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FOREWORD

(U) This report  was prepared by the Voug ht Systems Division ,

LTV Aerospace Corporat ion , p. ~~~~, Box 6267 , DalLas , Texas 75222

under U. S. Army Electronics Command Contract DAABO9-72-C-0062.

The work  was initiated under the direct ion of Captain R. A. Dow d , USN

and completed under Captain W . A. Greene, USN, Chief , Long Range

Forecast Division , Directorate of Estimates , Defense Intel l i gence

Agency (DIA-DE-1).
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ABSTRACT

(U) The SEATID E Analys is  Process is a semi-automated

procedure for the generation of t ime-phased , hi gh value cruis e miss i le

weapon systems concepts , together wi th  the suppor t ing  technology  and

intelligence indicators  which would  reflect that these technolog ical goals

are being achieved . The SEATIDE- process can also be used to evaluate

the effect iveness  of fixed force  levels , existing forces  in SAL environ-

ments , or Naval defenses.

(U) The Defense Intelligence Agency,  throug h its Direc tora te

of Estimates , and The Advanced Research Projects Agency (ARPA)  have

sponsored the development  of this computer  based anal ysis at the weapon

system and Naval force  s t r u c t ur e  level.  A previous process , RIPTIDE,

was developed for  DIA for  use in anal ysis of s t ra tegic  miss i le  systems.

(U) Generic to the SEATIDE Anal ysis  Process are three

maj or computer models : The Naval Engagement Model (NEM),  Cr u i s e

Missile Concept  Genera t ion  and Screening Model (CM-CGSM) and Relat ive

Worth Model (RWM) .  The NEM evaluates  force  e f fec t iveness , tac t ics , and

task force conf i gura t ions ; the CM-CGSM enables de f in i t i on  and select ion

of candidate , advanced c ru i se  miss i l e  system concepts ;  and the RWM per-

mits assessment  of wor th  in accordance with a var ie ty  of object ive and

subjective cr i ter ia .  Each of these models has been checked out b y DIA .

(U) In addit ion to exercis ing the computer  models , there  are

several other anal yt ical  and eng ineer ing tasks to be per formed , e . g . ,  the

identif ication of areas of cu r ren t  in teres t  and the associated c r i t e r i a  and

potential concepts , the creat ion of a fo re i gn technology data bank in a

format  needed by the computer models , the eng ineering of concepts  to

the required detai l , and the use of a ver i f ica t ion  anal ysis  loop.
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1. INTRODUCTION

C r u i s e  m i s s i l e  boos te rs  are  requi red  for  two p r i m a r y

purposes .  The f i r s t  use of a boost phase is to accelera te  a ramjet  to

its t a k e - o v e r v e l o c i t y  or to acce lera te  a t u r b oj e t  sys tem f rom a s u r f a c e

~~unch  to an e f f i c i e n t  t ake -ove r  point .  The second use of a boos ter  is

to r educe ove ral l len gth s of li quid and solid rocket  sy s t ems .  When used

in this manner the booster sizing module B~~c~ST assume s that one or two

strap-on solid rocket motor s are used , and those motors burn to fuel

depletion dur ing an engagement.

Ramje t  sys tems may be boosted by an in tegra l  booster

as wel l  as b y ex t e rna l  boos te r s . The in tegra l  con f i g u r a t i o n  conta ins  a

sing le tandem booster .  A f t e r  comp le t i on  of th e boos t phase the r o c k e t

motor  combus to r  is a l so  used for  the r amje t  combus to r .  As ramje t

throat  area r e q u i r e m e n t s  are  m u c h  la rger  than rocke t  t h roa t  area

requ i r emen t s , dua l use of the c o m b u s t i o n  chamber requi res  d i f f e r en t

nozz les .  Consequen t l y the rocke t  nozzle  is s ized to f i t  w i t h i n  the

confines of the ramjet  nozzle .  R e t e n t i o n  of the  rocke t  nozzle is b y

Marmon c lamp w h i c h  is assumed to be separa ted  b y ex p l os ive bo lt s d u r i ng

t r ans i t i on  f rom rocke t  to rarn iet  ope ra t i on . The size and s t r u c t u r a l

r e q u i r e m e n t s  of the ramje t  combus to r  are usua l l y exceed ed b y the

boos te r  chamber  r e q u i r e m e n t s . T h e r e f o r e  the in tegra l  ramjet  corn-

bus to r  confi g u r a t i o n  is a b y - p r o d u c t  of the  boos te r  des ign .

For ramje t  des i gns r e q u i r i n g  n o n - i n t e g r a l  boos t e r s

( e x t e r n a l ) ,  the v e l o c i t y  r equ i r emen t s  are  assumed to be met  b y

s t r ap  on rocke t  motors  w h i c h  are  mounted  a longs ide  the ramje t  corn-

bus tor  and je t t i soned  d u r i n g  t r a n s i t i o n . For th i s  conf i g u r a t i o n  the

ramje t  combus tor  mus t  be des i gned separatel y.

D-2
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Booster motors  for  li q u i d / s o l i d  rockets  and turb oje t L-

are assumed to be identical  to the non - in t eg ra l  ramjet :  that  is ,

rocket  motors  mounted  along s ide the tu rbo je t  eng ine and je t t i sone d

af ter  booster  burnout .

Ramje t  boosters  are  sized by the BOOST module ,

while li qu id /so l id  rocket  and tu rbo je t  boosters  are sized b y the EXBOO

module.  EXBOO methodology is a subset  of the BOOS T methodology ,

the re fore , onl y BOOST is discussed here.

Specif ic  input fo rmats  are d iscussed  in Volume lIlA

Users Manual.

D-3
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2 . 0 BOOSTER SIZING

2 1 GENERAL BOOSTER SIZIN G

The pe r fo rmance  ca lcu la t ions  in s u b r o u t i n e  BOOST are

based on a s t ra i gh t fo rward  app l ica t ion of s t anda r d so l id r ocke t  d e s i gn

equat ions . Hardware  wei ghts , h ow ever , d e r i v e  f ro m bot h t h e o r e t i c a l

and emp i r ical  r e la t ionsh i ps and ha rdware  cons tan ts  a re  made inpu t

variables fo r  comput ing  component  wei ghts . These cons tan t s  have

bui l t in values w h i c h  may be ove rr id d en b y t h e u se r  i f d e s i r e d  (see

Volume lilA) . BOOST has the capab i l i ty  of p rovid ing a d e t a i ) e d  break-

dow n of component  wei g h ts to aid the user  in evalua t ing  the boos t e r

d esi gn.

BOOS T requ i r e s  in i t i a l  values of the p r o p e l l a n t  weig ht ,

t h rus t , and burn t ime in o rder  to in i t i a te  the conve rgence  log ic. These

values , ca lcula ted  in t e rna l l y, af f ec t  the c o n v e r g e n c e  e f f i c iency but  not

th e f inal  d e s i gn.  T he i n i t i a l  value  fo r  p rope l l an t  we i g h t is com p uted

f rom:

MP = (WRAT ML - M L ) / ( l . 2 - 0 . 2  WRAT)

where

WRAT exp [ \V /32 .  174/I SP( 1)]

ISP(1) = cs t a r  1 . 5 / 3 2 . 1 7 4

cs tar = inpu t  value of cha rac t e r i s t i c  ve loc i ty

áv = input  ideal  v e l o c i t y ,  f t/ s e c

ML = input  pay load w e i g ht , lb

The in i t i a l  e s t ima te  of bu rn  t ime  is

TB = MP I SP/F( l )

E i the r  t h r u s t  o~ the t h r u s t  to wei g ht r a t io  may be in pu t .  If the  t h r u s t

to we i g ht r a t io  ( F l )  is input a s t a r t i n g  va lue  f o r  t h r u s t  is obta ined f rom

F ( 1) ( 1 . 2  MP + ML) Fl

D-4



2. 1. 1 P r e s s u re  Vessel  Sizing

The p r e s s u r e  vessel  ma te r i a l  is selected b y the use r  b y

inpu t t ing  a m a t e r i a l - c o d e .  The ma te r i a l  proper t ies  are obta ined  b y

ca l l ing  s u b r o u t i n e  MA TLS w i t h  the des i r ed  mater ia l  code and the  case

desi gn t e m p e r a t u r e .  MA T LS r e t u r n s  the u l t i m a t e  t e n s i l e  s t re n g t h , the

y ield tens i le  s t r eng th  and the d e n s i ty .  S u b r o u t i n e  MATLS is desc r ibed

in Appendix F of this volume.

p = f (mate r ia l  code)

F , F . = f ( m a t e r ia l code , des i gn t e m p e r a t u r e)ult  yield

BOOST calcula tes  the p r e s s u r e  vesse l  t h i c k n e s s e s  based on a nomina l

chamber p ressure , ultimate tensile strength and a compound factor of safety

(F .S. 
~ 

) . The computed fac to r  of s a fe ty ,  inpu t to the  rou t ine  as a s ing le

value , is based on a shape fac tor  ( n o m i n a l  m a x i m u m  p re s su re  d i v i d e d

b y nomina l  average  p r e s s u r e ) ,  a ba l l i s t i c  f a c t o r  (+3 si g m a v a r i a t i o n i n

propel lant  burn  rate and ‘ C - S t a r ) ,  a te m p e r a t u r e  fac to r  ( v a r i a t i o n  w i t h

t e m p e r a t u r e )  and a s t r u c t u r a l  s a f e t y  f a c t o r .  S imi la r  ca l cu la t ions  are

repeated fo r  t h i c k n e s s  based on y iel d. F ina l  t h i c k n e s s e s  a re  then

based on the maximum of the  yield ’ t h i ck n e s s , the  “ u l t ima te ’ t h i c k -

ness , and an input  m i n i m u m  al lowable  t h i c k n e s s  based on handl ing  and

buckling c o n s i d e r a t i o n s .  Cy l i n d e r  t h i ck n esses a re  as f o l lows:

TC = F .S. ~PC’~D/ (F  ~:: 2 ) ,
y y y

TC = F .S. ~::PC~~D / (F  .::Z),
U U U

and TC = m i n im u m  (TC , TC , TCy u mm

( U) Forward c lo su re  t h i c k n e s s e s  are  as fo l lows :

TFH F . S. ~PC’~D~ E / ( F  ~ 4) ,
y y F y

TFH F .S. ~PC~’D~’E / ( F  ~4) ,
u u F U

and TFH m i n i m u m  (TFH , TFH , T I-I . )
y U mm

D-5
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(U)  Af t  c losure th i cknesses  are as follows:

TAH = F .S . *PC*D*E / ( F  ~4) ,
y y A y

TAH = F .S. *PC~~D*E /F ~‘ 4) ,u u A U

and TAH = m i n i m u m  (TAH , TAH , TH .y u m m

2 . 1 . 2  C h a m b e r S i z i n g

Chamber weig hts inc lude sk i r t  wei ghts , fo rward  head

wei ghts , cy l inder  wei ghts , and aft head weig hts . Forward and aft s k i r t

we ights (see Figure  1) are respectivel y computed f rom the fol lowing

equations:

FORSKT = N34 + N35 * TC~~ -p~~~D * 7 F

+ { GMAX~~ ML . 0215 [ ( LCYL + D/N2 )  
+ 1]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AFTSKT N38 + N39~~~TC~~~~~~’ D ~~ p

+ N4O~~D
2

*~ 
M L + M P / 2  0 2 1 5 [ ( L C Y L 4 D / N 2 3 ) i 1~

where

N34 = M i s c e l l a n e o u s  fo rward  s k i r t  we i g ht , lbs.

N3 5 = Forward  s k i r t  weig ht m u l t i p lie r

N36 = Forward s k i r t  wei g ht m u l t i p l ier

N37 = Modulus  of e l a s t i c i ty .  psi

N38 = Miscellaneous af t  s k i r t  wei g ht , lbs .

N39 = Aft  s k i r t  we i g ht m u l t i p l ie r

N40 = Aft  s k i r t  wei g ht m u l t i p l ie r

ML Pay load we i g ht , lbs.

GMAX = Maximum load f ac to r

MP = Prope l lan t  we i g ht , lbs .

DLFS S k i r t  ex t ens ion , in.

D-6
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The above two equat ions  are general  in that  s k i r t  wei ghts
may be computed  in three  ways :

( I )  If N3S N36 N39 N4O D L F S _ O t h e

wei g hts may be input  as cons tants  b y supp l y ing
approp r i a t e  values for  N34 and N3 8.

(2)  If N36 = N40 = 0 , the wei ghts may be computed
from s k i r t  lengths  where  N35 and N37 are in terpre ted
as: 

=
LF = fo rward sk i r t  length , in.

LA = A f t  s k i rt  length , in.

F = f r a c t i o n  of s idewal l  t h i c k n e s s
(3) If N35 N39 = 0 , the s k i r t  wei ghts are based on

co r r e l at i ons . In the  l a t te r  two cases , N3 5 and N38
ma y be u t i l ized  as add it i ve  cons t an t s .

Forward  head wei g hts are c a l c u l at ed f ro m t he
f o l l ow ing  equa t i ons:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Igni te r  wei g ht = N 10  ( L CY L  + D / N 2 )

( N i Z O  AFAT A t )~~
2 

+ N i l
If the fo rward ellipse ratio = 1, then

S t r u c t u r a l  we i g ht 4 N ]  p TFH

~~~ D
2

2 
— N3 A t )

Insu la t ion  wei g ht  = N4 * N I 14 .f. * (D-2  TFH) 2

If the forward  ellipse ratio/ I , then

D-8
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r

Say =~~~1-1/N2
2

St ruc tura l  we i ght = 4 *N I ~~ P * TFH D
2
~ {o .7854

+ •~~~3925 *1og( ~~~~~~~ ) - N 3 *A t
N2 * Say 

- ay

Insulat ion wei ght = N4 * N 114 (D - 2  * TFH) 2 0. 7854

+ 
0.392 5 10g (  SaY ) - N3 * At

N2 * Say - Say

Forward head wei ght = s t r u c t u r a l  weight + insu la tion

weight + boss wei g ht + ig ni t er w e i g ht

where:

p = s t r u c t u r a l  d e n s i t y ,  l b/ i n 3

Ni = fo rward head wei g ht m u l t i p l ier

N2 = f o r w a r d  ellipse ratio

N3 = ign i t e r  port a r ea / t h roa t  area

N4 = insu la t ion  d e n s i t y ,  l b/ i n 3

N i i 4  = insu la t ion  t h i c k n e s s , in.

N9 = igni ter  boss wei g ht m u l t i p l i e r

N i O  = igni te r  wei g ht m u l t i p l ier

N i Z O  0 , end burner

= 1 , c e n t e r  bu rn er

N i l  = safe and arm wei g ht , lb.

N 13 = Misce l laneous  f o r w a r d  head wei g ht , lb.

AFAT = port  to th roa t  rat io

Aft  head wei g hts are calculated f rom the fo l lowing

equat ions:

B oss wei gh t = 4 * N 3 0 * T A H * P * D

Maximum insula t ion t h i c k n e s s  TAHIM 2 * TAHIA - N I ) ?

DN = 

~

‘ £PSC * At I 

-
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If the aft ellipse ratio = 1, then 
2

St ruc tura l  wei ght = 4 * N22 TAH * P * ( - EPSC * At)

Insulat ion weig ht = N4 TAHIA *~ 
(D-2 * TAH)

2 
-

If the aft ellipse ratio/ 1, then

Say ~~ 1- 1/ N 2 3 2

St ruc tu ra l  wei ght = 4 N22 * TAH* P * [ D
2 

* 0. 7854

+ ~~ * log( ~~~~~~~ 
- EPSC * A t ]

N23 * Say 
-

Insulat ion wei ght = N4 * TAHIA * [ (D~ 2 TAH) 2 0. 7854

0. 3925 1+Say ) ‘~ * IJN
2

+ 2 *l o g(~~~5 
- 

4N23 * Say ay

Aft  head wei g ht = s t ruc tu ra l  weig ht + i n su l a t i on  wei g ht

+ b oss w e i g ht + N33

where

N2 3 = aft  ellipse ratio

EPSC = ent rance  area ratio ( f r o m  s u b r o ut i n e  RAMNOZ)

N33 = misce l laneous  aft wei g ht

N22 = aft wei g ht m u l t i p l ier

N i l  5 = TAHIA = average aft insu la t ion  t h i c k n e s s , in .

• N I  17 = Cy l indr ica l  insu la tion  t h i cknes s , in.

p = s t r u c t u r a l  dens i ty ,  l b / i n 3

N4 = insu la t ion  dens i t y ,  l b/ i n
3

N30 = Aft  boss m u l t i p l ier

2 . 1 . 3  Propel lant  Wei ghts and Volumes

The rout ine  calculates a port  to th roa t  ra t io  based on the

input c ross - sec t iona l  loading and selects  the grea ter  of the calculated value

and the input port to th roa t  value. The cross  sect ional  loading por t  to

throat  value is calculated as fol lows:

D-1O
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Cross sect ion iT * (D/ 2  - TC - N i l ? )
2

- 
‘
~~~ (Cross  sect ion)  * ( i  - ETAX)

Port  to throat  At

where

D = diameter , in.

TC = chamber th ickness , in.

N i 17  = sid ewall insula tion t h i cknes s ,  in.

At = throat  area , in

ETAX = maximum cross sect ional  loading

Propellant weig hts are calculated as foL lows :

Forward head propel lant  wei ght  = propel lant  dens i ty

x [ s emi-el i pse volume - Port  volume ]

MPFH = p * [ 2 . 9 *  ( D / 2 / T F H - N i  ]4) 2 
* ( •  5 *D / N 2  -TFH-Nl 14)

- AFAT * At * • 5 D/ N 2 ]

Af t  head propellant  wei g ht = propellant  d e n s i t yx  [s e m i - e l i pse

- volume - Por t  vo lume ] x [ Af t  head loading f r ac t ion ]

MPAH = p *[ 2. O9 * (D/ 2 ~~ TAH ~~N i ) 5 ) * ( . 5 * D / N 2 3 - TAH

- Ni  15) - AFAT At~ ( .  5 D/N 2 3  - TAH - N i  i 5 )  ]* FMPAH

w here

AFAT = port  to th roa t  rat io

NL = fo rward  head eli pse rat io

N23 = Aft  head eli pse rat io

FMPAH = propel lant  load ing in aft  head

-
~~~~ 

p = Propel lant  d e n s i t y  l b / i n 3

D = Diameter , in.

TFH = t h i cknes s  of the for

NI  14 = t h i cknes s  of the fo rward  i n su l a to r

TAH = t h i ckness  of the aft  head

N 1 i5  th ickness  of the aft  i n su la to r

At = throat  area , in
2

D-l l
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The cy l indrical  propellant  weig ht is the d i f fe rence  be-

tween the total propellant  wei ght and the sum of the fo rward and aft

propellant weights according to the f o rmu la

MPCYL = MP - MPFH - MPAH

A negative value for  the cy l indr ica l  propel lant  we i g ht is not al lowed.

Cy l indrical  length is based on the volume required to

contain the cy lincrical propellant  calculated above. The equations for

the cy l indr ica l  length are

- A = ir *(D/2  - TC - Ni  17) 2

LCYL = MPCYL/  p * (A - AFAT At )p

where

D = d iameter , in.

TC = sidewall  t h i ckness , in.

N h ?  s idewall  insu la t ion  t h i c k n e s s , in.

MPCYL = cy l indr ica l  propel lant  wei ght , lbs.

— 
p propel lan t  d e n s i t y ,  l b/ i n 3

AF A T  = port  to t h r u s t  ra t io

- • At = th roa t  area , in
2

2. 1.4 Booster  I ne r t i a  and CC Modeling

Moments  of i ne r t i a  and cen te r s  of g r a v i t y  of the

boos ter  s u b s y s t e m s  a re  computed  and comp iled fo r  output .  Model ing

as sumpt ions  for  each s u b s y s t e m  are  shown in Table I.

4

D— 12



TABLE I
BOOSTER MOl AND CC MODELING

Item Segment Segment Model

I Igni ter  Boss Hollow Cy l inder

2 Forward Closure  Semi-Elliptical or Spherical Shell

3 Forward Propellant  Semi- Ellipsoidal Solid wit h
Perfo ra t i on

i
4 Igniter  Point Mass

5 Forward Insula t ion  Semi- Elliptical or Spherical Shell

6 Mts. Forward Wei g hts Point  Mass

7 Cy l indr ical  Case Cy l indr ica l  Shell

8 Cy l indr ica l  Insu la t ion  Cy l indr ica l  Shell

9 Mts.  Cy l . Wei g hts Point  Mass

10 Cy l indr ica l  Propel lant  Hollow Cy l inde r

i i  Aft  Closure  Semi-  Elliptical or Spherical Shell

12 Af t  Insula t ion Semi- -Elliptical or Spherical Shell

13 Aft  Propel lant  Semi-Ellipsoidal Solid with
Perforation

14 Af t  Boss Hollow Cy l inder

15 Mts . Af t  Wei g hts Poin t  Mass

16 Forward Sk i r t  Cy l ind r i ca l  Shell

1? Af t  S k i r t  Cy l ind r i ca l  Shell

18 Nozzle Calculated E lsewhere

i9 Nozzle  Fa i r ing  Cy l i n d r i c a l  Shel l

41~ H
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3.0  NOZZLE SiZING FOR INTEGRAL RAMJETS

3. 1 General

Subroutine RAMNOZ cal culates both the ramjet and booster

nozzle configurations for integral rocket ramjets and the booster nozzle

performance. The booster nozzle is assumed to be contained within the

ramjet nozzle and retained b y a clamp installed at the extreme aft end.

Performance equations are based on standard rocket technology. Hardware

equations are in part empirical. The confi guration is shown in Fi gure 2.

The following assumptions are obtained:

( 1) The radiu s forming the ramjet nozzle (R C)  is equal to

one-third of the ramjet  throat radiu s (R5) .

(2) The thickness of the ramjet nozzle s t ructure  is equal

to the thickness of the aft dome.

(3) The dimensions of the retaining clamp are generall y

fixe d including its thickness of 0. 3 inches which is part

of the nozzle length .

(4) The ramjet nozzle contains a . 2 inch flat for facilitating

a seal between the ramjet nozzle and the booster nozzle.

(5) The booster nozzle is made of two main components

joined at the rarnjet  nozzle plane. The aft component ,

an ablator with densit y 0. 0637 lbs /in 3, is 0 . 2045

~ 
T BURN 

thick. The forward  component , graphite with a

densit y of 0. 0625 lbs/in 3, is 50 percent thicker than the

ablator. The two components are joined with a thrust

band of 0. 15 square inch cross section and a density

of . 296 lb/in 3.

(6) The entrance section is formed b y an arc  of radius RC

(see assumption (1) above).  The arc  will extend through

450 unless a different  value is inpu t by the user  or unless

the f o rward  edge radius exceeds ei ght tenths of the corn-

bustor radiu s measured from the centerline . In the latter

D- 1 4
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case , the routine will set the intersection between the

aft dome and entrance section at eight tenths of combustor

radius. 
-

3. 2 Nozzle Sizing Methodology

The following computational steps are  used:

( 1) Ramj et nozzle exit cone length is computed as

XA R C * S I N  0
XB = [P.6 - R C *( l_ C O S  0) - RS]/TAN 0

where:

0 = nozzle half angle (input)

R5 = r arnjet throat radius

P.C = R 5/ 3

R6 = ramjet exit radius

The two values , XA and XB , when added together and

multiplied by the bell fraction , give the ramjet  exit

cone length as

X l  = (XA + XB)*Pbell

(2 )  Booster exit area is

Ablator thickness (TIEC) = . ZO45iT BURN

:1 T BURN 
= booster burn time

• Booster exit radius (RE )  = P.6 - TLEC/COS 0

Booster exit area (EX ITA) = RE 2
’~ ~

(3) Thrust coefficient is

Thrust area (AT) = F / D C / C F

F = thrust

PC chamber pressure

CF thrust coefficient

4 Booster expansion ratio (EPS) = EXITA/AT

Exit Mach number is determined b y an i terative solution

of the following equation:

D-16
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specific heat ratio
(input)

Exit pressure (FE) ~~ !j~! ii ’) ~~~~

Thrust  coefficient (CF) =

~~~~~~~~~~~~~~~~~~~ ~EPsJ
PA ambient p r e s su re  ( input)

CF = thrust efficiency (input)

As CF was used to calculate AT above , the solution

for CF is i terative.

(4) Specific impulse is

Vacuum thrust coefficient  (CFVA) CF + ESP*PA x CF /Pcn
Vacuum I (AISV) = CFVA*CSTAR/32 .  174

sp
CSTAR = input constant character is t ic  velocit y

Delivered I (AISP) = CF~~CSTAR/32 .  174
sp

(5) Booster nozzle is

Thr oat radius  (RT)  AT/  ~
Graphite half thickness (RCI) = . 7 5 :T I E C

Booster nozzle gross length (XI) =

RCI  + RCI*SIN 0 + RE - R CI~ (l -COS 0) - RT

Booster throat to exi t length (XN ) = XI - R C I

(6)  Location of the booster  throat relative to the ramjet

throat is

X2 = XI - R C I  - X2

If X2  is negative the booster p r e s s u r e  is i n suff i c i en t  to

produce an acceptable design (th e booster nozzle area is

too large relative to the ramjet nozzle). Under these con-

dition s the minimum acceptable pressure is calculated

D-17
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PC = F / AT / C F

and the pressure  is used for further calculations if the

higher pressure is acceptable (if not the run is terminated).

(7) Graphite weight is

Minimum graphite length (excluding length forward of

booster throat)

XZMIN = .4  D3/E R

D3 is combustor diameter (input)

ER is aft elipse ratio (input)

If X2MIN is larger than X2 , X2 is set equal to X2MIN and

the weight of graphite displaced b y the throat band is

calculated.

WGADD = 
71 

~ G 
(R

T 
+ RCI)  (X2 - X2M IN) RCI

If XZMIN is less than X2, WGADD is zero.

Radius of graphite (RBG) = RT + RCI + . 6*X2* TAN 0

Area of graphite (AGB) 2 RCI 
~~~ 

+ RCI)

Weight of graphite (WG) = ‘~RBG*ABG + WGADD

(8) Throat band weight is

Radius of throat band (RBTB) R5 - . 1

Weight of throat band WTB = 0. 3* TB RBTB
(9) Ablator weight is

Ablator radius (RBA) = RE + - TAN 0

Ablator area  (ABA) X l  TLE C

Ablator wei ght (WA) = 2* 77 

~A * RBA ABA

(10) Clamp weight is

Radiu s segment 1 (RB Cl )  = R6 + 0. 206 
o, 35 -~~TIE c

Radius segment 2 (RBC2) R6 + 0. 6495

Radius segment 3 (RBC3)  = R6 + 0. 256

Area segment 1 (ABC 1)  = 0. 1236 + 
0 . 2 1 * TIE C

D- 18
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Weight of clamp (WC) 27T P (RBC 1 ABC 1

+ 0. 43 13 RBC2 + 0. 11 RBC3 )

(11) Graphite length (XG) = X2 + RCI
(12)  Insert  wei ght (WTI)  = WG + WA + WC + WTB

(13) Ramjet  nozzle length

Entrance heig ht f rom throat ( Y Z )  = (1 - COS G ) P.C

where:

9 is input (defaults to 45° if input as zero)

Maximum allowable height (YD) (R3 - R 5 )  . 8

If YZ is greater than YD YZ is revalued to YD and 9

is revalued to give YD.

Ramjet nozzle entrance length (X3) = P.C SIN 9 + . 2

Entrance height from centerline (Yl) = R5 + YZ

Aft closure length (Zl) ~~ R 3 2
- Y 1

2

Ramjet nozzle length (XRN)  = Zl  + X3 + Xl + . 3

(14, Ramjet nozzle weight is
DELN XB TAN O —

Exit cone segment radius ( R B R N 1)  = R6 + 
2 ~~~~~~ 0 - 

2

DELN is thickness (input)

Throat segment radius (RBRNZ) = R5 + DELN

Entrance segment radius (RBRN3) = RS + RC

(1 - COS (.5236 -4

Clamp retainer segment radius (RBRIV4) P.6 + . 2

Exit cone segment area (ABRN 1) 
R6-R6 (1-COS 0 - R5) DELN

Throat segment area (ABRN2) = 4~ P.C DELN SIN 0
Entrance segment area (ABRN3) = RC - 0) *DELN

Ramjet nozzle weight (WRN) =

277 P (RBRNl~ABRN2 + RBRN2 * ABRNZ + RBRN3

* AERN3 + . 118 * RBRN4 )

D-19
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(15)  Total nozzle weight (WNTOT) WRN + WTI

( 16) Entrance area ratio (EPSC) (Y l / R T ) 2

3. 3 Nozzle Inertia and CC Modeling

Moments of inertia and centers of gravity of the ramjet nozzle

and the booster nozzle insert subsystems are computed and compiled for out-

put . Modeling assumptions are  i l lustrated in Fi gure 3.

4 .0  NOZZLE SIZ ING FOR EXTERNAL BOOSTERS

4. 1 Nozzle  Sizing Methodology

Booster nozzles for externall y boosted ramje ts  are not con-

strained by ramjet  geometry, but are sized to the model shown in Figure  4.

---
--

1 R C ~~~~~~~~~~~~~~
RE

R 5 R t

_ _  -~~~~~~~~~ _ _  _ _  _ _

L ex~t -_________

Figure 4. Nozzle  Model for External Boosters

As the chamber p r e s s u r e  and p re s su re  rat io are known , the

expansion ratio can be determined f rom the following equation.

(!4~~~~~ ~~~~~~~~~~~~~~~~~~

Divergence factor ,

- 
l + c Q S O

2

Thrus t  coefficient (vacuum) 
____

~~~~~~~~~~~

-

Thrust  coefficient actual

PA ,.CF (C FV PC~~~~~~~~~~~F
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Specific impulse

I = CSTAR * C F / 3 2 .  174
8p

Throat area

A F /P  IC
t c F

Exit area and radius

A . E * Aexit t
I A .

