inertia of the parts. For exam-
ple, the total moment of inertia of a cone with
a hollow cylindrical center is equal to the mo-
ment of inertia of the solid cone less the moment
of inertia of the cylindrical portion.

6-2.3 ROLL INERTIA

The rocket roll inertia iz the mass moment of
inertia of the complete rocket configuration with
respect to the longitudinal axis of symmetry.
For analysis, the rocket should be divided, as
before, into sections made up of homogeneous
materials and easily defined geometries. Then
the roll inertia of the complete configuration is
the algebraic sum of the individual section me-
ments of inertia with respect to the longitudinal
axis.
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EXAMPLE: AR
+100
£~ TR -44-2 T
d = DIAMETER 1.0 ft ::50
A = SURFACE AREA - 3.24 sq ft 4
130

NOTE: IF CONE DIMENSIONS ARE OUTSIDE
THE RANGE OF THIS FIGURE, CALCULATE

AREAS AS:
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Figure 6-3. Surface Area of Con;s
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The momeznis of inertia of typical rocket sections
can be dztermined from Fig. 6-1. ‘The moments
of inertiy are not explicitly defined in Table 6-1
for vocketvections that are partizlly hollow and /or
made up of x composite of materials but may be
evaluated as cutlined in Par, §-2.2 by algebraic
summation of the moments of inertia of the parts,

63 LOADS
8-3.1 TRANSFORT AND HANDLING LOADS

The preliminary design phase must consider
flight loads in conjunction with transportation
Joads ty insure that one does not predominate
the other. However, flight loads are generally
the most severe since adequate containers con-
taining shock mounts can be designed to account
for expectad cor unexpected wansporiation loads.

During transportation the rocket package will
be siibjected to vibrations, shocks, variable tem-
perature environments, and moisture. Reference

-8

2 presents packaging techniques for shipment.
The loads during shipment by truck, ship, rail-
way, or airplane are specified in References 3, 4,
5, 6,7, 8, and 17. Truck transportation subjects
the rocket to the most severe vibration and shock
loads, and airplane transportation {o the least
severe, under normal conditions,

The human factor involved in handling makes
the problem of specifying loads very lifficult. In
general, realistic field conditions are simulated
by drop tests. Heights used for these fests vary,
from three and one-half feet for twenty pound
articles, to one foot for articles weighing more

rawam F
then one hundscd pounds.

Rockets Jaunched from air vehicles may be
subjected to severe vibrations. 'These loads
should be determined from manufucturer’s per-
formance reports for the particular vehicle in-
volved.

In general, military specifications are available
to dziine the design environmental conditions
for a particular class of rockets, These specifica-

tions should be consulted in evaluating design
loads. ’
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6-3.2 FLIGHT LOADS

During flight the rocket will be subjected to
loads from engine thrust, aerodynamic lift, aero-
dynamic drag, inertia of rocket mass, structural
weight, and internal pressures. For structural
stress analysis, the loads may be divided into
axial components acting along the body longi-
tudinal axis, bending components acting perpen-
dicular to the bedy axis, and internal pressure
forces acting circumferentiaily.

The axial load component is made up of forces
from the engine thrust, aerodynamic drag, inertia
of the rocket mass in the axial direction, struc-
tural weight component acting along the body
axis, and internal pressuxes. Fig. 6-5 shows a
free-body diagram of the axial forces acting on
a rocket in flight. The sum of these forces is
zero. Therefore,

~am + F =D ~ WcosB = 0

(6-3)

FIN WAVE
DRAG, FRICTION
ORAG & BASE ORAG

where a is the rocket acceleration along the longi-
tudinal axis, m is the rocket :nass, F is the engine
thrust, D is the total drag, W is the rocket weight,
and B is the angle bziween the body longitudinal
axis and the vertical. Likewise, the axial load
(P..) at any plane x-x is found by the formula

P

XX

an,+ D, + W cosfB - pA (5.4)
where m_ is the rocket mass forward of plane
x-x, D_is the total drag on the rocket forward
of plane x-x, ¥, is the weight of the rocket for-
ward of plane x-x, p is the internal gage pres-
sure, and A is the area of the plane perpendicular
to the longitudinal axis on which the internal
pressure acte,

The drag coefficient on the rocket sections can
be evsluated as indicated in par. 8-3. The drag
force D can then be determined as follows:

D =CyqgS

ref (6-5)

/s

ROSE WAVE DRAG
AND FRICTION ORAG

Dx « YOTAL DRAG ON
ROCKET FORWARD
OF PLAYE xx

wy = WEIGHT OF ROCKEY
FOKWARD OF PLANE xx

Figure 6-5. Axial Loads on Free Flight Rocket
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whexre C is the drag coefficient, g is the dynamic
pressure, and S;.s is the rocket reference area.

The bending load components are made up of
forces from aerodynamic lift and inertia of the
rocket mass in the directicn perpendicular to
the body axis. Manufacturing techniques per-
mit thrust alignment to within approximately 10
sec of longitudinal axis, resulting in negligible
bending loads. For preliminary design, the rocket
section masses can be considered concentrated at
the section centers of gravity, and the section lift
forces concentrated at the section centers of
pressure,

- Fig. €€ gshows the bending loads acting on a

rocket in flight. The inertia loads are equal to

N - BODY NORMAL FORCE

N = FiN NORMAL FORCE

Winsing
Figura 6-6. Corzentrated Bending Loads on Free Rocket

$12

the mass » of the section, multiplied by accelera-
tion a, acting in a direction perpendicular to the
longitudinal axis, and

ma=N-VW¥sin8 (6-6)

where N is the total lift on the rocket, W is the
total weight, and B is the angle between the body
longitudinal axis and the vertical.

The normal-force coefficient gradients on the
rocket sections can be evaluated as indicated in
par. 8-2, The normal force N can be determined
as follows:

N = C aqsnf
o (6-7)

DIRECTION
OF FLIGHT
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where q is the dynamic pressure, S, is the
rocket reference area, a is the angle of attack,
and C Ng IS the normal force coefficient gradient.
The bending moment at any section of the rocket
is equal to the algebraic sum of the moments
of the forces acting on either side of the section.
The circumferential load in the combustion
chamber cylinder walls, as shown in Fig. 6-7,
is caused by the internal pressure acting radially
along the cylinder length. The circumferential
load at plane A-A (P, ,) is
Pra=PA (6-8)
where p is the combustion chamber internal gage
pressure, and A, , is the area on which the
pressure acts, projected on plane A-4.

Figure 6-7. Circumferential Loads on

Combustion Chambar

6-4 STRESS
6-4.1 BEAMS

A beam is defined as a structural member sub-
jected principally to transverse loads that tend
to bend it. The convex side of a loaded beam
is in tension and the concave side is in compres-
sion, Between the convex and concave surfaces,

there exists a plane called the neutral surface,
where the tensile and compressive stresses are
zero. The stress distributions across the section
of a typical beam are shown in Fig. 6-8. The
stress, due to bendinz ioads only, on any ele-
ment, is

0::5—'0.

I (6-9)

where o is the tensile or compressive stress, M
is the bending moment, ¢ is the distance (positive
in the direction of the cuncave suruface and
negative in the direction of the convex surface)
from the neutral surface to the element in which
the stress is to be computed, and I is the section
area moment of inertia with respect to an axis
through the area centroid and perpendicular to
the plane of the loads. When a beam is sub-
jected to axial loads ir addition to the transverse
bending loads, the total stress on any element
across a secticn of a beam is the algebraic sum
of the loads acting independently. Therefore,

M P
I 4

g

(6-10)

where P is the axial load, positive if compressive
and negative if tensile; A is the area of the beam
section; and all other symbols are as defined
above. This equation is only true if the beam
deflection is negligible and the beam is subjected
principally to transverse loads. If the principal
joads are axial, the structure must be treated as
a column (see par, 6-4.2).

The body and fins of a rocket may act as
beams. For preliminary design, the rocket body
may be considered as a simple hollow cylinder.
Then the maximum stress (positive at the con-
cave surface and negative at the convex surface)
at any section due to bending is

M
ad?t
[

(6-31)

where d, is the cylinder diameter, t is the wall
thickness, and all other symbols are as defined

above. If the cylinder is also subjected to an
axial load, the maximum stress is
oM P

ﬂdzt ndct (6-12)
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where P is the axial load (positive if compressive
and negative if tensile), and other symbols are
%s shown above. The rocket fins act as canti-
lever beams (one end fixed), with the maximum
bending moment occuring at the point of attach-
ment to the rocket body. The maximum stress
due to bending at any saction of the fin is

L
oI (6-13)

where ¢t is the airfoil thickness. The methods
of calculating the area moments of inertia f
various airfoil sections are presented in Table 6-2.

6-4.2 COLUMNS

A column is defined as a structural member
principally Joaded axially in compression and of
sufficient length that failure tends to ‘occur by
buckling at compressive stresses below the elastic
limit. The classical formula for buckling is that
developed by Euler as

nEI
2 (6-14)

where P is the buckling load, E is the material
modulus of elasticity (Young’s Modulus), I is the
minimunt centroidal moment of inerva of the
cross section, and 1 is the column lergth. Euler’s
formula is only applizable to very long columns.
Generally, columns must be designed on the basis
of empiricaily-derived relationships.

The rocket body may be a column susceptible
to buckling. A method of evaluating the critical
buckling stress in ¢hin-walled cylindrical columns,
such as rocket bodies, was developed in Refer-
ence 9 as

P=

. BE_/_?_E_\LR
o7 *d, ] (6-15)

where o __ is the unit comnpressive stress in the
cylinder wall at which buckling will commencé,
E is the material modulus of elasticity, ¢ is the
cylinder wall thickness, and d. is the cylinder
diameter. If th» cylindes 25 also subjected to
transverse loads, the crit:cal buckli.g stress due
to the axial load is

2:) 1.6 M
[/ = .‘E — -
" (dc nd2t  (616)

where ¥ 1= the bending moment due to transverse
loads.

6-4.3 PRESSURE VE3SELS

For the classes of solid propellant rockets dis-
cussed in this handbook, the combustion chamber
structure is the primary pressure vessel. This
structure is generally cylindrical and is subject to
circurnferential tensile (or hoop) stresses in the
walls due to the loads discussed in par. 6-3.2 and
shown ia Fig. 6-7. This tensile stress is

pr
T (6-17)
where o is the unit tensile stress, p is the internal
pressure, r is the cylinder inside radius, ard t is
the wall thickness.

The internal pressure, acting on the ends of the
cylindrical vessel, applies in the walls a longi-
tudinal tensile stress that helps support the weight,
drag, and inertia compressive stresses.

6-4.4 PLATES

Some of the rocket structure—such as access
doors or fin panels—may be concidered as flat
plates, uniformly loaded and fixed around the
edges. For such a rectangular plate, the unit
stress is

1t? (6-18)

where o is the unit stress, w is the plate width,
1 is the piate length, P is the total load on the

plate, ¢ is the plute thickness, and ¥ is g functien
of the width-to-length ratio, as shown in Fig. 6-9.
Reference 10 presents methoeds of calculating the
unit stress in plates of other geometries and edge

conditions.