RE~~~I exit

Throat area 
____

j A
R 5 = ~~’ -~~

The nozzle arc is arbitrarily set equal to 40 percent of the

throat
- 

- 

RC O . 4 * R 5

Nozzle exit length

Rt = R s
[ l _ . 4 * ( 1 / S I N O _ 1 ) ]

L . (R - R ) / T A N Oexit E t

If the nozzle is canted a)t some angle $ .tl1ei~ the geometry

changes to that of Figure 5. 
~~~~~~~~~ 

%~
\

/
/ — 

~e4c

Figure 5. Nozzle Modeling for Canted Systems

The effective radiu s and area then become

d E L exit
R = ( R  + I E ) *C O S$

A = ? T * R e f f 2
elf

D-22
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Thi s area is compared to the maximum area availabl e for the exi t cone

to see if the exit diameter must be reduced , as

D D
M~~~~

2 * T k

A = ( D  /2) 2 * 7 7

I fA ff is less than or equal to A ,  the nozzle is properly

sized and the routine proceeds with the weight calculations. If Aeff is

greater than A , the exit diameter must be reduced tomax

- 
~- L . = L . * COS (BETA) + (RE + T}~) SIN (BETA)

exit exit

Reduction of the nozzle area to fit within the allowable area

follows the geometry of Figure 6.

c~~- - 

- - 

x
x~~~~~~ ~
FIGURE 6

NOZZLE REDUCTION MODEL
R D N/Zmax

Y 1 R t /COS $

x =  max 1
tan (0 +

YY X t an $
XX X + r  * tan $

— max

6r - * Y Y

r a - ö r - t k
e

L XX + (R + tlc) * SIN $exit e
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Alt dome len th -

~~~~~~~~~ 

i f D
N~~~ R 3

, DN . 8 * R 3

N23

Entrance length

DN -j l-~~~~

~~~ 
~
‘
~~T 

-

Nozzle length

XRN = Zl  + Xl + Lexit PBELL

Nozzle weights are based on empirical equations ori ginall y

develope d b y Aerojet (Reference 1).

Boss = N77 Pdesign D N 23 AT
Exit Cone = N79 Pdesi gn * ~~~~~ ~ * ( E -  2 . 5 )/ S I N  0

Exit con e insulation N82 * A ( E - 2. 5)/SIN 0
11 - 

* FS 
N83 N83 T ~184

y c b

Throat insert N78 * Pde sign * AT
’ ~

I Throat insulation = N8 1 * A T~ 
~

Throat sleeve = N78 Pdesi gn * AT
’ ~

4. 2 Nozzle Inertia and CG Modeling

Moment s of inertia and centers of gravity of the external booster

nozzle subsystems are computed and compiled for output. Modeling assump-

tions are shown in Tabl e II.

TABLE II

EXTERNAL NOZZLE MOl AND C. G. MODELING
Component Segment Model

S1 Entrance Section T runcated Cone Shell

Throat Section Cylindrical Shell Includes misc.
nozzle weights

Exit Section Truncated Cone Shell
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APPENDIX F

INLET SIZING AND PERFORMANC E

1.0 SUMMARY

Two inlet subroutine s were developed for the SEATIDE
program. Subroutine INLETP determine s the weight, pitch plane
moment of inertia , and center of gravity for a given inlet size.
Either a dual aft inlet system with the inlets located on the missile
horizontal centerline, or a single inlet on the bottom centerline
may be anal yzed. Either inlet system uses a two-dimensional
downward compressi.ng inlet . The bot~onr E~~iter1jne location is
not considered a “chin ” inlet because the inlet cannot extendforward of the tangciicy point between the missile forebod y and
the constant diameter cylindrical section. The inlet aspect ratio
(ratio of width to heig ht) can be specified. The pr ogram also
calculate s inlet wetted areas , projected areas , and boundary layer
diverter heights required in other subroutines to calculate the
inlet drag.  This subroutine is used with propulsion systems that
use a ramjet , tur bojet , or combined cycle.  The second subroutine
is titled INLET. This subroutine is used onl y with the turbojet
propulsion system. The subroutine calculates an inlet capture
area at the specified design point. The program then de termines
the inlet mass flow ratio at desired o f f -des ign  points. If the match
point results in subcritical inlet operation , the inlet spillage drag
is calculated , and , if supercritical operation is necessary, the
resulting operating total p ressure  is calculated and the addit ivedrag  is equated to the cr i t ical  additive drag .  An indication of theneed for supercr it ical  operation is provided as opt ional  out pu t.

In addition to the two subroutines summarized above ,
inlet performance characteristic s are provided for eleven (11)inlets.  These per fo rmanc e cha rac t e r i s t i cs  were  generated by ani n-house computer program used extensivel y for inlet analyses.
The pertinent inlet performance characteristics calculated are
critical total pressure  recovery ,  cri t ical  mass  flow ratio , and
critical additive drag.

2.0 DETAILED DISCUSSION

2. 1 Inlet Performance Characteristic s

The performance characteristics of the inlets were calcu-
lated assuming a two dimensional , downward compress ing ,
external compression inlet located in the local flow field created
by the miss i l e  forebod y. An inlet desi gn Mach number and the
desired compress ion  surface angle(s) are  specified , and the inlet
g e o m et r y  is d e t e r mi n e d .  (Three compression ramp ang les must
be speci f ie d bec ause of p r o g r a m  input requi rements) .

- 
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Once the inlet desi gn has been generated , the pe r fo rmance  at specified
off design points is determined , as follows. At the specified fli g ht
Mach number and vehicle angle of attack, the local Mach number ,
local angle of attack , and local total pressure recovery are determin ed
f rom input tables.  Oblique shock and normal shock re la t ions  a re  then
combined with a control  volume anal ysis  to de termine  the inviscid
throat total pressure recovery, and the cr i t ica l  mass  flow rat io .  The
inviscid throat total pressure recovery is corrected for various losses
such as shock, boundary layer , diffusion , and dvmp losses to arrive
at a delivered critical total pressure recovery (PT2/PT0). Appropriate
checks and logic are included to accommodate detached shocks and
subsonic local flow fields. The specifics of this program , as applied
to the SEATIDE airbreathing propulsion systems , are described below.

The local flow fields for the two inlet location s are tabulated
in Figures 1 and 2 for the dual aft inlet and the bottom center l ine inlet ,
respectively. The data shown are  for six ang les of a t tack ( -~5 , 0, 5,
10, 15 , and 20 degrees)  and 14 fli ght Mach numbers (MJ~) at each
angle of attack . Fourlocal flow field properties are shown: BO, which
is irrelevant to two-dimensional inlets; AO , the local ang le of a t tack;
PTa, the ratio of local total pressure to free stream total pressure ;
and MO , the local Mach number.

The design point geometric characteristics for the eleven (11)
inlets are summarized in Table I. (See Figure 3 for a definition of
the var iables) .  Note that  all d i s tances  are  normalized by the inlet
capture hei ght , YC. As shown in Tabl e I , eight (8) inlet desi gns a re
shown for the ramjet propulsion system. These designs are for inlet
des ign Mach numbers  of 1. 75 , 2.00, 2.25, and 2.50, with two possible
inlet locations for  each des ign Mach numbers .  A sing le desi gn for  the
combined cycle propulsion system is indicated , for the bottom center-
line location. For the turboje t  propulsion sys tem , two inlet desi gns
are  indicated , both for  the bottom center l ine location. The f i r s t
design is a normal shock inlet for cruise Mach numbers of 1.5 or less.
The second inlet has a design Mach number of 2. 0 and a single
compression surface.

The rationale for selection of the number and magnitude of the
compression surfaces is as follows. For the ramje t  propulsion sys tem ,
past experience has shown that  the inlet for  an acce lera t ing  ramje t  must
be sized at the takeover condition. The minimum inlet s ize is obtained
by ha ving the maximum crit ical  mass  flow ratio , zero additive drag,  and
maximum total pressure recovery at the sizing point. The first two (2)
items are satisfied by equating the inlet desi gn Mach numbe r to the
ramjet takeover Mach number. The th i rd  item is dependent upon the
number of compression surfaces and the re la t ive  def lec t ion of each.
Theoretically, the total pressure  recovery  inc reases  as the numbe r of
compression surfaces increases. However , the gain from additional
compression surfaces diminishe s rapidly with decreasing design Mach
number . Thus , the Mach numbe r 1 . 7 5  desi gn inlet has a single com-
press ion sur face ;  the Mach number 2.0 design inlet has two compression
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FIGURE 1
INLET FLOW FIE LD — DUAL AFT
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FIGURE 1—CONTINUED
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FIGURE 2
I N L E T  FLOW F I E L D  — B O T T O M  C E N T E R L I N E
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surfaces; and the Mach num ber 2 . 25 and 2. 50 design inlets have three
compress ion  s u r f a c e s .  The m a g n i t u d e s  ot the  c o m p r e s s i o n  s u r f a c e
ang les correspond to those w h i c h  will g ive  m a x i m u m  t h e o r e t i c a l  t o t a l
p ressure  r e c o v e r y  at the d e s i g n  M a c h  num b e r .

For the combined cycle , the  r1esi~~n ~t l e ~~t t - d  i~ a c o m p r o m i s e
betwee n the low speed r e q u i r e m e n t s  w h e r e i n  the  bi prop e l l a n t  rock et
gas g e n e r a t o r s  provide  most  of t h e  t h r u s t  and  l i t t l e  a i r  is r e q u i r - ’ I ,
and the hi g her speeds w h e r e i n  the  r a m j e t  s y s t e m  is u se d . The d e s i g n
shown was selected a f t e r  e v a l u a t i n g  in let s w i t h  d e s i g n  \1a h n u mh e r~
of 2 . 25 , 2 . 5 0  and 2 . 75 .

For the t u r b o j e t  p ropu l s ion  s y s tem , the  ~~~~ ‘~~- c i ~~ns  r e p r e s e n t
the e f f ec t  of cruise  Mach n u m b e r .  For c r u i s e  M a c h  n i i n be r 0 ’ 1 . 5  or
less , a norma l shock inlet is the g e n e r a l ly  a c c e p t e d  h oz  ~• . A l t h o u g h
Table I indica tes  an inlet wi th  t h r e e  cornp r t -  s ion ‘u r f a c  e ~~ , ft i s

to sa ti sf y the p rog ram input r e q u i r e m e n t s .  N o t e  ‘h a t  t h e  ‘ ‘ , i l  au oun ’
of compression is onl y 0 . 2 2  d e g r e e s .  For t h e  M a c h  2 . 0 c r~~ --.~~- mi s  S l ie ,

a f ixed g eom etr y sing le c o m p r e s s i o n  su r t a c e  i n l e t  wa~ se le- .  t e d . .-\
hi g her pe r fo rming  doub le c o m p re ss i o n  su r f a ~ i n l e t  ~- a - - ( o n s ~d r . - - ~ -

bu t it was r e j ec t ed  because  it would p roba  h lv req u i r e  v a r  ~~ . .- r -  • ?  r v
t o sa t is f y eng ine a i r f l o w  d e m a n d s .  Compr . -  s i on  ‘u r l a t  anJe- of
8.0 , 12. 0 , a nd 16. 5 d eg r e e s  w e r e  e v a l u a t t u  to  d e t e r m i n , - t h e  be - ‘

match with the eng ine. The se1 , -~~t ’ - d  i n l e t  w i  s t h e  k , st  c’u p r o m i  s’

The r e s u l t a n t  inle t  p e r f o r m a n ~ e c h a r a  ‘ - r i - ~~it  s :o- ‘ h e -  e1e ve~ :
inlets a re  tabulated in F i g u r e s  4 t h r o u g h 1~~. I - i ~~u r , - s  ? h r o u ~~h 7
p r e sen t  data  for the dual a f t  r a r n j e t  in le t  s v s te r r i s :  F i g u r e s  f tr o u g L 1 1
p resen t  data for  the bottom c e n t er l i n e  r a n ~~e T in l e t  sv s~ e m s ;  F i~. t u : . -  1 2
p resen t s  the data  for  the combined c y c l e  i n l e t  ( bot tom ci -n t , -r i i n . ) ;  in ~
Figures  13 and 14 p resen t  t he d a t a  for  the  t u r h o - e t  i n l e t  ‘ i v - t , - r i i s
(bottom cen te r l ine ) .  Fi g u r e s  15 , 16 , and  17 p r e s e n t  in c u r v  , -~~~~r u .  a
typ i cal set of i n s t a ll ed p e r f o r m a n c e  d a t a .  T he d a t a  a r e  t e r  a dua l a t t
inlet with a des ign  Mach number  of 2 . 5 . The in le t  has  t h r e - ompr ~- s s i o n
su r f a c e s  wit h ang les of 10 .0 , 1 1 . 1 , and  1 2 . 1 d e g r e e s .  ( . -\ s~~a 1ed
d rawing of this  inlet has  been p re sen ted  e a r l i e r  as Fii.~u r e  3).

Figure  1 5 p r e s e n t s  the inlet  c r i t i c a l  to ta l  p r e s s u r e  r e c o v e r y
as a funct ion  of fli ght Mach number  and veh ic l e  ang le of a t t a c k .  At
l a rge  ang les of a t tack , t he inlet r e c o v e r y  is re l a t i v e ly  i n s e n s i t i v e  to
Mach number.  This is due to the forebod y e f f e c t ;  the  local Mach  n u m b e r
is substant ia l ly  less than f r e e s t r e a m , a nd shock d e t a c h m e n t  may  occur .
As the fli ght Mach number  is i nc r ea sed  at a c o n s t a n t  ang l e o f a t t a c k ,
the local Mach number becomes hi g h enoug h to p e r m i t  shock a t t a c h m e n t
and the cha rac t e r i s t i c  d e c r e a s e  in r e c ov e r y  with i n c r e a s i n g  M ac h num be r
is noted.  For example , at seve n deg rees  ang le of att a ck , t he c h a r a c t e r i s -
tic reduct ion s t a r t s  at a fli g ht Mach numbe r of about 2 . 75; at 16 d e g r e e s ,
the reduction starts at about Mach number 3. 25.
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F I G U R E  4
INLET PERFORMANCE CHARA~~~ER1S T 1C~ — RAMJL T— DUAL AFT_ M o 1 .75
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~~~~~~~~~ — 0 . 0~~C 0 2

‘‘-‘ —o ~ 1. ’50~~n 2 .c- ’0 30 2 .2~~ ’00 ? . S r k r O C  2 . 7 5 0 0 0  3 .3 00 0 0
3. 2 5 C ” O  3 . 5 0 C~~0 2-.~~5~~0’ 4 .00 CC 4 .2 5 0 0 0  4. 503 00
4 . 7 5 0 0 0  5 .0 0 0 0 0

0 T 3  C.~~5 ’41 3 • 5 14 4 7  3.55~~54 0.47170 3.38528 0.31222
..- . 24 °?  -.s . l° i~’3 C . l 5 ~~i.~ ’ C .1271~0 0.~~0?67 0.Ot,299
0 . 0 57 4 1  u . 0 6 7 9 7
O.°?278 C.~~’70C 0.91575 0.92302 0.~~2033 0 . 0
O.~~0&24 ~ .894t~1 0.8~~5’7 0. 8 7 7 0 ~ 3.~i ( ’9 ?3  0 . c c 1 40
0 .9 53 °0

CDA — ‘~.ooc~~c — 0 . 0 - ’ ?3  — o . ’~~o0~ — 0 . c n~~~ - — ~~.~~ - -33 1 —n .o~-oc~—~~.“‘Y’ 1 — 3 . 0 ( ’ C 0 l  —~~. 0 ~’ C ’  —~~. 0 ’ 1 _ c’.~~~ r C j  — 0 . 3 0 0 3 2
0 .3  — 0 . 0 3 3 3 2

1. 1. ’~ -~~:o 2 . 0~~03 2 . 2 5 0 0 0  2 . 5 o r ~ 0 f l  2 . 7 5 0 - O n  3 . C o n o o
3 . 2 5 ” ~~0 3. 53330  3 . 7 5 0 5~ 4 . 1 f l C r. 4 .2 5 3C /  4 . 50 0 3 0
4 . 7 5 - 3 0 0  5 .0 0 - 30 0

P 1 7  C. 75°27 0.50535 3.S851’~ 0.49015 0.40181 0.32651
0.2615~ 0.20914 0.159~~i 0.12721 0 .1i1 72 0 . C~- 13 0
0 . 0 7 5 1 8  ~~~~~~~~~~~~~~

A C  0.97017 0.967Y* 0.96837 0.97162 Q.969i~ 0.96843
‘ .95 7 2 7  ~‘ .“ 6~’C 0.94730 0.96786 c.~~4 9 3 E  0~~950 5c

I -
~~ 

- .-i 5 5 0 0  J.~~~ 7O3
c :)A ~~~~~~~~ —o . o r - oc c  ~~~~~~~~ —3. 03r’ri o — ‘~.n~ o~~o —~~. 0 Q o n n

—~~.ono ’- i — 0 . 0 0 0 0 1  — p .0000 1 — 0 . 0 0 3 0 1  —~~.n~~’33  — n . 0 n 0 0 2
— o .0’C22 — 0 . 0 ( 0 0 2

4 . 1.7 5 0 0 0  2 . 0 ) 0 0 0  2 .2 5 0 u 0  2 . 5 0 0 0 0  2 . 7 50- O o 3 . 0 0 0 0 3
3.25000 3.50000 3.7 5 0 0 0  4 .00000 4.250-0 0 4.50000
4.75003 5.00000
0.75178 0.6’631 0.59839 0.50~~78 -~.41C15 ~~.2~~ 5 r 7
0.27076 0,217d 7 0.178ci~ O .1—~7Cc C .12 i~.Z 3 . 1 0 0 L - . i
0.0840~ C . 0 L ~96~
0 . 9 8 — . 15 1 . 0: 4 3 w  1 .0 1 l~~ 1.0 10 3 3  1. 03 7 9 ~ 1 . O O r - 2 0
0. 909 82 0 .9 13 ,~ 1.007 1i 6 1 .0 2 17 6  1 .0 3 ’~~ 3 1.0~~~’eô
1.07184 1.0~~792
0.0l°29 —0.0100’ 0.00000 —0.0~~00fl —0.fl~~C00 — 0 . 0 0 0 C C

~~~~~~~~~ — 0 . C c ~C O 1  — 0 . O - ’ C O l  — r) .C n r n l  — n .-on~-.- ’ 1 — o . 0 n n ~~2
—~‘- . 0 ” 00 2 —0.00002
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FIGURE 4—CONTINUED

AM 7 . 1.75000  2 .00000  2 . 2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3.00000
3.25000 3.50000 3.75000 4.00000 4.250CC) 4.50000
4.75000 5.00000

P13 0.7?9~ 6 0.68449 0.60613 0.51448 0.42752 0.35077
0.28605 0.23256 0.19230 0.1591, 0.13281 0.11113
0.09295 0.07733

AOA C 0.96176 1.06104 1.06179 1.05538 1.06641 1.06761
1 .07042  i.~.iI~~o-~ 1, 0 9 4 7 3  1, 11599 1.14361 1. 17067
1.19266 1 .20315

CDA 0 .08 557 —~~.orooo —0.00000 —0 .00000 —0.00000 —0.00001
—n .0n3’~1 — 3.o-iool _ n . 00001 —0.00001 —0.00001 —0.00000
— 0 . 3 0 0 0 0  0 .O~~O O 3

AM 10. 1. 7 5 0 0 0  2 . 000 0 0  2 . 2 5 0 0 0  2 . 50 0 0 0  2 . 7 5 00 0  3 .00000
3.25000 3.5(000 3.75000 4.00000 4.25000 4.50000
4.75000 5.0)000

P13 0.72505 0,65261 0,59636 0.52525 0.44383 0.36839
0.30480 0.251U8 0.20849 0.17316 0.14572 0.12288
0.10230 0.08545

A OA C 0 .95661  1.04 552 1.11550 1. 12963 1. 13718 1. 14435
1.16036 1.17550 1.202u5 1.22763 1.26717 1.30606
1.32300 1.33686

CDA 0 . 1 5 8 8 2  0 .02506  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 1
~ 0.0tiC01 —0.00001 —~

-
~.00001 —0.00001 0.0 —0.00000

— 0 .00003 —0.01301
AM 13, 1.75000 2.0(000 2.25000 2.50000 2.7500O 3.00000

3.25000 3.50300 3.750U0 4.00000 4.25000 4.50000
4.75030 5.0(000

P13 0.72605 0,66112 0.58686 0.53437 0.46538 0.39388
0.32883 0.2~’273 0.22791 0.19026 0.16~~71 0.13592
0 . 1 1 3 6 2  0 .0 9 5 2 2

AOAC 0.95561 1.06016 1.16913 1.21382 1.23751 1.26034
1.28404 ] .3c-549 1.34076 1.37400 1.42160 1.46763
1.49069 1.51180

CDA 0.19855 ~.O°069 —0.0C5~~5 —0.00000 —0.00000 —o~~0 oco1
— 0 .30301 —0 .00001 —0.00001 —0.00001 — o . o o o ~~i — o . 0 Q ~ Q 1
— 0 . 0 0 0 0 1  — 0 . 3 0 3 0 2

AM 16. 1.75000 2 .COCOO 2.25000 2.50000 2.75000 3.30000
3.25000 3.50000 3.75000 4.00000 4.25303 4.~~0000

- - 
4.75000 5.00000

P13 ~
i .72624 O.6t~946 0.60045 0.53001 0,47908 0.41607
0.35183 0.29458 0.24788 0,20806 3,17702 0.15062
0.12~~60 0.10826

AOAC 0.95685 1.07353 1.19622 1.32800 1.34341 1.38310
1.41814 1.44)31 1.49484 1.53684 1. ’9932 1.65908
1.70555 1.7’+9i1

CDA 0 . 2 2 9 8 3  0.14469 0 .01987 0. 0. 0.
— 0 . 0 0 0 0 1  J I ~~) UL M J I —0.00001 —0.00001 —0.00001 —0.00002
— 0 . 0 0 0 01 — 0 . 0 0 0 0 1
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F I G U R E  5
INLET PERFORMANCE CHARACTERISTICS — RAMJET —D LJAL AFT—M=2 .0O
I N L E T  DESIGN MACH NO . 2.00’ DUlL AFT , DOUBLE RAMP )RA ~1J ET*

AV 3 8 MACH P13 AOAC CDA ExT .COMPR . 10.40,11.10, -~.01 ~~~~~~~~~~~~ 2.30
— 5 .O~~3~~o —2 .00330 i .~~oo 0n 4 .00300  7 .0 cc- co io.o cnno
1 3.0 0 00 0  16.33000

14  1416141416141~
iW —~~, 1.75000 2.3-’000 2.25000 2.50000 2.75000 3.-00 Oo ~

3.2c000 3.5~~C - OC ~ .75000 4.00300 4.25000 4.50003
4 .7 r ~000 5 . 0 0 0 0 0
0.79406 0 . 70 3 9 5  0 . 62 17 3  0, 5 2 1 4 9  0 . 4 2 7 0 5  0 . 3 4 6 5 8
0 . 2 7 I 2 ~ v .2214 1  0 . 17 5 64  0, 13964 0 . 1 1 14 b  0 . U o9 ~~4
0 .0 7 1 6 7  0 . 0 68 2 9

A O A C  0 . 8 2 9 50  0 .84 2 9 4  0 .8 4 3 8 9  0, 84750  0 .8 4 3 3 9  0.~~40 16
0.82845 0.6.754 0.e0153 0,78600 0.77169 0.75769
0.74135 0.720

COA 0.00246 —0 .00000 — C .~~~D0-0 —0.00000 —0.00030 —0.00000
— o . o r c c ~ —0 .~~

’- -3oi —0.00001 —o.coooi —o .~~~-:’oi — o . o o c oi
0 .~~C)’130 — 0 . 3 0 3 0 2

A ’ - —2. 1.75030 2.00-033 2 .2SOCO 2.50000 2.7503C 3.00000
3.250~~3 3,5C’DOC 3.750jC 4.03000 4.2530-3 4.53000
4 . 7 5 3 0 0  ~~~~~~

PT3 3, 704 9/  0 .7 5 5 0 ~ 0 . 6 5 5 9 0  0 .5~~329 0 . 45 5 3 8  O . 3 7 O ~ 9
0.29737 ~ ,3. ,d4 u .19065 0.15309 0.12 341 0.~~95~

j
~+0.08 113 J . O -387

A OA C 0 . 8 5 7 6 3  0.9~~0 i0 -  0 . 9 1 1 5 3  0. 9 1 5 4 4  0. -~ 13 52  O. -~- 1 0 3 3
0 . 897 8 7  0 , 8 8 604  0 . 8 7 6 3 6  0. 8680 2 0 . 8 63 0 0  Q .~~5 1Q 6
0.84415 3.~~40

CDA 0~~~3 0 78  C . 3 ) 0 0 0  ~~~~~~~~~~~ —0.3~~~0r~ _ f l . 3 0 00
~~~ -3 .0 0 3 3 1

—
~~~~

.
~~~~

‘
~~~~~

“]  — 0 . 0 0 0 0 1  C .~~ ’flP 1 — 0 . 0 3~~03 — 3 . 3 0 ” ( l  0 . 0 0 0 0 2
—~~.0’0~~1 — 0 . 0 2 0 0 0

1. l . 7~~C 0 0  2 .0~~D 0 0  2.253o0 2.5033-0 2.75 30 0  3 . 0 0 3n O
~~~ 7 5 0 fl 3 . 5’~330 3 . 7 5 f l 0~ 4.00000 4.25000 4.50°~~4 .7~~003 5 . CL 3 0 0

P~~ 0. 7 °0 7~ C.7 414 0.6828~ 0.57~~70 .47976 0.39233
J.31571 0.2’-~~29 0.20,42 0,166~~1 O.1~~~9ó 0.ii1 ~~1
0. 9 1 6 0 0.Y’562

AC-AC 0.35540 0.97861 0.97921 0,96225 0.97984 0.97805
3.95642 O.9Y’18 Q •95557 0.95572 0.9 682 0.95762
0.96139 O.9~~32 6
0 . 12 2 0 6  — 0 . 0 ( 0 0 0 -  — f l , 3 o Q C (~ — 0 . 0- ~~ 0C — 3 . 3 0 3 0 0  — 0 . 3 2 0 0 1

—~~.~~00~~1 — 0 . 0 0 3 0 1  — o .~~~~ci -o. n~ n~~i — n . r cc~~i — o . oc ” ’o i
— n .3 ”°~~1 —C.0’~0 C 2

~. ~~~~~~~ 2 . 3~~003 2 . 2 5 0 0 0  2 . 50 0 0 0  2 . 7 5 0 3 0  3 . C ~~~ on
~ .? 5 2 ~~~ 3.5 C33 3. 7 5 0 C o  4 . 0 - O n O C  4 . 2 5 0 03  4 . 5 0 0 0 C
4 7 r , r~O0 5 . 0 00 00

D T 3 • 7 7 5 7 3  0,7”143 0.60271 0.59356 O.4~~~35 0.4O66~
c .32q71 -.2(.632 0.21913 0.18044 0.1- i92 1 O.1~~373
0.12340 u,08573

A O A C  0.840-25- 0,9f~9C3 1.04391 1.04314 1 . u 3 3 7 4  1 . 0 3 6 9 1
1.02932 1.02282 1.03681 1.05034 1.06s57 1.0o032
1.09032 1.1-3+ 79

CD A o.19~~c’2 0.06676 —0.00000 —0.00000 —o .oocci — 0 . 0 0 0 0 0
~~~~~~~~~ —0.00301 — 0 .0003 1 —0 .03001 — 0 .OC-~~’3 — o . o ~~~oi
—~‘ .C~~0~ 4 0.00001
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FIGURE 5— CONTINUED

AM 7 . 1.75000 2.00000 2 . 2 5 0 0 0  2 .50000  2.75000 3.00000
3.25000 3.50000 3.750013 4.000CC 4.25000 4.50000
4.75000 5,oaoOO

P13 0 . 7 2 9 9 6  0.72535 0.68307 0.60231 0.51171 0 . 4 2 4 8 0
0 .34889  0.2~i5O0 0.23638 0.19604 0.16384 0.13722
0.11484 0.0”5~~

AOAC 0 . 7 8 9 6 6  Q • 9 r 5 3 3  1.11693 1.11913 1.11784 1.11669
1.11848 1.11985 1.14156 1.16258 1.19026 1.21735
1.23883 1.2~~832

CDA 0.26100 0.21107 0 .02142  —0.00000 —0.00C00 —0.00001
— 0.C’~001 —0.00001 - 0 . C0 0 0 1  — 0 . O O f l O l  —0.000C1 — 0 . 0 0 0 0 0
—0.00001 —0.0(003

4M 1~~, 1.75000 2.00000 2.25000 2.50000 2.75000 3.00000
3.25000 3.53000 3.7SoCo 4.00000 4.25000 4.500Cc)
4.75000 5.03000

P13 0.72605 0.652ó1 0.65410 0.58575 0.52326 0.44327
0.37053 0.30723 0.25618 0.21338 0.179°3 0.15193
0.12659 0.10578

A OAC 0 .78543  ~ .8~~)2 6  1.06991 1. 20463 1.20 843  1.21170
1.2 2 6 5 7  i , 2 4 u 4 6  1.26 692  1. 2 9 2 2 7  1..~i~~57 1 . i7 2 Q ~
1.3877 8  1. 4 0 2 2 6

CDA 0.34321 3.29522 C.21365 0.00372 — 0.OOCOO —0.00000
— 0 .000 0 1 — 0 . 0 0 0 0 0  0 .0 00 0 1  — 0 . 0 0 0 0 1  — 0 . 3 0 0 0 0  — 0 . 0 0 0 0 1
— 0 . 0 3 0 0 1  — 0 . 0 0 3 0 1

A M  13 , 1.75000  2.0 1 300 2 . 2 5 3 0 0  2 . 5 0 0 0 0  2 .7 5 0 0 0  3 . 0 0 0 o c
3 .2 5 0 0 0  3 .50000  3 .7 50 0 0  4 .00000 4 . 2 5 0 0 0  ~ .5000o
4 .7 5 0 0 0  5 . 3 0 0 0 0

P13 3.72605 0.66112 0.61055 0,60568 0.52715 0.46644
0.39606 0.33177 0.27890 0.23380 0.19805 0.16783
2 .140 5 1  0.117~~7

A0~~C 0. 78 543 0 .87045  0. 99867 1. 2 4 6 0 3  1 . 3 2 8 0 0  1.34700
1.36896 ~~~~~~~~ 1.424 ~~2 1.4 5738 1.~~O600 1 .55281
1.57491 1.5946~

CDA 3.40673 1.3~~138 0.30521 0,18660 —0.00000 —0 .00000
_0.C0001 —0 .31000 —0.00300 —0.00001 — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1
—0,00001 —0.00001

AM 16. 1.7c000 2.30003 2.25000 2.50000 2.75000 3.00000
3.25000 3.5(00-0 3.75000 4.00000 4.25033 4.50000
4.75000 5.01000

P13 0.72624 3.66946 0.60045 0.57234 0.55877 0.47489
0~ 4l620 0.35446 0.30100 0.25423 0.21721 0.1853°
0.15743 0.13380

404C 3.78563 O.8(U43 0.98216 1.17744 1.45510 1.49085
1.52416 1.5’-305 1.59944 1.64190 1.70621 1.76741
1 .81414  1. 8 ’7 3 7

CDA 0.46 199 0 .4 0328  0.~~5232  0 .31405 0.149 02 —0 .00000
— o . On C oo —O .Ot’000 — 0 . o o o o o  —0.00001 —0.03001 —0.00002
— 0.30002 —0 .01001

L - 
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F I G U R E  t-
INLET PERFORMANCE C -IARACTER IS T ICS — RAM~.-ET—DU AL AFT—M =2 .25

- 
- INLET DESIGN MACH N). 2.25’ DUAL AFT , TRIPLE RAMP )RAM..)ET*

AV 3 8 MA CH P13 ACAC CDA EXT .COMPR . 9.00, 9.80,10.30 DEG,~~AM P~~, 2.25
Av ~~~~~~~~ — 2 .0 00 00 1.00000 4.00000 7 .0 0 0 0 0  13 .0 00 00

1 3.00000 16.00000
141414141414141 ~

AM — c- . 1.~~5-000 2.0030’~ 2.25300 2.50000 2.75000 3.Ccoe~3 .2 5 00 0  ~.~~r o o o  3. 750 00 4 . 0 0 0 0 0  4 . 2 5 3 -30 4. 50000
4.~~5-O30 5.01000

P13 0.80340 -3.7P661 0.71218 0.60538 0.49983 0.40777
0.32734 ~.?6206 0.20820 0.16566 0.13~~31 0.10605
C.,.95L5 0.CF- 154

A0~~ C 0.70908 C.8)680 0.82696 0.83024 0.82596 0.82256
0.8)085 0.7’~993 0.78403 0.76861 0.75438 0.74047
0.72427 0.700

cn~ 
0.ic)37Q 0.C~~116 0.03030 —0.C0000 —0.O0C03 0.0

r i  — o . o ’o~~~ —C.0~ 031 —0.00001 — 0 .00000 —0.00302 —0.00fl~~1
— 0 .00001 — 0.00001

~~M — ? .  l .~~50- ~3 2.30000 2.25000 2.50000 2.75000 3.00000
‘
~.75000 3.5(~00O 3.75000 4 .0 0 0 0 0  4 . 2 5 0 0 0  4 .5 0 0 00
~-.~~-O 0O 5.00300

213 ~-.80353 ~.7’i87~ 0.75128 0.64559 ~.53673 0.43992
0.35402 O .2L 384 0.22783 0.18307 0.14759 0.11937
0.09693 0.03481
C.~~092C 0,-9’716 3.9 36 16 0, 909 8 1 0. -~C 6 6 7  0 . 90~~2~
0.~~9165 0,87966 0.87044 0.86132 0.85313 0.ó4493
0 . 9 3 6 8 4  0 .825

C~~ 0.15673 0.o3820 —0.00000 —0 .OCfl”C —3 .30000 0 .COCO1
~~~~~~~~ —0.00031 — fl. O~~~C1 — 0 . r o o ~- 1 — ‘. 3 f l 0~ c- —0 . 0- 0 0 02
—~~.co -o~-o — 0 . 0 0 0 0 0

AM ‘
~~~ 

1~~~~~7 5 3~~~~-~ 2.01003 2 . 3 5 3 3 3  2 , 5000 0  2.75000 3 .0 0 0 n ~
3 . ?5~~ 00 3.~~0-D00 3.~~5303 4.00~~flfl 4.25000 4.50000
4~~ 7 5 ” 3 3  5 .30000

PT3 3~~79443 0.7P832 -3 .77117 0.67590 0.56713 0.45727
0.37771 9.30382 0.24669 0.20041 3.l633 .~ 0.13348
0.10982 0.09054

AOA~ 0.7C 113 0,846~~2 0.98727 0.99015 Q.98737 0.~~~520
0.°7322 0.Q 164 0.96172 0.96156 0.96236 0.96285
0. °5615  0. 96788
~‘ . 2 2 ~~2° 0 . 14 6 6 4  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 0  — f l . 0 0 0 0 (  — 0 . 0 3 0 0 0

—o •o~~~o~~~ —0.30001 —0.00001 —n, n n o~~1 ~
0.n~~c _ i  —O ,~ ’0 0 r ~~

—C - .f l 0 0 0~ —3 .00001
A ”  ~~~ 1.~~5 O 0  2 . 0 0 0 3 0  2 . 2 5 3 0 0  2 . 50~~C C 2 . 7 5 0 0 0  3 . 0 0 O - ~~

7~~7 5 3~~fl 3.50000 3.75000 4.00000 4.2500~ 4 . 5~~ C0 0
4. - 7 5 C ~03 5~~~~~%.nj ,.,

7 13 ~~~~~~~~ 3 177 3 f Q  0. 74799 0 . 6 8 0 6 3  0 .58 23 6  0 .4 8 3 7 3
~ .7 9 4 54 O ,~~. 9o7  0 .2 6 3 3 6  0 .2 1 6 9 4  0 . i 7 ~~32 0 . 1 4 8 5 5
0 . 12 3 9 6  3.1 12 55
0.69226 ~ .3?1 09 0 . - °9 82 1  1.0 6 7 5 4  1.06 33 ~ 1.0~ 97 5
1.u5213 1.34461 1.~-5335 1.07160 1.~~b 657 1.1~~1t~4
1.11~~76 1.1 + 7 7
~~~~~~~~ Q .3 - . 44 4  0 . 1 1 5 2 2  — 0 . 0 0 0 0 0  — 0 . 0 0 0 3 0  — 0 . 0 0 0 0 0

~~~~~~~~~~~~~~ 0 .-0 000l — 0 .t~~00 1 — 0 . 0 0 0 0 1  — 0 .300~~ 0 — 3 . 0 0 0 3 1
—0.00001 —0.30001
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F I G L R E  6—CONTINUED

AM 7. 1.75000 2 .00000 2 .2500 0  2 .50000  2 . 7500 0  3.00000
3.25030 3.5c-000- 3.75300 4.00000 4.25300 4.50000
4.75000 5.0~)000

P13 0.74628 ..7~-725 0.71747 0.68812 0 .58942  0 .50051
0.41499 0. 34 064 0 . 38 3 18  0. 23506  0 . 19642  0 . 16436
0. 13736 0 .~~:~~Oc-

A 0/’C 0 .65866  9.7919k 0.95749 1, 15498 1. 15609 1 ,15320
1.15423  1.15481 1. 1764 0 1.197 ~~3 1.~~2499 1 .2 5207
1 .27317  1.28192

CD,A 0.41763 0.31 799 0 .2 6 7 3 9  0 .08436  —0.00000 —0.00001
—0.00001 0.00001 —0 .00001 0.00001 0.00001 0.0
—0.00001 —0.00001

A~ 10. 1.75000  2 .00000  2 . 2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3 .00000
3.25000 3.50000 3.75000 4.00000 4.25003 4.50000
4 . 7 5 0 0 0  5 .~~~0G30

P13 0. 1260 5 0 .68276  0 .6 7036  0 .6 5 5 5 7  0 .59391  0.51078
0 . 4 3 5 2 7  ~j~~ j b ’+~~~ 0.30502 0.25459 0.21480 0.18131
0 . 1 5 0 9 4  C. 1250’~A C t t C  - .540 81  13,7 3 . 3 0 ,8946 1 1. 1003 5 1.25142 1.~~b 1ó0
1.27582 1.2s 877 1.31516 1.34036 1.i6122 1.42120
1.43597 1.4’~946

CD\ 0.50172 0.4~~810 0.43397 0.28102 0.05650 —0.00001
— 0 . 0 0 0 0 0  — 0 . 0 ( 3 00 — 0 . 3 0 0 0 0  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 1
—0.00001 —L .0)CC1

4~’ ~~~ 1 . 75 0 0 0  2 . 0 0 0 0 0  2 .2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3 . 0 0 0 0 0
3.25C~ C 3.50000 3.75000 4.00000 4.25000 4.50000
4.75000 5.01300

P13 0 . 7 2 6 0 5  0 . 6( 1 1 2  0. ’-3853 0 ,6 2 4 1 2  0 . 6 10 74  0 .5 2 3 7 9
0 . 45 3 93  0 ,38 803 0 . 3 2 8 9 9  0 . 2 7 7 0 7  0 . 2 3 5 2 6  0 .19956
0 .16709  0.l’~.309AC~ C 1.64081 0.71018 0 . 8 5 2 1 3  1.0 4 7 5 5  1. 29 7 6 0  1.41145
1.43213  1.4~~00b 1.48594 ~~ 5 1940 1. 56 8 7 7  1.616 17
1.53756 1.~~~667

CD~ 0 .58341  0 .56343  0 .5 6 8 5 2  0 .43640  0.26330 0.03720
— 0 . 3 0 0 0 1  C . 003 0 1  — 0 .0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1
—0.00002 —0.0(’001

A~’ 16. 1.75000  2 .00000  2 . 2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3 .00000
3.25000 3,50000 ‘- .7 5 0 0 0  4 .00000 4 . 2 5 0 0 0  4 . 50030
4 . 7 50 0 0  5 .0 3 0 0 0

P1’- 0 . 7 7 6 2 4  0 .6 6 9 + 6  0 .60045 0 .5 9 8 2 4  0 . 5 8 1 6 3  0 .5650 1
0 . 4 6 9 1 8  0 . 40 29 9  C - . 3 4 9 - ~~2 0 . 2 9 7 7 8  0 .2 5 5 8 3  0 .2 1 9 0 6
0.18638 0.158~~.,
0.64093 3.71913 0.80132 1.00412 1.23575 1.52303
1 . 6 0 3 0 2  j . 63 3 2 2  1 . 6 7 7 2 4  1. 7 2 0 0 5  1 .7 ~~~5 72  1. 8 4 7 9 9

1.89483 1.91790
CD ~ C . 6 5 7 0 3  0 . 6 2 285  0 .6 27 6 1  0 .6 2 7 7 1  0 .44880  0 .2 5 1 7 9

‘~.0 566 2  — 0 . 0 0 0 0 1  ~~~.00000 —0 .00001 —0.00000 —0.00002
— 0 .00001  — 0 ,0000 1
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FIGURE 7
INL ET PERFO R MA NCE C H A R A C T E R I S T I C S  — RAMJET—DUAL A F T — M = 2 . 5 0
IN LET DESIG N MACH N0. 2 .50 ,  DUAL A F T ,  TRIP LE RAMP ) RA M J E T *

AV 3 $ MA C H P13 A OAC CDA EXT . COM PR .  10.00,11.10’12.10 DEG .RA MPS . 2.~~AV — 5 . 0 0 0 3 0  — 2.00300 1.00000 4.00000 7. 00000 10.00000
13.0 0000  l6. 0”000

14 14 1 4 1 4 14 1 4 14 14
A Y  —5 . 1.75000 2 .0 1000 2 .2 5 0 0 0  2 .5 0 0 0 0  2 .7 5 0 0 0  3 .00 000

3.25000 3,5(000 3.75030 4.00000 4.25000 4.50000
4.75000 5.00300

P13 0.80130 o.7r337 0.75847 0.67770 0.56557 0.46385
0.37358 0.29966 0.23832 0.18970 0.15151 0.12138
0.09728 0.0~~177

A O A C  0.59518 0.70818 0.79689 0.82192 0.81859 0.81511
0.80340 0.792..+8 0.77662 0.76125 0.74705 0.73318
0.71705 0.700

CDA 0.17745 0.0~ 094 0.00188 0.00008 — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 0
_0.00001 —0 .00001 —0 .00001 —0.00001 0.OO~ 01 —0 .00303
— 0 . 0 0 0 0 1  —0.00001

AM — 2 .  1.75000 2.03000 2.25000 2.50000 2.75000 3.00000
3.25000 3.50000 3 . 7 5 0 0 0  4.00000 4 . 2 5 0 0 0  4.~~O00C4.75000 5.CC000

P13 0.79669 C .78 834  0 . 7 7 18 6  0. 7 19 3~ 0.60585 0.49986
0.40380 0.3~~’+41 0.26065 0.20948 v.16883 0.13644
0.11067 0.09613

AOAC 0.59175 0.71267 0.85745 Q~ 9Q743 0.90419 0.90169
0.88901 3 ,87697 0 .8 6 7 5 7  0 . 8 5 8 4 9  0.t50-23 3 .84196
3.83374 0.825

CD A 0 .2358 1  0.17~~~8 0 , 0 2 1 6 7  — 0 . 0 0 C C !  — 0 . 0 0 - 0 1  — 0 . u 0 0 0
_ o • -~ o i o~ — 0 . 3 3 0 0 1  — 0 . 3 0 0 0 1  _ o . c o o o i  —0 .00300 — 0.COnnl
— 0 . 0 0 0 0 1  ~~~~~~~~~

AM 1. 1.750CC 2.0003’~ 2.25000 2.50CC- C 2.75000 3.00000

~.25000 3 . 5( 03 0  3 . 7 5 0 0 0  4 . 0 0 0 0 0  4 . 2 5 0 0 0  £+ . 5 Q 3~~3
4 .75000  5 .3 ) 000

713 — .79126 ~.7e329 3,76u84 3.73950 J.6~~~19 3 .5~~~3c
0.42926 Q .346A6 0.28137 0.22861 3.1b~~~3 0.15~~0~+
0.12494 0.1(282

A OA C 0.58~~71 C.7)811 0.85449 0.99350 3~~(’9~~5 0.98823
0.97610 3.9b437 3.96433 0.96403 0.96470 D.9~-5060.96816 0.96984
3.33749 0.26826 0.15348 —0 .00000 —3 ,033”) — Q . 0 0 0 ~- 1

_ 1.3 0 30 1  —0.O flCOl —0 .00001 —C.C~~~0i — 0 . 0 0 0 0 1  — ‘~ . 0 - ~~~~1
— 0 . 0 3 0 0 1  —3 .00001

AM 4 . 1 .7 50 0 0  2 . 00 3 0 C  2 .2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3 . 0 0 0 0 3
3.25030 3.5(~03C 3.750’J 0 4.00000 4.25-J’-C ~ .5C~~~C4.75000 5.0(,300

~ .7 7 9 2 2  3 .Th375  3 . 74 14 9  0. 70 647  0.63716 3.54~~100 . 4 4 4 20 0 .3 ( 1 3 5  0 .2 9 8 2 8  0 . 2 4 5 8 3  0 .2 0 3 1 5  0 . i S d l - +
0.14012 3.11572

-~0AC 3.57878 0.61 773 0.83276 0,99790 1.07j24 1.~~b94~
1.06157 1.05382 1,06746 1.08059 1.09545 1.10983
1.12841 1.13323

CDA 0,44648 0,3’529 0.29546 0.130C6 —0.03031 —0 .00001
_
~~,~~~001 —0.02301 —~~.~~0301 —0.00301 ~fl.fl0~~3~ —0.000-0 1
—c .or~o01 —C.00001
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F IGURE 7—CONTIN u ED

AM 7. 1,75000 2.00000 2.25000 2.50000 2.75000 3.00000
3.25000 3.~~Uu~~3 3.75000 4.00000 4.25000 4.50000
4.75000 5.3000’s

P13 0.7299 6  0.7~ 912 0. 70291 0.67874 0.63848 0.54432 —
0.46001 3 .330 75  0.31777 0 .2 6 4~~7 0 . 2 2 0 9 4  Q.1848~
0. 15433 0. 10802

AOAC 3.54219 3.65913 0.78943 0.95874 1.14122 1.16865
1.16935 1.1(960 1.19114 1.2 1188 1.~~i~~6b 1.~~tS75 —

1.28770 1.2~~613
(‘)A 0.53363 0.5’+330 0.43329 0.32677 0.09663 — 0 .OOCO1

~0 .-~0001 — 0.0 0 001  — 0 . 3 0 0 0 1 —0.00001 —0 .03001 — 0 . 3 C ~~~~— 3 . O O C O 1  — 3 . 0 ) 0 0 1
AM 10. 1 .75000 2 .00000 2 . 2 5 0 0 0  2 . 5 0 00 0  2 . 7 5 0 0 0  3 .00000

3.25000 3.50000 3.75000 4.00000 4.25000 4.50000
4.75000 5 .00000

P13 0.72605 0.6b183 0.65913 0.63891 0.o~~~06 0.s6576
0.46809 0.40013 0.33803 0 . 2 8 3 4 1  0.23959 0.20237
0.16851 0.14056

AOA C 0.53928 0.5c831 0.74027 0.90248 1.10~ 69 1.28299
1.29666 1.30921 1.33557 1.36070 1.40180 1.44198
1.45636 1.4(941

CDA 0.64325 0.63868 0.63128 0.49140 0.33878 0.07338
—0.00301 0.01001 —~~.~~fl0C1 —3 ,33’~31 —0 .00001 —0.00001
—0.00001 —0.00-301

AM 13. 1.75000 2 .OOCOO 2.25000 2.50000 2.750CC 3.00000
3.25000 3.50000 3.75000 4.00000 4.25000 4.50000
4.75000 5.01000

P13 0 .72605 ~.6(-112 0.61967 0.61102 0.59397 o.5735o
0 . 5 0 7 3 7  u.4 1207 0 . 3 5 7 6 3  0.3~~439 0.25987 0.22111
0 .18545 0 .1!558

AOA C 0 .53928  ~) ,59766 0 .695 94  0. 8 6 3 0 9  1.062C3 1.30121
1.45886 i .47615 1.51214 1.54563 1.D~~~32 1.04~ 97
1.66406 1.68281

CDA 0.73759 0.6~ 822 0 . 7 3 7 7 7  0 .69817 0.52852 0 . 3 4 3 7 3
0 ,100 79  0 .0 0 00 1  —~~.~~000 1 — 0 . 0000 1 — 0 . 0 0 0 3 1  — 0 . 0 0 0 0 _ i

— 0 . 0 0 0 0 2  — - 3 . 0 0 0 0 1
AM 16 , 1.7 5000 2 . 0 0 0 0 3  2 . 2 5 0 0 0  2 .5 0 0 0 0  2 .7 5 0 0 0  3 .0 0 00 0

3.25000 3.50000 3.75000 4.00000 4.25000 4.5000~
4.75000 5.00030

P13 0.72624 0.6~~945  0.60045 0,58044 0.So’+20 0.54836
0 . 5 2 0 4 5  ~~~~~~~~ 0.37342 0.31860 0.~~7771 0.23970
0.20497 O.1749~

AOAC 0.53942 ~.6~~52O 0.67436 0.81989 1.QObb l 1.24395
1. 4 9 6 9 6  1 . S( 2 8 5  1 , 71 0 1 6  1 .~~~ 53 11  1,e1935 1.~~o 4 Q d
1 .9 2 8 0 6  1 .9 ’197

CDA 0.82173 0.80 117 0 , 8 0 2 5 6  0 . 8 4 7 4 3  0 . 7 6 6 3 6  0 .58116
0 .39460 0 .1’856 0 .03070  — 0 . 0 0 0 0 1  0.DCL-01 0 . 0 0 0 3 2_ 0.00001 —0.0)001

E-19

I - —-~~~~~~ -~~~~~~~~~~ --- -- - --  



-.v ,---— ~—-—-‘ — ,, _, ~~~~~~~~~~~~~~ r r~~~~r.w-,-r - r ’~ ~~~~~~

- - — ----_---  - _ _ _ - _ ~~~ _

F I G U R E  8
I N L E T PERFORMANCE CHARACTERISTICS — RAMJE I— BOTTOM C ENTERL INE —M = 1. 75

INLFI DESIGN MACH NO. =1.7~~
, BOTTOM CENTERL INE , SINGLE RAMP )RAMJ ET*

4V 3 8 MAC H P13 AQAC CDA EXTaCOMPR , 13.00’ O.01~ 0.01 DEG.RAMP,.~, 1.75
AV —5.00000 —2.00000 1 .00000 4.00000 7.30000 1~~.0000~

13.00000 10.30000
1414141414141414

A M  — 5 , 1.75000 2.00000 2.25000 2.50000 2.75030 3.00c~ o
3.25000 3.5(000 ~.7500O 4.00000 4.25000 4.50000
4.75000 5.00000

P13 0 .75599  0 .6 7 5 32  0.57249 0.47326 0.37838 0.29977
0.23209 0,17965 0.14090 (1.11094 0.08564 0.06551
0 .05348  0 .04321

A OA C 0.9 2898 0 ,94636  0 . 9 3 7 2 2  0 .9 2 9 6 0  0 . 9 3 3 3 2  2 . 8 7 8 7 7
3 .83857  0.80211 0 .77 822  0. 75644 0. 71806  0 .6 83 3 2
0 .67 124 ~~~~~~~~CDA — 0 . 0 3 0 0 0  — 0 . 0 0 0 . ’- —0.00000 —0.00000 —3. (13~~0C) —n .CO0~~1— 0 . 0 ’ - O O l  —~~.~~~0O1 — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 0  — 0 . 0 10 0 1  — .03-0 n2

— 0 . 0 0 0 0 2  —0.3)002
A M — 2 .  1.75000 2 .00000 2 .2 5 0 0 0  2.50000 2 .75— 00 i.~~0000

3.25000 3 .SOoOO 3.7500t 4.-~O300 4.~~5~~O0 4 .~~0 -000
4 .7 5000 5 . 0 ( 3 C ~

• P13 0.76528 C,6~~~82 0.58475 0.48~~7~ 0.~~5~~69 Q.~~1379
0.24608 o.1~~278 0.15241 C.12u86 O.-3~i~ 26 C . ~~~ f~~~-’4
0.06130 ~-‘.-J4946

AOAC 0.95329 Q,9~~7 57 0 .9 6 4 4 8  0 .9 6 2 6 4  0. ’~~371 0 .~~~56~
0.89479 O.8~~616 0 .8 4 6 8 0  0. 2 2 8 7 6  2 . 8 0 - 3 6 3  0. 7 7 9 88
C . 7 7 0 54  0 .7 5 9 7 6

— -3 . O ’ - C Q l  — 0 . 0 0 0 0 0  — 1 .000 00 — 0 ,3 0 00 3  — f l . O 3 O f l l  — ( , . 0 0 0 0 1
— 0 .3300 1 — 0 . 0 002  —0 .0000 1 —~~.o~~’~o 1 —~~.o3~~~2 —~~.0 n r
— 2 . 0 0 0 01 — 0 .0 0 0 0 2

AM 1. 1.75000  2.3 1000 2 . 2 5 0 ~~0 2 .5 0 0 0 0  2 . 7 5 3 0 0 -  3 . L - 0 0 0 0
3. 2 5 f l~~ 3 . 5 0 0 0 0  3.75000 ‘+ . 0 0 0 ” 0  4 ,~~5 C C C  ‘- .~~~C~~’0~~
4.75000 5.Ofl000
0.77164 0.6~~48~ ~.597 1~ 0.~~006 8  0.-.-~bc- 4 0 ,3~~C 2 1
0. 2 6 1 2 5  0 .2 0 6 9 6  - 3 . 1 6 4 9 7  0.1 31 81 0.1 0514 C.-~~ 5~~5
0.0’C~~i 0.3~~721

AOAC 0.97737 0.9~ 013 0.99348 0.9980? C.~~~8C5 c- .97~ 23
0.95679 0.93634 C.9227~ n .9~~°05 3.9315~ ~~~~~~~0.89096 0.88537

— 0 . 0~~~3l0  —0.01003 — -‘.“0000 —0 .30000 _ 0 .~~~lC 0 0  —r - .cn - ’ n 1
‘- ,30031 0.00001 — p .0300 1 —0,3 0001 —~~.o 0 0 3 3  — ‘ .C~~~~~1— 0 . 0 0 0 0 2 — 0 . 0 0 0 0 1

~~~, 1.75C00 2.0000C 2.25000 2.50000 2.75000 3.00000
3. 2 5 0 3 0  3 .5 0C 0 0  3 . 7 5 0~~0 4 . O C 000 ‘~. 2 5 0 0 0 ~.~~3C 00
4.75000 5.00000

P13 0 . 7 6 8 3 5  0 .7 0254  O.60~ 45 0 . 5 1 5 3 3  0. ”~~502 0 .3~~5-~ 3
0.278fl4 0.2~~226 0.17871 0.14390 O.11b 46 0.C~~ ’ 0
0.08115 0.06739

A 0AC 0.99018 1.01489 1.02523 1.03708 1.0?o81 1.34015
1 . 0 2 692  1 . 0 1 3 6 2  1. 00 7 3 2  1.00036 ~.014?5 1 .32eo~
1.04202 1.05240
0.00524 0.0 — fl .00000 —0.00000 —0.OO C3C —0.C ’-0’-0

—0 .00000 —0.00-001 —0 .00001 —0.00000 —~~.0O001 — (0.00002
—0 .00003 — v ~~~~
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F IGURE 8—CONTINUE D

AM 7, 1.75000 2.Ofl000 2.25000 2.50000 2.75000 3.00000
3.25000 3,50000 3.75000 4.00000 4.25000 4.50000
4.75000 5.0)000

P13 3.75092 0.74.411 0.63110 0.54243 0.45099 0.37048
0.30049 0.24286 0.19739 0.16050 0.13386 0.11173
0.09402 0.0’899

AOAC 0.98789 1.05902 1.08410 1.11168 1.11909 1.12512
1.12307 1.11972 1.12432 1.12697 1.15785 1.18529
1 .21964  1 .24 649

C DA 0 . 03 2 8 9  — 0 . 0 0 0 0 0  — 0 . 0 ~~000 — 0 . 0 0 0 0 0  —3 .00300 —0 .30001
— 0 . 0 0 0 0 1 — 0 .0 0 0 0 1  ~ 0 . ( 0 0 0 O 1  —0 .00001 —0.03001 ~n.0o031
— 0 .0 0 0 0 2  — 0 .0 3 0 0 1

AM 10 . 1.75000  2 ,00 00 0  2 .2 5 0 0 0  2,50000 2.75~~02 3.30000
3.25000 3.50000 3.75000 4.00000 4.25000 4.50000
4.75000 5.00000

P13 0.74102 ~.72o69 0.65488 0,57518 0.48179 0.39760
0.32687 0 .26746  0 .2 2 0 0 5  0.18093 0.15224 0.12308
0.10895 0.09244

AOAC 0.97787 1.1:318 1.15862 1, 2 0 8 7 0  1.21930 1.22585
1 .23957  1.24976 1.26957 1.28611 1.3.~2 59 1.37460
1.43008 1.47608

CDA 0.08749 —0.00000 —0.00000 —0.00000 —3. ’-307’- —3.0()0~~1— 0 . 0 0 0 0 1  —0 .00201 —0.00001 —0 .00301 — 0 . 0 0 0 2 - 1 — 3 . 0 0 0 0 1
—0 .00001 —0.O OCO1

AM 13 . 1.75000 2.00000 2.25C00 2.50000 2.75000 3.00000
3.25000 ~~~~~~~~ 3.750u0 4.00000 4.25u00 4.50000
4.75000 5.00300

P13 0.74964 617’2ó8 0.67719 0.60203 0.51415 0.43189
0.35807 0.2)506 0.24488 0.20292 0.17150 0.14477
0.12369 0.10527

AOA C 0.98925 1.14279 1.24064 1.29731 1.33004 1..~5916
1.38153 1.3~~996 1.43299 1.46154 1.52071 1.57324
1.64367 1.71159
0.15019 0.03419 —C.00000 —0 .00000 — 0 . 0 0 0 0 ’ -  — 0 . 3 0 3 0 1

—0. 00fl’-O —0.00301 —0 .00001 —0.00001 — 0 . 0 3 0 0 1  — 0 . 0 0 0 0 2
—0.00001 —0.O~)301

A M  16. 1.75000 2.00030 2.25000 2.50000 2.75000 3.C0000
3 .25000  3 .50000 3. 75 0 0 0 4. 00000 4 . 2 5 0 0 0  4 . 5 0 0 0 0
4 .7 5 0 0 0  5 .00000

P13 0.75481 0.7 ’+55  0 . 6 9 17 3  0 ,6 2 7 5 8  0 .5 4 7 10  0 .4 6 8 1 7
0.39160 0.32504 0.27207 0.22716 0.19~~70 0.15339
0 . 1 3 9 9 0  0 . U9 4 1

A OAC 0 .99607 1.14765 1 .32216 1 .39279 1.4 5 1 5 6  1.507~~2
1 .5 4 0 8 4  1 . 569 0 3  1 .6 1 7 8 0  1 . 6 6 0 7 3  1 . 73 3 5 4  1 . 79 7 18
1.88487 1 .9 c64 8

( 0 A  0.19824 0.08948 —0.00000 —0.00000 —0.00000 —0.00001
—0.03301 —0.03001 0.00001 —0.00001 —0.00001 —0.000o2
—0.00001 —0.30001
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FIGURE 9
INLET PFRFOR MA NCE CHAr (ALTE kIO1ICS — RA MJ ET—B OTTOM (ENT ERLJ NE .-M � .OO

IN LET DE5-IGN MAC H NO . 2.30. ~O~ TOM CEN TER LINE , D3u~~L5 RAr ~P )~~A MJ E T *

AV 3 8 MA C h  P13 AOA C CDA EXI.COMPR . 10.4-3’11 .1/~’ ~.3i D~ G.~~AM~- .’ 2.00
AV _5 .10030 —2 .00000 1.00000 4.00000 7 . 12 0 0 0  1O .OCc-00

13.00000 16.00000
14 1— . 14 14141414 14

A M  —5 . 1.750’0 2.01000 2.250CC 2.50000 2.75003 3.30~~~o3.25300 3.50000 3.75000 4,00000 6.25~~0C 
L..50000

4.750’-0 5.30000
P13 0.78768 0,76356 0.66349 0.55610 0.4~ 870 0.35764

0.27814 0.21595 0,16976 0.13387 0.1~~345 ~.~~8~ Le0

~.06468 0.05228
A OA 0 0.85627 3,9’~865 0.93949 0,93185 0.;’j)23 O.~~~jj7

0.83984 0,8(309 ~- .77916 ~.- , 75735 0.71871 u.66~~7’.
0.6~~165 0.6r977

COA ‘-.0653~ ~0.31b00 — 3.’-”0C~ 
— 3 , 3 3 10 0  ~ 0.010 rIo —o .30’-fl--

— 1 ,00 3~~1 - 0 .0~~001 —~~.“~~f l31  fl .C’- ’- ’-~ —~~.0 0 C ~~i — 0 . C 0 ” —
—0.00001 —0.03001

4\ ~ — 2 .  1.7 50 00  2 . 0 ( 3 0 0  2 .2 5 0 0 3  2 . 5 0 0 0 0  2 . 7 5 C 3 ~ ~ .C’-00o
3.25000 3.50300 3.75100 4. 0 0 0 0 0  4.250-00 4 . 52 0 3 1
4 . 7 53 30 5.0~~0 0 3

~ T3 -3. 7 9 03 0  0. 7~~05 8  0 . 5 7 5 3 7  0.571 33 0.-~6539 - 0 . . 7~~2 3
0.29~~92 0.23110 C.~~9351 -0.14586 fl. 1 l~~11 0 .0~~i 2 3
f l . C~~381 0 .3 59 87
3.35911 0,~~~131 Q.~~58~~0 0, 9 6 6 3 0  3~~~s4 5~~~5 0. i 2 65 .
0.89720 ~-.8 (816 0.84375 3,83065 C.8C5;~ ~~~~~~~0 . 77 19 9  ~.7~~105

O D A  ‘- . 7  — 0 . - ’~~’00  — “ .--
~~~-‘2’- — 0 ,lf ~~0( ~~(/ — “ .1~~ 3~~~-~ 

_
~~.0~~301

—
~~~~~
. -

~~~
‘‘ — .j . 00 0 ~~T —~~ . 3 - ” ’ - 0 - 3 —~~~.01”~’- — 0 . 3~~~2 —

~~~

— . 0 0 C 0 2  —~~. 0 C 2
~. ,  ~.750~~3 2~~~C3u0 2.25003 2 . 5 0 0 0 0  2 . 7 5 1 0 3  3 . 0 0 0 C c ’

1_ . , 5 0_ _ 0 
~~.5n000 ~~~~~~~ ~- .“C0’-fl 4.~~5 2 3 ’ ~ ~. 5 c c ’~4 .’5~ ’’’-  5 . 0 3 3 - 3 3

P 13 0 . 71049 0. 7 7 5 2 3  T- . 5 8- ;2 o  0 . 5 8 7 17  0-. - - .t 3~~1 3.~~5 2 5 2
0 . 3 1~~ 07 -3 . 2 4 8 8 3  0 . 1 9 5 8 5  0 . i 5 ’~~~ C . 12 ~~~~ 0 . 1 0 3 ’ ~
0.c-PL~77 0.05929

A 0A C 0.85932 0.~~96d8 0.99996 1.00425 3.99377 0-.~~o3’~3.9E,148 3.94351 C .92582 0.91354 C .90—~- 1 C.o~~t7~0 .89 ’-~~ ~~~~~~~~
0.12417 —o.ooc ’o~ — n- . ’ - - 1 0 0 r-/ — 0 .0 1 00 0  —