6-4.5 JOINTS

Riveted, welded, and boited juints are used in
rackets of the class discussed in this handbook,
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NOTE: 1. PLATE FIXED AROUND ALL FOUR EOGES
Z. P IS TOTAL LOAD DISTRIBUTED UMIFORMLY OVER SURFACE
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Figure 6-9. Flat Plata Stress Width-so-Lerg!"
Ratio Parameter

Riveted joints are classified as butt plates and
butt straps, and are shown in Fig. 6-10. The
stresses in these joints are of three kinds:

a. Tension in the connected members

b. Shearing in the rivels

¢. Bearing stresses in riv ts and connected
members ai the surface of contact

Each rivet in a joint will carry an equal shear-
ing stress for rivets of constant cross-sectional
area. Therefore, the load across any section of
the connected members is equal to the total load
on the joini multiplied by the number of rivets
between the section being analyzed and the ap-
plied load, and divided by the total number of

rivetgin the joint. The strese in the section then is

)’
Tty

7% o - nd)t (6-19)
where o is the stress in the connected member,
n’ic the number of rivets batween the appiled load

sd the section under consideration, n, is the
tota! number of rivets in the joint, P is the ep-
plied load, v is the width of the section, n is the
number of rivet holes that may be present across

—
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Figure 6-10. Riveted and Bolted Jainis -

the section under consideration, d is the diamater
of the rivets, and t is the thickness of the con-
nected member. Where rivet patterns are re-
peating, it is only necessary to evaluate ~he stress
in a single repeating section since the stress in all
other sections will b~ equal. For exanple, the
stress in the connecting member shown in Fig.
6-12 across the section A-A will be

1/4 P
7Y

v
(6-20)

The shearing ##-2ss in the rivets is equal to the
load on tae rivet divided by the cross sectional
area of the nivet. Therefore, the unit shearing
stress r is

nmd? . (6-22)
1
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whezz all symbols are as defined previously.

- The hearing siress in the rivets or connected
members at each rivet location is equal t¢ the
Joad on the rivet divided by the bearing area.
Therefore, the bearing siress o, is

P

AT

(6-22)
where all symbols are as defined previcusly.

Welded joints may be used in conjunctinn with
or ax a xplacement for riveted and holted
jeints. Although there exists many types of welds,
in many combinations and configurstivns, only
the veetype and filiet-type shown in Fig, 6-11
will be discussed as the most general and com-
inon. Weldod joints are subjected to shearing,
tensile, and compression stresses. The compres-
sion or tensile stress in a vee-type joint is equal
&1

——n =

i

FILLET TYPE
Figure 6-11. Welded Joints

to the applied load divided by the cross sectional
area, at the weld, ot the thinnest member con-
nected. Shearing is the significant stress in &
fillet-type weld and is equal to the load, divided
by the length of all welds in the joint, multiplied
by the weld throat thickness.

Bolts may be subjected to the stresses discussed
above for rivets and/or a tensile load along the
longitudinal axis as shown in Fig, 6.12, Fach
bolt may be considered te carry an equal por-
tion of the tensile load. Then the unit tensile
stress in each bolt is:

M) (6-23)
where P is the tensile load, n ie ths tatsl number
of bolts in the joirt, and A is the cross sectional
area of the bolt.

For a more extensive treatment of joints, see
Reference 11.
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P
Figure 6-12. Bolted Joints

6-5 SAFETY FACTORS

The factor of safety is defined as the ratio of
ultimate strength or yield strength of the ma-

terial to the allowabie stress, The ultimate
strength is used for brittle materials and the

yield strength for ductile materials The factor
of safety is employed to account for differences
between design and actual load conditions, and
for statistical variations in the structure. Large
factors of safety are desirable for reliability but
must be balanced against the associated increase
in structural weight.

When possible, it is advisable to base the allow-
able stress on test results and eliminate the usc
o the factor of safety. When test data are not
available, a factor of safety of 1.15 should be
used for the strustuze in general. For pressure
vessels and other structures that may be a hazard
to personnel, a factor of safety of 2.0 should be
used.

The margin of safety is defined as the ratio
of excass strength to the required strength or:

00
M.S. =(.__”;':_°_‘_) -1

. 0 (6-24)

where M.S. is the margin of safety, o, .11 18
the allowable stress, and o ie the actual maximum
stress. The margin of safety gives an indication
of permissible load increases or structural strength
decreases in design modification.

6-6 HEATING
6-5.1 GENERAL

Heat is transferred by the processes of con-
duction, radiation, and convection. In general,
heat is conducted through a medium by the
transport of the kinetic energy of both free elec-
trons and molecules; heat is radiated by the trans-
port of eleciromagnetic energy, requiring no
transport medium; heat is convected by a com-
bination of conduction, radiation, and the motion
of a fluid mass. The heat fransier is consideied
to be transient if heat is being stored or released
within the media involved and the temperatures

of the media are varying with time The heat -

transfer is considered to be steady-state if the
temperatures of the media do not vary with time.
During steady-state conditions the one-dimen-
sional heat transfer across any one section of a
meditmn is equal to the heat transferred across
any other parallel section.

6-6.1.1 Conduction Heat Transfer

The one-dimensional, steady-state conduction
heat transfer through u homogeneous medium
with a constant themal conductivity is

k
Y
=T AT =Ty (6-25) -

where g is the heat transfer rate, k is the thermal :

conductivity of the medium (obtained from ma-
terial property data), A is the section area of -
the medium through which the heat is transferred,

(T, - T,) is the tempercture difference wvivss .
the medium, and t is the medinm thickness. For

a coraposite of plane media such as shown in Fig. .
6-13, the one-dimensional steady-state conduction !
heat transfer is equal to

yw(T/, - Tg)
Qg =
2‘ 12- t t

ol
+
b

" 3 + n

T HFeea T

F, R
n

) (6-26)
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: 1
—| gl 2 LENGTH = £
7 Figure 6-14, Cylindrical Conduction of Heat
l Transfer Medium
FACE OMENTATION

Figure 6-13. Plane Conduction Heat Transfsr
Medivm

or in another direction is equal to
956 =

(kltl + k2t2 + k3t3 +"'+kntn)y (Tsi Ts)

1

(6-27)

where ¢, , and gg, are ihe one-dimensional
vonduction heat transfer rates from face 4 to 2
and face 5 to 6, respectively, with the other four
faces insulated; T;, Ty, T5, and Ty are the uni-
form surface temperatures on faces 4, 2, 5, and
%, respectively; and all other symbols are as
stown in Fig. 643 ¥For a composite of cylin.
deical medivms such as shown in Fig. §.14, the
steady-state conduction heat transfer is equal to

. Ury, - T,)
In(ry/ry) . In(r3/rq) \ .“+ln(r,‘/r,‘.,)
21k, 2nk, nk,
(6-28)

-

where g is the conduction heat transfer rate, T;,
and T,, are the uniform surface temperatures
on the inside and outside of the cylinder, respec-

tively, and all other symbols are as shown in
Fig. 6-14. .

6-6.1.2 Radiation Heat Transfer

All substances above the temperature of abso-
lute zero emit thermal electromagnetiz energy.
A body that emits and absorbs the maximum
amount of heat is defined as a black body and the
heat it emits is equal to

q = oATY (6-29)
where q is the heat transfer rate; o is the Stephan-
Boltxmann constant, which in the Englich sysiem
of uaits is 0.48 X 101 BTU/(sec) (ft*) ("R}
A is the surface area of the body; and T is the
absolute tempersture of the body surface. Actual
bodies radiate and absorb less heat than the
black body. The ratio of heat emitted by a black
body at the same temperature is called the emis-
sivity ¢ and is a function of the body material,
temperature, and surface conditions. 'The heat
radiated by an actual body is equai to
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q = ‘afiT& (6‘30)

The ratio of heat absorbed by an actual body to
the total amount of heat incident on the body
(that which would be absorbed by a black bedy)
is called the absorptivity a and is a function of
body material, temperature, surface condition,
and heat source temperature. Emissivity and
absorptivity values may be obtained from stan-
dard material handbooks.

The net radiation heat transfer between two
bodies is a function of the bodies’ emissivities,
absorptivities, geometries, temperatures and ori-
entations. This transfer is equal to

9y = Fpp A4y o(Ty* = T,%)  (631)
where q, is the radiation heat transfer rate of
body 1; F,, is the combined emissivity, absorp-
tivity, and orientation factor, which may be ob-
tained from such sources as Reference 12; 4, is
the surface area of body 1; and Ty and T, are
the surface temperatures of bodies 1 and 2, re-
spectively. Methods of obtaining the heat trans-
fer between three or more bodies are described
in Reference 13.

Following Reference 13, we may define a ra-
diation heat transfer coefficient as

oFyy (T4 - T,%)
Ty - T,)

hpog =
(6-32)

By transposition and substitution in Eq. 6-31,

9y = hpyy Ay (Ty = Ty) (6-33)

6-6.1.3 Convgction Heat Transfer

The convection heat transfer between a fluid
in motion and a solid is equal to

q= hA(T[ -T,)

where g is the convection heat transfer vate, h
is the convection heat transfer coefficient, A is
the area across which the heat is transferred,
and T, and T, are the temperatures of the fluid
and £olid, respectively. The convection coefficient;
is a function of the temperatures, fluid proper-
ties, solid geometry, and solid surface conditions.

(6-34)

The methods of evaluating convection coefficients
for a variety of conditions are presented in Ref-
erence 14.

6-6.1.4 Combhined Heat Transfer

Often the heat transfer under consideration
takes place by the modes of conduction, radiation,
and convection acting simultaneously. Therefore,
it is convenient to define an overall heat transfer
coefficient U which will include all modes of heat
transfer present. For illustration, consider the
cylinder in Fig. 6-14 with a hot fluid at tempera-
ture T, flowing on the inside and a cold fluid
at temperature T_ flowing on the outside. Then
the steady-state heat transfer from the inside
fluid to the outside fluid is

q=UAT, -T.) (6-35)

where

l 1
v=-= *
A\ b,

In(r, /ra.y) 1

-1
oot +
2¥fk" 2n rn ho’ (6-36)

ln("g/":)
Q"ki

In(r;/ry)

o —

2rrk2

h,, and h , are the inside and outside heat trans-
fer coefficients, respectively, for convectior. plus
radiation.

6-8.1.5 Transient Hzat Transfer

When the heat transfer is transient, the rate
at which heat is stored in a medium with a2 con-
stant specific heat is equal to

g = nC, %‘_;_l
where g is the rate at which hLeat is stored, m
is the mass of the medivm in which the heat is
stored, £, is the constant pressure specific heat
of the medium, dT/48 is the time rate of tem-
perature change in the medium.
The solutions of threz-dimensional transient
heat transfe: problems are more difficult than

(6-37)
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the above solutions and generally must be solved
on high-speed digital computers.

€82 COMBUSTIUN CHAMBEI: HEATING

The combuation process produces gas tempera-
tures of 4000° to 7006°R depending on the propel-
lant employed. Heat is transferred from the
combustion chamber gases tarough the structure
to tlie environment by conduction, convection,
and radiation. The structure may be protected
from overhesiing by employing insulating ma-
terials, a high heat capacily mass, or by trans-
ferring heat away to the 2uvironment.

The convection heat trrnsfer coefficient on the
inside of a cylindrical combustion chamber may
be evaluated by the following relationship ob-
tained from Reference 14:

hD
Nyo= = 0-023 (N, )08 (N, )0
(6-38)
oD
Bpe == (6-39)
N, = et
Ok (6-40)

where Ny, Np . and Np are the dimensionless
Nusselt, Roynolds, and Frandtl numbers, respec-
tively; h is the convection coefficient; D is the
inside diameter of the chamber; k is the thermal
conducivity; p iy the density; V is the velocity;
K is the viscosity; and C, the constant pressure
specific heat of the chamber gas.

the convegtion heat tronsfer coefficient on the
outside surface of the combustion chamber is a
function of the airflow properties at¢ the par-
ticular location under consideration. If the out-
side surfauce is exposed to the airstream, the heat
transfer may be evaluated as indicated in par.
§£3. For giher locaiions, ihe convection heat
transfer coefficients may be evaluated from ref-
erences cited previously.

If the combustion is over a short period of {ime,
steady-state conditions msy not be reached. In
this case, for preliminary design, it is recom-
mendad that tha ne! heat transfer to the struc-
ture at the initial temperature be evaluated over

2]

an increment of time. The temperature rise in
the structure due to heai storage can then be
evaluated. Thea thz net heat transfer to the
structure at the new temperature for the next
increment of time is evaluated, and so cn. The
accuracy o this method can be increased by tak-
ing smaller time increments.

The methods outlined above can also be used
on the rocket nozzle with sufficient aceuracy for
preliminary design.

65.3 EXHAUST PLUME HEATING

The rocket exhauvst plume transfers heat by
radiation to the rocket structure, and by convec-
tion to the launcher and surrounding equipment.
The heat transferred is a function of the geom-
etry, temperature, flow properties, and radia-
tion properties of the plume; it is also a function
of the orientation, temperature, radiation proper-
ties, and configuration of the rocket structure,
lauricher, and surrounding equipment.

The plume geometry is deperdent on the ex-
haust gas pressure and atmospheric pressure as
shown generally in Fig. 6.15. The plume geom-
etry, temperature, and flow properties can be
defined specifically, as outlined in Chapter 5,
par. 5-21, The convection heat transfer coef-
ficients on the launcher and surrounding equip-
ment may be determined from references cited
previously. The radiation properties of the plume
depend on the operating characteristics of the
rocket engine. Since this information is gener-
ally not availsble for preliminary design, the
conservative approach should be taken and the
emissivity and absorptivity assumed to be equal
to 0.9.

8-5.4 AERODYMAMIC FRICTION HEATING

The heating due to aerodynamic friction on
rockets of the class discussed in this handbook
generally will not be significant enough for con-
sideration in preliminary design. Therefore, only
a cursory discussion of aerodynamic heating will
be presented. For a more detailed presentation,
consult such sources as Reference 15,

Kinetic energy is imparted by friction to the
air surrcunding a rocket in flight. Therefore, in
the rocket boundary layer there is a kinetic tem-

PTWTIRLTYS TRT T .

AN S ansd

A

U S5 . Ao S G SO0 Sl




puioaSangg § e

™ T SO PR T E e

TTTRERY X T T R T T

T YT FWTeT

- T T
AMSP 705-280
»
NOZZLE EXIT PRESSURE NOZZLE EXIT PRESSURE NOZZLE EXIT PRESSURE
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Figure 6-15. General Geometry of Rocket Exhaust Plumes

perature rise above the temprature of the atmos-
pheric air. At stagnation points, such as the
rocket nose and leading edge of the fins,‘,the air
temsperature is equal to the atmospheric air tem-
rerature plus the complete kinetic tamperature
rise or

- 1
o= Do (y )

\) ¥2T,
(6-41)

where T, is the stagnation air temperature in ab-
solute units, T') is the atmospheric air tempera-
ture in absolute units, y is the ratio of the specific
heat of air at constunt pressure to the specific
heat at constant volume, and A is the free
stream Mach number. In regions other than
stagnation points, the temperatura in the bound-
ary layer will be less than the stagnation tem-

is equal to the Prandtl number (Eq. 6-39) raised
to the one-half and one-third powers, respectively.
For a smooth flat plate, the boundary layer may
be considered as laminar at Reynolds numbers
less than 10° and turbulent at Reynolds numbers
greater than 105,

The heat transfer to the 1ocket surface is
evaluated as follows:

3. kT, -
A h(Tﬂ Tu) (6‘43)

where i is the hzat transfer rate to the surface

per unit area, h is the heat transfer coefficient, ,

and T, is the rocket surface temperature in de-
grees Rankine, The heat tronsfer coefficient for
laminar and turbulent flow on a flat plate may
be evaluated as follows:

perature calculated above, due to the heat trans- h 1 /C. \
fer within the boundary layer. This temperature, Cc,), . == v ]
called the recovery temperature, is evaluated as Hoe" laninar — Gop Vo (N,.) \ 2 )
follows: (6-44)
y - 1 and
TguT,+r (-———2 ) T, (542) i h of
¢ . - H W;tarbulent= C, V = _-2-
"') wheve Tj is the recovery temperature in ahsolute pPos"ea (8-45)
units, and r is the recovery factor. The recovery = where Cy  is the dimensionless Stanton num-
it * factor for laminar and tutbulent boundary layers  ber, h is the heat transfer coefficient, P is the
I —_—— - 8-23
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density of the free stream air, V_ iz the free
stream velocity, Cy,, is the free stream skin
friction coefficient, which is obtained as outlined
in Chopter 8, par. 832, The heat transfer co-
efficient on cones is approximately 73 percent
and 15 percent higher than flat plate values for
Jaminar and turbulent boundary layers, respec-
tively. Fins and cylindrical bodies may be con-
sidered as flat plates for purposes of preliminary

design,

67 TESTING

A test program is often required to supplement
the structural analyses ovtlined above since these
analyses do not consider such factors as smess
concentrations, statistical variations, fabrication
variations, and imperfections in structural ma-

terials and members. Although structural testing

generally will not be performed during the pre-
liminary phuses of rocket design, a cursory dis-

"cussion is presented here to indicate the types of

teats usually conducted and the testing methods
usually employed. Tests are classified as de-
structive if the test item is permanently deformed
or fractured, and as nondestructive if the test
item is structurally useful after the test.

Thy actual mechanical properties of materials
may 'vary statistically from the generally pub-
lishedl values. These variations may significantly
affect the structural strength since factors of
safety must be low to minimize weight. There-

fore, samples of materials are prepared and
tested, conforming to standards set by organiza-
tions such as ASME and ASTM. A detailed dis-
cussion of the testing of insterials is presented in
Reference 16.

When evaluating structural members, it is gen-
erally desirable to employ nondestructive tests
so as not to impair the usefulness of the tested
item. Deep-seated irregularities such as cracks
and voids in the structure can be identified by
X-ray. Surface or near-surface irregularities can
be identified by Magnaflux or Zyglo inspections.
In the Msgnafliax inspection the test item is cov-
ered by small magnetic particles which are at-
tracted to local magnetic leakage fields around
imperfections in the magnetized test iters. In thr
Zyglo inspection, used on nonmagnetic materials,
the test item is immersed in a fiuorescent fluid
that poneirates and thus reveals cracks, voids,
and other imperfections. Ohservation of the prop-
erties of sound waves passed through the struc-
ture will also reveal imperfections.

When using small factors of safety and when
uncertainties exist concerning the structural
strength, it is usually desirable to verify the
structure by subjecting it to a proof test. ‘This
is especially true for pressure vessels. In general,
proof tests are designed to subject the structure
to a lo=d that will permanently deform it 0.01
percent or less.

For a more thorough discussion of structural
testing—including vibration, creep, and impact—
see Reforence 16.
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CHAPTER 7
AGCURACY

LIST OF SYMBOLS

Symbo! Meaning

C, Aerodynamic drag coefficient, nondimen-
sional .
Aerodynamic damping moment coefficient,

nondimensional
C, Aerodynamic . .rmal force coefficient, per
@ rad
CPE Circular probable error
d Reference diameter of projectile or rocket,
ft
G Rocket acceleration due to thrust, ft/sec?
g Gravitational acceleration, ft/sec?
I Moment of inertia, slug-ft?
Specific impulse, sec ’
k  Radius of gyration, ft
L Thrust moment arm due to malalignment, ft
Aerodynamie static margin, cal
L Distance from center of gravity to point of
thrust application, ft
lr Natural logarithm
m  Projectile mass, slug
N Number of sample values taken from a uni-
verse of statistical values
Number of revolutions made by rocket
during first wavalength of yaw
P Mondimensional launcher length (actual
1uuncher length /o )
PE Probable error
Rocket spin rate, rad, sec
Component of projectile angular velocity in
the direction of projectile y axis, rad/sec
Standard range, km
Computed standard deviation
Aerodynamic reference area, ft!
Nondimensional burning distance (actual
burning distance /o)
t Time of flight, sec; Student’s t velue
u, w Components of projectile velocity in the di-
rection of x and z axes, ft/sec

bt

0 T

Nt © D

Symbol Meaning
V  Estimate of population variance
V  Projectile velocity, ft/sec
V., Wind velocity, ft/sec
w  Wind velocity in fl:ight-path plane, ft/sec
wz; Wind velocity normal to flight path, ft/sec
X,Y, Z Earth-fixed launch coordinate system
x, ¥ Specific sample value taken from a universe
of statistical values
%,y Estimate of u based on available sample
values
a Angle of attack, degrees or rad
B Dispersion reduction parameter (f3 =dis-
persion with reduction technique/disper-
sion with no reduction technique)
Yrs Steady state flight path angle with no dis-
turbances, mils
A Incremental change in the variuble follow-
ing the symbol
5 Thrust malalignment angle, mils
Aerodynamic malalignipent angle, mils
¢ Angle between rocket longitudinal axis and
principal axis, mils,
6  Projectile pitch attitude angle, measured
from horizontal, rad

1t Mean of a universe of statistical values
p Atmospheric density, slug/fts

o Yaw oscillation distance or wavelength, ft;
standard deviation of a sample of size N

o_ Initial oscillation distance, £t

o Standard deviation of a system containing
n statistical variables

o _(o,) Standard deviation of the x(y) values
¢ Projectile roll angle, rad :

Y Projectile yaw attitude angle, measured
from vertical launch plane, rad

d Partial derivative -

1
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7-1 INTRODUCTION

Accuracy is the measure of the ability of the
rocket systam to positicn the payload at a given
point at warhead event. Various error sources
inherent in the rocket svstem, together with ex-
ternal conditions su-h as winds, cause a dispersion
of the payload from its intended path. To deter-
mine the aceurasy of a4 rocket system, & series
of rockets ars lau~nhad under carefully controlled
conditions, The & tual flight paths of the rockets
are compared to & idealized trajectory in order
to calculate the discersion. As in the study of
the accuracy of any mechanical instrument or
system, the error sou.ces are iirst identified and
then categorized as to whether they are predict-
able (allowing a comransation to be made) or
random. The most sigeificant factors influencing
the accuracy of free rocizets have been identified
by extensive coniparisons between experimental
tests and theory. This chapter is a detailed dis-
cussion of the error souxces. . The main objective
is to describe how the designer mus’ compensate
for the errors in order to achieve the level of ac-
curacy required by the mission specifications.

7-2 DEFINITIONS CF ERROR SOURCES

The flight of a rocket is divided into three

ascc:-{1) the launch phase, (2) the propulsive
or burning phase, and (3) the ballistic phase.
Error sources are labeled according to the phase
of flight during which the error causes the rocket
to deviate from the idealized trajectory. For
example, a burning phase error will cause a de-
viation to occur between launch and burnout.
If no additional errors are encountered during
the ballistic phase, the burning phase error will
still result in.a dispersion of the warhead event.
The total error, including prelaunch errors not
associated with flight, is the net dispersion Jdue
to aii errors,

a. Prelaunch Errors. All errors, including
aiming errors and prelaunch corrections, that are
accrued before rocket ignition.

b. Launch Phase Errors. Those errors that
are associated with and result from the launch
phase, including the initial conditions transmitted
to the rocket by tne launcher and dynamic un-
balance effects of the rocket.