~~~~
.

~~~~
-‘

~~~~
‘ —~~.~~0~~’1

~~~~~~~~~ “ . (
~~0i  — 0 .0 00 0 1  ~~o , o o oo 1  — 0 .~~0 C 2 1  — 0 . C0 ~~~o

_ 1 ,3 103 1 — 3 . 0 ) 0 0 1
4 . 1. 75300 2.303CC 2.25000 2 . 5 f l 0~~3 2 . 7 D 330 3.00033

3.25000 3 .5-’-330 ?.~~500O 4.C0”C’- 4.2E0 3 ~.5o- -- ~
4.75000 5.C (000
0.78534 0.7 127 ~./312 9 0.60~~82 C.5~~35~ 0,—~14C13.3~~352 0,2s758 L.21572 0.17-~~4 ~.14~~45 -i .1~~8~~3

~-.09842 ~.-38176
0.85372 1.01310 1.03712 1.-0’47~~1 1.0’4~~20 1.~~~C 11
1.03630 1.0~~2+ 3 1.01597 1.~~38~~ 1. -.i~~282 1, _ - 344 . -
1.05029 1.00344

004 0.16358 0,01646 —3.00000 —0.00/100 —0 .~~~300 —0 .30000
F- —o .003’-o — 0,Oi’301 —0 .00001 —O.OC~~00 — ‘-.~~0C~~’- — 3 . 3 3 3 0 2

—0.00001 —3.31002
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H FIGURE 9—CONTINuED

AM 7. 1.75000 2.00000 2 . 2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 00 0  3 .00000
3.25000 3.50000 3.75000 4.00000 4.25000 4.~~O00O4.75000 5.00000

P13 0.77362 0.7~~86O 0.71902 0.63308 0.53359 0.44205
0.36058 0.29257 0.23846 0.19429 0.16224 0.13555
0.11413 0.09592

AOAC 0.84098 1.00368 1.10456 1.12987 1.13649 1.14169
1.13869 1.13437 1.13861 1.14087 1.17170 1.19903
1.23328 1.259~ 4

CDA 3.20571 0.09853 —0.00000 —0 .00000 —0.0000n —0.00001
—0 .00001 —0 .uOuoi —0.30001 —0 .00001 —~~.0C031 —0.00001
—0 .00001 _Q~ 3QQ31

AM 10. 1.75000 2.2rCOC ; 2.25000 2.50000 2.75300 3.32000
3. 25000  3 . 5 ) 0 0 3  3 .75000  4 . 0 0 0 00  4 . 2 5 0 0 0  4 . 5 O C C O
4 .75000  5 .00000

P 13 0. 7497 1 0, 7 5 u 5 3  0, 7 2517 0. 56 524  0.~~b 7 9 3  0. 4 7 3 7 3
0.39200 0.3~ 217 0.26586 0.21908 0.16457 0.1~~~43
0 . 1 3 2 2 9  0.11.229

AOA C 0.81499 0.99301 1.18995  1. 2 3 6 5 0  1 .2 4568  1.~~5 17 1
~ . 2 6 2 9 7  1 .27161  1 . 2 9 08 9  1. 3 0 6 b 0  1..,53 1b 1.i9’+77
1.45o26 1.4>606

(- r) A 0 . 2 4 5 4 7  0 . 1 Q 2 12  —0.00000 —0.00000 —0 .03300 —0.00000
— 3 .0 0 3 01 0 .00001  — 0 . 0 0 10 1  — 1 ,0 (00 ( 1 1  — 3 . 0 0 0 2 1  — 0 . 0 0 0 3 1
— 0 . 0 0 0 0 1  — 0 . 0 0 3 0 1

A M  13 , 1.75000  2 .0 (~03C 2 .250 . ’ O 2 . 5 0 0 0 0  2 .7 5 o 0 0  3~~3O000
3.25000 3.50000 3 .75000  4 .00000 4. 2 5 0 0 0  ~ .~~0000
4 .7 5000  5 .00000

P 13 0. 74964  0. 7 ’2 4 5 0 . 7 290 0  0. 686 12 C . 6 C 2 0 7  0 . 5 1 2 7 5
0 .4 2 8 6 3  0 .35514  0 . 2 9 5 7 9  0 . 2 4 5 7 5  0.~~0 80 1  0 .17 576
0.15027 0.1~ 795

AOA C 0.81492 0,98231 1.19826 1,33467 1 . 3 S S l D  ~ .593b 0
1.41466 1,43139 1.46396 1.49188 1.5~~~98 ~ .60~~~ 0
1 . 6 7 3 5 2  1 .7 3 - ~- 9 7

0 . 3( 0 0 0 9  0 . 2 6 05 9  2 . 1 3 0 7 2  — 0 . 0 0 0 0 0  0 . 0 0 0 00  — 0 . 0 0 0 0 0
~~0 ,-13fl03 0.00000 —~~.0~~o01 — 0 . O C Y 101 — 0 .~~’-0~’ 1 — 0 . 00001
— 0 . 0 0 0 0 1  —0 .03001

4 M 16. 1 .75000  ~ .0 f l000  2 . 2 5 0 0 0  2 .5oooc 2.7500- 0 3.30000

~~2 50 00  3.50000 3.750’-~0 4.00000 4.25~~0C 4 . 5 0 30 0 -
4 . 7 5000 5 .O~~O0 C

P13 0.75481 0.72845 0.72578 0.69695 0.83343 0.55238
0 . 4 67 1 2  0,39046 0.32823 0.27492 0.23353 3 . 4 9 0 0 0
0.16995 0.14513

AOAC C.82053 0.9(379 1.19297 1.44032 1.49847 1.552~~f’
1.58537 1,61187 1,66 0 3 4  1, 70 2 7 0 j , 7 7 5 5 7  1. 8 3 8 9 0

• 1 . 9 2 6 47  1 .9 9 7 4 2
(rOA 0 . 3 5 6 7 5  0 . 30 7 94  0 .2 3 8 3 3  0 . 0 0 7 6 8  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 0

— 3 . 3 0 0 0 / 1  — 0 . 0 0 0 0 1  — 0 . ’-3000  — 0 . r 0 ~~~1 — ‘- .0030 1 — 0 . 0 0 3 ( 0 1
— 0 . 0 0 0 0 1  — 0 . 0 0 0 3 1
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FIGURE 10
INLET PERFORMANCE CHARAC TERI STICS — RA MJ ET—B O1 TOM CENTE f< L IN E— M 2.25

IN LET DESIGN MA CH NO.=2.2~~’ BOTTOM CE NT ERLINE , TRIPLE RAMP )RAM JET*

4V 3 8 MAC H P13 AOA C CDA Ex1 .COMPR . 9.00, 9.83,10.30 D~~-~ .RAMP,D , ~ .25
— 5 . 0 0 0 0 0  — 2 . 0 0 0 0 0  1.0~~00fl 4.00300 7 , 3 f l 3 0~~ 1 3 . C~~3n~
13.00000 16.OU000

‘414141414141414
A M  —5 . 1.~~50~~n 2.00000 2 .2 5 0 0 0  2 .50~~0Q 2 . 7 5 0-0 ’-  3.03000

3.2500’- 3.50000 3.75000 4 .00 ’- 00  4.25000 ~ .50~~oo
4.75000 5.00000

P13 0 . 7 9 9 3 0  0 . 70 8 3 0  0 . 7 5 6 5 1  0 . 6 5 0 5 0  0.~~~3 162  0 . 4 2 6 70
F 0.33326 ~.2~ 932 0.20403 0.16091 0.12426 0.09645

0 . 07 7 4 7  0 .0 6 2 5 0
A OA C 0,70466 0 .86584 0 . 9 4 1 28  0, 93363 0 .9 0 6 7 -  0 . 8 8 1 6 4

0 .84085  L~, 8C38S 0 . 7 7 9 9 1  0. 75808 0 .7 1~~2 3  O , 6 8~~C7
0 . 6 7 1 9 8  0 .66 0 0 9

CDA 0 . 1 8 5 5 4  0 . 114 5 4  — 0 . 0 0 00 0  — 0 . 0 0 0 0 0  —0.00000 —0.00000
— 3 . 0 3 0 01 — 0 . 0 0 3 0 1  — 3 . 0 0 / 1 0 1  — ‘ - .30000  — 0 . 3 0 3 (00 — n . 0 0 - ~~ - 1
— 0 . 0 0 0 0 2  0 .33001

AM —2 . 1.75000 2.00000 2.25000 2.50000 2.75u02 ~ .-,0000
3. 2 5 0 0 0  3 . 5 0 0 0 0  3 .7 5 0 0 0  6 .00000  4. 2 5 0 0 0  4 .~~f l 2 C C
4.75000 5.3000C

PT~ 0.797~~1 0.78880 (0.76600 0.66654 0.55058 0.44611

~- . 3 5 3 0 5  0 . 2 7 8 1 5  0 . 2 2 1 89  fl .i 7 5 3 6  0 . 13 b 3 4 f l . i C - , j 4
0.08851 0.~.j Iib,

A O A C  3.70343 0.846~~ 3.97115 0,95930 3,-54958 o. -’:- o:
0.89911 ‘-. 3( 9 14  0 . B 5 0 2 ~ 0. 83 2 1 8  0 . b 0 0 7 ~ 0. 7b2 7 ~3 . 7 7 3 1 4  3. 7~~2 0 7

CDA 0 . 20 2 ~~9 3.13~~43 — 3 . C ~~3-i 0 — ‘ . C3 3 ’- 0  — ‘ .3C ~0 C 0  — 3 . 0 3 0 0 1
— 0 . f l ’ - 0~~1 — ,3 ( ) 03 1 — n .~~03~~1 — f l . 3 0 0 ’ - l  — ‘ - . f l 0 C ~~1 — ‘- .C~~~?
—0 .0~~0o1 —0.3 (003

1. 1 , 7 5 3 ’ - f l  2.0’~0C0 2 . 2 5 0 0 C  2 . 5 0~~’-o 2 . 7 5 0 ~~ 3 . 0~~’-~~o
3 .2 5 0 1C  3 .5~~C3 0  3. 75 333 ‘. . 3 3 3 3 3  6 . 2 5~~~, . ’- ~~~~~~~~~~~~~~~~

L~.7~~C0Q 5.3)000

PT~ 0 .7 93 3 3  C) . 7 3 7 2 2  f l . 7~~1~~9 0 . 6 5 2 6 9  0 . 5 7 0 9 1  ~- . L ~~ s - ~
- . 3 7 4 7 3  0. 2 9 8o6  ~- .2 3 ’ i - ~,2 3.~~9 4 ~ 0 . ’ — --.33  ~~~~~~~~
0.10178 0 .0031 C

A O A C  0 . 6 9 9 12 0 ,864 57 1.30510 1.03918 0. 99 833  G . 9 8 7 D 1
0 .96 519 0 . 9 ’3 8 1  O . 9 3 0 u 6  0- .~~167 1  0. -~0~~63 0.8~~~ti5
0 . 8 9 7 4 1 0.8~~131

CDA 0 . 2 2 7 8 2  0 .16834 ~ 0 . 0 O0~.’0 — 0 . 0 0 0 0 0 — 0 . C 0 ~~C0 — 1 .30301
— 0.03001 —0 .0 (301 —0.000 -Cl —~~.CC 0C1 — f l . -33~~C 1 — fl .3C’~~01
— 0 . 0 0 003 — 0 . 0 0 0 0 0

4, 1 . 7 5 02 0  2 . 0 ( 0 0 0  2 .2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 C 3~ 3 . C 3 0 0 0
3.25~-00 3 .50000  3 . 7 5 0 0 0  ~- .0 0 0 0 0  4 . 2 5 3 2 3  -÷. ~ - 0 0 ~~
4 .7 5000 5 • Q f l ~~00
0 .7 8 815 3 .78 199 0 . 7 6 6 8 2  3 . 69 8 2 8  0 . 5 9 3 2 3  3 .4 1 ?4 0
0 .3 9 8 9 4  0 .3 2 1 1 3  0 . 2 5 9 3 3  0 .2 0 9 3 7  0 . 1 7 2 5 s  0 , 1 4 2 4 2
0 . 1 1 82 9  0 .09818

A O A C  u . 6 9 4 8 2  0 .8. 936 1. Ol~~24 1. 05650  1.~ - D 7 4 4  1,~~5t 3j
1.04374  1.02 943  1.0 2 2 82  1. C 1 5 5 4  1 . 0 2 9 5 3  1.04 1 1 8
1.05 6 85  1.06682

C DA 0 .2 7 8 1 8  0 .2 0 6 6 3  0 .03 149 — 0 . 0 0 0 0 0  — 0 . 0 - 3 0 3 0  — 0 , 0 0 3 3 1
— 3 . 0 0 0 3 1  — 0 . 0 0 C 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 3 . 0 0 0 0 1  — 0 . 0 0 0 0 1
— 0 . 0 0 0 ( 0 1  — 0 . 0 0 0 0 1
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FIGURE 1 0— C O N T I N U E D

AM 7 , 1.75000 2 .00000  2 . 2 5 0 0 0  2 .50000  2 . 7 50 0 0  3 .00000
3 .25000  3 . 5(30 0  3 . 7 5 0 u 0  4 .0000 0 4 . 2 5 3 0 0  4 . 50C 0 0
4 .75000  5.01000

P13 0 . 7 8 0 22  0 .77175 0. 7 5 9 7 7  0. 720 85  0 .6 2 4 8 7  0 . 5 2 4 2 2
0 .43061 0.35080 0 . 286 5~ 0. 2 3 3 7 1  0 . 19 s2 3  0.16310
0 .13727  0.11532

AOAC 0 .68783  0 .82 807  1.01277  1. 14430 1.15029  1 .15483
1.15108 1. 14599 1. 14994 1.15190 1 .18269  1.20993
1.24411 1.2 060

CDA 0 .34395  0 ,2 6302  0 . 15019 — 0 .0 0 0 0 0  — 0 . 0 0 0 0 0  — 0 .0 0 0 0 0
—o .ooooi — 0 .0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  —0.00001 — 0 . 0 0 0 0 1
— 0 . 0 0 0 0 1  — 0 .0 0001

AM 10 . 1.75000 2 .0 ( 000 2 . 2 5 0 0 0  2 .5 0 0 0 0  2 .7 5 0 0 0  3.00000
3 . 2 5 0 0 0  3 .50000 3 .75000 4 .00000 4 . 2 5 0 0 0  4 .50000
4 .75000  5 .0(000

P 13 0. 76355 0 .75639  0. 75231  0. 73562  0 . 6 5 7 2 5  0 .5 5 862
0.46670 0 ,38559  0 .31909  0 . 2 6 3 3 7  0 . 2 2 2 0 4  0 . 1 8 70 3
0.15918 0 . 13509

A OAC 0 ,67313  0,81159 1 . 0 0 2 8 3  1.232 86  1 .26659  1 .27142
1 .28153  1.2 C 894  1.30778  1.3 2 3 2 0  1.36944 1. 41 077
1 .46625  1.51190

CDA 0 .39783  0.3’~7 2 6  0.25965 0 . 0 4 9 3 0  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 1
— 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  —0.~~03C1 —3.00031 —3 .00001 —3.00301
—0 .00002 0.03001

— A M  13 . 1. 7 5 00 0  ~ .0 CC 0 0  2 . 2 5 00 0  2 . 50 0 0 0  2 . 75 0 00  3 . 00 0 0 0
3 . 2 5 0 0 0  3.50000 3.75000 4.00000 4.25000 4.50000
4 . 7 5 0 0 0  5.30000

P13 0.74964 0.7!171 0.74316 0.73314 0.68~~87 0.59911
0 . 5 0 7 6 4  0.42373 0.35429 0.29505 0.25-.~33 0.~~1143
0 . 1 8 0 7 9  0 . 1 5 3 9 5

AOA C 0 .66087  0 .80656 0 .99063  1.22913 1.39478 1.4~.1271 . 4 4 0 9 2  1. 4 5 6 3 2  1.48851 1.515 93 1.57496 l .t~~69~
1 . 6 9 7 1 8  1 .7 5 4~~~6

CDA 0.44040 0.45000 0.34531 0.21196 —0.00000 0,o0000
— 0 .0 0 0 3 1  —O.o000l 0.00001 —0.00001 —0.00301 —~~.C0fln1
— 0 . 0 0 0 01  — 0 . 0 0 0 0 ’

AM 16. 1.75000 2.~~f0 3 0  2 . 2 5 0 0 0  2 .50000  2 . 7 5 0 0 0  3.00000
3 . 2 5 0 0 0  3.5 000 3. 7 5000 4 .00 000 4 . 2 5 0 0 0  ‘.50000
4 .75000  5 .00000

P13 0 .7548 1 0 ,7 4 2 54  0. 73305 0. 7 2 7 7 2  0 .7 0 7 7 5  0 .6344 1
0 .54854  0 .4 (3 5 6  0 .39182 0 . 3 29 3 2  0 . 2 8 0 3 6  0 . 2 3 7 8 9
0.20431 0.i’455

AOAC 0.66543 0.79673 0.97715 1.22004 1.50200 1.58938
1.62068 1.64585 1,69407 1,73598 1.80890 1.37199
1. 9 5 9 4 6  2 . 0 2 9 8 8

004 0.50239 0.50996 0.45763 0.33582 0.10937 —0 .00000
—0.00001 0.OCOO1 —0.00001 —0.00001 —0.00001 —0.00002
—0.00001 —0.00001
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FIGUR E 11
INL ET PERFORMANCE C H A R A C T E R I S T I C S  — RA MJ ET—B OI TO M C E N T E R L I N E — M 2 .50

INLET DESIGN MAC H NO .~~2,50. BOTTOM CENTEI LINE , TRIPLE RAMP ) k A ~V J E T *

AV 3 8 MACH P13 AOAC CDA EXT .COl PR. 10.00.11.10.12.10 DEG .RAMPS, 2.50
AV —5 .30000 —2 .00030 1.00000 4.00000 7.00000 10.00000

1~~.00000 16.00000
1414141414141414

4M —5 , 1.75C-~~0 2.00000 2.25000 2.50000 2.75000 3.00000
3.25000 3,50300 3.75000 4.00000 4.25000 4.50000
4.~~50~ 0 ~~~~~~~~~

P13 0.78937 0.7857~ 0 .76636  0 ,72 009  0 . 5 9 9 3 7  0 .48494
0 . 3 8 0 3 3  0 .2~’649 0 . 2 3 3 3 5  0 .18392 0.14 185 0 .10990
0.08810 3.37091

A O A C  0 .5 8 2 5 7  0 , 7 0 5 8 2  0 . 8 47 9 9  0 . 9 3 4 4 3  O .~~~0 7 4i  0 .8 82 2 0

0 . 8 4 13 0  0 . 80 4 2 0  0 . 7 8 0 2 4  0 . 7 5 8 4 1  0 . 7 1 9 4 6  0 . 6 84 2 1

0 . 6 7 2 1 2  3 . 6( 0 2 3
0 . 2 7 9 0 0  0 . 264 83  0 . 09 6 3 6  — 0 . 0 0 0 0 0  —0.00000 —0.00001

— ‘- .10001 — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 0  —0.00000 —0.00000
— ‘ - . 0 0 0 0 1  — 0 . 0 0 0 0 1

4Y  —2 . 1.75000 2.0’~0O0 2.25000 2.50000 2.75000 3.00000
3.25000 3,50000 3.75000 4.00000 4.25000 4.50000
4.75~~00 5.00000

013 0.79028 O,7C503 0.76276 0.73345 0.61911 0.50622
0.40252 0.3’784 0.25233 0.20045 0 . 1 5 7 9 7  0 . 1 2 4 9 0
0.10076 0.00147

AOA C 0.58323 0.7)515 0.85117 0.97062 0.~~~074 0.~~~1o1
0.89996 0.8 044 0.85098 0.83285 0.80739 0.70333
0.77365 0.76253

CDA 0.31180 0.2f552 3.13620 — 0 . 0 0 C 2 0  — 0 . 0 0 0 0 0  — 0 . 0 0 0 0 1
—‘-.‘-(0~~31 —0.00031 —~~.oo3 01 — 0 . 0 0 0 0 1  —0.00001 —3.00000
— 0 . 0 0 0 0 1 — 0 . 0 0 0 0 1

1, 1 .7 5 f l 0 0  2 .0~~O0 0 2 . 2 5 3 0 0  2 . 5 00 10  2 . 7 5 0 0 0  3 .000 - 3 0
3.25000 3.50000 3.7500’- 4.00300 4.25000- 4.50000
4 . 7 5000  5 . O C 0 0 0

P13 0.79087 0.711220 0.76352 0.74407 0.63~~55 0,52940
0.42657 .,3’-093 0.27311 0,21872 0.1 7623 0.14226
0.11596 u.0945~

AOA C 0.58367 0.70261 0.85202 1.01138 1.00033 0.98946
0 . 9 6 6 8 5  v .94 52 9  0 . 9 3 1 5 0  0. 9 1 8 1 3  0. 9 1 o 32  0 . 90 1 22

0 . 8 9 8 6 8  0 .8 9 2 4 8

CDA 0.34726 0.29118 0.18238 —0.00001 o .ocuoo —o .coooi
—0 .’-0001 —0.00001 —0.00001 —0.00001 —0.00001 —0.00001
—0.00000 —0 .00000

4M  4~ 1.750’-0 2.OC000 2.25000 2.50000 2.75000 3.00000
3.25000 3.5030C .75000 4.00000 4.25000 4.50000
4.75000 5.00000

P 13 0, 7863 9 0 .774 ó4 0, 76085 0. 74496 0 . b 5 i 15 0 . 5 5 5 i 5
. .45298  0.36~~87 0 .2 9 5 8 9  0 .2 3 8 9 7  0 . 19 8 9 2  0 . 1 t~~ j-~
0. 13477 ~ . i i A 7 , ~A O A C  0 . 5 8 0 3 7  0 ,6 9591  0 .849~~3 1 .02941 1.061 12 1.~~t 15~1.0 4 7 0 5  1.332.,4 1.02588 1.01853 1.03253 1.j4414
1.05977 1.3 966

CDA 0.39369 0.32636 0.24033 0.03603 —0 .00000 —0 .00000
— ‘ .~~‘-~~‘ -0 0.00301 —‘--.03001 —0.00~~31 —(0.03031 —0.00301
— 0 . 0 0 0 0 1  —0.0(001
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F IGURE 11—CONTINUED

AM 7 , 1 . 7 5 00 0  2 . 0 0 0 0 0  2 . 2 5 0 0 0  2 .5 0 0 0 0  2 . 7 5 00 0  3 . 0 0 0 0 0
3 . 2 5 0 0 0  3 . 53 0 0 0  3 . 7 5 0 0 0  4 . 0 0 0 0 0  4 . 2 5 0 0 0  ‘.5-~OOo
4 .7 5 0 0 0  5 . 0 0 0 0 0

P 13 0 . 7 7 5 8 1  0 . 75 9 3 2  0. 7 5 4 90  0. 7 3 3 3 7  0 . 68 50 5  0 .5 8 72 1
0 .4 8 6 8 9  0 . 3 9 8 5 7  0 . 3 2 6 2 7  0 .2 6 6 3 8  0 . 2 2 2 5 5  0 . 1 8 5 8 8
0.15638 0.10130

AOAC 0.57255 0.6(1205 0.84240 1.02927 1.15644 1.16069
1.15660 1.15116 1.15499 1.15682 1.1o759 1.21478
1.24893 1.2’535

CDA 0.45635 (.e,40696 0.32757 0.16441 —0.00000 —0.00000
—0 .00001 —0 .00001 —3.00001 —0.00001 —0.00001 —0.00001
—0.00001 —0.00001

AM 10. 1.75000 2.00000 2.25000 2,50000 2.75000 3.00000
3.25000 3.50000 3,75000 4.00000 4.25000 4.50000
4 .75000  5.00000

P 13 0.75445 0 .75250 0.74308 0. 73206  0 .69924  0 .61859
0 . 5 2 4 2 8  0, 4363 1  0 . 3 6 2 2 9  0. 2 9 9 5 9  0 . 2 5 2 7 8  0 . 2 1 2 9 9
0.18128 0. 15382

AOAC 0.55679 0.67592 0,82921 1.02744 1,24193 1.28021
1.28980 1,~~~ bbó 1, 3 1532 1, 33051 1 .37668  1.41790
1.47338 1.51897

C D A  0 .50777  0 ,5~~~35 0. 42372  0. 31970 Q.05C49 —0 .00001
— 0 . 0 0 0 0 1  3 . 0 ) 0 0 0  —0 .00001 —0 .00001 —0.00031 —0.00001
— 0.00002 —0,00002

AM 13, 1.75000 2.00000 2.25000 2.50000 2.75000 3.COOOO
3.25000 3,5(000 3.75000 4.00000 4.25000 4.50000
4.75000 5.01000 - ‘

P13 0.74964 0.74543 0.73049 0.72609 0.70257 0.64707
0.56426 0.47646 0.40047 0.33453 0.28391 0.24031
0 .2 0 5 5 9  0.17512

AOAC 0.55325 0.669,6 0.81515 1.01906 1.~~4819 1.43352
1.45263 1.46743 1.49945 1.52666 1.58568 1,53755
1.70773 1.7(464

004 0.56996 0.5~’857 0.54053 0.43916 0.25246 —0,00000
—0.00001 —0.00001 —0.00001 —0 .00001 —0.03001 —0.00001
— 0.00001 —0.00002

AM 16. 1.75000 2.00000 2 . 2 5 0 0 0  2 . 5 0 0 0 0  2 . 7 5 0 0 0  3 .00000
3 . 2 5 0 0 0  3 .50000 3, 75000 4 .00000 4 . 2 5 0 0 0  4 .50000
4.75000 5.00000

P13 0.7548 1 0,73314 0. 72817 0. 7 1704 0 . 7 0 2 0 9  0 .6 7 1 2 6
0.59805 0.51620 0.44001 0.37166 0.31721 0.26963
0 .23183  0 , 19 8 2 2

A O A C  0 .55706  O,6 58~~4 0 .81257 1.0C636 1.2 4 7 3 3  l ,~~1250
1. 6 3 6 4 2  1,66099 1. 709 10  1. 7 5 0 8 2  l , 8 2 i7 6  1 . 8 8 5 7 4
1.97417 2.0/~435

CDA 0.64007 0.6~~123 0,65853 0.54975 0,43084 0.16239
— 0 . 0 0 0 0 1 0 .0000 1 —0.00000 —0.00001 —0 .00001 —0.00001
— 0.00001 —0 .0 0 001
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F I G U R E 12
INL ET PERFORMANCE C H A R A C T E R I S T I C S  — COMBINED CYCLE—BOTTO M CENTERL INE—M=2 .50

IN LET DESIGN MAC H NQ,*2,50, DOUFLE RAMP , BOTTOM CENTERLINE , COMBINED CYCLE

AV 3 8 MA C H P13 4040 CDA EXT .COMPR ,  13 .40 .15.60,  0.01 DEG.RA M P5 ,  2 .50
Av — 5 .00030  —2. 03 000 1.00000 4.00000 7. oOc ’-  10 .00003

13.30030 1~~.00000
15 15 1515 151515
AM —5. 0.75000 1.0~ 000 1.25300 i.soooo 1.75000 2.00000

2.25000 2.50000 2.75000 3.00000 3.25000 3.50000
4.00000 4 .50000  5.00000

P T 3  0 , 8 20 0 0  0.81938 0.80907 0.79062 0.7 8363 0.75767
0 .734 52 0- .6 325 0 . 5 5 6 2 8  0 .44924  0 . 3 5 2 3 8  0 .27507
0.17138 0.10311 0.06700 -

A O A C  0 . 502 9 7  0 ,4 7 3 0 6  0, 4889 5 0. 53687  0 . 6 2 7 2 8  0 .73817
0.87018 0, 93313 0. 90633 0. 88128 0. 84~~57 0, 80364
0.75788 0 .68 398 0 .66000

Cr~A — c . 0 6 5 4 c 0 .18315 0 .28434 0 .27 849  0 .2 8 2 2 5  0 .21310
0 .05 134  —0.0(0300 — 0 . 0 3 0 0 0  — 0 . 0 00 0 0  — 0 .0 1 0 0 1  — 0 . 0 0 ( 0 0 3

— 0 . 0 0 0 0 3  — ) .~n.~uci 0 — 0 . 0 0 0 0 0
A~~ — 2 .  0.75000 1.00001 1.250u0 1.50000 1.75000 2.00000

2 . 2 5 0 3 3  2 .5 r - 000 2 .7 5 0 0 0  3 .00000 3 . 2 5 0 0 0  3 .5O0o~4.00303 4.5130C 5 .000 0 0
• P13 0. 8 2 0 00  0.81965 0.81138 0.78598 0.78410 0.75975

0.73 429 0.68716 0.57”73 0.46880 0.37~~72 0.29453
0.18654 0.1:692 0.07922

~0.A C 0.53297 C.4’322 C .4 9 0 3~ 0, 53~~7? 0 .6 2 7 6 6  0 . 74 0 2 1
0 .876 55 3 ,9 6 848  0 .9 4 8 86  0. 930 17 0. 89857  0 . 8 6 9 2 9
0 .8 3 175 0 .7 8 2 4 0  0 .7 8 6 5 6

— 0 . 0604 8 0 , 1 37 7v  C .~~0 202 0 .3 0 04 8  0 .3 3 3 6 6  0 . 2 4 0 6 0
0 .0 -7 46 5 — 0 . 0 0 0 0 0  — 0 . 3 ~~300 — 0 . 3 1 1 0 0  — 3 . 0 0 0 - 0 0  — 0 . 3 ( 0 3 0 0

— 0 . 0000 1  — 0 , 0 0 0 0 0  — 0 . 0 0 0 0 1
AM 1, 0.~~~0C O 1 ,C3000 1 .2 5 0 0 C  1 .50000  1.7 5 3 0 0  2 .0 0 0 0 0

2 . 2 5 0 0 0  2 .5( 2 00  2 . 75 00 0 3 .00000 3 .2 5 0 0 0  3 .5 00 0 0
4 . -~0000 4 .50000 5 . 1000o

P13 0.819 71 0 , 8 19 2 7  0 .8 1 2 1 8  0, 7 8 6 7 6  0 .7 8 1 0 8  0. 7 5 — ~38
0 . 730 19 0.6~’96 2 0 . 5 9 3 7 9  0. 49 000  Q .3 9 4 6 .~ 0 .3 1568
C .2 0 ~~24 0 . 13285  0 .0 9 3 8 5
0.5327° 0.4~~303 0,49083 0.53425 0.62524 0.7403j
fl.8~~90~ 1.00780 0.99704 0.98645 0.96415 0.94289
0.91581 0.8°899 0.94171

- - çr) 4 —0 .05178 0.10954 0.32580 0.33351 0.32808 -0.27436

~- . ii ~~~~: — 0 . 0 0 0 0 0  0 .3 00 00  — 1 .0003 1 — 0 . 0 0 0 0 1  — 1. 0 0 0 0 1
— 3 . 0 ’ - 0 0 1  — 0 . 0 0 0 0 3  —0.00001

4 , 0 . 7 50 0 3  1.00003 1.2 5 0 00  1 .50000  1. 7 5 0 0 0  2 . O C 0 0 0
2.25000 ~..5C000 2.75000 3.00000 3.25000 3.~~000c
4.00000 4 .50300 5 .0 0 0 00

PT3 0.81885 0.8’774 0.81047 0. 7 8 4 8 7  o. 77-~15 O.755~~
0.71909 s.70244 0.61314 0.51353 0.4184D 0.33619
0.22162 0.15125 0.11112
0.53227 0.47212 0,48979 0.53297 0.61649 0.7359o
3, 8 7 C ~ 5 1.0.~- 1 8 2  1.05514 1,055 80 1 .04 166  1.0~~74- 71 .01366  1 .03928 1 .13218

— C . 0 3 3 9 0  0 .22789 0 .36370  0 , 3 7 5 5 0  0 .3 5 7 4 8  0 . 3 2 0 1 8
0.17715 0.02030 —0.00000 0.0 —o .ooooc —0.00001

—0 .03000 —0.00001 —0 .00001
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FIGURE 12—CONTIN U ED

AM 7. 0.75000 1.00000 1.25000 1.50000 1.75000 2.00000
2 .2 5 0 0 0  2 .5 0 0 0 0  2 . 7 5 0 0 0  3 .00000  3 . 2 5 0 0 0  3 .50000
4 .0 0000 4 .50000 5 .00000

P13 0 .81348 O.8 . 2 2 7  0 ,8059 1  0. 78216 0. 7453 1 0 .74 5 7 4
0. 72 0 3 5  0.6~~861 0 .63861  0. 54282  0. 449 20 0 .3 6 7 80
0 .24651  0 . 17 2 6 7  0 . 12956

AOAC - . .49 897 0 .4 ( 8 9 6  0 .48704 0 .53 113  0 .59661  0 . 7 2 6 5 5
0.87188 1.04914 1. 14643 1, 15116 1. 14761 1. 14274
1. 14882 1.2068 8 1.34172

CDA — 0 .0 1 5 2 2  0 . 2 6 2 74  0 . 41173 0. 43434  0. 411 00 0 .38981
0 .2 8 9 4 2  0 .0 02 5 9  ~ 0 .03003  — 0 . 0 0 0 0 0  — 0 .0’-OOl —0 .00001

— 0 .0 0 0 3 1  — 0 .0 0 0 0 1  — 0 . 0 0 0 0 2
AM 10. 0 .75000  1.00030 1.2 5 00 0  1.50030 1.75000  2 .00000

2 . 2 5 0 0 0  2 .5 0 0 0 0  2 . 7 5 0 0 0  3 .00000  3 .2 5 0 0 0  3 .50000
4 .00000  4 . 5 ) 0 0 0  5 .00000

P 13 0 .8 0 5 8 5  3.80480 0 .7 9 9 8 2  0.77880 0.74102 0.72725
0 .71597  0 .68705  0 .65666  0 . 5 7 2 7 8  0. 4 834 2 0 .40208
0 .2 7 6 6 6  0.10734 0 .14980

AO AC 0 .49429  ~ .46465 0 .48336  0 .5 2 8 8 5  0 .5 9 3 1 7  0 . 7 0 8 5 3
0. 866 58 1.345 89 1.2 5 4 8 5  1. 26591  1 .27534  1 .28410
1.31861 1, 4 0630 1.57 9 8 3
0 . 0 0 4 8 7  0.3’,173 0.45940 0,49977 0.48o92 0.46015
( 0 , 4 ( 0 8 65 3 ,2498 3  0 ,0 3 6 8 0  — 0 . 0 1 00 0  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 0

— 0 . 0 0 0 3 1  — 0 . 0 0 0 0 1  — 0 . 30 0 0 1
4M 13. 0.7c’OOO 1.00-304 1.25000 1.50000 1.75000 2.00000

2 . 2 5 0 0 0  2.50000 2.75000 3.00000 3.25000 3.50000
4 .30000  4.50000 5.00000

P13 0.80093 0.79966 0.79568 0.78061 0 .74964  0 .7 0500
0.70987 ~~~~~~~~ 0 .65938  0. 60433 0 .5 2 0 8 3  0 . 4 3 8 7 4
0.30834 0.22210 0.17015

AOAC 0.49128 0.4(1o8 0.48086 0.53007 0.6-~.i~i07 0.68686
0.85920 1.0.915 1.26271 1.41359 1.43358 1.44935
1.50921 1.62032 1.83272
0.03020 0.33051 3,49791 0.56051 0.56~~5o 0.53606
0 . 50 5 9 3  0.3c734 0.15622 — 0 . 0 0 ( 0 - 0 0  — 9 . 2 0 0 0 0  —0.00001

—0.00001 —0.0)001 —0.’-OflOl
~~ 16. 0.75030 1.00330 1.25000 1.50000 1.75000 2.0000~

2.2~’000 2.50000 2.75000 3.00000 3.25000 3.5000~
4.00000 4.5~~000 5.00000

P13 0.79583 0.7’)437 0.79124 0.77998 0.75481 0.71455
0.69892 0.6L735 0.65563 0.62953 0.~~549~ 0.47 ’63
0.34207 0.26865 0.19202

A OAC 0.48815 3,4’-863 0.47817 0.52964 0.50421 0.69616
0 .8 4 5 9 5  1.06634 1.2 5338  1.53 8 5 5  1.6108 1 1.63635
1. 72668  1.962 7 4  2 . 11830
0 . 0 5 2 12  0 .3~~597 0 .5 2 9 0 7  0. 6 0868 0 . 62 6 8 9  0 . 5 9 8 52
0.58497 0.52744 0.35791 0 ,0 6 6 5 2  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1

— (0.30001 —0.Or--o01 —0.00001
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F IGURE 13
INLET PFRFORMAN CE CHARACTERISTICS — TURBOJET—BOTTO M CENTERLINE—NOR MAL S-lOCK
INLET DrS IGN MACH NO .z1.D )NO R~~AL SHOCK* , T URBOJET ’  BOTT OM CE N T ER L INE

A V  3 8 AA CH P13 AOAC ODA EX 1.COMPR . 0.20. 0.01’ 0.01 DEG .RAMPs . 1.50
AV —5 .30000 —2 .0’)30-3 1.33000 4.00000 7.00000 10.00000

1 3. 00 3 0 3  16.0( 000
~2 1 2 1 2  12 1 2121212

A~ —5 , 0. 5 1000 0.6~-3 00 -‘.70000 0.8 0000 0 . 9 0 0 0 0  1.00000
1 .100 00  1. 2 0 0 0 0  1.30000 1.40000 1.50000 1.60000
0.95300 0.95000 0.95000 0.95000 0 .94996  0 .948 11
0.93911 0 .92344  0 .90110 0. 8744 2 0. 83969 0 .80 596

A OAC 1.33710 1.18577 1.09213 1.03610 1.00676 0.98596
0.96467 0.94888 0.93668 0.9~~020 0.92066 0.92133

CDA 0.1~~680 0.0/.745 0,00858 — 0 . 0 0 1 9 5  — ( 0 . 0 0 0 6 8  — 0 . 0 0 0 0 1
— 0 . C ’~00 1 — 3 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 ,0 0 0 0 1  — 0 . 0 0 0 0 1

~~ —2 . 0.50000 0.60000 0.70000 o.80n0C 0.90000 1.00000
1.10000 1.2 OCC -3 1.30000 1.4 3000 1.50000 1 . 6 0 0 0 0

P13 O.~~5C0O 0.95-~0D 0.95000 0.95033 0.94999 0.94947
0 .94340  0 .930 18 0 . 9 1 0 u3  0. 885 12 0 .8 5 3 9 9  0 . ø 2 0 2 -

A O A C  1 .33710  1.18577 1 . 3 9 2 1 3  1.03610 1.00679  0 .9 5316
0 .9 7 6 9 1 0 .9 6 382  Q . - 53 87 0 .94 9 23 0 .9 4 4 8 5  0 . 9 4 5 3 2

- 
- 

( D A 0 . 16788  0 .O~~2 00 0 . 0 0 c 9 3  — 0 . 0 0 1 8 6  — 0 . 0 0 1 1 5  — 0 . 0 0 0 1 7
— 0 . 3 0 0 ( 0 1  — 0 . 3 0 0 0 1  — 3 . 3 0 0 0 1  — 0 . 0 0 0 0 1  — ( 0 . 0 0 0 0 0  — 0 . 0 0 0 0 1

A V  1. ~-~~5 r 0 3  0 .6 0 0 0 0  ‘ .7 0 0 C 0  0 .80300  0 . 9 0 00 0  1 .00000
1 .10 ?~~0 1 . 2 03 0 0  1 .3 ( 0~~00 1. 40 0 0 0  1.50 0 00  1 .60000

0 T 3  -3. 04 9 80 0 . 94 5 7 6  C . 9 4 9 7 1  0. 9496 2 0. 9495 2 0. 949 16
0 . 9 4 6 67  0 .9 1594  0 .9 1 8 04  0. 8947 2 0 . 8 6 5 4 5  0 . 8 3 2 1 5
1.3368?  1~~j o~~+~ 1.0~~180 1, 0~~569 1 .006 29 0 .9 9 7 0 f ~
0 .9 9 0 11 0 . 9 7 5 2 ( 0  0 . 9 7 1 27  0. 96 7 9 7  0 . 9 6 5 7 9  0 .9 6 6 50
3. 1720 1 0 .~~r 6 2 l  3 . 0 0 8 7 1  — 0 . 0 0 3 2 7  — 0 . 0 0 2 2 6  0 . 0 C 0 7 5

— 0 .00001 —3.3 )001 — 0 . 0 0 0 0 1  — 0 .0 ( 0 3 0 1  —0 .000-01 —0.00(031
AM 4, 3.50033 C . 6 O C O C  0 . 7 00 0 0  0 .8 0 00 0  0 . 9 C - 0 -3 0 1 .0 0 0 00

1. 10 0 3 ( 0  1 . 200 0 0  1. 3 0 0 C C  1 . 4 0 0 0 0  1.5 0 0 00  1 . 6 0 0 00
~~T 3  0.94921 3 .9 19 0 3  0 .94 8 6 6  0, 9484 8 0 .9 4 6 10 0 .9 4 7 3 8

0 .9 4 570 0.~~ - 9 8 3  0 . 3 24 4 5  0. 9 0 24 4  C. b 7 19~ 0 .~~39b ~
— - A C 1.~~~ 598 1. 184 5 6  1 . 0 9 0 8 2  1. 03 44 5  1. 0 - ~ 47 8 0 . 9 9 52 0

1 . 0 0 13 1  0 .9 9 5 9 0  0, 3 8 9 2 9  0. 9 8 6 1 2  0, 98010  0 .9 8 1 7 1
0 . 1 6 1 0~ 3.0-*36C 0.2017~ — 0 . 0 0 7 9 8  — 0 . 0 0 4 1 7  0 . 0 0 30 2
~~ .~~~o 0 8 7  _ 0 . 0 031 — 0 . ~~1301 — 0 . 2 0 1 00  0 . 10 00 0  -~~. Cc 3 o 1

E-30

ILk _ _ _



__________ 
~~~~~~~~~~~~~ ~~~~.•