1.2

¢ Propulsive Phase Errors. The dispersions
ihat resuit from such errors as thrust malalign-
ment, nounstandard metecrological conditions,
aerodynamic assymmetries, and propulsion vari-
ations,

_ d Ballistic Phaze Errnrs. Those dispersivi.

that occur during the period from propulsion cut-
off to the end of flight.

The following paragraphs will be concerned
with the individual error sources and methede
for computing approximate dispersions.

7-3 DESIGN CONSIDERATIONS
INFLUENCING ACCURACY

The effect of design variables on accuracy and
the delicate ‘rade-off process involved in disper-
sion reduction can be more easily understood by
dividing all erroxrs into two groups: (1) speed
change errors, and (2) angular errors.

7-3.1 DESIGN CONSIDERATIONS ASSOCIATED
WITH SPEED CHANGE ERRORS

The speed change errors are characterized by
a change from the nominal velocity attained at
propellant burnout. These errors, which result
in an error 1n the plane of the trajectory, are due
primarily to the variability present in the propul-
sion system. Any variation in a parameter that
influences the delivered total impulse will ob-
viously resul{ in a different burnout velocity of
the rocket. These include variations in:

a, Total loaded propellant

b. Propellant specific impulse due to chem-
ical composition

¢. Specific impulse due to physical quantities
(e.g., nozzle throat diameter)

d. Inert parts weight

In addition to propulsion system variability ef-
fecis, ihe burning time and thrust of solid propel-
lant rockets are effected by propellant tempera-
ture. Even ihough the temperature has a neg-
ligible effect on total impulse, it does affect the
burnout velocity because the rocket is subjected
to a different drag history.

Speed change errors are a function of mechani-
cal designd manufacturing control, and propellant
selectionf These items are discussed in more de-

()




AMCP 706-280

— ) —
A ]

A

i et

po.

sil - tail in Chapters 5 and 6. The remainder of this I = moment of inertia of the rocket about

g , chapter will deal exclusively with the angular a lateral axis, slug/ft?

Y ) errors. p = atmospheric density, slug/ft

f ! S = aerodynamic reference area, ft*

- 5 l, = rocket static margin, cal !

E 1 7-3.2 DESIGN CONSIDERATIONS ASSOCIATED d = rocket reference diameter, ft
i WITH ANGULAR ERRORS Cy_ = rocket normal force coefficieat gradi- ;

a X o

T ent, rad-! :
: The angular errors are characterized by a  Since o depends on the aerodynamic coefficients
3 changa frax the G. cived direction of the velocity  of the reckot, ‘t I\ cubject tc a large changs dur- 5

vector at propellan* burnout, The errors have
componentis both in the plane of the nominal tra-
jectory and normal to that plane, and are caused
by.

a. Wind normal to tae velocity vector

b. Thrust malalignment or the failure of the
thrust vector to pass through the center of gravity

ing flight as the velocity and/or aititvde of the
rocket change. Ifig. 7-1 shows the variation of ¢
and the building of angular dispersion for a typi-
cal flight,

From the figure, it is seen that most of the
dispersion takes place during the first yaw oscil-
lation. During this time ¢ does not change ap-

DUk oottt A gt ariutaha it &/ ptanaytoi ab s dun iitiptpioratpelinguiio il g )

3 ¢. Dynamic unbalance preciably (this has been found to be generally

'\ d. Aerodynamic essymmetries true). Therefore, the dependence of dispersion .
’ l\ Since the effect of the last two errors can b  on ¢ is mainly determined by the initial wave- J

' shown to be equivalent to thrust malalignment, length of yaw. This initial value will be used
] in the paragraphs which follow we shall discuss  to describe the wavelength of a flight.

only wind and thrust m.alalignment effects. ' :

3

Y- 1-3.22 The Efiect of Wind

|

7-3.2,1 The Effect of Aerodynamic Stability

The aerodynamic stability of a rocket is the
measure of the tendency of the rccket to align
itself with the relative wind. If an aer.dynamical-
ly stable rocket in steady flight with no aero-
dynamic moments should be given a d.sturbance
such as a sudden increase in angle of attack, the
aerodynamic forces caused by the disturbance di-
rect the rocket back to its original state. The
motion of the rocket immediately followiag the
disturbance is generally a rotational osc lation
about a lateral axis. One of the most important
parameters in the study of the behavior of free
rockets is the distance the rocket travels during
one oscillation. The yaw oscillation distan~e o
is related to the aerodynamic stability of the
rocket by the static margin (the moment arm of
the corrective aerodynamic forces):

/ 2I
o = & [e————
pSl,d CNu
where

g = yaw osciilation distance or wavelength
of yaw, ft

(7-1»

Fig, 7-2 illustrates the effect of a wind on a
stable vocket.

It can be seen that the rotation of the rocket
into the relative wind causes the thrust to drive
the rocket from the intended path. Fig. 7-3 shows
the effect of o on the dispersion due tv wind, As
the rocket becomes less statically stable {thereby
increasing ¢ ), the sensitivity to wind reduces.
This suggests that the designer shouid adjust pa-
rameters so as to maximize 0. However, as will
be shown in the next paragraph, consideration
of the dispersion due to thrust malalignment im-
poses a conflicting requirement on o.

7-3.23 The Effect of Thrust Malalignment -

Fig. 7-4 shows the effect of a malalignment of
the rocket thrust with the vehicle axis. An angu-
lar malalignment is indicated. However, the -
same moment can also be caused by the vehicle
center of gravity lying off the centerline of the
vehicle. In fact, a displaced center ¢f gravity
has been shown to produce larger angular error
thun does an angular malalignment.
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Ficyre 7.2. Effect of Wind on an Aeradynar.ically
Stable Rocket

14

l , /\‘M ANGULAR DI ZRSIOK
g k — v :‘ S,
2 — YAW OSCILLATION DISTANCE
o
g
i‘ﬁ.f -,;,‘ ) ' _ T T I -
2% |
.t
— Y U ]
b 1.0 20 30 40
NUMBER OF WAVELENGTHS OF YAW TRAVERSED .
Figure 7-1. Variation of Anguler Dispersion and Wavelength of Yaw During Flight
]
i
INCAEAING ——

YAR BAVELENGT (o)

Figure 7.3, Effect of Wavelength of Yaw on
Angulcr Dispersion Due to Wind
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' WOMENT CAUSED EY 8
\:‘K‘b——:—;"\

MOKENT CAUSED BY 3

FLIGHT PATH
v

PATH

INTENDED
FUIGHT PATH

AERODYNAMIC
MOMENT
CAUSED Y a

Figure 7-4. Effect of a Thrust Malalignment on on
Aerodynamically Stable Rocket

The figure indicates that a thrust malalignment
causes an aerodynamically stable rocket to ro-
tate until the aerodynamic corrective moments
are equal to the moment caused by the mal-
aligned thrust.

Fig. 7.% shows the effect of ¢ on the angular
dispersion due to thrust malalignment.

For minimum thrust malalignment effects, the
designer should select the smallest possibie value
of o (maximum aerodynamic stability).

Combining the two error sources produces Fig.
7-6 which suggests an optimum value of o for
minimum total dispersion during burning. The
designer may adjust the rocket parameters to
obtain this value of o.

Thé conflicting requirements on the wavelength
of yaw result because an attempt was made to
decrease two different types of errors by the
same method, changing aerodynamic stability.
We shall now consider a different method by
which the dispersion caused by a body-fixed er-
ror, such as thrust or fin malaligiment, can be
reduced.

7-3.2.4 The Effect of a Slow Spin

Fig. 1-7 describes the build-up of the disper-
sion of s nonrotating rocket with a thrust mal-
alignment. Because the thrust is applied in an
unchanging direction, the dispersion grows stead-
ily with time. Fig. 7-8 shows the effect of giving
the rocket a slow spin about its longitudinal axis.
In this case the direction of the thrust changes
as the body rotates. The result is a. reduction
in the total angular dispersion.

_
g .

CEASNIG ——

-

WCREASHNG ———em
YA BAVELENCTH (o)

Figure 7-5. Effect of Wavelength of Yaw on
Angular Dispsrsion Due to Thrust Malalignment

INCREASING e
YAC BWYSLENCTS (0}

Fiyjure 7.6, Optimum Wavelength of Yaw for
Minimum Totol Disparsion

v
=0 v \J 14
y

Figure 7-7. Growth of Angular Dispersion for a
Rocket With a Thrust Malalignment and No Spin

Figure 7-8. Growth of Angular Dispersion for a
Rocket With a Thrust Melalignment and a Slow Spin
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INGREASING ——~

ANGULAR DISPERSION

ZERO SPIN

CONSTANT SPIN

1
0 10

Y
20 3.0 4.0

U

NUMBER OF WAYE!.ENGTHS OF YAW TRAVERSED
Figure 7-9. Effect of Spin on the Build-Up of Angular Dispersion Due to Thrust Maialignment

Fig. 7-9 describes the variation of the angidar

dispersion with distance for a typical rocket with
and without a slow spin.

From the above discussion, it follows that spin
of any kind will have some effect on (he angular
dispersion of a rocket. The significant factor that
determines the effect of a spin technique is the
relation between the rotational motion of the
body-fixed error and the rotational motion of the
rocket about a lateral axis. The rotational mo-

.sion of the rocket has been shown to be-charac-

terized by the wavclength of yaw; therefore, it
is expected that this parameter will have a strong
influsnce on the effectiveness ¢ £ any spin program.

Az was shown in Fig. 7-1, most of the angilar
dispersion takes place during the first yaw oscil-
Iation. The spin motion during this peariod will
have the most influence on the sngular disper-
sion.

14

If the spin is constant or increasing in the same
direction, th\e error will tend to accumulate be-
cause the acceleration of the rocket causes the
influence of the malalignment tc-decrease as the
rocket momentum increases. Therefore, the dis-
persion caused by the first half of the spin cycle
is not completely compensaied for by the second
half. A uniform spin program will always result
in some finite error.

The above considerations have led-investigators
to study nonuniform spin programs with the ln-
tention of developing techniques that would re-
sult in zero angular dispersion. The simplest
program to visualize is the .instantaneous, 180
deg rotation of the v-hicle ai'some point in the
trajectory. Tha point is choen so that the ac-
cumulation of angular disp:rsion to that point
is completély eliminated by yeversing the direc-
tion of the \rror. This concept has been incor-

e
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porated into thr Spin-Buck Program which is
discussed in par, 7-7.24,

Par. 7-1.2 discusses several spin programs
which have been of interest to designers of free
rockets.

7-3.2,5 The Effect of Dispersion Reduclion
on the Ontimum v

The a.nount of dispersion reduction cbtained
from any given spin program is measured by the
para neter B which is the ratio of the dispersion
wiih no spin to the dispersion with the spin pro-
syram. Other paragraphs in this chapter indicate
values of 8 for several spin programs. Once es-
timates of S are known, one can find the opti-
mum value of o which accounts for the combined
effects of the spin-program on thrust malalign-
ment and of the effect of winds. For short launch-

er lengths:

4o K2V 2/3
Copr = [___']
VGLB (1-2)

rocket radius of gyration, ft

wind velocity, ft/sec

rocket acceleration, fi/sec?

thrust malalignment distance, ft
dispersion reduction factor, dimension-
less

The dispersion for this value of g is given by

- 1/3
ok [(w)’ Lg V.’]
s/
V8 G k? (1-3)

It is shown in the following paragrsphs that
the optimum design depends on yaw oscillation
wavelength, launching technique, and error
source magnifude. In order that these items may
be evaluated, these paragraphs present more de-
tailed discussion of the errors and the means of
computing dispersion under varying conditions.

where

O™
| I )

7-4 PRELAUNCH ERRORS

When preparing to launch & rocket at a speci-
fied target, we must first establish the Iaunch

angle in the vertical plane (QE) and the azimuth
angle under standard conditions. The term atan-
dard here applies to the flight that exists under
arbitrarily chosen weteorological, positional, and
material conditions. Corrections must then be
made to this standard aiming for variations of the
conditions existing for a given flight from the
standard. Both the standard aiming and the cor-
rections are generally obtained from a firing table
which is a catz'og of standard trajectories and
corrections for nonstandard conditions. ¥or ex-
ample, the usual rocket firing table includes the
following:

a. Pertinent data for the standard trajecteries
of the rocket.

b. Corrections to vhe standard aiming to com-
pensate for rotation of the earth.

c. Corrections to the standard iaunch elevation
(CE) to compensate for variation in propeliant
temperature, uninhibited propellant weight, at-
mospheric pressure, density and temperature; in-
ert weight, and wind.

d. Corrections to the standard azimuth aim-
ing for wind.

1-4.1 AIMING ERRORS

Aiming errors may exist due to any combination
of the following:

a. Incorrect determination of the standard
aiming from the firing table,

b. Error in positioning of the launcher.

¢, Incorrect determination of the corrections
to be applied for the nonstandard flight,

These errors, while due to different causes, all
result in a physical displacement of the launcher
from that position required for the rocket to ac-
quire the target. The errors at payload disposi-
tion resulting from aiming errors of the launch-
er are; ;

AY = Ay R (1-4)
dR
M=A0 —

30 |t = conn  (15)

gt
At = Ao,, —
BQ R = conet (7-8)

11
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az - a9, L
® 3]t = conn (7-7)
B, = Yosp - U, (7-8)
A9, O - 0o (7-9)
where
AY = deflection error, m
AX = rangeerror,m
At = time of fiight error, sec
AZ = altitude error, m
R = standard range, km

Ay, = azimuth aiming error, mils

A, = eievation wiming error, mils
‘The errors are determined by calculating the dif-
ference between a flight with an error and a
standard trajectory. Fig. 7-10 illustrates these
quantities.

The derivatives—dR/39, dt/96, and 32/30 —
will be discussed in more defail in par. 7-8.

STANDARD TRAJECTORY
— - ——

Figure 7-10. Aiming Errors

742 ERRORS DUE TO VARIATIONS IN
METEOROLOGICAL CONDITIONS

In making corrections for nonstandard condi-
tions, one assumes a knowledge of the existing
nonstandard conditions. Any variation in condi-
tions from the assumed values introduces an error
at the point of warhead disposition. These errors
may be treated in the same manner as those de-
scribed below for the iaunch, propulsive. and
Lallistic phases.

14

1-5 CALCULATIONS OF ANGULAR
ERRORS

The angular error of a rocket is obtained by
solving the differential equations of motion
throughout the ilight. The equations can be solved
with as much generality as desired on an auto-
matic computer. Values are chosen for the error
sources and a number of parametric runs are
made. The results can then be combined statis-
tically as cutlined in par, 7-10,

%

Figure 7-11. Definitions of Sign Conventions for
the Rocket Equations of Motion

If we assume missile symmetry about the lon-
gitudinal avis (Fis 7.11)—z5 that nommal small
angle approximations are valid--and if we omit
gyro effects due to missile roil, then the six-de-
grae-of-freedom equations of motion become de-
coupled in the vertical and horizontal planes.
Furthermore, the motion in the two planes is
identical except for the gravity terms in vhe ver-
tical plaue. (The effect of gravity is equivalent
to a bias errur and will not be considered in these
eguations.) We can then determine the solution

P )
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in only one plane, thus simplifying the prohlem
:onsiderably. The equations to be solved then
become

5o _PE 2
2 1l n {1-10)
C, S
pul a
v s qu- g - (v + wy) + [G] Hcosgh
(7-11)
. in?
g=-u|}] — v+ W,
¢?
C,pd Gl,
- g+ 8pcosdt + | — 1 Scosg
2y L k?
[+ §
(1-12)
X=u (7-13)
Z=w-uf (1-14)
0=gq (7-15)

¢ = f(t) (This is specified by the spin
program.)
(7-16)
where
u, w = components of the rocket velozity in
the directions of the X, ard Z, body
.  axes, ft/sec
g, ¢ = components of the rocket angular veloc-
ity in the directions about the Y, and
X, body axes, rad/sec

f = rocket pitch angle, rad

¢ = rocket roll angle, rad

X = component of the rocket velocity in the

. slant range directivn, ft/eac

Z = component of the rocket velocity normal
to the slant range direction, ft/sec

G = rocket acceleration due to the thrust,
ft/sect

Cp = aerodynamic drag coefficient, nondi-
mensicnal

m = rocket mass, slug

S = aerodynamic reference area, fi?

H
"

aerodynamic pormal force gradient,

& yada

. aerodynamic damping moment coeffi-
cient, dimensionless

++ acrodynamic static :nargin, cal

Cistance from center of gravity to point

of thrust application, it

reference body diameter, ft

rucxet radius of gyration, ft

thrust malalignment angle, rad

aerodynamic malalignment angie, rad

component of wind in direction of the

Z, body axis, ft/sec

wavelength of yaw, ft

atmospheric density, slug/ft?

Yy, 2, = body-fixed axes with origin at
the center of gravity and X, along the
missile axis
The six expressions in brackets completely

specify all the rocket characteristics needed t»
calculate its motion. Therefore, if the rocket mo-
tion is tabulated for variations in each of the six
expressions, the results will be applicable to any
configuration for which these parameters are
known. '

Examination of the solutions of the above equa-
tions for typical rocket systems indicates that
only 2 relatively few parameters have first-order
effzcts on the angular dispersion. These are the
rocket acceleration G, the wavelength of yaw o,
the nondimensional launcher length P, and the
burning distance S.

For the equations above, the launcher affects
the motion of the rocket through the initial con-
ditions. For convenience, we shall use a non-
dimensional expression for the launcher length:

N‘N (o)
]

e

O O o R
non

Ns b
]

[/

P

p launcher length

o

The effect of launcher length, then, is represented
by an initial value of velocity;

u, = v 2PGo (7-17)

where u, = velocity in ft/sec at the end of the
launcher.

These equations can now be solved on an ana-
log or digital computer and the dispersion at the
end of flighi determined for any given error
source,
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A more informative approach for the designer
is to consider eacli phase separately and identify
the major contributors to the Jatent error.* In
sack flight phase different forces predominate;
therefore. the irnportant parameters change. In
the following subparagraphs the important pa-
rameters for each phase will be discussed.

Considering the errors in each flight phase
separately has two advantages: (1) the equations
can he simplified by including only the forces
that predominate during the phase, and (2) the
simplified ecjuations can be manipulated to pro-
vide analytical solutions. The availability of
aaalytical solutions is of great benefit to the de-
signer beciiuse the important variables or zom-
binations of variables that determine the angular
error can be easily identified. These results can
then be ombined with computer calculations
that provide the required accuracy.

Analytical results have been prepared wherever
possible and have been plotted with computer
audulis isanusirave their accuracy.

The criterion chosen for determining the ac-
curacy of a rocket system during the launch and
propulsive phases is the dispersion at warhead
event. The effects of various errors and the ef-
fectiveness of several dispersion reduction tech-
niques will be considered in terms of the steady-
state flight path angular error. This representa-
tion allows rapid evaluation of the accuracy of
the rocket without resorting to the complex meth-
ods of avcounting for ballistic phase errors pre-
sented in par. 7-9,

The rocket equation. were solved, using an
automatic computer, for the burning phase of
flight. The sngular dispersion at the end of the
boost phase is approximated by the following ex-
pression:

» qk?
-t o se—

u ul
8

pSdC,

énul‘

9

Y =0 (v + wz)

(7-18)
where the values of 6, w, u, ¢ and the aerody-
namic parameters are those at burnout. yy is

determined by computing lim u
t-oo | u

which is the

‘Th‘h“llt:il' error is the error at the end of a
given rliase. The idealized trajectory must then be usei

o determine the error at the end of flight.

110

steady state, post-boost angular dispersion of the
direction of the velocity. Taus, for calculating
the effect of the hoost phase on dispersion at war-
head eveni, vy, may be treated as an aiming
error. The missile is assumed to be launched
with the initial conditions taken irom booster
burnout.

7-6 LAUNCH PHASE ERRORS

During the Jaunching process the rocket 1s de-
flected from its intended path by motion of the
launcher and motion caused by the release of
the launcher constrainis. The results are con-
ditizns undesirable at the beginning of the pro-
pulsion phase. These conditions are separated
into three modes of motion: (1) initial angular
velocity sbout a lateral axis, (2) initial transla-
tional velocity normal to the launcher axis, and
(3) angular velocity resulting from rocket dy-
namic unbalance waen somz form of spin on the
launcher js used. Subparagraphs 7-6.1 through
7-6.3 present the angular dispersion at flight
termination caused by these initial conditions.

78.1 ANGULAR VELOCITY

Figs. 7-12 (A), (B), (C) show the angular dis-
persion caused by an initial angular velocity of
100 mils per sec. The launcher length, the wave-
length of yaw, and acceleration have substantiel
effects on the dispersion. The dispersion is mini-
mized by increasing the launcher length and the
rocket acceleration whil¢ keeping the aerody-
namic stability as high as possible, i.e., a small
value of a.

7-6.2 TRANSLATIONAL VELOCITY

Figs. 7-13 (A), (B), (C) show the effect of an
initial translational velocity of 1 ft per sec, normal
to the launcher line, on the angular dispersion.
The lauzcher length does not significantly affect
the dispersion. An increase in the wavelength of
yaw has a beneficial effect that is significant for
rockets with high aerodynamic stability. Increas-
ing the rocket acceleration causes a decrease in
the dispersion for all cases considered.
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The angular dispersion due to initial trans-
lational velocity is minimized by making the rock-
et acceleration as high as possible and the aero-
dynamic stability low.

74.3 DYNAMIC UNBALANCE

‘Dynamic unbalance is caused by spinning the
rocket about its ge« metric longitudinal axis rather

than its principal axis of inertin. When the-

rocket is spun on the launcher, release of the
launcher constraints will result in a motior. chas-
acteristic of the force-free precession of a rigid
body unless the rocket is spinning about its prin-
cipal axis of inertia (i.e., its dynamic axis). The
dynamic unbalance effect limits the spin rate
that can be used to reduce thrust malalignment
effects,

The precescion motion is, for all practical pur-
poses, an angular velocity at launch., The magni-
tude of this initial angular velocity is:

qequiv = Pe
where:

p  =rocket spin rate, rad/sec

Gequiv = equivalent initial angular rate due to

dynamic unkalance, rad/sec

¢ = angle between the rocket longitudinal

and principal axes, rad

Afier determining the equivalent angular ve-
locity, Figs. 7-12, 7-13, and 7-14 can be used to
determine the angular dispersion.

The dispersion due to dynamic unbalance is
minimized by incr-asing the launcher length and
the rocket acceleration while maintaining a high
level of serodynamic stability. In addition, the
dynsmic unba'ance -angle ¢ should be kept as
small as possible by careiul design and carc in
manufacturing. The spin rate should be kept as
low as possible after considering the requira.nent
for reducing the dispersion due to thrust mal-
alignment.

Par, 7-7.2.8 describes how the effect of dynamic
unbalance at launch can be reduced by a unique
Isuncher design.