FIGURE 13—CONTINU ED

AM 7 . 0. 50300 0 ,60030 0 .70000  0 .8o~~0o ( 0 . 9 0 0 0 0  1.00000
1.10000 1.2)000 1.30000 1.40000 1.50000 1.60000

P13 0 .94312  0 .94290 0 .94268  0. 9 4 2 2 1  0 .94173  0 .9 4 1 0 5
0 .93957  0 .93625  0 . 9 2 7 9 1  0 . 90 9 3 6  0 .88059  0.85077

AO A C 1.3274 1  1 .1’690 1.08372 1 .02761  0 .99804  0 .9 8 8 5 4
0 .9948 2 1,0’.345 1 .00934 1.00729  1. 0 0 0 9 2  1.00514

CDA 0 .14846 0 .03 1 2 3  — 0 . 0 0 7 4 2  — 0 .0 1 4 3 4  — 0 . 0 0 7 1 4  0 .0 0 3 2 7
0 .0093 8  0 .0 0 2 3 0  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 .0 0 0 0 1

AM 1-n . 0 .50000  0 . 6 0 0 C C  0 .70000  0.8oooo 0 .90000  1 .00000
1.10000 1.20030 1.30000 1. 4 0000 1 .50000 1.60000

P1 3 0 .93428 0 ,9 04 0 7  0 .93385 0 .93337  0 .9 3 2 9 0  0 .93240
0.9 1137 0 ,92 8 7 4  0 .9 2 3 8 0  0 . 9 1 2 7 5  0 .88841 0 .86219

AO A C 1.31498 1.1(-.588 1 .07357 1.0 1797 0 .9886 8 C .9 7 9 4 6
0 .9 9 6 1 3  1 .0r 153 1  1.034 77  1. 0 2 85 0  1 .02368  1 03 154

CD A 0 . 1 3 1 5 Q  0 ,0 1717  — 0 .0 1 9 0 1  — 0 . C 2 2 5 4  — 0 . 0 1 1 7 6  0 .00191
0 .0 1 2 2 8  0.0 1355 0 .00 144  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1  — 0 . 0 0 0 0 1

4M  13, 0. 5000 0  0.6~~0 O0 0 .7~~o0o c .80 00 0.90000 1.0(0000
1.10000 1.20000 1.30000 1.40000 1.50000 1.oOCOO

P13 0.92910 0.92862 0.92815 0.92767 0.92720 0.92644
0.92543 0.92347 0.91959 0.91334 0.89973 0.oP,- 1 5

— 
- AQA C 1.30768 1.15909 1.06701 1.01175 0.98264 0.9~~320

0.97985 0.995ó1 1.03005 1.06971 1.06043 1.37-.o3
CDA 0.11963 0.00643 —0.02Q94 —0.02878 —0.01569 —0.30027

0.01222 0.0 857 0.01363 —0.00516 — ( 0 . 0 0 0 - 0 1  -T.00301
A’A 16. 0.50000 3.6~ C00 3.7030(0 0.80000 ~ .9~~0o-~ 1.C fl o -~ ’~

1.10000 1.2030 -0 1.O3000 1.400C0 1.503-3 0 1.60000
P13 3.92356 0.90291 0.92226 0.92174 0.-~2121 0.92031

0.91°33 0.91790 0.91497 0.91012 C.93363 0.88862

~3AC 1.2°988 1,15195 1.06024 1.00528 0.97629 0.96676
0.97339 0,99358 1.02468 1.06593 1.i1646 1,~~Q75t~

C O A  0 . 10376  0 .0062 1 — 0 . 0 3 9 6 8  — 0 . 0 3 5 9 3  —0.0~ C14C — 0 . 0 C 3 C ~0.01146 0.02230 0.02091 0.00961 —0.01246 — 0 .COC-0O

E - 3 1  
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FIGURE 14
INLET PERFORMANCE CHARA C ER IST IC S — TURBOJET— BOTIOM C IN IER L IN E— 12 . DEG RAMP
I N L ~~T OES IGN MA CH N0. 2.00 )12.0 DEG RAMP * , TURBOJET ’ BOTTOM CENTERLINE

AV 3 8 MACH P13 A OAC Cc-A EXT.COMPR . 12.00’ 0.61~ 0.01 DEG.RAM P .~, 2.03
Av —5.~~or-~o —2.0)000 1.00000 4.0(0000 7.-?00fl~’ 10.00~~’~(013.30000 16.000-30

7 7 7 7 7 7 7 7
A %~ ~~ 0,50000 0.7 5 3 3 0  1.00030 1.25000 1.50300 1.75000

2.00000
P13 0.95000 0.9!-300 0.94928 0.93734 0.92189 0.08398

- 
- 0 . 8 1 0 9 6  

-AOAC 0 .99519  0, 7~- 9 1 3  0 . 7 4 2 2 0  0. 7 6 7 13 O. 83~~5i 0.o-’~~14
0 .948 14

— 0 . 0 6 2 3 6  —0~ Q1973 0.08460 0.11261 0.03383 0.01099
— 0 . 0 0  0 0 ( 0

A M  —7 . 0.~ o C -00 -3,75300 1.C0000 1, 2 5 2 0 0  1. 5 0 0 0 0  1.7 5 0 00

0 .9~- 0 0 0  -~ , 9 ; - J C 0  0 . 94 9 5 9  0, 9430 2 0 .9 2 2 7 4  0 . 8 9 1 0 8
0.82252

AOAC 0.99519 0.769ii 0.7424~ 0.769j~ 0.b4 iil O.~’iU~~l0 .97  046
CDA —0.04242 —0.03634 0.06708 0.12773 0.04824 0.01574

— 1 . 0 ( 0 0 0 0
1. 0 . 5 3 - 0 - ’o  ~~~~~~~~~~~~~ 1.2fl fl~~0 1.25100 1.50300 1.75C~~

2.0’~0?3
0.~~4 9 B C  0,~~~ 967  3. 14916 Q•94394 0 .9 1 5 4 7  0 . 8 9 5 4 6
0.8~ ~~ 7
0. 9~~4~~ u,7 b 8 8 5  0. 7421 1  0.77008 0.84158 0.92524
0 • 0~~~~~ S

0 2 - ’ —0 .C~~1 1? —0.0’114 0,CQ464 0.14662 0.07479 0.02257
—0 .00000

‘ . 0.~’0~~~0 0 ,75 ~-3C 1,000— 0 1 .2 5 0 0 2  1 .5 -~ 00 1.7 5 000
2.01323

r r ~~ 0.1’.~~21 0.1’~~57 G.147j8 0.93895 0.’0~~~3 0.69331
C • ~~4 I I
C.114~~ 3.78802 0.74072 0- ,7b 645 3.03b20 O.~~io7~
1.0 1q19

—0.04~~~-? — 0 . o 2 3 : ~ 3 . 1 1 3 0 5  0.17533 ~.11987 0.03436
• 0? 2 20
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FIGURE 14—CONTINUED

AM 7. 0.50000 C.7!000 1.00000 1.25900 1.50000 1.75000
2.00000

P13 0.94312 0.94245 0.94105 0.93368 0.90616 0.88109
0.84898

AOA C 0.98798 0.78286 0.73577 0,76414 0.83331 0.94470
1.05 120

CDA —0.06802 —0.01580 0.1353 7 0.21133 0.17680 0.06580
0 . 0 1 1 8 6

A M 13. 0 .50000  0 . 7 5 0 0 0  1.00000 1.25 100 1.50000 1.7500o
2 .0 0 0 0 0

P 13 0 . 9 3 4 2 8  3 .9(0361  0 . 9 3 24 0  0. 9 2 6 6 2  0 .9 0 2 2 7  0 .85850
0.84757

AOAC 0.97873 0,77552 0.72900 0.75836 0.82973 0.93055
1.07906

004  —0.09806 —0 ,0 )82-3 0,15948 0.2~~597 0.23281 0.13334
0.03520

4M 13 . ~- .5’C00 0.75000 1.0(0000 1.25r00 1.50000 1.750~~ 
—

2 . 00 0 0 0
P13 0.92910 0,92791 0.92644 0,92183 0.90436 0.66649

0 .8 4 0 9 3
A04C 0.97330 0.7 076 0.7 2 4 3 5  0. 7 54 4 4  0. 8316 5 0 .9414 8

1 . 0 9 8 3 3
0( 04 — 0 . 0 9 7 9 2 0 . 0 ’ 3 9 2  C.17696 0.27156 0.~~o102 0.~~1541

0.08514
A M  1-c . 0 .5 0 0 00  C.7~~0C0 1.0000n 1.25000 1.50C00 1.750nn

2 . 0 0 0 0 3
Pfl 0.92356 0.9:200 0.92031 0.91668 0.90363 0.87447

C . 8 2 7 9 3
A OAC 0.9674~ 0.75-587 0.71956 0.75322 3.83098 0.94797

1 . 092 2 ~— 0 . 0 9 9 5 6  0.01627 0.19293 0.29275 0,31795 0.27763 —

0 . 15740

E— 33
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Figure 16 present s the inlet critical mass flow ratio. The
curves exhibit the t yp ical characteristics , with the break in the curves
indicating that all inlet shocks have fallen inside the cowl lip. At
Mach numbers above the break poin t (at a constant vehicle ang le of
attack) ,  the change in crit ical mass flow ratio is due to the forebod y
compression effect , i . e .  , (A o /A~~

) ~(A L /A c)( Ao /A L) ,  the product  of
forebody compression ef fec t s  (A 0 /A L) and the inlet local capture  ratio
(AL /A t ). At Mach number s less  than the break point , the increase
is due to both f or ebod y compression and the inlet compression shocks
attaching to the inlet lip.

Figure 17 presents  the inlet critical additive drag . At low
flight Mach numbers and large angles of attack , the inlet spill s large
amounts of air and hence develops large additive d rags .  As the Mach
number increases, the inlet shocks become attached and the additive
dr ag is reduced.  Eventually, all inlet shocks fall inside the cowl
lip and the additiv e drag is reduced to zero.

2. 2 Turbojet Inlet Sizing and Airflow Matching

The inclusion of the turbojet  as a possible propulsion system
r equires a calculation of the inlet /engine airflow matching point and
any reduction in engine thrus t  due to either additive drag (subcrit ical
or crit ical) or supercri t ical  operation . The subrout ine INLET was
developed to do this.

On the f i rs t  pass throug h INLET , the inlet capture  area is
determined based upon the required eng ine correc ted  a i r f low , inlet
des i gn (normal shock or single compression sur face l , and cr i tical
total p ressure  recovery .  With the capture area established , any
desired number of of f -des i gn points can be examined. The requi red
inlet mass flow ratio is determined , based u pon inl et captu re  ar ea,
critical total p r e s s u r e  recovery ,  required eng ine airflow , and fli g ht
Mach number.  If the required inlet mass flow ratio is less  than
the inlet critical mass  flow ratio , then the subcr i t ical  addi t ive  drag
for the condition bein g examined is calculated , and the t ot al pr e s s u r e
recovery  remains at the critical value. If the requi red  inlet mas s
flow ratio exceeds the inlet critical mass flow ratio , then  the result-
ing operating total p ressure  r ecove ry  to satisf y the engine demand is
determined.  The additive drag is equated to the cr i t ical  additive
drag ,  and an indication of supercri t ical  operation is made. These
three  items are re turned to the turbojet  eng ine pe r fo rmance  sect ion
where a decision is made as to whether or not the inlet should be
res ized .
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2. 3 Inlet Wei ght and Inertial Properties

Thi s subroutin e (L N L E T P )  calculates the weig ht , center of
gravi t y (c .  g. ) , and pitch plane moment of inert ia  for  the selected
inlet. It also calculates wetted areas , pr ojected areas , and boundar y
layer  diver~er h ei ghts r equ i r ed  for  the calculation of inlet d rag .

The initial part of the program determines the geomet ry  of
the inlet cowl lip. At the desi gn point , the internal  cowl lip ang le
is determined by the cr i ter ia  that there be an attached shock . A
one-de gree factor of safet y is added.  A seven degree  included li p
angle is used to determine the initial cowl external ang le. Next ,
for  the ramjet and combined cycle propulsion sys tems , the rat io
of dump area to inlet throat area is determined at the inlet desi gn
point. A dump Mach number of 0. 3 is assumed.  For a turboje t
propulsion system , the length of the subsonic d i f f u s e r  is calculated ,
assumin g an equivalent conical angle of 3. 5 deg (28 = 7 °) .

Next , those calculat ions dependent upon actual  inlet size
are  per fo rmed .  The inlet aspect  ratio is defined , as ar e t he m i s s ile
re fe rence  area and the r equ i r ed  capture area as w ell as d i f f e ren t
missile component lengths. With these dimensions the inlet width
and height are determined. The internal cowl angle is then reduced
to ze ro  degrees  at the rate  of ten degrees  per throat  heig ht , to
determine a “cowl turnback ” distance. This axial distance is then
used together  with an angle that is one-half of the initial cowl li p
internal angle to determine the cowl projected height. The increase
in centerbod y heig ht f rom (X4 , Y4 )  (the point where  a line that is
normal to the final compression ramp and passes through the cowl
lip ti p in t e r s e c t s  the ramp)  is then set equal to the i nc rea se  in
cow l pro j ect ed hei ght .  This t u r n b a ck  reg io n is fol lowed by a re~zion
tha t is two throat  hei g hts long and has one degree  d i v e r g e n c e .
Finall y,  the centerbod y hei g h t at the end of the th roa t  reg ion is
r educe d t o ze r o by a subsonic  d i f fuse r  with a seven deg ree  ang le for
the ramjet  and combined cycl e pr opulsion s y s te m s .  For  the t u r b oje t
propuls ion  sys tem , the  previousl y calculated subson ic  d i f f u s e r  lenL ’th
is used .

The dump port into the combustion chamber start— at the
Jun cture  of the rocket dome and its cylindrical section for the ramjet
propulsion system. The equivalent  station is used  for the combined
cycle propulsion system. Using this station , a check is made to
de termin e the location of the inlet leading ed ge re la t ive  t o  the  m i s s i l e
tangency point. If the inlet leading edge is forward of the t a n g e n c y
point , the calculations cease. For an acceptable inlet location with
the ramjet or combined cycle propulsion system , the required length
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of the dump port is then determined.  For the turbojet  propulsion
system , the equivalent station is the eng ine face plus a constant area
section that has a length of one engine face outer diameter.  The
distance from the forward ed ge of the dump port to the nozzle  exit
plane is then allotted for aft fair ing length . Next , the boundary layer
thickness at the inlet leading ed ge is calculated. A full y turbulent
flat plate boundary layer is assumed , at the inlet desi gn Mach number
and zero altitude. An alternate altitude may be specif ied.  The
boundary layer diver t er height is specified as 75% of the boundar y
layer thickness.  Next , the boundary layer diverte r projected and
wetted areas are calculated. The next item considered is the for-
ward fa i r ing .  A fineness ratio of 3. 0 is used for the fo rward  fair ing
unless the forward tip of such a fair ing would extend fo rward  of the
tangency point . In that case , the forward tip of the fa i r ing i s loca ted
at the tangency point , and the result ing f ineness rat io is used .

With the geometry of the inlet now fully specified , it is con-
sidered made up of 43 individual pieces. Pieces 1 through 5 and 7
through 11 comprise the inlet sideplate. Pieces 6, 12 , 15 , and 17
comprise the aft fairing. The cowl side of the inlet consists of
pieces 13 and 14, and the upper surface is piece 16. Pieces 18
through 26 comprise the center web of the inlet , and pieces 27 throu gh
32 comprise the inlet floor. Piece 33 is the piece of ductin g ending
at the end of the dump port. Pieces 34, 35 , 39, and 40 make up the
boundary layer diverter , and pieces 36, 37 , 38 , 41 , 42 , and 43
comprise the forward  fair ing.  The wetted area and wei ght of each
p iece are determined. The inlet center of gravi t y is ca lculated , as
are the inlet weig ht and wetted a rea .  The pitch moment of inert ia  of
the inlet is then calculated. If a turbojet  propulsion sys tem is used ,
the effe ct of the one diameter long constant as a section is ind uced
in the wei ght , c. g . ,  and moment of inertia calculation. The wetted
area and projected areas includin g the boundar , layer diver ter  are
used to calculate the inlet drag in subroutine CDINLT.

The above mentioned 43 pieces of the inlet are con lpli te d in
ti e Model based on scaling factors s u c h  as in Table I and Figure 3.
See Vol. lilA U s e r s  M a n u a l  f o r  i n p u t  f o r m a t s .
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APPE NDIX F

RAMJE T SIZING MODEL

1. 0 INTRODUCTION

This append ix d iscusses  the rarojet s iz ing  model .  That

d i scuss ion  is d iv ided  among the fol lowing th ree  sect ions . The f i r s t ,

Sect iOn 2 , d i scusses  fundamentals  of rarnjet  operat ion . desc r ibes

ramjet  components  and examines several  r amje t  des ign  problems in

general terms. Section 3 di scusses  the capabi l i ties  of the Seatide

Ramjet Model and the overall  flow of the computer  model . Section

4 pre sents  the math models and de r iva tion  of the equations used

in the computer  subrou t ines .
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2 . 0 FUNDAMENTALS OF R A M JE T  OPERATION

The purpose of this section is to int roduce the reader to
r am je t  des i gn fundamen ta l s  while avoiding as far as possible the
mat hema t i cs  of a r i go ro us p r e s e n t a t i o n .  A comp lete d e r i v a t i o n
of equat ions contained in the Seat ide  r arnje t  propulsion model will
he presented in Section 5. 0 of this appendix .

2. 1 Basic Ramjet Operation

The rarnjet eng ine is the simplest of all airhreathing
eng ine s . As shown schemat ical l y in Figure  1 , it Consists of an
in l et , a d i f f u s e r , a co mbust ion Chambe r and a nozz le . Air  e n t e r s
t he inlet where  it is compressed  before  it is mixed with  the fuel and
burned in the combust ion c hamber .  The hot gases  a re  then expelled
t hroug h the nozz l e  by v i r tue  of the p r e s s u r e  r i se  in the d i f f u s e r .
Consequent l y, a lthoug h r a mj e t s  can opera te  at subsonic  fli g ht speeds ,
t he inc reasing  p r e s s u r e  r i se  accompany ing hi g h er  fli g ht speeds
r e n d e r s  t he r amje t  most  su i tab le  for  speeds above Mach 2. 0 .

Figure 1 is typ ical of supersonic ramjets which emp loy
partiall y supersonic diffusion throug h a system of shocks. Since
the combustion chamber requires an inlet Mach number of about 0. 3
to 0 .4 , the pressure r i se  at  s u p e r s o n i c  fli g ht speeds  can  he s u h s ta n -
ti~ l. Fo r example , for isentrop ic deceleration from M = 3 to
M = 0 . 3 , the s t a t i c  p r e s s u r e  r a t i o  b e t w e e n  a m b i e n t  and c o m b u s t i o n
c h a m b e r  p r e s s u r e s  would be about  34 . Onl y a f r a c t i o n  of t he
i s e n t r op i c  p r e s s u r e  r a t i o  is a c t u a l l y a c h i e v e d  s i n c e , e s p e c i a l ly at
hi g h M a c h  n u m b e rs , t h e  s t ag n a t i o n  p r e s s u r e  l o s s e s  a s s o c i a t ed
w i t h  s h o c ks  a r e  s u b s t a n t i a l.  A f t e r  compression the a i r  flows  pas t
t h e  fuel  i nj e c t o r s , w h i c h  sp r a y  a s t r e a m  of f ine  fuel  d r op l e t s  so t h a t
the  a i r  and f u e l  mix  as  r ap idl y as  p o s s i b l e .  The m i x t u r e  t h e n  f l o w s
t h r o u g h the  c o m b u s t i o n  c h a m be r  w h i c h  m ay  c o n t a i n  a h f l a rn e h o l der
to  s t a b i l i z e  the  f l a m e , m u c h  as  is i n d i c a t e d  in Fii~. 1. C o m b u s t io n
r a i s e s  t h e  t e mp e r a t u r e  of t h e  m i x t u r e  to  p e r h a p s  40 00 ° R be f o re  t h e
p r o d u c t s  of c o m b u s t i on  ex pand to  hi g h ve loc i t y in t he n o z z l e .  The
r - a c t i o n  to the  c r e a t i o n  of t h e  p r o p e l l a n t  m o m e n t u m  is a t h r u s t  on
the engine . This thrust is actuall y applied by pressur e and shear
f o r ce s  d i s t r i bu t e d  over  t h e  s u r f a c es  of t h e  eng ine .

Figure 1 s hows  a c e n t e r ho dy  i n l e t  s u c h  as w a s  u s e d  on
Tab s and B o m a r c .  C u r r e n t  d e s i g n s  a r e  m o r e  l i k e ly  to  emp loy  a f t
s ide  m o u n t e d  i n l e t s ,  a bell y i n l e t  or a c h i n  i n l e t .  These  c o nf i c -
u r a t i o n s  i e a v -  t h e  c e n t e r h ody  f r e e  fo r  t h e  p ay l o a d , g u i d a n ce  sy s t e m ,
and fuel tanks . The diffu sers duct t h e  a i r  down t h e  side  of t h e
en g i n e  and clump it i n t o  the  co m b u s t i o n  c h a m b e r  t h r ou g h a 4~~~ t o
90~ t u r n .  The t u r n  and clump d & - i ~r a de  t h e  p r e s s u re  r e c o v e r y  s o m e —
w h a t  hut when  p r o p e r ly  d e s i g n e d  se t  up f low c o n d i t i o n s  w h i c h  e l i m i n at e
t h e  need for  f l a m eh o l d e r s .
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2. 2 Inlet OperatipL

For r a m j e t  opera t ion  it is n e c e s s a r y  to slow the e n t e r i n g
a ir s t r e a m  to a subsonic value of Mach 0. 3 - 0. 4. The simplest
a nd most p rac t i ca l  ex te rna l  dece l e ra t ion  mechan i sm is an oblique
shock or , in some cases , a ser ies of oblique shocks . Whi le  such
shocks a r e  no t i se n t r o pic , t he s t a g n a t i o n-p r e s s u r e  loss in r e a c h i n g
subsonic veloci ty th roug h a se r ies o f oblique shocks  fol lowed by a
normal shoc k i s less  th an t hat  acc om pany ing a sing le no rma l  shock
at t he f light velocity. The losses  d e c r e a s e  as the num be r of
oblique shocks i nc rease s , especiall y at hi g h fli g ht Mach n u m b e r s .

M 3  ( 1)  
- 

(2 )  ( 3 )

FIG . 2 Two-d imens iona l  d i f f u s e r

The p e r f o r m a n c e  gain to be expec ted  t h roug h the  use  of
multi ple obl ique-shock  dece le ra t ion  can be a p p r e c i a t e d  by looking
at a simp le two-dimens iona l  example.  Cons ider  the  d i f f u s e r  in
Figur e 2 in which the flow is def lected th roug h two 15-deg ree
ang les be fore  en te r ing  a no rmal  shock.  The Mach n u m b e r s  in
reg ions ( 2 ) ,  (3 ) ,  and (4) a re  2 . 26 , 1. 36 , and 0. 36 , r e spec t ive l y.
The s t a g n a t i o n - p r e s s u r e  ra t ios  w i l l  be as fo l lows :

~~O2 0. 900 , p 03 = 0.950, 
p 04 0.960.

P o 1  P 02  P 0 3

Thus , t he overa l l  s t a g n a t i o n-p r e s s u r e  r a t io  is a p p r o x i m a t e l y
P04 / P U 1 0 .820 .  If the dece l e ra t ion  had been ach ieved  by a s i n g l e
norma l shock , the overal l  s t a g n a t i o n-p r e s s u r e  rat io  would have
been onl y 0 . 33 . It should be r emembered  tha t  t he se  e s t i m a t e s  do
not inc lude  losses  due to boundary  l a y e r  e f f e c t s , which m a y  be
espec ia l ly  impor tan t  in the subsonic  d i f f u s e r .

This example doe s not n e c e s s a r i l y empl oy t h e bes t
a r r a n g e m e n t of these  shocks s ince a v a r i a t i o n  of t he i r  r e l a t i v e
s t r e n gt h s m ig ht provide a hi g her  overa l l  s t agna t ion  p r e s s u r e  ra t io .
Figure 3 shows ideal performance from an inlet of n ramps followed
by a norma l shock.
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shocks of uniform strength and one normal shock; 1.4.
(After Oswatits ch)

In the external compression process , shocks and boundary layers
may in t e r act s t ron gly, so that it is hig hly des i rabl e to locate the
oblique shocks at point s where boundary layers  are  absent .  This
can be ar ranged easily if a center bod y (primari ly for axisymmetr ic
flow) is used , as in Figure 1. For an aft  inlet configura t ion  a
boundary layer diverter is normal ly  placed between the inl et and
the missile bod y in order  to ra ise  the inlet above the boundary
layer .  Inlet pe r fo rmance  is fu r the r  improved if the boundary layer
developed on the inlet ramps is ‘bled off pr ior  to the normal  shock.
The bleed f rac t ion  is typicall y 3-5% of the total  air  flow.

Figure 2 shows an inlet where obliqu e shock s g e n e r at ed
by the inlet ramps extend outward beyond the inlet cowl. When th is
happens compression work is done on air which is not captured by
the inlet and hence the e f fec t ive  d rag  of the inlet is i nc reased .
This phenomenon , termed ‘ additive drag ” , will be present  whenever
the oblique shocks genera ted  by the inlet ramps are  not completely
swallowed. Consequently inlet desi gn calls for  both oblique shocks
to in tersect  at the cowl lip at a pre-selected Mach number t e rmed
the ‘ inlet design Mach number ’ . As the shock ang les beco me
more acute with increasing Mach number , additive drag will be
pre sent at velocities below the inlet desi gn Mach numbe r and will
be absent above the inlet desi gn Mach number. This is shown
schemat ica l ly at the top of Figure  4.
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Additive d rag  can be avoided by des i gnin g the inlet at the
lowest  Mach number at which the ramje t  will be expec te -1 to ope ra t e .
As shown by Figure 4 , thi s woul d resu l t  in poo re r  p r e s s u r e
recovery over most of the vehicle performance envelope . Selection
of the inlet design Mach number is a trade between additive drag
on one hand and pressure recovery on the other . It is suggested
that  the inlet  desi gn Mach number  be ini t ia l l y se lected at or n e a r
the lowest Mach number at which the ramjet must operate. This
will degrade  inlet pe r fo rmanc e at hi gh er Mac h nu m b e r s  but it of ten
happens that  the combustor  cannot use all of the available p r e s s u r e
recover y at hi g h Mach numbers  (as d iscussed  below). In these
cases  co nditions at the low Mach number will d ic ta te  the r a mj e t
design and the selected inlet desi gn Mach number will be optimum .
For cases where the ramje t  desi g n is d ic ta ted  by Mach numbers
above the lowest Mach number , vehicle performance can be improved
by i n c r e a s ing t he inlet des i gn Mach number .

Design of an inlet for optimum pressure recovery involves
selection of ramp angles. Figure 2 shows an inlet with two i amps
of 15 ° eac h. In genera l  f r ee  s t r e am flow will be para l le l  to the
ce nter l ine  of the inlet onl y at one ve hicle angle of a t t ack  ( z e r o
degrees if the inlet is aligned with the centerline of the vehicle).
At all other angles of attack the first ramp will effectivel y be
greater or less than the design ang le. Consequentl y, pressure
recovery and additive drag will be functions of angle of attack as
well as Mach number . Ang le of attack a lso  c h a ng e s  the  e f f e c t i v e
ca p ture  a rea  and hence  the ma ss  flow c h a r a c t e r i s t i c s  of the  in le t .
Figure 5 shows pressure recovery and mass flow data for a dual aft
inlet system. Data for four aft inlet and chin inlet systems would
have s u b s t a n t i a l ly d i f f e r e n t  c h a r a c t e r i s t i c s .  Inlet  d e ck s  p r o v i d e d
for SEATIDE p r o v i d e  p r e s s u r e  r e c o v e r y ,  m a s s  f low and a d d i t i v e
drag data as a function of Mach number and angle of attack.

2. 3 Combustcjr Operation

The working fluid in the eng ine is “heated” by an internal
combustion process. Before this chemical reaction can occur , the
liquid fuel must  be in jec ted  into the air  s t r e a m , a tomized , v ap o r ized ,
and the vapor  must  be mixed with the a i r .  A ll th is  t akes  time and
space. Space is of course  at a premium in a i r c r a f t  app l i c a t i o n s ,
so that  g r e a t  e f f o r t  is made  to r educe  the size of the  combus t ion
chamber by hastening completion of the above processes. Very
hi g h combust ion in t ens i ty  is achieved in a i r c r a f t  combus t ion
ch a m b e r s  as compared with convent ional  combust ion  dev i ce s .  This
in t ens i ty  must  be achieved without  s a c r i f i c i n g  other  equall y
important performance characteristics. Some of the desirable
features of combustion chambers a re  as fo l lows :  ( 1 )  compl e t e n e s s
of combust ion , (2)  proper t e m p e r a t u r e  d i s t r i b u t i o n  at exit , (3) low
stagnation-pressure loss , (4) absence of “hot spot s”, (5) stabilit y,
(6) f r e e d o m  f r o m  flameout  and (7) small c r o s s  sect ion and le n g t h .
Many  of t h ese r eq ui r emen t s  ar e incompatible . For e x a m ple , high
ef f i c iency  and low p r e s s u r e  loss a re  in d i r e c t  oppos i t ion  to small s ize .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



—— —,-—-—.,,.

SHOCK ON LIP AT 2 .0

1.00 —

+6 PRESSURE
RECOVERY

. 8

6 ‘
~~~~

- - -

-

1.2  —

MASS FLOW DATA 
- - = +61 . 1  

- - - - - - - - - - = +4

1 . 0 .-
- 

- - -
- - -

---- — - - - - - --- - - - - - -  - - - - - -

A
3 -~~

— 
-

~~~~
—--——

~~~ 
- - - - -  - = .