7-7 PROPULSION PHASE ERRuRS

Angular errors which originate during the pro-
pulsions phasé of flight are primarily caused by

1-4

wind normaul to the direction of flight, and thrust
malalignment. A qualitative description of the
effect of wind and thrust malalignment was given
in par. 7-3. This paragraph presents some quan-
titative results which describe the effects of the
important rocke’ parameters on the angular dis-
persion caused by the same two error sources,
wind and thrust malalignment. These results

.can be used for preliminary accuracy estimates.

Par. 7-5 showed how spinning the rocket about
its longitudinai axis will reduce dispersion caused
by body-fixed error sources such as thrust mal-
alignment. The major portion of this paragraph
is devoted to describing the effectiveness of sev-
eral spin programs developed to minimize the
angular error due to body-fixed error sources
In most applications, the choice of 4 spin tech-
nique is heavily influenced by the difficulty of
mechanically implemepiing it. Therefore, while
several of the methods presented here result in
near-zero dispersion, complexity of the devires
needed to carry out the spin program limit its
use to systems where high accuracy requirements
justify extreme measures.

7-1.1 NONRCTATING ROCKET

Figs. 7-14 (A), (B), (C) and 7-15 (A), (B),
(C) show the angular error caused by a 10 ft per
sec wind normal to the flight path of the rocket
and by a 0.5-mil thrust maleslignment on a non-
rotating rocket.

Since the .wind force on a symmetric rocket
does not depend on the roll erientation, spin does
not affect the dispersion due to wind. Therefore,
Figs. 7-14 (A), (B), (C) are applicable ic any
rocket system.

As was pointed out in par.7-3, the angular
dispersion. due to wind is minimized by keeping
the aerodynamic stability as low as possible. The
figures indicate that iuuncher length has very
little effect on the wind dispersion. The rocket
acceleration should be large.

The dispersion due to thrust malalignment is
minimized by keeping the aerodynamic stability
¢s high as possible. The effect of acceleration is
.most significant for rockets with lIow stability.
The angular dispersion increases wiih incressing
acceleration. The effect of launcher lenygth is
significant under all conditions—a long launcher
is desirable,
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7-1.2 DISPERSION REDUCTION TECHNIQUES

Par. 1.3 pointed out that the conflicting re-
quirements on aerodynamic stability caused by
wind and thrust malalignment could be overcome
by reducing the effects of the malalignment with
a separate technique. The most ccmmon meth-
ods used to reduce the malalignment error em-
ploy spin; however, there are other possibilities,
such as the varisbl> acceleration program de-
scribed in par. 7-7.2.6.

The effectiveness of a given method in reducing
angular dispers.on .s represented by the disper-
sion reductirn facter 8. B is the ratio of the
value of a..~nlar dispersion associated with the
dispersion reduction scheme being considered to
the value of dispersion for a nonrotated rocket.

7-1.2.1 Constant Spin Rate

Fig. 7-9 indicates that, with constant spin, thrust
malalignment has its greatest effect during the
first wavelength of yaw, but is almest negligible
during the remainder of the flight. This observa-
tion leads to "e use of the number of revolutions
made by the rocket during this initial period as
one of the most unportant :oin parameters. n,
is the number of revolutions the rocket makes
during the first wavelength. Fig. 7-16 shows the
dependence of the dispersion reduction factur 8
on n,.

Various techniques can be used to achieve :pin.
Any method used must be capable of spinning
the rocket without imparti. y unwanted motion
to the rocket. The impoitance of spin during the
early portion of flight eliminates aerodynamic
fins as & means of obtaining it since fins are least
effective during this time. The most common
method of providing spin is through auxiliary
rockets fired in a circumferential direction.

The importance of early spin has led to the
development of systems where the spin is ac-
cornplished while the rocket is still on the launch-
ez, These systems invelve many mechanical prob-
iems because of the difficulties involved in clear-
ing the rocket fins and in releasing the launcher
constraints without introducing translaticiel or
angular motion to the rockeat.
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Fig. 7-16 shows that the angular dispersion de-
creases as the nimber of revolutions in the first
wavelength increases. On the other hand, the
dispersior due to dynamic unbalance increases
with spin. These two effects result in an opti-
mum spin rate, beyond which the dispersion re-
duction associated with thrust malalignment is
lost to the dj\mamic unbalance effect. The spin
rates used for the constant-spin results are the
optimum values for a dynamic uxis malalignment
¢ of 0.5 mil.

Figs. 7-17(A), (B), (C)~—for the case of con-
stant spin—present the effects of rocket accelera-
tion G, nondimensional launcher length P, and
wavelength of yaw ¢, on the dispersion reduction

dowm K ol
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wavelength of yaw can be seen
to have the greatest influence on the dispersion
reduction.

In practice, constant spin is not achieved. The
programs that are called constant spin are actu-
ally composed of a period of high angular acceler-
ation when the spin rockets are fired, followed
by a slow deceleration caused by aerodyramic
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7-1.2.2 Constant Spin Acceleration

The dispersion reduction technique which is
probably the easiest to implement is the constant
spin acceleration. This can be achieved by cant-
ing the nuzzies of the rocket moturs (if more than
one metor is used) or by placing fins in the
rocket exhaust. Unfortunately, due to the slow
initial spin, the technique is not as effective as
the constant spin.

Figs. 7-18 (A), (B), (C) present the effects of
the rocket variables on the dispersion reduction
factor for constant spin acceleration. The most
significant variable is the wavelength of yaw.
The wavelength should bhe long 4c minimize
dispersion.

4l
wic

7-1.2.3 Slowly Uniformly Decreasing Spin (SUDS)

The preceding spir programs always result in
some finite dispersion. According to the mathe-
matical theory of rocket flight (see Reference 6),
it is possible to devise spin programs 'which re-

120

sult in zero angular dispersion. One such pro-
gram is that of a Slowly Uniformly Lrecreasing
Spin (SUDS); another is the Spin-Buck program.

The SUDS program begins with a constant
spin which is followed by a constant deceleration.
The initial spin rate and the value of the decelera-
tion are functions of the rocket parameters. The
angular error is very sensitive to changes in the
spin rate or the deceleration. For this reason
it is not possible to achieve zero dispersion in
practice. Also, the limitations of the rocket the-
ory make the zero dispersion result invalid. Figs.
7-19 (A), (B), (C) present the dispersion redur-
tion for SUDS when the assumptions of the rock-
&t theury are removed.

7-1.2.4 Spin-Buck

The Spin-Buck program is an attem:pt to elimi-
nate the angular dispersion caused by thrust mal-
alignment by reversing the spin direction of the
rocket. By this reversal, the errus accumulated
prior to the reversal should be cancelled by the

o A A o Al > 22
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subsequent error The motivation behind this
concent can be better understood if we consider
the rase of a nonrotating rocket with a thrust
malalignment. We know from Fig. 7-1 that the
dispession builds up rapidly during the first wave-
length. Jf at some nstant during this build-up
thy rocket were rotated 180 degrees, the thrust
malaligement would cause the dispersion to go
to the negative direction. With the proper choice
of the rotation point, the resultant dispersion wili
be zero.

Since most of the angular disp2rsion eccurs m
a very small portion of the flight, it might be ex-
pected that the point at which the rotation occurs
is very near the launch point. Fig. 7-20 shows
how the distance for the instantaneous rotation
veries with rocket acceleration and wavelength
ol yaw.
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Figure 7.20. Effoct of Wavelength of Yaw on
Byck Distence for Zero Angular Dispersion
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From a practical standpoint, one shortcoming
af this concent i the high cencitivity of the dic
persion reduction factor .o errors in the rotation
distavce. Fig. 7-21 indicates that, for & rocket
acceleration of 40 g's, an error in rotation or buck
distance of 7 percent produces a 40-percent change
in the dispersion reduction tactor.

The Spin-Buck program is accomplished by
firing two banks of spin rockets, une following
the other and in oppoasing directions. The aei re-
gu.t is sumilar to the idealized case discussed
abrere. A small residual soin 1s allowed, to re-
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duce the effect of any crror related to inaccu-
racies in the system.

Field tests of tihe Spin-Buck program indicate
that a dispersion reduction factor of 0.11s possible

7-1.25 Prespin Automatic Dynamic Alig.:ment
{PADA)

The PAUA concept for dispersion reduction
differs from those discussed above in that it is
not simply a method of spinning the rocket o
reduce ‘he effect of thrust malalignmer , but 1n-
corporates a novel launcher design to reduce er-
rors due to mallaunch, thrust malalignment, and
dyramic unbalance. Par. 7-3.2.2 pointed out that
control of these errors allows the aerodynamic
stability requirement to be reduced. This control
also results in a decrease in the rocket’s wind
sensitivity.

Development of the PADA launcher eve'ved
from the desire to launch a rocket with aa initial
spin rate. The probiem of bulky launchers, which
developed in past attempts at launching spinning
rockets, was eliminated by mounting the launch-
ing shoes on rings 2tiached to the rocket by bear-
ings. The dynamic unbalance effect—which nor-
mally limits the maximum spin rate (par. 7-7.
2.1)—has been overcome by a spring suspension
system, designed so that natural frequency of
transverse angular rotion of the rocket on the
launcher is considerably less than the rocket spin
frequency. The result is that the rccket dynamic
axis aligns itself with the spin axis. Theoretically
(Reference 3), PADA launchers can be con-
structed that will reduce the effect of dynamic un-
balance by move than 90 percent, and possibly
even by as much as 99 percent.

7-1.2.6 Variable Acculeration

The final dispersion reductior. techniqize 1s un-
usual in that it does not utilize spmn of any kind.
Instead, the dispersion reduction ic accomplished
by chang.ng the accelcration history of the rock-
et. This can be done with a thrsttleable rocket
motor or with a combination of rocket motors.
The exemple we shall consider Lere 13 a rocket
with two levels of acceteration. The thrusi level
is assumed to vary instantaueously at the same
point in the flight (Reference 9).
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Figure 7-21. Fffect of Buck Distance on Dispersion Reduction

How the rocket translational acceleration af-
fects the angular dispersion is not immediately
cbvious. Reference 9 indicates that the disper-
<.on due to various error_sources, such as mal-
launch and thrust malzlighment, 1s affected dif-
ferently by the change of acceleration. However,
the descriptiorn. below, taken from Reference 9,
describes the phenomenon.

The dispersion y is found by integrating y with
flight time. It can he shown that § is an oscil-
lating function whose magniiude varies as 1/V°,
Therefore, the first half-cycle (when y has one
sign) has greater amplitude than the second half-
cycle (v'hen y has the opposite sign). The result
obtained when y is integrated over the entire
cycle is that the first half-cycle deminates the
second. If the acceleratinn is decreased at some
time before . .c second cycle begins, the con-
tribution of the second half-cycle can be increased
and made to offset the first half.

The variable acceleration technique is pre-
sented here to show that there i3 a possibility for
dispersion reduction without spin. However, the
technique requires more research Lefere its use-
fulness can be evaluated.

7-8 BALLISTIC PHASE ERRORS
7-8.1 FORCES ACTING ON THE PROJECTILE

The only forces acting during the ballistic phase
are aerodynamic and gravitational. The aerody-
namic forces can be separated into drag and those
forces acting normal to the flight path.

The aerodynamic forces acting normal to the
flight path are due to lift and ~ross spin. The
aerodynamic lift force is well known; the cross
spin force is a result of the air flow being dis-
turbed bv rotation of the projeciile about a lateral
axis The rotation causes a variation of the angle
of attack along the body. resuiting in an unsym-
metriz force.

1-8.2 SOURCES OF ERROR

Fror the deimtion of dispersion. any {orce
which causes the projectile to deviate from the
idealized trajectory will be mcluded as a svurce
of error Suice only drag 15 considered 1n cal-
culalin, the ideahiied tiajectory. notmal forces as
well as changes 1 drag will mtroduce dispersion
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Figuie 7-22. Action of Winds on a Free Rocket

in addition to dispersion of the flight path, er-
rors associated with fuzing the warhead must also
be considered,

7-8.2.1 Errors Due to Winds

The action of winds on a free rocket in its
ballistic phase (Figurs 7-22} generates three per-
turbing forces that affect the missile trajectory:

. Change in Drag Magnitude. Ballistic wind
will cause a change in air speed and, consequently,
in dynamic pressure and drag force magnitude.
This effect will usually be negligible.

b. Lift Ferces. A change in w'nd velocity
normal to the ballistic flight path will cause an
angle of attack, ard consequently, the develop-

1-28

ment of alift force. Since this is a transient effect,
it is usually very small.

c. Change in Drag Direction. In its steady
state response to a normal wind. a stable missile
wili be oriented at some angle with respect to its
vector still lies alor.z the missile axis, 1t will cause
an acceleraiion mn the downw:nd direction until
the missile dispersion velocity reaches the wind
velocity. This is the predominant force causing
Lallistic wind error. Since high-altitude winds
can reach high velocity-—e.g., the jet stream—an
attempt is frequently mede to compensate for the

winds :a the aiming process. This can be ac- *
complished by use of data from firing tables, i
weather balloons, ete. -
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1-8.2.2 Change in Drag

A projectile will seldom have an actual drag
history exactly the same as the one used in the
calculation of the idealized trajectory. Inaccu-
racies inherent in the methods of determining
drag—as well as inaccuracies resulting frcm man-
ufacturing errors and damage in handling—are
typical causes of these drag deviations. There-
fore, the effect of changes in the ballistic coeffi-
cient C must be considered as a source of dis-
persion.

7-8.2.3 Nonstandard Conditions

A departure from nonstandard atmospheric
conditions will also be considered. This effect is
equivalent to a change in drag.

7-8.2.4 Malalignment of Fins

Projectiles with fins that have become mal-
aligned or bent due to careless handling or manu-
facturing error will cause aersdynamic forces re-
sulting in dispersion. Howe<ey, fin malalignment
will also cause a slow spin which tends to reduce
the effect of the error (Reference 1, p. 60).

7-8.2.5 Static Unbalance

Manufacturing tolerances usually result in the
projectile center of gravity being located off the
longitudinal axis. The aerodynamic forces will
then produce a moment resulting in an angle of
attack. The dispersion due to static unbalance
can be reduced by a slow spin.

7-8.2.6 Dynamic Unbalance

Mamsifnntizmina talarnmane mlue ¢ha simncacdalla
A'Imll“lu\-\i\“llla VWAL A RAS WD ‘ll\‘a AAL ALLLA Y VAMLAMAL

unsymmetric placement of small components or
uncven propellant-burning will result in the in-
ertial spin axis being displaced from the proj.c-
tile centerline. Therefore, if spin is used tn reduce
other sources of dispersion, error will be intro-
duced due to dynamic unbalance. Fortunately
this effect can usually be kept small by careful
design and manufacturing control so that the con-
flicting requirements can be salisfied without
introducing a significant amount of dispersion.

7-8.2.7 Curvature of the Trajectory

The trajectory of the projectile during the bal-
histic phase will app:oximate a parabolic arc  An
aerodynamucally stable vehicle w:l! attempt to
keep 1ts axus aligned with the flight path. How-
ever, the inherent resistance of the body to ro-
tation (aerodynamic damping) will cause the
projectile axis to lag behind the changing flight
path direction. This phenomenon 1s called the
yaw of repose (Reference 1, p. 58), which causes
a small dispersion unaffected by spin.

1-8.2.8 Fuzing Errors

a. Impact Fuzing: With impact fuzing (a
special case of altitude fuzing), the errors are
those associated with the dispersion of the tra-
jectory. There are no errors introduced by the
fuzing technique itself.

b. Time Fuzi.g: With tune fuzing, variation
in fuze action time introduces errors in addition
to those associated with the dispersion of the tra-
jectory. The result will be additional range and
altitude disoersions of the warhead at the time
of detonation.

7-8.3 CALCULATION OF DISPERSION

The preceding paragraphs have presenteu meth-
ods that can be used to determune the condition
of the rocket at motor burnout. The dispersion at
burnout associated with the launch and propulsion
phases has been given. With the burrout condi-
tions as inputs, the graphs in this paragroph de-
termine the dispersion of the rocket at warhead
event. In addition to the Jaunch and propulsion
errors, the crrors associated with the ballistic
phase are introduced. The final results are the dis-
nercions of the rocket at warhead event, caused by
the error sources throughout the flight. For the
purpose of this handbook only those bailistic phase
errors which have the greatest influence on the
accuracy have been included. These errors have
been taken to be (1) change in atmospheric den-
sity, (2) change 1n the ballistic coefficient, and (3)
ballistic wind.

The graphs 1n uus paragraph give the changes
i range and deflection for unit changes in the
several rocket variables. The plotted data are

12
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3 TABLE 7-1. ERRO‘R BUDGET FOR INDIRECT FIRE ROCKET WITH IMPACT FUZE
4
LAUNCH QUADRANT ELEVATION 45 DEGREES
1 One Sigma AY, AR, AY, All,
; Source Magnitude meters meters mils mils
3 I. Launch Errors
‘( A. Mslaim 0.5 mil 14.2 0 0.5 0
i B. Mallaunch
; a. Translation 1.0 ft sec -71.0 0 -2.50 0
3 b. Rotation g = 10.0ft sec 55.6 0 1.95 0
g ¢. Dynamic Unbalance 1.0 mil 55.6 0 1.95 0
E II. Propulsive Errors
F
E A. Wind 3.9 ft,sec 222.0 0 7.80 0
3 B. Thrust Malalignment 1.0 mil 182.0 0 6.40 0
- C. Impulse 2.0% 0 76.0 0 2.67
3 § III. Ballistic Errors
- A. Density 1.0% 0 222.0 0 7.80
B. Ballistic Wind 8.1 ft. sec 117.0 148.0 4.11 5.20
C. Ballistic Coefficient 1.0% 0 222.0 0 7.80

Azl

impulse I,, = 250 sec; mass ratio rg =
1.4; G =48.0 g; quadrant elevation CE
= 45 deg; nondimensional launcher
length P = 0.0. Typical one-sigma
values assumed for the errors are as
listed in Table 7.1.

Find: The dispersivns at warhead event.

Solution: See calculations which follow.

T

the results of numevous digital computer calcu-
lations. The graphs are used by determining the
nominal quadrant elevation and range, which in
turn are used to establish the unit eflects. The
| exsmple caleulations in pars, 7.82.1 through
7-8.3.4 illustrate how the dispersion at warhead
event is calculaied and tabulated into an error
budget, used in the further calculation of prolb-
able error components (see par, 7-19).
Given: Indirect fire rocket with impact fuze and
constant spin; ballistic coefficient C =

7-8.3.1 Launch Errors

L}
5 __.._3‘; = 4,0; range at quadrant eleva- 1-8.3.1.1 Malaim
12
tion for maximum range = 28,5 km; Malaim errors will result in the impaci puint

wavelength of yaw o = 510 ft; specific  being deflected off to the side of the desired im-
- 128
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Figure 7-23. Initial Yelocity Yersus Maximum Range

pact. 1f the malaim error Ay is 0.5 mil, the
error will be

AY = (Ay )R

rad
AY = 0.5 mil 28,500 m

1000 muls
AY = 14.23 n

With a ballistic coefficient C of 4.0, a maximum
range R of 28,500 m and with the use of Fig. 7-23,
the initial velocity 1s deiermined to be 3000 ips.
By use of Fig. 7-24(B) in conjunction with the
above information, the ratio of a percent change
inn range per change in departure angle is deter-
mined. In this example, the range we are inter-
ested in is the maximum value. Thus, the ratio,
of range desired to maximum range is unity. As

seen in Fig. 7-24(B), the partial derivative R

96
is zero; thus, an error in maluim results in a
negligible error in range for maximum range.

S’

7-8.3.1.2 Mallauach

A translationa! error of 1.0 fps will result in
an angular dispersion, y,, of -2.5 mils as ob-
tained from Fig. 7-13(A). If the same formula
is used as in par. 7-8.3.1.1 above, the error in
deflection becomes

-2.5

1000

AY = 28,500

AY = -71. m
The hange in range as the result of a mallaunch
is zero for the same reason as presented above.

A rotation error g of 10 mil'sec will result in an
anguiar dispersion, as found in Fig. 7-12(A), of

19.5 muls (.iﬂ.:ﬁi::.)
100 =il /aee

1.95 mils

Vs
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Thig assumes that the angular dispersion, as a
function of G and o, is affected linearly by rota-
tion rate ¢.

1,95

AY = \ —} 28,500
1000

AY = 55.6 m

AR = 0

For a dynamic unbalance error of 1.0 mil with
a spin rate of 10 rad/sec

g= P = 10{1) = 10 mtl/sec
From Fig. 7-12

Yrs = 1.95 mils

AY =(1-25-) 28,500

{000
AY = 55.6 m
M =0

7-8.3.2 Propulsion Errors
7-8.3.2.1 Wind

With a wind error of 3.9 fps, and the use of
Fig. 7-14(A), the angular dispersion is

3.9
=20 (35) - 7
7.8
AY =(1000) 28,500

AY = 229 m

a

3

A
= v

7-2.3.2.2 Thrust Malalignment

The spinning of the vehicle is an attempt to
minimize the thrust malalignment error. Iig.
7-17(A) gives a dispersion reduction factor B :

1\
= ""‘"\: .
B 0.16(.5, 0.32

130

Fig. 7-15(A} gives the angular dispersion

Yrg = 20 mils

AY = BysR
20
AY = 0.32 (1000) 28,500
AY = 182 m
AR = 0

7-8.3.2.3 Impulse Variation

From Fig. 4-8, if we generate a plot of I .
versus burnout velocity for a constant booster-
mass-ratio and calculate

AV,

2 - 9.1
AT,

For an impulse error of 2 percent

Avg = 9.1 AL,

AL, = 0.02 I,

AVy = 9.1 (0.02 I,)
0.182 (250) ft/sec
45.5 ft/sec

&
<
n

From Fig. 7-25(B)

71-8.3.3 Baitistic Erors
7-8.3.3.1 Dansity

The density error ig 1.0 percent.
From Fig. 1-20'B)

JoR
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AR = 1%(0.78) = 0.0078
AR = 0.0078 (28,500)
AR = 222 m

AY = 0

7-8.3.3.2 Ballistic Wind

The ballistic wind error is 8.1 fps.
From Fig. 7-27(B)

dah %

a5~ = 0.066 —
v, Tps
%R = 0,064 (9.1)

0.519% = 0.0052

AR = 0.0052 (28,500)
AR = 148 m
From Fig. 7-28(B)

A _ 905 E
av, fps
%AY = 0.05(8.1)

= 0.405% = 0,004
AY = 0.0041 (28,500)
AY = 17 m

7-8.3.3.2 Ballistic Coefficient

The ballistic cocificiont error is 1.0 percent.
This error is estimated as if it were an error
in density. Thus, from Fig. 7-26(B)

9B _ 0.78

ac
%R = 1%(0,78) = 0.78% = 0,007§
AR = 0,0078 (28,500)

AR = 222 m

AY = 0

7-8.3.4 Tabulation of Resuits

The results of the above calculations are tabu-
lated in Table 7-1.