~~~~~~~~~~—~~~~~~— ~~~~~~~~~~~~ --—~~~~~~~~~ ——- --~~~~~~—~~~-—---~~~
1 . 8  2 . 0  2 . 2  2 . 4  2 . 6  2 . 8

MACH NUMBER
Fi gure 5 P res su re  Recove ry  and Mass Flow Data

F - b

_________________ 
~~- -~~-~~~~ - -~~~~~~~~~~~~~~~~~ ~~~~~~~~ -— -~~~~~~~~~ -~~~~~ -——



____ -. T~
_ 

-r~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~
-‘----- .-- -

~~~~~~~

The tempera ture  r ise  obtained in the combust ion c h a m b e r
depends  on the fue l being used , t he en t e r ing  t e m p e r a t u r e  of the a i r ,
t he p r e s s u r e  at which combus t ion  occurs  and the combus t ion
efficiency. Typ ical ideal t e m p e r a t u r e  r i s e  cu rves  for  e n t e r i n g
tota l t e m p e r a t u r e s  of 1200° R and 2000° R 2.re shown in Figure  6.
The maximum allowabl e fuel  to a i r  r a t i o  is o f t en  l imi ted  to some
value just below s oichiometric as fuel addition near stoichiometric
produces  onl y l i t t le  t e m p e r a t u r e  i n c r e a s e . For example JP5 may
be limited to a fuel to air ratio of 0. 06. A slig htly hi gher tempera-
t ure  (100-2 00  d e g r e e s )  could he obta ined  but onl y at an uneconomical
fue l consumption r a t e .

The ra t io  of specif ic  heats  ( g a m m a )  and the gas  cons tan t
( R) a re  a lso  func t ions  of t e m p e ra t u r e , f uel to a ir  r a t io , and , weak ly,
pressure.

The co r re l a t ing  p a r a m e t e r  genera l l y used by t he r a m ie t
indus tr y in e st ima ting com bust ion e f f i c i ency is the hufne r severity
parameter (BSP).

BSP = W ( T T 
2 

( 1 )  w = air flow rate lbm/sec 
2AS 

1000 AS com b u s t o r  t h r o a t  a r e a  ft
T T2 

r free stream total
t e m p e r a t u r e  ° R

Fi gure  7 shows a typ ical  plot of c o m b u s t i o n  e f f i c i e n c y  ( Ti
c

) a s  a
func t ion  of BSP . The c o m b u s t i o n  t e m p e r a t u r e  (T T ) ~~
calculated as follows

T T4 = (4 T ideal ) 
~ c + T T 2 

( 2 )

Also shown in Figure 7 is the “lean blow out ’ l i n e .  If  t h e  fue l  to  a i r
ratio (F/A) is continuall y reduced a point will he reached at which
combustion can no longer be mainta~.ied . When this happens ‘ lean
blow out ” is said to have occurred. Lean blow out also correlated
with  the  b u r n e r  s e v e r i t y  p a r a m e t e r .  “ R i c h  blow out ” can al so
occur hut as th is  occurs  at fue l to a ir  r a t i o s  in e x c e s s  of
s t o i c h i o m e t r i c  it is of l i t t l e  p r a c t i c a l  si g n i f i c a n c e .

Fuel decks  supp lied wi th  the Seat ide rou t ine  for  use in
r a m j e t d esi gn contain four tables , as follows:

1. Ideal  t e m p e r a t u r e  r i se  as  a func t ion  of fuel  to a i r  r a t i o ,
en te r ing to ta l  t e m p e r a t u r e , and  p r e s s u r e .

2 . The ra t io  of s p e c i f i c  hea t s  ( G a m m a )  as a f u n c t i o n  of f u el to a i r
r a t i o , t o t a l  t er np e r a t u r~’ and p r e s s u r e .

3 . Gas  c o n s t a n t  as a f u n c t i o n  of fue l to a i r  r a t i o , t o t a l
t em p e r a t u r e  and p r e s s u r e .
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4. Temperature  r ise e f f i c i ency  and lean blow out as  a funct ion
of burner  s e v e r i t y  p ar a m e t e r .

Tables 2 and 3 may  be sup plied wi th  the da t a  independen t
of p r e s su re .  When this  happens the routine will au tomat i ca l l y el imina te
the pr e s s u r e  va r i ab i l i ty .

Ducted r o c k e t s  and i n t eg r a l  r ocke t  r a mi e t s  use the  same
combust ion  chamber  for  the boos te r  and sus t a ine r  po r t i ons  of the
fli g ht.  For most  des i gns the booster  r equ i r emen ts will prov ide  a
rarnjet  combus tor  of adequate  length  to ensu re  combus t ion  e f f i c i e n c i e s
com pa r a ble to th e data  shown in Fig u r e  7. Only for  des ig ns with  min i-
ma l boost requi rements  ( V —  800 f t / s e c )  is the combust ion  chamber
likel y to be sized too small. The c r i t e r i a  used in evaluat ing  the
combust ion dwell t ime is the L* value

L* = Total Combustor Volume (3)
Throa t  Area

For L* va lues in excess  of 60 the combus t ion  e f f i c i e n c y  may be
c o n s i d e r e d  as e f f e c t i v e l y i n d e p e n d e n t  of t he  c o m b u s t o r  l e n g t h , wh i l e
L~’ 40 a r e  m a r g inall y acceptab le .  When L~ K 40 c o m b u s ti o n
eff i c iency  will be severe l y pena l ized and the combustion efficiency
tables supplied with the Seatide routine will resu l t  in hi g hl y o p t i m i s t i c
d e si gns .

Externall y boosted ra m j et and unboos ted  ram jet de signs are
s ized  to  an input L~ va lue  as  the  r a mj e t  c o m b u s t i o n  c h a m b e r has  no
i n t e r f a c e  with b o o s t e r  r e q u i r e m e n t s .  A nomina l  L~ va lue  of 60 is
recommended  for  t hese des i gns .

2. 4 i~~~zzle  Des ign

F r o m  the  s tand po in t  of f lu id  d y n a m i c s  the  r a mj e t  e x h a u s t
- - no -i zle is r e l a t i v e ly e a s y  to d e s ig n , s ince  the p r e s s u r e  g r a d i e n t  c a n

be f a v o r a b l e  along the wal l .  Model ing  is a l so  s imple as onl y f ixed
n o z z l e s  a r e  c o n s i d e r e d  in the Seat ide  rou t ine . Two n o z z l e  e f f i c i e n c i e s
a r e  input to the  rou t ine  to account for  n o n - i d e a l  pe r f o r m a n c e :

Component  V a r i a b l e  Name Eng ine n o z z l e  t h r u s t  e f f i c i e n cy ,

ANN (P6A6 + P6A 6V~) actual
g

(P 6A 6 ~ P6 A 6 V6
2 ) i s e n t r o p i c

w h i c h  r e d u c e s  the d e l i v e r e d  t h r u s t , and

‘1nm CNM N o z z l e  m a s s  flow c o e f f i c i e n t

which  r e d u c e s  the e f f e c t i v e  t h r o a t  s i ze .
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The exit area ratio (relat ive to the corn bustor diameter )
may be restr ic ted to lie within minimum and maximum values.
To the extent that it can do so without v io la t ing  these  cons t r a in t s , the
routine will desi gn the nozzle to provide expansion of the chamber
gases  to equal the ambient p r e s su re  at the des ign  point. In selecting
the maximum allowa ble exit area the user  should real ize  that  a
booster nozzle  re 1.aining system may be required to fit wi thin  the
combustor d iameter .  Consequently,  a value no l a rge r  than 0. 9 is
recom mended for  integral  rocket r amje t s  and ducted rockets .

2. 5 Component Matching

Figure 5 is an example of cri t ical  p r e s s u r e  r ecove ry  data
( P T 3 / P T~~ ) for a par t icular  inlet. Critical p ressure  recovery  is
the p re s su re  r ecovery  obtained when the normal  shock (the shock
between reg ion 3 and 4 in Figure 2) is just  inside the cowl lip.
In pract ice the operational pr ess u re recover y is genera l ly  somewhat
less than cri t ical  for two reasons:

1. Because of manufactur ing to lerances  the inlet may produce
less  p r e s su re  recovery  than the nominal  c r i t ica l  value.
To allow for this a manufac tur ing  marg in (typ ically 6- 10%)
is subt rac ted  by the rout ine  f r o m  the c r i t i ca l  da ta .  The
d i f f e r e n c e s  between the c r i t i ca l  value and the marg in value
a r e  cons idered  to be unobta inable  under no rma l  operat ing
condi t ions .

2. The r amje t  eng ine will genera l l y  be requ i red  to operate
over a range of Mach numbers  and a l t i tudes .  The r amje t
will be desi gned to a marg ined c r i t i c al p r e s s ur e  r ecovery
at the desi gn point but will operate  at less than theore t ica l
p r e s s u r e  r ecove ry  over much if not all of the off design
reg ime. Less than theoret ica l  p r e s su re  r ecove ry  operat ion
is te rmed “supercr i t i cal  operat ion ”. The mechanism for
super-cr i t ical  operat ion is explained below. The
fundamenta l  equation for  f low throug h t he combu stor
nozzle is:

_ _ _  ~~ 
( ~~~j k+ i  (4)

A5 T ~~~R K + l  K - iT4
= m a s s  flow

P.5 = combustor throat

F- 15
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where  T T4 
= combus tor  total t empera tu re

= combustor  total p r e s s u r e

g = grav i t a t iona l  cons tan t
R = gas c on s t a n t
K = ra t io  of specif ic  hea ts

The p a r a m e t e r s  K and R a r e  second order  dependent
va r iables set by the fluid composition , p ressur e and t e m p e r a t u r e .
~~ ‘ is de termined by capture a rea .  Both capture  a rea  and th roa t  a rea
(A 5) were  set to g ive mar g inal cr i t ical  per f or mance  at t h e des i gn
point. Rewr i t ing  equation (4) as

PT4~~~~~~~{ K~~~~~ ~~~~ ~ i~~ l ) K + i

we see that  p re s su re  in the combustor  will va ry  (approximately)
di rec tl y with the square root of the t empe ra tu r e .  The inlet  is able
to ad jus t  the p ressur e r ecove ry  because of two ph ysical  laws:

1. Supersonic flow will acce le ra te  in a d iverg ing passage .

2 . The hi g he r  the Mach number at which a shock occu r s , the
g r e a t e r  the resu l t ing  loss in total  p r e s s u r e .

The p r e s s u r e  r e c o v e r y  requ i red  to sa t i s f y equa t ion  ( 4 )  is ob ta ined  b y
the combus tor  by ad ju s t i ng  the locat ion of the n o r m a l  shock ( see
Figure  2) in the d i f f u s e r .  Flow up s t r e a m  of the normal  shock will
be supe r son ic .  Consequent ly ,  t he  fu r the r  down the duct  the n o r m a l
sh ock is located , the hi gher the ups t r eam Mach numbe r will be in
front of the shock , the more severe the shock and the greater the
resul t ing p r e s s u r e  loss .  The combus tor  can t h e r e f o r e  pos i t ion  the
normal shock in the inlet diffuser duct as required  to produce the
pressure recovery dic ta ted  by the value of TT4 in equation (4).
As TT4 is i n c r e a s e d  the  n o r m a l  shock will  be f o r c e d  up t h e  in le t
d u c t  un t i l  f ina l l y it s tand s at the  cowl li p. The inlet  is  t h e n
producing c ritical (maximum obtainable) pressure recovery .
F u r t h e r  i n c r e a s e  in TT 4 r e q u i r e s  p r e s s u r e  r e c o v e r i e s  w h i c h  canno t
he a c h i e v e d .  When t h i s  happens  equa t ion  (4 )  wil l  be s a t i s f i e d  by
reduc ing  *. The n o r m a l  shock  is pushed  out of t he  i n l e t  d u c t  and
s i t s  ou t s ide  the  cowl li p ( the  in le t  “u n s t a r t s ”).  Some of t he  a i r
p r ev i o u s l y i n g e s t e d  is sp illed and t h e  i n l e t  is sa id  to  ac t  s u b c r i t i c al l y.
Su bc r i t i c a l ope r a tion i s of ten un s t a ble a nd is not pe r m i t t e d  by t he
SEATIDE ramjet model. Figu re 8 shows s u p e r c r i t i c al , c r i t i c a l
and subcr i t ica l  opera t ion  schemat i ca l l y.
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2 . 6 Booster  Sizing

In gene ra l  the booster  mo to r  should he designed at the
lowest altitude at which the vehicle must operate. As both the launch
vehicle ’ s maximum obtaina ble velocity and the  b o o s t e r  m o t o r ’ s
de l i ve red  v e l o c i t y  ga in  i n c r e a s e  wi th  a l t i t ude , t h e  b o o s ter  wi l l  o ve r -
boost the  r a mj e t  at a l t i t u d e s  g r e a t e r  t han  the  m i n i m u m .

The end of boost Mach num ber must exceed the ramiet
take-over Mach number. This is true for a number of reasons:

(a) -3 0 performance of the booster , ramjet and launch
vehicle must be t a k e n  in to  c o n s i d e r a t i o n .

(b) The ramjet will slow down during transition from boost
to ramje t  ope ra t ion .

(c) During hot days operation the ramjet per formance will
be d e g r a d e d .

As a r u l e  of t h u m b  t h e  r am  j e t  should be able to take over at
0. 2 Mach number  below the end of boost Mach  n u m b e r .  That is if
the  n o m i n a l  r a m j e t  can  take  over  at M a c h  1 .8  t h e  nomina l  boos t e r
m u s t  boost to  Mach  2 . 0 .

2 . 7 R a m j e t  D e s i g n  P r o b l e m s

2 . 7 . 1 Point Des ign

Fi g u r e  9 shows a r am  je t  map  for an engine to he desi gn ed
at M a c h  4 . 0 and 80 , 000 ft and r e q u i r e d  to  p r o d u c e  a t h r u s t  c o e f f i c i e n t
of . 3. The lower limit of the allowabl e operational envelope is g ive n
by the 4000°R line. For the eng ine under consideration the marg ined
c r i t i c a l  ( m a x i m u m )  p r e s s u r e  r ec o~~e ry  is 0 . 2 0 7 5 .  This  l ine f o r m s
the left boundary. The upper boundary result s from the inability of
the engine to  deve lop  the  r e q u i r ed  CFN at l ower  t e m p e r a t u r e s  and
hi gh mass flow rates. The right h a n d  ln u n d a r v  o c c u r s  b e c a u s e  t h e
velocity in the combustor approaches Mach 1 as the throat a r e a  r a t i o
approaches one. Any capture area and throat area combination which
lie within t he  a l l o w a b l e  o p e r a t i o n a l  e n v e l o p e  wil l  r e s u l t  in a w o r k a b l e .
if  p o s s i b l y i n e f f i c i e n t , r a m j et  engine design. 1)ata shown in this
s e c t i o n  w e r e  g e n e r a t e d  u s i n g  L T V  c o m p u t e r  r o u t i n e s  a n d  i n l e t  and  fue l
decks. While the lower and left boundaries are discrete , well defined
l i n e s , t he  uppe r and r i g ht  b o u n d a r ie s  a r e  n o t .  T h e s e  b o u n d a r i e s  can
he a c c u r a t e l y d e f i n e d  by an i t e r a t i v e  u s e  of t h e  c o mp u t er  r o u t i n e  but
a r e  g e n e r a l l y not of enoug h p r a c t i ca l  si g n i f i c a n c e  to  w a r r a n t  t h e
e f f o r t . 1-lence , upper  a n d  r i g ht h a n d  b o u n d a r ie s  s h o w n  a r e  a p p r ox im a -
t i o n s .
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Lines of constant fuel flow (in pound s per hour) are shown as
das hed l ines.  Their non- l inear  na ture  is due in par t  to  the non- l i nea r
shape of the t empera tu re  r ise curve  and in p a r t  to p r e s s u r e  losses
re sulting from heat addition. On the map shown , inc r eas i ng the
t e m p e r a t u r e  along a c o n s t a n t  p r e s s u r e  line r e s u l t s  in an i n c r e a s e  in
fuel flow. On other  maps  the r ev e r s e  may be t r u e .  It is not poss ib le
to make a general statement as to the effect of chang ing tempe rature
on fue l consumption; however , we can be c e r t a i n  tha t  m i n i m u m  fue l
consumption required to produce a g iven CFN will occur somewhere
on the cr i t ical  p r e s s u r e  recovery  line (. 2075 in the examp le shown).

2 . 7 . 2  Design ing for  Multiple Al t i tudes  and Mach Numbers

It is often required to desi gn a ra mjet  which will opera te  at
several Mach numbers and altitudes. It is then necessary to select
a desi gn point which will result in a design capabl e of functioning over
the entire operational envelope . Unfortunately, selection of the
des ign po int per f or m a n c e  i s h ighl y inlet  dependent .  Chang ing the
inlet con fi gurat ion will often result  in chang ing t he d e s i gn po int.  An
example can be developed using Figure 10 , and a s s u m i n g  the d e s i g n
req u i rement  is to size a r a m j e t  eng ine which can produce  a CFN of
0 . 3 at both Mach 2 .5  and 500 feet  and Mach 3 . 0 and 40000 fee t .  The
solid line shows the operational envelope at Mach 2.5 , 500 f ee t while
the dashed  line show s the  Mach  3 . 0 , 40000 fee t  envelope . The des i gn
point  is t h e r e  d e t e r m i n e d  by the  inlet  p e r f o r m a n c e .  If t h e  inlet
could produce  a usable  p r e s s u r e  r e c o v e r y  of 0 . 4 at Mach 3 any desi gn
point selected along the critical Mach 2. 5 (

~~T3 ‘~~T = . 6) line would
result in acceptable supercritical operation at Mach 3. If, however ,
the inlet  could p roduce  a p r e s s ur e  r e c o v e ry  of onl y . 35 at Mach 3,
any critical Mach 2 . 5 , 500 ft desi gn would resul t  in subcritical
performance at the high altitude point. As discussed previousl y,
subc ritical performance for ramjets is not permitted . Hence, in the
l a t t e r  case  the des i gn point should be Mach 3 , 40000 feet. Of course ,
we could have avoided the ent i re  i ssue  by d e s i gnin g at some point to
the right of the cri tical line (say AC/A 3  0.4, A5/A3 z 0.5) but this
would result in excessive fuel consumption at both points.

2. 7. 3 Design of Accelerating Ram jets

Ramjets ope rate at three to five times the ISP of booster
m o t o r s .  For th is  r e a s o n  it is often possible to increase range by
t a k i n g  ov e r  wi th  the r a m j e t  eng ine at as  low a M a c h  n u m b e r  as poss ib le .
Cons ide rab le  emphas i s  has  been placed on the t r aj e c t o r y  w h e r e i n  the
ra mje t  take s over  at around Mach 1 . 8- 2 . 0 , a cce l e r a t e s  and c l imbs
to 80 , 000 feet  at Mach 4 . 0 - 4 . 5 , cr ui ses at th at a lt i tude , a nd d ives  to
500 feet at Mach 2.0-2.5 for a low level run in. This trajectory w a s
se lec t ed  f o r  a special  c o n s i d e r a t i o n  d u r i n g  the  SEATIDE stud y b e c a u s e
of i t s  significance and complexity.
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For  ran i  jets a t t e m p t i n g  to  t a k e  over t he lowes t  f e a s i b l e  Mach
tiu r i l> er , the  d e s i gn po in t  w i l l  g en e r a l l y be at the  low Mach n u m b e r .
Operational eavelopes for Mach 1.8 , 500 feet C F N  and Mach 4. 5,
80 , 000 fee ! a re  s how n in Fi g u r e  11 . ~~ote t h a t  the  low a l t i t u d e  opera-
t i o n a l  e i i v t ~ op e is p a r t i a l l y to t h e r i g ht of t he  hi g h a l t i t u d e e n v e l o p e .
The most promising d esi gn po nt is the upper left hand corner, that is ,
at the lowest temperature at wi -. the ram jet can he desi g ned. This
corne r is the mos t l ik e l y to intersect the high a l t i t u d e  e n v e l o p e .  The
reason  for th is  is shown in Fi gure 12 . Decreasing the desi gn tempera-
t u r e  i nc reases  t he c a p t u r e  area . This  r e s u l t s  in a somewha t  hi gher
ve h i c l e  d rag  but  is b e n e f i c i a l  at hi g h a l t i t u d e s  w h e r e  a la rge  i n l e t  is
required . Continued reduction of the desi gn tempera tu re will e v e n t u a l l y
res u lt in a “no d esi gn ’ , tha t  is , the eng ine c a n n o t  p r o d u c e  the  r e q u i r e d
thrust regardless of the c a p t u r e  area p e r m i t t e d .  The SEATIDE ra rn je t
r o u t i n e  has the  c a p a b i l i t y  of c a l c ul a t i n g  a t r i a l  des ign at an i n p u t
t e m p e r a t ure , and if the d esi gn is un f e a s i b le , incrementing the tempera- 3
ture until a f ea s ib l e  des i gn is fou nd . Th i s  p e r m i t s  a s e m i a u t or n a t e d
me thod  of de te r m i n i n g  the  lowes t  f e a s i b l e  des i gn t e m p e r a t u r e .

The effect of the lower temperature desi gn is shown in Figure

13 . Fi gure 13 show s performances of two rarnjet eng ines , one de-
sig ned at 2100 R and another designed at 2500 R. The 2100 R desi gn

has a hi gher drag c o e f f i cie n t  d~~e to the  larger capture area hut can
op erate at 80.000 f t . The 2500 R desi gn cannot fly at 80,000 f t .  as t h e
d rag is in excess  of the thrust. Had t h e  2500

0 
design b e e n  capable of

m ee t i n g  t h e  80 , 000 ft . requirements a choice b e t w e e n  the two engines
would have been more difficult. The higher thrust capability of the
lower temperature desi gn would permit it to climb more rap idly to

hi gh altitudes where ram jets operate more efficientl y . This advantage
will g enerall y compensate for the higher drag. However , because of

t h e  i n t e r a c t i o n  of inl et drag, mission requirements and eng ine per-
f o r m a n c e .  a f i n a l  s e l e c t i o n  r n e i s t  be b y t r i a l  and e rr o r .

The term ‘2100 °R d esi gn ” indicates that the rarniet is de-

sign ed to operate at 2100 R at the desi gn M a ch  n u m b e r  and a l t i t u d e .
D u r i n g  o p e r a t i o n  at o t h e r  M a c h  n i i n h l ’ e r s  and  altitu d es t h e  t e mp e r a t u r e
m a y  he muc h h i g h e r . In f a c t  m o s t  of t h e  c l i m b  and a c c e l e r a t i o n  w i l l
be at f he rnax imu f l l  p e r m i t t e d  t e m p e r a t u r e  in o r d e r  to  m a x i m i z e  t h r u s t .
As a “ Z S O O °R des i gn ” w o u l d  p r o b a b l y he p e r m i t t e d  t o  op e r a t e  at  t h e
sa me t e m p e r a t u r e  l i m i t , n e i t h e r  eng i n e -  w o u l d  be o p e r a t i n g  c o o l e r . The
“ 2  1 0 0  R d e s i gn ” w o u l d  p r o d u c e  m o r e  t h r u s t .  h o w i -v e r . d u e  to t h e
l a r g e r  capt u re a rea .
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3.0 DESCRIP TION OF THE SEATID E RAMJET PROPULSION MODEL

This section discusses the ramjet propulsion system desi gn
options available , present s an overview of the SEATIDE ramjet model ,
and describes the program flow in general terms . Flow charts of the two
principle rarnjet executive routines are also presented.

3. 1 Design Options Available

3. 1. 1 Vehicle Sizin g Constraints

A vehicle design may be either wei ght limited or volume
limited. As the diameter is always fixed at the propulsion design level ,
volume limited system means that the length is specified and the weight
is a free variable , while a wei ght limited system means that the weight
is fixed and the length is modifie d as required to meet the weight spe cifi -.
cation.

3. 1. 2 Propulsion C ycle Options

• The following ramjet propulsion system options are provided:

(a) Integral Ramjet  - The integral ramjet system provides
the most volumetrically efficient ramj et configuration .
The solid rocket motor chamber is utilized as the
ramjet combustion chamber after booster motor burn-
out. Volumetric eff iciency is achieved at the expense
of complexit y. The chamber must transit ion from
boost to sustain whi ch requires jettison ing of the
booster nozzle and opening of inlet por ts .  Some
slowing of the vehicle will occur during transit ion .
Integral ramjets , with their volumetric ef f ic iency ,
are favored for air launched missi les.

(b) Externally Boosted Ramjet  - In desi gn of this system ,
the booster motor and the rarnjet combustor are
separate components , since , in the SEATIDE methodo-
logy, the booster motors are assumed to consist of
two j ettisonable solid rocket motors mounted along
side the ramjet combustor. Operationall y, this
system is s impler than the integral ramjet , since the
ramjet burn may be initiated during booster motor
tail off . External boosters can be desi gned with
higher acceleration levels and can deliver larger A,V
impulses than can the integral booster.  External
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boosters find appli cations primarily in surface
launched cruise missiles, where large ~V is
required and volume is not an overriding constraint .

(c) Unboosted Ramjet - This is a pure ramjet system design.
A supersonic airplane with a Mach 2. 0 capability and
provisions for submerged stores is required to accele-
rate this unboosted missile to its take-over Ma ch
number .

3. 1.2 Inlet Options

Inlet hardware design capability for both dual aft and bell y mounted
inlets have been included in the SEATIDE methodology. Performance for
inlets designed at Mach 1. 75, 2.0 , 2.25 and 2. 5 has been provided as
separate input decks for both types of inlets (see Appendix C, Vol IIIC).
Selection between the two types of inlets is based primar il y on packaging
considerations .

3.1.3 Fuel Options

Three fuels which are in general use for ramjet s and which
may be input to the model (see User s Manual , Vol . lilA ) are:

(a) LIP S - A standard hydrocarbon fuel; readily available
and inexpensive.

(b) HDHC - A high density hydrocarbon fuel with a con-
siderable advantage over JP5 in volume limited
situations .

(c) Boron Slurry - An advanced fuel which will significantly
out perform JP5 and HDHC; experimental with signifi-
cant combustion efficiency pr oblems; any comhistion
efficiency data on Boron Slurry will be controversial;
very expensive fuel.

3. 1.4 Material Options

Material options may be selected for each of the components
by input of a material code in the proper location (see Users Manual ,
Vol . lilA). Material properties available in the model include:
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Material Code

AISI 150 psi Steel 1
AISI 200 psi Steel 2
300 Gr Maraging Steel 3
l7-4PH Stainless Steel 4
20l4-T6 Aluminum 5
AZ3 1B-0 Magnesium 6
GAL-4V Titanium 7
RENE 41 8
wc l29y Columbium 9
Gl-~~s Fabric Epoxy Laminate 10
Filament Wound Glass Epoxy 11

3. 2 Ramjet Propulsion Methodology

3. 2. 1 Ramjet Design Processes Functional Flow

Design of any ramjet motor is necessari ly an iterative pro-
cess because of the interaction between the various components. For
example , if additional thrust  is required from a ramjet at a given combu s-
tion temperature, the inlet capture area must be increased. Thi s in-
creases vehicle drag and weight whi ch in turn requires a larger booster.
The larger booster will likel y decrease the volume or wei ght available for
the sustainer tank which will again result  in a vehicle weight and/or  length
change. Consequently, the SEATIDE ramj et propulsion model utilizes
a scheme of successive iterations in arriving at a final confi guration. The
main exe cutive routine of the model is PROPXX (Fi gure 14 ) which
manages design of integral ramjets , externall y booste d ramjets , and un-
boosted ramjets.

3.2.2 Integral Ramjet Modeling

The f i r s t  propulsion cycle to be considered will be the integral
ramj et.  When the desi gn is initiated , onl y the payload wei ght and length
are known. Initial starting values must be assumed for the thrust  coef-
ficient (CFN ) required , sustainer (fuel  tank and supporting hardware) ,  s ize ,
angle of attack , and booster ideal velocity required.  PROPXX makes an
initial estimate of the sustainer size (wei ght or length depending on the
vehicle constra int) .

PR OPXX next calls PROPRJ (Figure 15 ) which is the lower
level executive routine. PROPRJ makes  an ini t ial  es t imate  of the CFN
required and determines the inlet performance of the desi gn Mach number
and estimated angle of attack. PROPRJ calculates a ramjet  perfor-
mance map which includes thrust coefficient (CFN) , throat are a ratio
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(A5A3), exit area ratio (A6A3), and combustor pressure (PT4), all
cal culated for a series of capture area ratios (A CA3). Actual perfor-
mance calculations are don e b y subroutine RJDES. The map is used
then to determine the ramjet design at the required CFN . With the cap-
ture area thu s determined , the inlet design and aerod ynamics are estab-
lished by calling INLETP , CDINLT , and INLIFT. Estimates of the
weight and length of all components except the booster have now been
established.

The booster is next designed by subroutine BOOST to produce
the required ideal velocity change. At thi s point the sum of all weights
(for a weight constrained vehicle) or the sum of all length s (for a length
constrained vehicle) will generally not equal the required value. An
adjustment is then made to the sustainer size and the sustainer is re-
designed. The booster must then be redesigned to produce its required
velocity change for the new “payload” weight. Thi s iteration is repeated
as required until both the vehicle length/wei ght constraint and the booster
velocity change requirements are met. If the vehicle is constrained and
configured so that , after sizing all other components , insufficient length
or weight is available for the sustainer , the configuration desi gn effort
is terminated.

After convergence on the correct booster/sustaine r split ,
PROPRJ proceeds to check the rarnjet design extracted from the rarnjet
map by once again calling RJDES and determining the actual geometry
necessary to produce the CFN required. PR OPRJ then r eturns control
to PROPXX. The routine has now calculated a r arn3et design based on
an assumed CFN required and angle of attack . Subroutine XALPHA corn-
putes actual drag, lift , angle of attack , and CFN required.  PROPXX
now iterates between XALPHA and PROPRJ until the correct  CFN is ob-
tam ed from a correctly sized vehicle. In this iteration the process de-
scribed in PROPRJ above is repeated as required except that:

(a) The initializations are not repeated.

(b) The r amjet map is not recalculated if the angle
of attack does not vary (within one degree)

(c)  The booster is sized by use of partial differentials if H
the ramjet nozzle throat area ratio does not vary
(within 0 .1) .

It is possible that the ramjet will be unable to develop the
required CFN at the input combustion temperature. If this happens , the
routine will check to see if it is permitted to increase the combustion
temperature. If no temperature change is permitted , or if the maximum
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value has already been reached , the configuration design effort is termi-
nated. Otherwise, the combustion temperatur e is incremented and the
design continues.

Subrout ine BOOST has sized to an ideal velocity requirement.
Because the vehicle drag was not exactly known, the actual velocity deli-
vered can be expected to be incorrect. Therefore , a final iteration must
be made in order to produce the velocity change required.

After completing the design, PROPXX will make a final pass
through the various hardware routines in order to calculate the moment of
inertia and center of gravity of each of the components. These properties
are not calculated previously in order to reduce computation time. The
final pass throug h the design process also permits detail output of each
component configuration if desired.

3. 2. 3 Externally Boosted Ramjet  Modeling

The externally boosted ramjet design flow is similar to that of
the integral ramjet , except overall vehicle length includes a ramjet corn-
bustor rather than a booster . Boost to ramjet take-over velocity is accom-
plishe d by one or two strap-on solid motors .  These motors affect  vehicle
weight but not length .

3. 2. 4 Unboosted Ramje t  Modeling

The unboosted ran-ijet design flow is similar to the externally
boosted ramjet except for the absence of a booster.
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4 .0  TECHNICAL DESCRIPTION AND MATH MODELS

This section dis cusses key individual subroutines which size
and design the propulsion system components in the vehicle. Equations
are presented in sufficient detail to permit the user to understand the
math model used.

4. 1 Ramjet Vehicle Synthesis

4.1. 1 Starting Values

Section 3. 2. 1 discusses the need for initial starting values to
permit the iteration schemes to function . These values are of a transient

• nature only. They affect the initial confi guration and the efficiency of the
iteration, but not the final configuration.

(a) Wei ght Constrained Vehicle

SUSWT = (WTTOT - PLMASS)/3

Booster length PLLT

(b) Length Constrained Vehicle

SUSLT = (XLTOT - P L L T ) /2

WTTOT PLMASS’~3

Booster length SUSLT

where SUSWT = sustainer length

~~ WTTOT = tota l vehicle weight

PLMASS = payload weight

PLLT = payload length

SUSLT = sustainer length

XLTOT = total vehicle length
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4 .1 .2  Propulsion System Payload

From a propulsion system viewpoint , the payload includes all
components which are not directly a part of the pr opulsion system.

WTSP WTTOT SPPWF

PLEX = PLMASS + WTSP + ARSURF

where:

WTSP weight of secondary power package
SPPWF weight fraction of secondar y power package
PLEX weight of propulsion s ystem payload
ARSURF = weight of aerod ynamic surfaces
WTTOT = total vehicle weight
PLMASS = payload weight

4. 1. 3 Final Vehicle Synthesis

As discussed in Section 3. 1. 2 , final sizing of the vehicle con-
sists of assigning the remainder of the length or the wei ght left over after
everything else has been sized to the sustainer t ank . Because of this ,
the propulsion executive routines must keep track of all component wei ghts.

C Vehicle synthesis takes place in the pr opulsion executive routines as
follows:

(a) Wei ght Constrained Vehicle

Vehicle wei ght is

SUSWT = WTTOT - BOSTWT - WTINLT - WRJ - PLEX

Vehicle length is

-
~~~~ XLTOT PLLT + SUSLT + BOSTLT Integral Rarnjet

XLTOT = PLLT + SUSLT + XRJ Non-Integral
Ramjet

(b) Length Constrained Vehicle

Vehicle length is

SUSLT XLTOT - PLLT - CLT

where:
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CLT = BOSTLT Integral Ramjet
CLT = XRJ Non-Integral Ramjet

Vehicle weight is

WTTOT = PLEX + SUSWT + BOSTWT

+ WRJ + WTINLT

WRJ O Integral Ramj et
BOSTWT O Unboosted Ramjet

where: •1
SUSWT sustainer weight
WTTOT Vehicle total length
BOSTWT Booster weight

• • WTINLT Inlet wei ght
WRJ Ramjet combustor weight
PLEX Propulsion payload weight
PLLT Payload length
SUSLT = Sustainer length
BOSTLT Booster length
XRJ Ramj et combustor length

4 .1 .4  Weig ht After Transitic~ri_

After  transition fr om boost to ramjet operation , the vehicle
will have the following wei ghts:

(a) Integral Ramjet

BASEWT = WTTOT - BOSPR - CONS

(b) Non-Integral  Ramjet

BASEWT = WTTOT - BOSTWT

where

BASEWT = Vehicle wei ght after t ransi t ion
BOSPR = Booster propellant wei ght
CONS = Booster inerts consumed wei ght
BOSTWT = Booster weight
WTTOT Total vehicle wei ght
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4. 2 Ramj et Sizing and Performance Modules

Calculation of the r arnjet ar ea ratio s (capture area, nozzle
area and exit area relative to combustor  area) and performance at the
design point are calculated by subroutines PROPRJ and RJDES. RJDES
determines the area ratios necessar y to give a required thrust level.
Performance (once the configuration is known ) for trajectory simulations
is handled by subroutine PROP!. R amjet lengths and weights are not cal-
culated in these routines as the y are assumed to have no direct impact on
ramjet performance. Calculation of these parameters is discussed in
Section 4. 3 of this appendix.

A derivation of the basic equations used for ramjet design and
off-design performance is presented in this section . The equations are
based on the one-dimensional compres sible flow laws of gas dynamics and
thermodynamics. Where possibl e , coefficients and efficiencies have been
introduced into the analyses in order that deviations from ideal flow pro-
cesses may be accounted for . The nomenclature used in the equations is
attached , and a schematic diagram of the ramjet with station desi gnations
is presented in Figure 16.

The equations which govern the propulsion performance of a
ramjet engine are obtained in their most general form when one seeks the
off-design performance of a given engine. Therefore , the equations which
apply to the determination of the off-design propulsion performance of a

• ramjet (subroutine PROP 1) will be derived f i rs t .