7-8.3.5 Additional Reference Graphs

The sample calculations above have all dealt
with a rocket armed with an impact fuze. Figs.
7-29 and 7-30 give additional referencc data for
this type of rocket, and Figs. 7-31 through 7-41
give similar reference data for a rocket with a
time fuze.

7-9 STATISTICAL METHODS

Up to this point, this chapter has been con-
cerned with identifying the sources of error in
a rocket systern and determining the effect of
each error source on the dispersion of the rocket
at warhead eveni. We shall now consider how
to use this information to detarmine the prob-
ability of hitting a given target with a rocket
system subject w known error sources. IMore
precisely, the problem is find the radius of the
circle within which one-half of all the rockais
will impact.

Since the error sources are statistical in na-
ture, we can only speak in terms of expected
values and probabilities, and it will be necessary
to separate the error sources according to their
statistical nature. Let us first summarize the
basic concepts of statistical analysis used to de-
termine the accuracy of rocket systems. We
shall then apply these concepts to determine the
cireular probable error CPE for the example
problem: of par. 7-8.3. The follewing definitions
are useful:

a. Fixed Bias Errors. Let us assume that,
because of a manufacturing error, the sight for
a particular rocket launcher 1s malabgned with
the launcher rail. This will result in a center
of impact that is not in line with the intende2
direction as established by the sight. This +ype
of error is called a fixed bias error. We shalil
not consider fixed bias errors further because
we may assume that they can always bLe dis-
covered, and compensated for, by systematic tests.

b. Random Bias Errors. Errors whicli exist
for a specific set of shots fixed at the same ele-

-
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vation and deflecticn setting—such as the mis-
reading of an unchanging wind or the missetting
of the quadrant elevation angle—are called ran-
dom biae exrors. Methods will be described for
computation of thsee errers; however, in the Jde-
scription of dispersion, the errors will not be con-
sidered since, when prior knowledge of these
disturbances exists, correction can be made
through such metheds as prelaunch computatiun
and aiming.

¢. Random Errors. The computation of these
errors 1s the main topic of pars. 7-4 through 7-8.
These errors are due to thrust malalignment,
weight variations, malaim, irvoruplete compensa-
tion for random bias errors, and many other
causes.

The remainder of this chapter is concerned with
determining the CPE from a knowledge of the
random errors.

7-8.1 MEASURES OF DISPERSION FOR ONE
ERROR SQURCE

In reducing sample dispersion data to deter-
mine the accuracy of a missile system, we rust
show how the values are distributed abou* their
center of impact. This discussion w:ll include
procedures used to compute these measures of
dispersion in one- and two-dimensional distribu-
tions.

The most common measures of dispersion for
one-dimensional distribution are the variance,
standard deviation, and probable error.

7-9.1.1 Vasiance

The variance 0? of a population (the whole
class about which conclusions are to be made) is
defined as the average of the squares of the dis-
tances from the universe mean. If a sample of
N values is drawn from a population with meoan
i, the variance of the population is estimated
by the equation

N
v ‘e ( Tl )?
L N
i=1 (7-19)

where x, are the sample values.

1.2

Generally, ¢ is not known, and an estimated
mean x of the sample values must be used. If
% is substituted for z, V becomes a biased estima-
tor of the variance. (Reference 17, pp. 31-32)
This bias can be corrected by using (N-1) instead
of N. The unbiased estimator s? of the population
variance then becomes

(1-20)

7-9.1.2 Standard Deviatioh

The standard deviation o is the most important
measure of dispersion. The standard deviation is
the deviation from the mean value g of a set of
raudom values such that approximately 68 percent
of the values are between yt minus o and gt plus 0.
It is a more understandable measure of dispersion
than the variance, because the standard deviation
is the square root of the variance and, therefore,
has the same dimensions as the variable. The sian-
dard deviation is estimated from a sample of size N
by the equation

N 172
s = | L z (xl-Tz-)Q]
N-1 (7-21)

=1

where s is the estimator of ¢ . Computation can
be simplified by the algebraicaliy equivalent form

N N 2)1/2
1
s = N E xf- E x
N(N-1) 1
L i=1 \ ot
(7-22)

7-9.1.3 Probable Error

The probable error PE is the deviation from
the mean u such that 50 percent of the observa-
tions are expected to lie between g minus the
probable error and p plus the probable error
It can be found from a percentage of the normal
distribution table (Reference 20, p. 230). that the
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probable error for a nermal distribution is equal
to 0.674 times the standard deviation.

PE = 0.6740 (1-23)

To convert probable error to the standard de-
viation, m.ultiply by 1.48:

= 1.48 PE {1-24)

The standard deviation is also a very impor
tant measure of dispersion for two-dimeusional
distributions. Considering a sample size of less
than 30 items, for a two-dimensiona! distribution
(x and y), the standard deviation can be estimated
by using the formuia

N - -21172
?+(Y -y) !

Z(I. - x} I
S =
2(N-1)

l:I

(7-25)

It is often desirable to establish an interval
about the sample standard deviation or mean in
which we can state, with a specified confidence,
that the true standard deviation or true mean
lies. This is the confidence interval. The con-
fidence interval for the standard deviation can
be computed from the formula

(N_4)5? 1/2 (N-I)s’ 172
—t (7% —— s o i ——
X} X

(7-26)

and
x? = x2 » with N-1 J-grees cf freedom

e

and s is the computed standard deviation. The
value of @ 1s found by subtracting the desired
confiderce interval from 1:

a = 1 ~ (confidence interval)
(7-27)

2
and X _« are obtained from

2

The values for X

2
o
:

a chi-squared distribution table.
The confidence interval about the mean is com-
puted by the formula

[ - ] < Ix * "'.—
where

t,; = Student’s ¢ value for (N-1) degrees of free-

dom at the % point and t, is the same for the (1—%)
-point. -

The most widely used measure of dispersion
for determining missile accuracy for a two-di-
mensional distribution is the Circular Probable
Error CPE  The CPE 1s defined as the radius
of a circle within which one-half of the values
are expected to fall. The center of the circle s
the mean of the values. The n.ost popular for-
mula used to compute the CPE is

CPE = 1.1774o (7-28)
which can be estimated by
CPE = K [z: (- E) -9
2(N-1) ]
(7-29)
where
= 1.1774

This formula is true only when the horizontal
positions x and vertical positions y are inde-
pendent. normally distributed, and have a com-
mon standard deviation ¢, where 0, = 0, = 0.

For distributions where there is no common
standard deviation, the distribution becomes el-
liptical instead of circular. An upproxirmation
of the CPE for an elliptical distribution can be
determined by the equation

o 4+

CPE = 1.1774 (—’-—2——)

where o, and o, are the standard deviations in
the x and y positions. This approximation is
correct to within 2.5 percent if the ratios of the
standard deviations are less than 7:1. (Reference
22)

If a more accurate estimation of the CPE for
an elliptical distribution ("y + 0,) is desired,

(7-30)

1-33
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Figs. 7-42 and 7-43 can be used. Their use will
be described in par, 7-9.3.

1-9.2 MEASURES OF DISPERSION FOR
SEVERAL ERROR SQURCES

The measures of dispevsion previously dis-
cussed ere used when the errozz are from one
source. For the total error resulting from sev-
eral independent ervor sources, the root-sum-
square (vector sum) method is used. The total
error is determined by squaring the errors from
each source and then summing them. The squarc

t of this summation is the total error. (Ref-
erence 135, p. 201.) Ia equatica form
o,°'=\/a¥+ag+ ...+ 0f .
(7-31)

For a two-dimensional distribution, the total
err~ in each dimension must be found and the
aver.ge of the two taken to obtain the total error
for the system

? ?
(a:)tots‘./oxl O+ ?

.+ oly
. (7-32)
!
‘ (0, )0 = \/03, ! 032 + 0.t ‘7§N
) (7-33)
‘-‘ (0:)eor + (0, )tot
Tere ] (1-34)

The CPE is then found by the equation

CPE = 1.1774a,,, .35)

This method is used extensively in the research
and development phase of a missile system. The
CPE required ins order for the missile system to
meat its avera!l accuracy requirement is found.
The average (one-sigma) errors of each of the
independent error sources are found by tesiing
each of these componen’s. By simulation, the
effects of these one-sigma values cn the range
and deflection of the missile at the impact point
are found. These errors in range and deflection
are then combined by the root-sum-square method
to get the total error for the system. The CFE
is computed und compared with he required
CPE. 1f this computed CPE does not meet the

1-34

requirements, some or all of the components that
contribute to the total error must be improved.
In this manrer, the best design of the missile
compecnents car be determined.

Figs. 7-42 and {43 can be used to estimate the
CPE of an elliptical distribution.

7-9.3 USE OF FIGS. 7-42 AND 743

Figs. 7-42 and 7-43 provide a more accurate
estimate of the circular proable error for an el-
liptical distribution. The value of K in the equa-
tion

CPE = K) x (Standard Deviction)
(7-36)

can be more accurately determined. The value
11774 is the standard value used for K, but this
value is correct only when the horizontal and
vertical standard Jeviations zre equal:

The major difference between Figs. 7-42 and
7-43 is that Fig 7-42 uses the ave.age of the
stendard deviation in the horizontal and verti-
ca! position for the computation of the CPE while
Fig. 7-43 uses the larger of 'the two standard
deviations, i.e.:

0y + Oy
CPE = K(————) (Fig. 7-42)
9 (1-37)

CPE = Komx (Fig. 7-43) {7-38)

For Fig. 7-42, the smaller of ti.» two standard
deviations is divided by the larger. The ratio
is then read on the horizontal axis and extended
to the curve. The vertica! value of this point
on the curve is the value of £ in Eq. 7-37.

For Fig. 7-43, the minimum value of the two
stundard Jdeviations is divided by
and the ratio 1s the vertical vzlue on the curve.
This point on the curve is the value of 4 in Eq.

7-38.

asasnasesanass

7-10 COMPUTATION OF ACCURACY

Using the results of the example dispersion
calculation which are presented in Table 7-1, one
can determmne the probable errors in range and
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deflection as well as the CPE. The example cal-
culation considers only one quadrant eluvation.
The change in tbe accuracy of a rocket system
with range is very important since a variation
in target range is t» be expeeted.

1-10.1 RANGE PROBABLE ERROR (RPE}

The values given in Table 7-1 are one-sigma
dispersions. Thexefore, using the formula from
par. 7-9.2

TRAGE = ORpopy,

= V(2.67)2 + (7.862 + (5.10)2 + (7.80)?
= 12.5 mils
From par. 7-9.1.3, range probable error
BPE = 0.674 (0p4)

= 0.674 (12,5) = 8.42 mils

Fig. 7-44 indicates the variation of RPE with
racge for a typical free rocket with an imps

fuze.

7-10.2 DEFLECTION PROBABLE ERROR (DPE)

Again from Table 7-1

OpertecTioN = IDqyry

= [(0.5;2 + (2.50) + (1.95)2

i?

b
+ £1,95)2 + 17.80) » (6.40)? + (’4.11)?]

= 11,5 mils
Deflection probable error
DPE = (0.674) (11.5) = 7.75 muls
Fig. 7-45 indicates the variation of DPE with

range for a typical free rocket with impact fuze.

7-10.3 CIRCULAR PROBABLE ERROR (CPE)
From the results presented in par. 7-9.2
Rrome * PP romae
2

12.5 + 11.5
2

= 12.0
CPE = 1.177h o,

U:y‘ =

= 1.1774(12.0)

= 14.1 mils

Fig. 7-46 indicates the variation of CPE with
range for a typical free rocket with impact fuze.
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