4. 2. 1 Basic Thrust Equations

The most general form of the net thrust equation for a ramjet
is obtained for a ramj et whi ch is pylon mounted to a mis sile (Figure 16 ) .
The net thrust of such a ramjet is defined as the thrust produced within
the eng ine minus the drag forces acting on the external eng ine surfaces

FN FINT 
- D

EXT
Symbol definitions are in Table V on page F-96.

Thrust produced within the ramjet eng ine is called gross thrust.
It is defined as the difference between the values of the stream thrusts for

• the flow passing throu gh the engine less the product of the ambient pressure
P times the difference between the cross-sectional areas A and Ao 6 o
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Hence 2 2
~~~A V )  ~o A V )6 6 6 ‘o o o

F = ( P A + - ( P A +
INT 6 6  g 0 0  g

0 0

- P (A - A ) (4. 2-1)
0 6  o

F
~~~T 

= 

~~ 6 
- A

6 + ~~6 A 6 
V

6
2 

4 2-2• ,o A V
0 0

The quanti ty FINT is internal  th rus t .  The nam e gross  th rus t  is
used here for the first  two terms of Eq. (4. 2 -2 ) .  The last term of Eq.
(4. 2 -2 )  is called ram drag . Ext ernal drag is given by the following equation.

A A

DEXT 
= f (P - 

~~ O~ X 
dA + 

j

6 

(P -

A 
A 

A c ( 4 . 2- 3~

The f irs t  integral in D T 
is the static p res su re  force which acts on the

stream tube between s~~~ions o and c. This force is called additive drag
(D A ). When A0 = A

~ 
thi s force is zero.  The second and third integrals

of Eq. (2. 4-2) repr~’sent the static pressure and skin fr ict ion forces  which
act on the engine cowl. The sum of these forces is called cowl drag (D ) .

The equation for net thrus t  can now be written in the following
form.

2 2
~~~A V  f l A V

F =(P -P ) A  ~~~~~~~ 
6 

- 
0 0 0

N 6 0 6  g g

(4. 2-4)
-D -DA c

A more convenient form for F~~ can be obtained b y introducing the following
equations and defintions into tq. (4. 2. 4) .
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= ( 4 .2 - 5 )o R T
0 0

C = g RT (4 . 2 - 6 )o ~~o 0 0

M = V/C 2 (4 .2 -7 )
/O

o 
A c V

D
A 

CDA 2 g0 
( 4 . 2 - 8)

D
c 

= CD
~ 

~~~ 
A 3 

V 2 

( 4. 2 -9)

‘~6 
A
6 

V
6
2

ST + P A ( 4 . 2- 1 0 )6 g 6

The resultant thrust equation then becomes

2 (C DA
) 

2F ST - P A - Y P A M  - A y P MN 6 o 6 o 0 o o 2 c o o o
( 4 . 2 - 1 1)

4. 2 . 2  Data Required for  Off-Design Anal ys is

The following data are required to compute o f f -des i gn per-
formance:

(a) Mach number (M ),  the flig ht altitude (ALT) ,  the type
of day and the an~ le of attack of the missile inlet with
respect to the f ree  stream ( a ) .

(b) The flow areas of the engine (A , A 2
, A 3 , A 4 , A 5 and A 6

)
and the engine cowl shape.

(c)  The engine inlet per formance  maps.

(d) The combustion chamber burner drag coeff ic ient  (C DB
) .

(e)  The chemical composition of the fuel.

(1) The bleed fract ion .

(g) The nozzle mass flow coefficient C
NM and the nozzle

stream thru st efficiency I i .

(h) The temperature r ise  combustion eff ic iency expected.
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4. 2. 3 Internal Gas Flow Analysis

The internal gas flow analysis is divided into three sections
corresponding to the inlet , the combustor , and the nozzle of the eng ine.

4. 2. 3. 1 Inlet Performance

For supercritical performance, the mass flow entering the
engine is a maximum for the given f reest ream Mach number . That is

w = /~ 
V A ( 4 . 2 - 1 2 )max 0 0 o max

For subcritical performance the airflow into the inlet is reduced by air
spillage which occur s when the normal shock is positioned ahead of the
inlet cowl lip. The intersection of the subcritical and supercritical por-
tions of the 

~~T 2
1
~~T0 curve represents  the critical operation point of the

inlet. It is noted that when the inlet operate .~ critically or supercriticall y,
the additive drag coefficient is a minimum. When the engine operates
critically or super critically at or beyond the inlet design Mach number ,
the conical shock is completel y swallowed. For this case the additive drag • -

coefficient is equal to zero.

Some additional relations and assumptions which will be usefu l
for matching the eng ine inlet to the combustor are the following:

(a) The mass flow into the engine inlet is equal to the
mass flow at the d i f fuser  exit .

W
A 

= ~~ A V 4 A 2 V 2 ( 4 . 2 - 1 3)

(b) The relationship of the static to the stagnation fluid
properties of the f r ees t r eam is assumed to be the
following:

)‘ / (~ ‘ -1) 
~~
‘ / (  ‘y - 1 . )

~ T0 
ITT01 [ ~~~~~ 

- 

M 21
= I T = I 1 + 2 o I (4. 2 -14)

~~~~~~ L ° -i L J
where )‘ is taken to be 1.4

0
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(c) The stagnation temperature at the diffuser exit is
• 

. assumed to be equal to the stagnation temperature of
• the free stream.

TT 2 
= TT (4 .2-15)

(d) The equation of state and the equation for the speed of
sound of the air leaving the diffuser exit are given by
the following equations.

P2 
= #‘°2 

R
2 
T
2 (4.2-16)

C
2 

=.
~~ 

7z g R 2 T 2 (4. 2- 17)

where 7
~ 

and R 2 are determined from input fuel
properties.

(e) The r elationships of the static to the stagnation fluid
properties of the air leaving the diffuser  exit are assumed
to be the following:

r 1 ‘2 ”~~
’2 

- 1. )

~T2 
TT2

P2 2 
~ / ( y  - 1 . )  ( 4 .2 - 1 8 )

~ 
+ ~

‘2 ~ 
M

2 2]

All of the relations along Eqs .  (4. 2 - 5 ) ,  (4. 2 - 6 ) ,  and (4. 2-7)
can be combined into a sing le equation by substituting Eqs .  (4. 2 - 5 ) ,  (4. 2 -6 ) ,
(4. 2-7) and Equs.  (4. 2- 14) thr ou gh (4. 2- 18) into Eq.  (4. 2 - 13) .  The end
result is

y + 1 ) 1 ( 2 .  (y - 1 . ) )

1A 0]_  / y 2
R M

2 
(
~~T 2 /~~T )  [i . + 0 M 2]

L~ J 
~ 

.y
~ 

R
2 M (A c) 

r 1 + V 2
1 

2’ ~~~~~~ ) / ( 2. ( 7 2
_ i )

I A  ~ I ML 2 2
(4. 2-19)

For TT less than 4000 °R the gas constants R 2 and R are  assumed to be
• equal . ~-Ience , it is possible to eliminate them from ~~q. (4. 2 - 19)  for the

practical range of TT 2 expected for a ramjet.
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4. 2. 3. 2 Engine Combustor Performance

The equations which govern the thermal flow processes are the
following.

Conversion of Mass

WA 
(I  - ~ + Wp = W4 (4. 2-20)

‘°2 A 3 V
2 

( 1 -J) + ( f/a ) /‘2 A 3 
V

2 
( l_j ) = /~4 A4 V

4

Equation s of State

~~
2 

= 
R 2 T

2 
‘ 

~~4 R
4
T
4 

(4. 2-21)

• Stagnation to static fluid property relations

y
2 / ( y

2
- i)  y

2 / ( Y 2 - ! .)

~ T2 
= 

1T T2 1 = 1~~ + ~
‘2 

- 1. 
M 

2
P2 L T 2 J L 2 2

V 
2 (4.2-22)

H =~~~~~ +T4 L
4 2 g

0

Conservation of Momentum

‘~Z A
3 

V 2
2 

fl4 A 3 
V4

2

P2 A 3 + 
g 

- B = P4 A 3 + 
g (4. 2 -23)

Burner drag coefficient definition

CDB 
= 

2 (4 .2 -24 )

2 g
-1 

0
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The combustion efficiency is an input tabular function of the
burner severit y parameter

W
A T T0 

2
= f(B sp ) where Bsp iooc (4. 2-25)

Temperature rise is determined from:

~~
Tactual 

= 
~~

T
ideal

) 
~c (4. 2 -26 )

The final step in the solution of the combustor flow equation s
requires some reduction of equation s (4. 2 -20)  through (4. 2-24)  to a fewer

• number of equations. Thi s process is facilitated if one assume s that the
ratio of specific heats of the combustion products does not change as they

• are expanded i sent rop icall y f rom the i r  s tagnat ion state. This a s sump t ion
allows one to write the following equations.

C4 
= 

~%f~’4 g R 4 T4 (4. 2 -27)

Y4 / (  y
4

- 1 .)  y
4 / (  y

4
- 1)

~ T 4 IT T4 1 
~4 

- 

2

~ L T 4 j = 
2. M

4 ] (4. 2 -28)

One can now reduce the number of equations to be solved by
substituting Eqs .  (4. 2 -2 1) ,  (4. 2 -7 ) ,  (4. 2-17) ,  (4. 2 - 2 7 ) ,  (4. 2 -2 2 ) , (4. 2 -28)
into Equation (4. 2 -22 )  to obtain

~~T 2 /72 g M 2 (1 + f / a )  ( 1 -j ) 
-

• R 2 
[i . + ~~~~ M2

2 ]  
(y

2
+ l ) / ( 2 ( ) ~ - 1) )  

—

( 4 . 2 - 2 9 )

~ T4 J y 4 g M
4

,4TT4
I
~ R 4 

~ 74 ~ 2 1~~~~~~~~~~~
4

[i. + -
~~~~~ M

4 j

and Eqs. (4. 2-24), (4. 2-21), (4. 2-7), (4. 2-27), (4. 2-22), (4. 2-28) into
Equation (4. 2-23)  to obtain

F-51



______ ~-.~ewr w ‘r”~ ----—--------~. ‘n r ’~~’ ‘t 
-

~~~ET~~~ ~~~ ~~~~~~~~~~~~~ 
_ -
~_1_ __ 

- __

~~~

-- -.

• 

~ T2 ~ + 
~
“2 M

2
2 ) 

2
• 

- 
- 11

( y
2~~( y

2 -1.~~ 
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— M
2 

X

2

H
= ( 4 . 2 - 3 0 )

~~
‘2 ’~ ~

‘2 
- 1 . ) )

I 2
[l . +  

2 M2

• ~~T4 ( 1. +

r /~~ - 1 . ) )• I 
_ _ _ _  

2 ~

L’~ 
+ 2 M4

Equations (4. 2 -29 )  and (4. 2-30) define the perfo rmance of the
engine combustor.

4. 2. 3. 3 Nozzle Performance

The nozzle performance equation s are based on the assumption
that the isentropic component and the gas con stant R are constant as the
engine combustion gases are expanded in the eng ine nozzle.  For an isen-
tropic expansion , one may write the following equations.

Sonic velocity relationships

C5. sJ~4 g~ R 4 T 5. C6. iJ~~ g R 4 T 6. (4 .2 -31)

Equations of State

~~5is = _______ 

p
6i8 (4. 2-3 2)

4 5is 4 6is
Stream thrust definition

“
0
6is A 6 V6

2 
is 

2ST618 
= 

g + P
615A6 

= P6~8 ( 1+ ~ M 2 ) (4. 2- 33)

1 0
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Stagnation to static fluid property ratios

)~~( y
4
-1) Y4 / (  Y4

- l)

~~T4 IT T4 1 i~~4~~~~’~ 1
=L T J 2 .1 (4. 2-34)

Sis Sis

~~/ ( y~-1) }
4 / ( Y4

- i)

~ T4 r T T4 1 Y4~~~l• 2
L T . J = [i . + 2 

M
6 ] (4. 2-35)

6is 6zs

Conservation of mass

W = W . = W . = . A V . (4. 2-364is 5is 6is 5is 5 5is

Actual performance of the engine nozzle can be determined by
applying the following correction terms to the equations for isentropic flow.

W
4 

= fl~ A~ V4 
= CNM 

W
5~ (Nozzle mass flow (4. 2-37)

coefficient)

ST 6 ~N (ST 6 . )  (Nozzle thrust  efficiency) (4. 2-38)

When this has been done , one can obtain the following nozzle performance
equations.

W
4~~
TT4 ~~~ g0 

~ 
2

A
5 ~T4 

CNM ~ R~ L + i j  (4. 2-39)

(y +1. )/(2. ( y -1))

M4 
= CN M ~~5 /A4) [  

2 +  ( y
4-l )  

M4
2] 

4 

(4. 2 -40)
y + i ) / ( 2 (  )/ — 1 ) )

M6 
= (A

5 /A 6
) [

2 + ( Y
4

l)  
M6

2 ]  ~ 4 
( 4 . 2 - 4 1)

• 

~~~ ST6 
= 

~N 
P6. A6 

( i . + }‘4 M
6

2 ) (4. 2-42)

One of the basic assumptions inherent in Eqs .  (4. 2 -39)  through
(4. 2-42) and in the operation of subroutine PROP ! is that the Mach number
at the nozzle throat is soni c and the Mach numbe r at the nozzle exit is super-
sonic. Although exceptions to the basic assumptions produce inaccurate
results , such exceptions occur onl y at unusual operating conditions such as
very large angles of attack .
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4. 2. 4 Steady State Performance of R amj et Engine Components

For stead y state operation of the r amjet , the mass flows
through each section of the engine must be compatible and the fluid pro-
perties leaving one eng ine component must equal those entering the next
downstream component . The actual determination of the stead y state opera-
ting condition of the engine is accomplished by iterative calculations within
subroutine PROP 1, which are based on the equations presented in the fore-
going sections.

• 4. 2. 5 Summar y of Subroutine PROP 1

The as sumption s which were presented in the foregoing equa-
tion derivations are listed below for the reader ’s fu ture  reference.
Additional comments are included to give the reader insight as to how the
program use may be extended beyond that described in the foregoing.

The equation s in the program are based upon the one dimensional,
compressible flow laws of gas dynamics and thermod ynamics. Where pos-
sible , coefficient s and efficiencies have been introduced into the equations
so that deviations from ideal flow processes may be accounted for .

The program is capable of computin g engine performance for
any eng ine inlet geometry operated at any ang le of atta ck as long as the
inlet performance is input in the proper format.

The routine is capable of calculat ing performance for any fuel
whose thermod ynamic properties of combustion with air are inpu t in the
proper tabular format .

The routine is limited to performance cal culations for an engine
which uses a convergent-divergent nozzle which has sonic or supersoni c
flow at its exit. The flow at the nozzle throat is assumed to be choked.

The stagnation temperature at the diffuser exit is assumed equal
to the stagnation terrp erature of the free stream.

The relationships of the working fluid stagnation properties to
the fluid static propertie s at various stations in the engine are  assumed to
be given by Eqs.  (4. 2-14),  (4. 2 -20) ,  (4. 2-2 8) , (4. 2 -34) ,  and (4. 2-35) .  The

• values of y and R used at var ious sections in the engine are tabulated
below.
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Station Value

0 y = 1 . 4
0

R = 53.35 f t/ °R
0

2 y
2 f ( T T 2

)

R
2 

= f (TT2)

4 (frozen flow) = f ~~~~~ f/ a )

(frozen f l o w )  R
4 

f (T T4
, f / a)

5 Y
5 

Y
4 R 5 = R 4

6 Y
6

= Y
4

The burner drag coefficient CD is assumed to be independent
of changes in the flow conditions entering tl~e combustor.

Combustor temperature r ise tables must be input into the
routine for three user selected combustion chamber pressure  levels. For
combustion chamber pr essures which are intermediate to the tabular pres-
sures , the temperature rise data are found by linear interpolation between
the table values. For combustion chamber pressures  which are  less than

• the minimum input valu e , temperature rise is taken to be the same as at
that for minimum pressure .  Similarl y, for p ressures  which exceed the
largest pressure level of the tables , the temperature r ise  is assumed to be
the same as that for the largest pressure  level of the tables.

Air extraction for accessory  power is assumed to occur between
the diffuser exit and the fuel injectors of the eng ine. After this air has been
used for accessory power , it is assumed that it is dumped from the missile
with momentum recovery which is an input to the routine .

4. 2. 6 Ramjet Point Design

The basic equations which were derived for the o f f -des i gn
performance subroutine PROP 1, are also applicable to the point desi gn sub-
rout ine , RJDES . It is onl y the objectives of the two subroutines which d iffer.
RJDES is used to determine an engine design that will yield a given net
thrust coefficient for specified engine operat ing cond i t ions : PROP I deter-
mines the net thrust coefficient of a given engine desi gn for  the specified
operating conditions. A summary of the equation s used in RJDES is
presented in Tabl e I.
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• The ground rules upon which the point desi gn modeling is based
are as follows:

(a) The inlet is operated critically or supercritically.

(b) The flow areas at stations 2 , 3, and 4 of the engine are
equal (see Figure 16).

(c) Air extraction for auxiliary power is made between
• station s 2 and 3 (see Figur e 16).

(d) The engine nozzle is a convergent-divergent nozzle
and the flow at the nozzle throat is choked.

(e) If A6 
is not input the nozzle exit plane pressure , 

~~6is ’
is equal to the ambient atmospheric pressure , P
provided the exit area of the nozzle does not hav to
violate input limits to obtain the equality of these two

• pressures. If A A must violate one of the input limits
• to obtain P . = P , then A is set equal to the con-

.618 o 6straining limit.

11

I I
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TABLE I

EQUATION SUMMAR Y FOR SUBROUTINE RJDES
V / (  V - 1)

y - l  °

= P
0 [i. + 0 M 2]

TT = T Ii . + 
0

2 
M 2] = TT 2

= 

~ T0 
(
~~T 2 1

~~T0~

W P ( A )  
_ _ _ _ _ _A o c

A R T  A 
M~~~~~ y g R T

2 0 0  3

W W
f A— = — (1 —~~~ 

) ( f/ a )
A3 A 2 

WA ~~~~~o + 
~~~~~ 

M 2] 

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

>‘2 g0 A 2 ~ T 2 2 2

~ + ~ 
(- Y2 / (  

~
‘2 

- 1))

= 

~ T 2 [i 
2 

2 
M 2

2 ]
1 The following two equation s are solved simultaneously for M4 and

( 1. + y
4 M4

2 ) 
2 2

/ (  - 1) )  
= P 2

(l . + V2 M2 
) - ~~~ P2 M 2 ~~DBr y

4 - !.  
2

[l. + 2. M
4

Conservation of momentum

~~~~~~~~ (l - J ) ( f / a ) + ! . )J ~~F~

V g M
= 

R
4 

[i. + ~~ 

- 1 
M

4
2 ]  

~ + l ) / ( 2 (  - 1 ) )

Conservation of mass
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TABLE I (Continued) EQUATION SUMMARy FOR
SUBROUTINE RJDES

A
5

M
4 L~~~~

’ 1
A3 

- 
CNM 12 + ( V4 

- 1) M
4

2 J

r — 

( ( y
4 - 1 . ) / y

4
)

I 

M6~~~f~~~~
2

l )  
[P T4 

_ 1]

2 
( y

4 + 1. )/ ( 2. ( Y4 - 1 . ) )
A 6 - i 

_ _ _ _ _ _ _ _ _ _

A5 M6 [ )‘4 + l •

A6 1
A

6 1
A 3 IA 5 J LA 3

If  (A
6 I A3

) is set equal to 1 then (A 6 /A 5
) = (A

3/A 5
)

and 
- ( V  + 1. ) / (2 .  ( Y - 1 . ) )

2
1 + ( - 1 . )  M6M6 

= 
(A

3/A 5
) ~ + 1.

(-~~~ / ( Y  - 1 . ) )- , I y - l  1p
6i5 PT4 * L 1 +  2 

M
6

2

J

CFN 
= [
~

] yo i—z 
~N (1 . + y

4 M6
2 ) - 1.]

7200. g * (A /A 3) * f /a )  (1. ..j )
SFC = 

CFN M * 
~~y0 g R T

! I Note : Nomenclature for this section is presented in Table 111 (p. F-96). 
•
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4. 3 Ramjet Combastor Mass Properties

4. 3. 1 Internal Rocket Ramjet

The internal rocket ramjet uses the same combustor as the
booster. Mass properties are calculated in subroutine BOOST and are
described in Appendix B.

4 . 3 . 2  Non-Integral Rocket Ramj~~

4. 3. 2. 1 Combustor Design

Subroutine EXRAM is used to size the combustion chamber
whenever the ramjet vehicle being desi gned is not an integral rocket/ramjet
configuration.

In order to determine the thicknesses of the closures and cham-
ber sidewalls , the routine must f i rs t  obtain the maximum combustor pres-
sure. The expected maximum pressure  seen in the combustor will be based
on desi gn conditions (Mach number , altitude , and angle of attack) input by
the user .  The most severe conditions will generally be the highest Mach
number at the lowest altitude to be flown by the ramjet .  At these conditions
the angle of attack will usually be small (a value of 1. 0 is recommended
for most designs).  Stati c pressure  is obtained from a one-dimensional
table look-up as a function of altitude.

P = f (altitude)
0

Total pressure is calculated by subroutine ISEN as

P f ( T , MT0

Pressure recovery is obtained from a double table look-up
from the input inlet deck for a given Mach number and angle of attack.

PTR f ( M
~~~~

a )

The combustor chamber pressure  is obtained from pressure
recovery and total pressure , as

P P *P  /144.cc TO TR

Chamber material propertie s (density, yield and ultimate
tensile strenths) are obtained from Subroutine MATLS.
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The combus tor diameter will be the vehicle diameter less the
external insulation , if any.

D = D -2 .~~~ TS 3 ex

Closure and sidewall thickness will be based on the maximum of
the thickness based on yield , the thickness based on ultimate , and input
minimum value s

F ~P D
T — S cc s

c 2~~~F

F’ P E D
T — S cc S

D 
- 

4~~~F

The forward closure surface area and weight are cal culated as
follows:

E � 1

S = 1 -

~~~~~~~~~~~~~ 

~ D
2 

1 + sS
D 

- + 
8 F 2 S 

log 1 -

E 1
2

SD 
= PI~~~D /2

Forward closure wei ght , where C4 is miscellaneous forward dome weight

Wt
FC T d SD + C4

Forward insulation weight

Wt
FI 

= T1 
‘
~ 

p
1 S

D
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Dump stiffeners surrounding the inlet dump ports are assumed to be equal
in area to the dump port area plus 1/6 of the combustor cross-sectional area.
The thickness of the dump stiffeners is as sumed to be equal to the case
thickness. The additional weight to be added to the case (as the dump port
area will not be subtracted from the cy lindrical weight ) is , then , where Cl
is a weight multiplier (usually 1)

Wt = p T ClDB 6. C

Volume available in the forward and aft dome s is

— 
ij * ( ~~ — 2 .  ~~(T + T  ))~~~3V~~~ - I d

6 E

Sizing of the combustor will be based on the LSTAR parameter ,
that is

• LSTAR 
~ 

Vt t /Athroat

where LSTAR is an input . Values below 40 inches will adversel y affect the
combustion efficiency while a value of 60 inches is recommended for con-
se rvat ive design.

V = LSTAR A5req

Cylindrical volume

V V - Vcyl req dome

Cylindrical length

X = V  / (  -fl-- * [~~ - 2 ~~ (T + T . ) J
2 )cy l cyl 4 s c ins

Weight of the cylindrical case

W = D T p + C• cyl S c 5

where C5 is miscellaneous cylinder weight.

Wei ght of the cylindrical in sulation

W 1 T * ( D  - 2 * T  ) * Tinc S ins ins
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• 4. 3. 2. 2 Nozzle Design

• Nozzle desi gn equations are as follows (see Figure 17).

Exit r adiu s

R 6 =j i~~6 /A 3 
R 3

Throat radiu s —

R 5 ~~A 5 /A 3 * R 3

Throat area

R 0 .4~~~R
c 5

If the height of the entrance section is greater than 80 percent of the avail -

able height (R 3 
- R

5
), it is set equal to 0. 8 (R

3 
- R

5
). Then

Y = R ( 1 - cos A

or 

z C

Y = 0 . 8 * ( R  - Rz 3 5

Exit cone length

XB = [R 6
_ R

~~~~
( 1_ c o s O ) ] _ R

S /tan ø

Exit side of throat segment

X A R  ~~sin 0
c

Entrance section length

X3 = R sin ~ Note theta would have been adjusted f rom
the input value if ‘k was set equal to 0. 8 * (R

3 
- R

5
)

Entrance radius

y 1 Y Z + R 5
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Length of the aft dome
- • 

jR 2
~~~y 2

3 1
~~~~~

The nozzle length as defined in EXRAM includes the length of
the aft dome ,

X R N = Z 1 + X
3 + X + X

Wei ght of the exit cone section is derived as follows:

Thickness

1~ = T  + TU n d exit

Effective densit y

. o T  + ,.~ .d exi t exit• ‘
0

exit 
- ____________________

n

Half thickness

=
exit 2 cos

Exit radiu s

Y Rms 6 exit

Entrance  radius

Y = R + R  ~: ( l _ cos O ) + ymz 5 c exit

Average radius

R = (Y + y  ) / 2Bi ml m2

Effect ive exit area

x
A - a N

Bi cos 0
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Weight of the exit section

~ : Wexit 2 
~ 

AB 1 ~ 
R B! ~~xit

Wei ght of the throat section

Length of the throat section

XT 
= 2 * X B

Effective density

- 

P
~~

T d 
+ 1.5 

~ THT x TTHT
T 

- 

Td + l .S
~~~

TTHT

Thickness

5 = T  + T  * 1 . 5m d THT

• Effective throat area

A B2
X

T * S

Effect ive radiu s

R B2 
= R

5 
+ 5m 1

~
’2

Weig ht of the throat  section

WTHT~~~2 * H * A B2 *R B2 * P T + C 6

where C 6 is the miscellaneous throat weight.

L_ _ _ _ _  
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Entrance section weight

Section length parallel to centerline

XE
X

3~~~
X

B

Thickness

T T + Te d ent

Section height

Y Y - T / 2m3 Z c

Section length

x ,j x  2 + ( Y  - y
4 ~ E m3 m2

Section radius

y + y
R - m3 m2

B3 2

Section effective densit y

p *T  + p *Td ent ent
T

e

Section area

Entrance section weight

W = 2 *  n p *A  *Rent e B3 B3

Nozzle weight

W W . + WRN exit THT ent
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4.3.  2. 3 Combustor Weight s

Aft dome weights are derived as follows:

Area of the port

A = 7 T Yp 1

Dome area

5AD SD A p

Aft dome weight

Wt DA 
= T

d 
5

AD

Aft insulation weight

Wt = p . T . SID ins ins AD

Aft  skir t / fairing weig ht

Wt = 7 T * D  ~ T . *X R N * p ‘~~CAS s minc 2

where C 2 is a multiplier.

Forward skirt weight

Skirt length

D

XSK 
= 

2 : - F  
+ Clear

Forward skirt weight

-~~~~~ Wt = n * D  *T  . * X S K * p * CSK s min e - 2

Attachment weights

Wt 4. * n * D * ‘j ’ 
. * ,.o * C

at s mine 3

• where C
3 

is a multiplier
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F
External insulation weight

Wt
E~~ 

= ii * D 3 XRJ * T * ‘cx

The ramjet cornbustor weight is , then ,

• I WRJ = Wt FC 
+ Wt

FI 
+ W

RN + Wt
CYL 

+ Wt
INC

+ WtDA 
+ Wt ID 

+ Wt
AS + Wt + Wt

+ WtEIN + WtDB 

SK at

4. 3. 2. 4 Modeling of Combustor MOI and CG

• Moments of inertia and centers of gravity for the ramjet
combustor components are computed according to the assumptions shown
on Table II.

4.4 Ramj et Booster Sizipg

Integral and non-integral ramjet booster siz ing is discussed
in Appendix D.

LA - - - - - 
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4. 5 Sustainer Mass Prope rties (Subroutine SUSMAS)

The sustainer section consists of two subsections; the sustainer
fuel tank and the fu el management bay. The fuel management bay houses
the fu el management system and the secondary power package. An alter-
nate approach of placing the secondary power package around the combustor
nozzle , favored by Martin in the CAMS routine , has not been incorporated
for the following reasons:

(a) The nozzle must be extended by use of a nozzle blast
tube. As the blast tube has a relatively large cross
section , the area made available per linear inch of
blast tube is considerabl y less than if a clear section
forward of the booster is uti l ized.

(b) Because of the high temperatures, high Mach number ,
and long cruise times involves , design of a ramjet
nozzle is a very  difficult pr oblem. Adding a blast tube
will compound this problem.

(c) Heat t ransfer  across the blast tube wall will be sub-
stantial . Thermal protection of all components located
around the nozzle will be difficult.

(d) It may be desirable to ph ysically combine the fuel
management hardware and the secondary power hardware.

Four fuel management/expulsion systems are available to the
user:

(a) Pressurized expulsion

(1) N
Z(2) Liquid gas generator

(3) Solid gas generator

(b) Pump expulsion

( 1) Ram air turbine

4. 5. 1 Calculation of Design Fuel Flow Rate

In order to size the fuel controller and pump or pressurization
system, the subroutine must be supplied with the desi gn conditions (the
Mach number , altitude, angle of attack , and fuel-to-air  ratio) at which the
maximum fuel flow rate will occur . This will generally be the highest
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Mach number at the lowest altitude the vehicle will be required to fl y. An
angle of attack of 1.0 degrees and a fuel-to-air  ratio of 0 . 0 4  are recom-
mended values if exact values are not known . Selection of the fuel-to-air
ratio and angle of attack are not critical; relatively large differences  be-
tween the correct value and the value supplied will have neg ligible impact
on the ramjet desi gn.

Using the input de:i gn altitude the routine obtains the static

F temper ature and pressure  f rom a one-dimentional table look -up. - •

T , P = f (altitude)
0 0

Next , the total temperature and pressure  are obtained using
subroutine ISEN and the design Mach number

Tm , Pm f(M , T , P
0 0

TT 2 
= TT

• Critical pressure  recovery  and mass flow ratios are obtained
from two-dimensional table look-up as a function of Mach number and ang le

• of attack 

I i
1
~T 

, A IA =f(M D , Q )

Combustor chamber p res su re  is calculated next

= TT

With the above information plus the desi gn fue l - to-a i r  ratio ,
the fuel flow constant is calculated

P M 0
c .9 18744 * — *A *A /A * f / aT 3 0 c

0

This constant when combined with the ramjet  capture area
rati o g ives the desi gn fuel flow rate

• Wf = A  IA *C
max c 3

F-7l



_ _  ~~— —~~~~~~~~~~~ 
- 

_____ ii~i:~
— —--

~~~~~~~~~ 

- —

4 . 5 . 2  Tank Design

The tank diameter is the vehicle diameter less the thickness
of the external insulation (if any)

DT 
= D

3 
- 2* TEXI

Pressure  in the tank for pressurized systems is assumed to
be increased by an input pressure drop fraction

p (1 + A~~ )
tank cc

As the tank desi gn p ressure  will generally not exceed 250 psia ,
the input minimum case thi kness based on handling, buckling and bending
considerations will usuall y be contr olling.

The weight and / or length of the sustainer tank is derived f rom
what is left over after the payload , booster , aerod ynamic surfaces  and
fuel management bay have been sized. To facilitate calculations the routine
f i r s t  sizes a minimum tank configuration consisting of skirts , atta chment
rings , and the eliptical domes with bladder and fuel.  The increase in over-
all weight and fuel weight per inch of tank length are also calculated. On
each subsequent call to the routine the tank can be sized to meet the ava il-
able length or weig ht without repeating the minimum tank calculations.

If a Ram Air Turbine is used , the thickness of the tank cylinder
and dome ends will be based on the input minimum value. If any of the other
systems are selected , the tank thicknesses will be the maximum of the
thi ckness based on yield , the thickness based on ultimat e and the input mini-
mum thickness. Yield and ultimate tensile strengths are supplied b y sub-
routine MATLS at the sustainer tank desi gn temperature.  Densit y is also
su pplied by MATLS but is assumed to be independent of temperature.
Material properties are listed in Section 4. 8.

T
c 

F. S. *P TANK D
T T c 

= cylinder thickness

T F. S. = factor of safety, e . g . ,

T — 

2 . 0  - •

D 
- 

2 FT 
= ultimate or yield

tensile str ength
Minimum length

T = dome thickness

L . = D /E  .mm T E = Elipse ratio
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Note that , if the length available for the sustainer  is less than
the minimum length , the case being calculated is terminated.

External insulation weight per unit length

A D *T p
A EX 

~ 
ex 1 ex 1

External insulation wei ght on minimum length

WtEX I 
= L

min

Sustainer tank ends are assumed to be eliptical rather than
spherical . If an elipse ratio of 1 is input an error will occur .

S

Dome surface area

2 2
lTD

SD 2 
+ 2 log 1 5

4 E S

Dome wei ght

Wt D 
= T D SD

Bladder wei ght in dome area

Wt
B 

= TB 5D ~B

Fittings and fill port weights

Fittings = Wt D 
0 . 2 5  •

4 . 5 . 2 .  1 Stand Pipe Wei ghts

The design assumes that the fu el will be contained in a bladder
and that a stand pipe will run the length of the cylindrical section to prevent
entrapment of large amounts of fuel.  Calculation of the wei ght of the

3
stand

pipe per inch of length is as follows , if V - 50 f t / s e c  and p = 49 lb / f t  .
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Wf = p A V

D1
2 

* i~ * 50
Wf 

= 4 9 *  4 * 14 4

= . 0748 Wf

= . 2736 Wf 
(assume tube wall . 02 i n . )

D . 2736 W + . 0 4

WtL 
= D 0 * . 02 0 p (assume p = . 283 lb/in 3)

Wt = .0178 DL o

4 . 5 . 2 . 2  Flange Weights

In order to achieve a rational method for estimatin g the wei ght
of splice r ings and joints , a standard model is established. Figure 18
shows a sketch of the joint that connects one section to the next . The basic
thickness at the j oint is assumed to be twice that of the basic skin , and a
partial bulkhead is provided for mounting internal equipment.

The s t ress  concentration in the basic shell wall is minimized by
thickening the wall over a length su ch that the characteristic shell para-
meter is given as

where

f l/ 7
l~~V~7

Taking V = 0. 3 as a typical value , the joint semi-length becomes

2 = 2 . 3 4  Rh

The shaded area shown in Figure 18 represents the weight
to be added to the skin weight to account for the splice ring connection at
the intersection of each end of a bod y section . This wei ght is obtained from
the following equation:

W R 
= 44. 1 (Rh) 1’ ~ p + 2 . 7 5  R 2h p

F-74

• - ~~~-• • - - -• _~~~ —~~~~--—~~~~=~ - -  - ~~~~~~~~~~••-



______________________________ ____ • - -

2 h — ~~ “~
— t R

3/4 R

_ _ _ _ _ _ _ _ _ _ _  — ___ —-——--____

FIGURE 18

SPLICE RING MODEL

Flanges of the type shown are assumed to be attached to both
ends of the sustainer section.

Skirt weights

Skirts P * D  *] ‘  *L  .t c mm

Dome volume

(D _ 2 * ( T  + T  )) 3

D = 
B D

V

Adjusted fuel densit y accounts for both ullage and allowance for
densit y change due to temperature

DFAJ ( P f 1  
- A p T 

(T
f 1  

- 7 5) )  (1 - U L L G)

Usable fuel in domes

F D *D O F
UD FAJ v
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Trapped fuel

FTD 
- DFAJ 

* D~ * (1 - E
exp

)

Minimum tank weight

Wtmin 
= Wt DOMES 

+ Wt B 
+ Flange Wts + Skirts + WtEXI

+ Fittings + FUD + FTD

Volume/Inch of Cyl

= 
0 (D t 

- 2 * (T B 
+ T

C
))

2

Fuel/Inch of C yl

V~ D FAJ

Bladder / Inch of Cyl

A B - Dt * T B ~ B

Case/Inch of Cyl

A C =  1 T * D  O T  0 P + W t
c L

Wt/Inch of Cyl

W t = A F + ~~ B + 1 ~ C +  A E x

4. 5. 3 Fuel Controller Weight

Sizing of the fuel control system is based on an empirical
equations modelled on vendor experience.

W = l 0 +~~ 0 WfFC 3 max

4 . 5 . 4  Expulsion System Sizing

4 . 5 . 4 . 1 Nitrogen System

The nitrogen system sizing is based on the volume of gas re-
quired to pressurize the sustainer tank to a pressure slightl y in excess of
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the maximum combustor p ressure .  As the volume and weig ht of the tank
will depend on the volume and wei ght of the expulsion system (and vice
versa)  calculation of the nitrogen system is necessar i ly i terat ive .

P . =P
fmal tank reg drop

V D + A V 0 X c y 1req V

(1 + ( ‘VN2 - 1)) * Zp
1 -p . o~~

— final o

~ NB 
- 

P ZN2 p

w *p . *v
= 

NB final req
N2 Z 0 R

F 
0 T

N 
0 12

Built-in routin e values includ e

T
N 

= 530

Z = 1.0
p

Z = 1.03
0

1.401

The nitrogen system volume is calculated in subrout ine
FMBPAK .

4. 5. 4. 2 Liquid Gas Generator  System

The liquid monopropellant gas genera tor  fuel weight and
loaded wei ght is calculated f rom the curve fit of Fi gures 19
and 20.

The gas generator  flow rate and fuel volume are based on the
maximum fuel flow rate and the sustainer burn time

wc
— ~max

B p fuel

F- 7 7
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Gas generator fuel weight

1.1 *T
GGFW 12 R T 

final

~~~ F T

4. 5.4. 3 Solid Gas Generator System

The solid propellant gas generator weight is cal culated from

the propellant weight and an input mass fraction . The propellant weight is

cal culated based upon the maximum ramjet fuel flow volume rate and the

maximum burn time.

Wc
— 

max
B P fuel

‘
~~~~ - l . 1 O V  O T  O P .

:~ GGFW = i~~ --
~~~ T 

final

F

Solid gas generator system weight

GGW = 
GGFW

Mass fraction

Solid gas generator system volume

GGFW 
+ 

GGW - GGFW

- 
.06 .283

V L x .85

4 . 5 . 4 . 4 Ram Air Turbine

Power required is set by

~~~m x
HP = 

a P . * . 000152
out 

~F 
final

- 
•: HP

HP 
out

pump .85
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The pump weight is calculated below , except that it has a mini-
mum value of 2 pounds. U

Pump Wt (HP _ 7 ) 0 . 3 8 + 2
• pump

The turbine weight is calculated below , except that it has a
minimum value of 3 .7  pounds.

Turbine Wt = (HP - 7) * • 57 + 3~ 7pump

The t u r b i n e  volume is calculated below , except that
it has a minimum value of 36. 5 in 3.

Turbine Volume = 36.5 + 14.5 0 (HP - .65)
pump

The system weight is given by

wt = 1. 2 0 (Turbine Wt + Pump Wt)
-• sys

For packaging purposes the ram air turbine is assumed to
have a diameter of 3. 625 inches .

As indicated above , calculation of the dome ends and of the
C 

change in weights and volume s with  length is per formed on the i s t  pass
through the routine. These calculation s need not be repeated during sub -
sequent passes.

Length and weight of the fuel management  bay are  calculated in
subroutine FMBPAK . Sustainer  minimum values are  then calculated.

Sustainer mm length = L . + X
mm FMB

Sustainer mm weight = Wt . + Wt
mm FMB

The des i gn problem bein g solved may be eit her we igh t -  or
length-const ra ined.  In either case the wei ght and length of all other vehicle
components will be known at the time SUS MAS is called. The allowable
sustainer  cy linder length (wei ght)  will be what is lef t  over a f te r  the other
vehicle component lengths (wei ghts)  and the sustainer  minimum length
(wei ght)  are subtracted f rom the total vehicle length  (wei ght)

Xcy l 
~~~~ 

~~l ~~ - X
min

F-8l  H 
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If Xcyl is negative the desi gn case is terminated. If the
vehicle design constraint is vehicle len gth , the cylindrical length is
obtained directly. If the design constraint is vehicle weight cylindrical
length is obtained from:

L CYL 
= Xcyl/  AWt

4 . 5 . 5  Sustainer MOl and CG Modeling

Calculation of the sustainer C. G. and MOl is straightforward.
Components and the solid models used are listed in Table III.
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TABLE III

SUSTAINER MOl AND CC MODELING

Item Component  Solid Model R e m a r k s

1 Fittings Point Mass

2 Fwd dome Semi eli psoidal shell

• 3 Fwd bladder Semi eli psoidal shell

4 Fwd f l ange  Cy l indrical s h e ll

5 Fwd skirt Cy lindrical shell

6 Ex te rna l  Insu l a t ion  Cy l ind r ica l  she l l

7 Case sidewall Cylindrical shell Includes stand p i pe w t .

8 Sidewal l  b l adder  Cy lind r ic a l s h el l

9 Aft  s k i r t  Cy l i n d r i c a l  she l l

10 Af t  f l ange  Cy lindrical shell

11 A ft dome Semi elipso ida l  s h e l l

• ; • • 12 Af t  b ladder  Sem i el i psoidal  shell

13 Fwd p rope l l an t  Semi e l i p s o i d a l  s o l i d

14 Cy lindrica l p r o p e l l a n t  Cy l i n d r i c a l  s o l i c

15 Aft  p rope l lan t  Semi e l i psoidal sol id

16 Trapped p r ope l l an t  Cy lind r ical s hell
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4. 6 Fuel Management Bay Confi guration and Mass Properties

• Components packaged in the fuel management bay are
dis cussed in this section and are grouped as follows:

(a) The power source for the aerod ynamic control surfaces
actuation system (secondary power package)

(b) The fuel controller

• (c)  The power source for the fuel expulsion system

4. 6. 1 Secondary Power Pa ckage

The wei ght of the secondary powe r system (Wt ~~) is calculated
in subroutine PROPXX as a fraction of total vehi cle weigh~~

= ~! TTOT 
0 SP f WTTOT 

= missile weight -

SP = secondary power pack-
W age weig ht fraction

The secondary power pa ckage wei ght fract ion is a user  input .
The following is suggested as a guide for  the value to be input.

System
Secondary Power System Ram Air Turbine Bat tery

SPWf . 025 . 03 + . 01 per
100 sec flight time

Bleed Fraction 6% to 8% 3% to 5%

The volume which should be allocated to the secondar y power package will
vary between 10 and 16 in 3 per pound , depending upon the degree of
sophistication assumed.

4. 6. 2 Fuel Control System

The weight of the fuel controller is calculated by SUSMAS
according to the empirical formula.

WFC = 10 + (Max Fuel Flow Rate)  where Max Fuel  Flow Rate
is in l b s / s ec

The volume occup ied by the fuel control sys tem is estimated at
10 inches per pound .
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4. 6. 3 Power Source for Fuel Expulsion System

As discussed in Section 4. 5 of this appendix, the fuel expulsion
system may be any of the following:

(a) Nitrogen bottle
(b) Liquid gas generator
(c )  Solid gas generator
(‘-

~~) Ram air turbine

Wei ghts and volumes of the latter of these sys tems are cal-
culated in SUSMAS and discussed in Section 4. 5. The wei ght and volume
of the N 2 required is also calculated in SUSMAS and d i scussed  in Section
4 .5 , but the packaging is calculated in FMBPAK .

The material code for the N
2 

bottles is an input. Densi ty  and
tensile strength are supplied by subroutine MATLS based on the input code

U and temperature requirements .

The radius of each N
2 bottle (R

N
) is cal culated as follows

360 X = number of N bottles
2 X ~ 

2

A R radius available for Nsin g B 2R N 
= 

(sin 0 + l~~
R B 

- X 2 
- X 1 ) bottles

X 2 
= half the clearance

between N 2 bottles

X 1 
= clearance between N 2bottles and missile

skin

Bottle wall thi ckness (T
C

F ~ 
F it 

= fac tor  of safet y, ultimate H

T = 
ult N2 N

~
“ult ~ N2 

= ni t rogen  p r e s s u r e

= ultimate tensile strength

.0 Tc is not permitted to be less than 0. 04 in.

If the number of N 2 bottles is input as a negative number the
bottles will have a spheric-il dome , otherwise it will be elli ptical.
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Spherical

25 41? R S = surfa ce arean

Elliptical

S f 
= 1 - 

1
2 E = elli pse rat io

2 2
• IrR N ~~

R N l + S 1S =  + ., In
4 E 4

S L
~~~~

Sef
ef

F P R Fult N2 NT = T = dome thickness
cc 2

ult

Td is not permitted to be less than 0. 04 in.

Wt
D 

= S 
~~N 

x T
D p = densit y of N

2 bottle
material

34 1T (R - T  ) x
- N D

3 E

Wei ght of cylinders per lineal inch (WT
1

) and volume (V
1

) per l inea l  inch 
-

wt ~~2i? R T oI n

V = ( R  - TI fl c n

If the entire volume required is equal to the volume available in
the N 2 bottle domes , the bottle weight ( W )  is assumed to be equal to the
dome weight and the required length (XF) equal to the depth of N

2 bottl e
dome s plus the input clearance value

• W = W ts D -

2 0 R
XF = 

E 
N 

+ CLR CLR = input clearance area

If the volume required is less than the volume available in the N 2 bottle
domes , the required length (XF) is calculated thus
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- V
DLength of cyl = ___________

I
Z O R

XF = Length of cyl + N 
+ CLR

and the weight W~ = WtD + (length of cyl) Wt
1

If the volume required is less than the volume available in the domes , the
radius is reduced unt il the volume required is packaged in spheres or
ellipsoids.

The weight of the expulsion system is

Wt
E 

= W~ + W~~2 WNZ weight of N
2 re-~uired

4. 6. 4 Final Fuel Management Bay Calculations

For N~ bottles it is assumed tha t the fuel controlled can be
U packaged in the void area between the N 2 bottles. The length required for

the secondary power package is LI
L = Wt VPP PKD VPP = volume per pound (SPP)

PKD = pa cking dens i ty  rec iprocal

Then the fuel management bay length (XFMB ) is given by

X F M B = L  + X F

For systems other than N 2 bottles , the length (XFMB ) is

• VOL = VOLX + 1OWF C + Wt VPP VOLX = expulsion sys-
p 

tern volume

XFMB VOL 
- PKD + CLR A . = area of fuel- • 2 lineR W - A . linesB line

In no cas e is the fuel management bay length permi~.ted to be
less than 4 inches

Skin wei ght (SK )

SK = Shell (XFMB ) Shell = skin weight per inch

Total bay weight = expulsion system weight + Sk + Fuel controller
+ wt

sp
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4. 7 Inlet Sizing and Mass Prope rties

Determination of the inlet capture area is an integral part of
ramjet sizing and performance and is dis cussed in Section 4. 2 of this
appendix. Inlet mass properties are discussed in Appendix C.

Inlet performance (pressure recovery,  mass flow ratio , and
additive drag as a function of Mach number and angle of atta ck) are supplied
in tabular form and read into the SEATIDE COSM.

4. 8 Material and Mas s Properties

4. 8. 1 Materials Subr outine MATLS

The MATLS module contains the yield and ultimate tensile
strengths and densities for 11 different  structural materials.  Tensile
strength data are stored as functions of temperature and have a maximum
valu e over which the data are valid. Data for a given material are obtained
by calling MATLS with a material code and desired temperature.  MATLS -)

calculates ultimate and yield tensile strengths at the temperature supplied
and also determines the density. If the temperature supplied exceeds the
maximum temperature,  material properties are calculated at the maximum
temperature and a warning note is flagged. Material properties contained
in MATLS were extracted from the CAMS routine.

Table IV below lists the material code , the material , and
the maximum temperature.

TABLE IV

MATERIA L PROPERTIES

Code Max. Temp.
Number Material 

____________

1 AISI 150 PSI Steel 1000
2 SIS I 200 PSI Steel 1000
3 300 GR Marag ing Steel 1000
4 17-4PH Stainless 900
5 20 14-T6 Aluminum 600
6 AZ3IB-0  Magnesium 600
7 6AL-4V Titanium 1000
8 RENE 41 1600
9 WC 12 9Y Columbium 2700

10 Glass Fabric Epoxy Laminate 400
11 Filament Wound Glas s Epoxy 500
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4. 8. 2 Mass Properties Subroutines

Moment of inertias and center of gravities for individual
components are calculated b y breaking the component into standardized
geometrical shapes and using the appropriate subroutine for each shape.
The shape subroutine calculates the moment of inertia and center of gravit y
and returns these values to the calling routine which, in turn , sums all of
the data and determines the overall component properties.  Lists of the
geometrical shapes assumed for mass property calculations are presented
at the end of applicable component subroutine . The standardized geometri-
cal shape subroutines are listed in Table V and are described in the

- following pages.

TAB LE V

STANDARDIZED GEOMETRY MODULES

Subr outine Configuration

ZSPRLL Hemispherical  Shell within a hole centered about the
centerline

ZSPRSS Hemispherical  Solid with a hole centered about the
centerline

ZELPSS Semi-Ellipsoidal Solid with a hole centered about the
centerline

ZELPLL Semi-Ellipsoidal Shell with a hole centered about
the centerline

ZCONHH Truncated conical shell

ZCYLHH Hollow cylinder

ZCYLLL Cylindrical shell

ZELSPR Properties of circular or elliptical segment (used by
other geometrical shape subroutines)
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4. 8. 2. 1 Subroutine ZSPLL

This module computes the moment of inertia and center of
gravity of a hemispherical shell with a hole centered about the axis of
rota t ion , using the following methodology:

2Wt~~~~ 2 f l ’ r t p

XII = .41667 * Wt R

Z s

x
__
~~~~~~~~~~~~~

R
:

~~~ 

~~~ = dens i ty

It is assumed that the moment of inertia of the material which would have
been in the hol e is equal to a flat disk with radius r and thickness t and a
weight equal to

Wt ~~~ surfhole

where surf is the surface area calculated by ZELSPR.  The centroid is
assumed to be located midway between the forward face and the aft ed ge
of the curved surface

Zhole 2

XII. 
Whole 2 2hol e = 12 (3r + t

Wt ( Z ) - W  ( R - Z  )
- 

5 s hole hole
Wt - w

s hole

t ransfer  of moment of inertia to C. G.

xii = XII - XII + Wt (Z - ZCG )
-
~~~~~ s hole s s

2- W t  ( R - Z  - ZCG)hole hole

F-90

_ _ _ _  j



r~ 
—

~~ 

- — 
~~~~~~ 

—

~~~~

-

________ - - -— ---—— - _ _ _ ___ _ • • __
~__q-fl_,___ - • - .__ -_ _ •__  • - --

- I

4 . 8 . 2 . 2  Subroutine ZSPRSS

Moment of inertia and center of gravity of a solid hemisphere
with a hole centered about the axis of rotation are computed by this module
as follows:

• Z — R

• Wt~~~~~~~~~~R~p

XII 0 . 2 6 Wt R
S 5

p = d e n s i t y

It is assumed that the moment of inertia of the center perfora-
tion will be equal to the moment of inertia of a solid cy linder of radiu s r
with the length adjusted to provide a weight equal to the weight of the center
perforation.

W = p V seg V = segment volumeseg seg determined b y ZELSPR
W = W  +W .hole seg cy l Y segment height deter-

mined b y ZELSPRw
L 

hole
2# r  p

W
hole (3r 2 

+ L 2 ) W * r 2 (H- Y)nole 12 cyl

Z W t - W  L/ 2s s hole
- 

w t - Ws hole

XII = XII - XII, + Wt (Z - Z) 2 
- W ( L/ 2  - Z) 2

s nole s s hole

4. 8. 2. 3 Subroutine ZELPSS

Moment of inertia and center of gravit y of a semi-ellipsoidal sol id
• -

~~ with a hole centered about the axis of rotation are  computed b y this module
as follows:
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2 2Wt — R Hs 3

R 2 
l 9 H 2

XII = wt — +
S 5 si. r 320

/~~~~~~~~~~~~~~~~~~~~
= density -

~~~

It is assumed that the moment of inertia of the center perfor - -~~~

ation will be equal to the moment of inertia of a solid cylinder of radius r with H

the length adjusted to provide a weight equal to the weight of the center
pe rforation.

W = ~ V V = segment volumeseg seg seg 
determined by ZELSPR

W cyl 
= ~ r~~ (H - 

Y = segment height deter-
w = ~~ + ~~ 

mined by ZELSPR
hole Seg cyl

w
- hole

?r 2
~ 

W
hole 2 2XII

h 
= ( 3 role 12 L

Z Wt - w  L/ 2
- 

s s holeZ-
S hole

t ransfers  of moment of inertia to C . G .

XII = XII - XII + W t (Z - Z)
2 

- W (L /2 - Z) 2
s hole s s h ole

4. 8. 2. 4 Subroutine ZELPLL

Moment of inertia and center of gravit y of a semi-ellipsoidal shell
with a hole centered about the axis of rotation are computed assuming that
the moment of inertia of a semi-ellipsoidal shell will be equal to that of a
solid semi-ellipsoid of dimensions H and R less the moment of inertia of a
solid semi-ellipsoid of dimensions H - t and R - t where t is the thickness
of the shell
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r
~1

2 ~.o = densit y
we i g ht = —i—— R H

- R 2 19H 2
XII = weig ht ~~~ + 320

3
Z = — Hs 8

y
It is further assumed that the moment of inertia of the material which would
have been in the hole is equal to a disk with a radiu s of r , a thickness t ,

and a weight equal to

Wt f t t s u r fhole

where surf is the surface area calculated by ZELSPR.  The centroid is
assumed to be located midway between the forward  face and the af t  ed ge of
the curved surface

Z ~~~~~~~~~~~
hole 2

w
XII, = 

hole (3 r 2 
+ t2 )

nole 12

Semi-elliptical shell surface ff 

~ 
+ ~ LOG e (~ ~

- ~~ R 2 - H2where F -  R

Wt of shell ( sur f  area)~~ t

Centroid

= 
2~~~H ( R 3 - H 3

~
shell 23 F R ( s u r f  a r ea )

Centroid of the shell with hole

Z - Wt (H - Z ) relative
- 

shell (wt of shell) hole holeZ - 

Wt of shell - Wt hole to ellipsoid
ba se
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Transfer  of moment of inertia to CG

XII = XII - XII ‘ - XII. + W (Z - Z) 2
s s nole s s

- W ~ (Z - Z) 2 
- W (Z - Z) 2

8 s hole hole

4. 8. 2. 5 Subroutine Z CONHH

Moment of inertia and center of gravit y of a truncated conical
shell are computed as

= 
H ( 2 Rr )

3 R r

XII ~~~- (R 2 
+ r 2 ) + 

W H 2 
(1 + ____

4.8.  2 . 6  Subroutine ZCYLHH

Moment of inertia and center of gravity of a hollow cylinder
are

Z = ~~

IH\Z W —  wt

XII = (3 (R 2 
+ R H

2
) + r~

2 )
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4. 8. 2. 7 Subroutine ZCYLLL

Moment of inertia and center of gravity of a cy lindrical shell
are

Z H/ 2

W 2 H2
X II= — (R + —)

2

W is weight

4. 8. 2. 8 Subroutine ZELSPR ~~~-

Properties of a circular or elliptical segment are computed
assuming that an elliptical segment is equivalent to a circular segment with
the same segment radius (X) and height (Y) .  This assumption becomes
increasin gly inaccurate as X— ~R .

Oblate spher iod

H el l i pse m i n o r  axis

- R e l l ipse  major  axis
/ 2

Y H - H / 1 -  ~~~
-
~~
-

R

If sphere  G = R = H

If ellipsoid

X 2 + y 2 
.G 

ZY C is equivalent circular
radiu s

21. Volume (3G - Y)

-
~~ 

• 3 (2G - y) 2
Centroid Z = 

~~~ (3G - Y)

Area = 2~~~GY
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TABLE V

RAMJET PROPU LSION NOTATION

A flow area (f t 2 )

ALT a l t i tude  ( f t )

B b u r n e r  drag f o r c e  ( I b )

B~ p burner  s e v e r i t y  parameter

c loca l sonic  ve loc i ty  ( f t / s e c )

CDA inle t  add i t ive  drag coe f f i c i en t

CDB bu rne r  drag  coe f f i c ien t

CDC cowl drag coefficient

CNM nozzle mass flow coefficient

CFINT internal thrust  coefficient

CFN net thrust  coefficient

DA inlet additive drag (1b~

engine cowl drag (ib)

H 
DEXT drag acting on the external surfaces of the engine

(D
EXT = D

A
+ D

C
)

f / a  combustor fuel to air weight ratio

F INT eng ine internal thrust  (lb)

FN eng ine net thrust  (ib’

• . . 2g gravitational acceleration (32. 2 f t/ s e c

L fract ion of inlet air which is extracted for accessory  usage

M Mach number

- -  
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TABLE V (Continued)

2P static pressure (lb/ft

stagnation or total pressure ( lb/f t 2 )

R gas constant ( f t/deg  R )

universal gas constant 1. 98726 Btu/(mole °-R~

SFC specific fuel consumption (lb fuel/lb thrust - h r ) )

ST stream thrust (lb)

T static tempe rature (deg R )

TT 
stagnation or total temperature (deg R)

ideal combustor exit stagnation temperature (deg R )

V velocit y ( f t / s e c )

W weight flow rate ( ib / sec )

WA 
air flow rate entering engine inlet ( lb/ sec)

Wb boundary layer bleed flow rate ( lb / sec)

Wf eng ine fuel flow rate ( lb /sec  or lb /h r )

w maximum airflow rate into the engine inlet for a g iven
max .flig ht condition ( lb / sec)

Greek Let ters

angle of attack of the engine inlet with respect to the f ree
stream flow direction (degrees)

ratio of constant pressure and constant volume specific heats

angle between the centerline of the engine and the direction
of inlet boundary layer ejection from the eng ine

combustion temperature r i se  eff ic iency

nozzle thrust  efficiency
Al
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TABLE V (Continued)

P weight density (lb/ft 3)

E sunu-nation sign

v shear stress ( l b /f t 2 )

Subscripts

c maximum possibl e area of the free stream tube of air
which enters the engine

is state corresponding to an isentropic expansion

x axial component of force

o f ree  stream conditions

2 diffuser exit conditions

3 flow conditions aft of engine flame holders

4 nozzle entrance or combustor exit flow conditions

5 nozzle throat flow condition

6 nozzle exit plane flow condition
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APPENDIX G

TURBOJET SIZING MODEL

1 • INTRODUCTION

(U) The purpose of this appendix is to present the methods used to

calculate the perfo rmance , size , and mass properties of turbojet powered

cruise missiles. The requirenents include a single-spool, non—afterburning

turbojet engine capable of operating over a Mach n~miber range of 0 to 2.5 at
altitudes fran sea level to 50, 000 feet. The air induction systen for the
turboj .t powered cruise missiles is a two-dimensional belly mounted inlet .

Either normal shock inlets or external compression inlets may be used within

the model. Engine installation , fuel tank arrang enents , and structural weight

computations are described in the following sections .

2 • REFEP.ENCES

(U) References used in preparing the sukm*odel are listed below :

No. Title - 

-

1 Koenig , Robert W. and Fishbach , Lawrence H . ,  “Geneng -

A Progren for Calculating Design and Off—Design

Performance for Turbojet and Turbofan Engines , ”

NASA TN D—6 552, Lewis Research Center , February 1972.

2 Gere nd, Robert P . ,  and Round hill, John P . ,  “Correlation

of Gas Turbine Engine Weights and Dimensions , ” AIM

Paper No. 70—669 , AIM J oint Specialists Conference ,

San Diego , California, June 15-19, 1970.

-~~ 
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3. SYSTEM DESCRIPT ION

(U) The turbojet powered cruise missile consists of two major sec-

tions , the pay load section which includes the guidance and control equi~~ .nt

and warhead , and the propulsion section which includes the turbojet engine

and accessories , portions of the air induction systen , and the fuel tanks.

Figure 1 illustrates the general internal arra ngenent of th. turbojet powered

cruise missiles. The turbojet powered cruise missiles may be sized to a

specified weight only . The option of sizing to a given lóngth is not available

in th. turbojet sizing sutmiodel. Fuel tank length is defined by the weight

allowance for fuel and tankag . after subtracting the other vehicle component

weight s from the total systen weight. The length of the cylindrical portion

of th. fuel tank is computed from the following equation for the wedge tank

option .

XCYL — (w’rrj - WStTM - WSH - WWT - RHO? X VOLHD - VOLWT X RHO?)

(.7854 X + Pt X DTANK X TC X REOMTL)

where
WS UM - WPL + WASUR? + WMISTJ + WENG + WING + WSTRP S + WFS

Tank length is defined by the length of the wedge portion , the tank cylindri-

cal length , and the length of the forward head. Propulsion systen length is

defined by the engine length , tank length, miscellaneous leng th , and the length

- 
- 

of the constant area section of the diffuser duct at the engine forward face.

- 

- 
~a~PS - XENG + D~ rIP + XLTW + XCYL + XLFH + XU1ISC

Total length of the turbojet powered configuration is the s~~ of th. lengths

- 
- 

of the payload section and the propulsion ssction

XTOT.L XLPAY + XLPS

G-3
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(U) The turbojet engine may be mounted along the centerline of the

missile or a seni-suknn erged installation may be used where the forward face

of the engine is offset below the missile centerline . The maximum offset

will not exceed the maximum dimension set by the depth of the inlet housing .
Two fuel tank options are avai lable~ a cylindrical tank with ellipsoidal heads ,
or a cylindrical tank with a forward ellipsoidal head and a wedge shaped tank
fitted above the inlet diffuser duct. Diffuser duct length may be defined by
the size of the engine and inlet cap ture area or it may be supplied as an in—
put item . Fuel tank lengths are a function of the inlet diffuser length and

the typ e of engine installation .
(U) The air induction system for the turbojet powered cruise missiles

consists of a two-dimensional belly mounted inlet, a vertical wedge boundary

layer diverter , and a diffuser duct with an equival ent 7 degree expansion.
A constant area section equal in length to one engine face diameter is allowed

at the compressor inlet . As an alternative, diffuser duct length may be input.
The forward section of the inlet is mounted on a boundary layer diverter wedge

attached to the missile at the lower centerline. A gentle II S II bend is

required in the diffuser duct to obtain low distortion levels at the engine

face.
(U) Two inlet designs are available for the turbojet powered cruise

missiles: normal shock inlets for cruise Mach number of 1.5 or less and a

single external compression surface inlet for cruise Mach number greater than

1.5. The ramp angle for the external compression inlets may be varied be-
tween 8 and 16.5 degrees by input inlet performance data tables. A more
detailed description of inlet sizing is presented in Appendix E.

3.1 Payload Section
(U) The payload section consists of the missile nose and cylindrical

section forward of the fuel tanks. Payload length is a Basic Variable input

while payload weight is the sum of warhead weight , guidance and equipsent

weight, any miscellaneous weight in the payload section, and the weight of the

structural skin in the payload section . Warhead and guidance weight are Basic

G-5 
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Variable inputs, the miscellaneous weight is an input item, and the payload
structural weight may be inpu t or computed from the tot~ i skin area and either
an input unit weight , or an input skin thicknes s and r~at .rial density.
Figure 2 shows the payload general arrangement for ~11 of the cruise missile
configurations.

3.2  Engine Description

(U) Th~ turbojet engine is a single-spool type with a converging

nozzle and no afterbu rning . Compressor bleed air is provided for turbine
cooling and power may be extracted fr om the turbine for driving accessories .
The engine operates on JP-type fuel althoug h other types of fuels could be

used without a major modification to the program. Figure 3 is a schematic

drawi ng of the engine showing station locations . The engine performance and

weight are calculated using two separate computer routines described in the

following paragrap hs .

4. PERFORMANCE CALCULATION

(U) The engine performance is calculated using the General Engine
(GENENG ) Computer Routine developed by NASA/LR C (Reference I ) .  This routine
provides the capability of calculating the design and off—design performance

of single and double-spoo l turbojet engines as well as turbofan engines.
(U) The turbojet engine airflow requirements are defined by the

thn~~t requirement and the design point flight conditions (Mach number , alti-
tude ) . Inlet capture area is sized to satisfy the engine airflow requirements

at the design point.
(U) Pertinent features of the GENENG routine are discussed below .

4.1 Design Point
(U) Engine performance characteristics at the design point are cal-

culated using the following inpu t parameters :

ZFDS Position on a speed line

PRFDS Compressor pressure ratio

WAFCDS Corrected airflow

G-6
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ETAFDS Compressor Efficiency

PCNFDS Percent of Maxisnm~ RPM

PCBLC Percent airflow used for turbine cooling
DPCODS Coinbustor pressure drop

ETABDS Combustor efficiency
ETLPDS Turbine efficiency
T~LDDS Turbine flow function
CNLPDS Turbine Corrected Speed
A55 Turbine Outlet Mach Number
ALTP Altitude

AM Vehicle Flight Mach Number

T4DS Turbine Inlet Temperature

4.2 Off—Design Point
(U) For off—design perfo rmance , the GENENG routine uses performance

maps for the compressor , combustor , turbine and nozzle . These maps ar e input
as block data. To calculate perfo rmance at an off—design point , the following
conditions must be specified:

ALTP Altitude
AM Flight Mach Number
T4 Turbine In let Temperature

With this information and pr eviously calculated design parameters , the com-
ponent map s are used to achieve an engine balance at the off—design point.

4.3 Component Map s
(U) The original GENENG Routine contains perfor mance map s which are

typical map s which were generated by the authors of the routine for illus-
trating its use. Although these maps were not prepared from any existing engine

data, it has been found that the maps are not dissimilar to map s on existing
US engines. Because of this , and due to the fact that the GENENG map s have

been well checked out, it was decided to continue to use those component maps.

(U) The GENENG compressor map is shown in Figure 4. The low range of

pressure ratios results f rom the fact that the map is used for the fan for

turbofan engine calculations and is used for the compressor for turbojet

G-9
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calculations . For use in any case , the input design point values for pressure

ratio, corrected airflow and efficiencies are used to create scaling factors

which the routine uses to create new maps for the correct range of variables .

For instance , the equation which exists in GENENG for converting existing map

values of pressure ratios to values for the new map is:

PRDS-lPRPCF — PRMDS-l

F where PRPCF — map conversion factor

PRDS — design point pressure ratio for case being run

PRMD S — design point pressure ratio in GENENG map

(U) As an exampl e, suppose it is desired to investigate an engine having

a compressor pressure ratio of 8.0. Since the existing GENENG map has a design
pressur e ratio of 1.4 , the correction factor becomes

8 — 1  7
PRFCF — 

- — — — 17.5

Hence , all values for pressure ratio in the block data table are multiplied
by 17.5 to set up a new block data table having the proper pressure ratio range .

Similar correction factors are calculated for converti ng the other parameters

in the block data table. A similar procedure is used to create new turbine ,

combustor and nozzle maps . The GENENG turbine map is shown in Figure 5.

4.4 Outp ut Data
(U) In addit ion to the major parameters , net thrust , fuel flow and

specific fuel consumption , the routine has the capability of printi ng out a

number of other parameters includi ng the following :

PCNF Percent compressor speed

ZF Position on a speed line

PR? Compressor pressure ratio

WAFC Corrected airflow

G-11
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WA? Airflow

TFFLP Turbine flow function

CNLP Turbine temperature correct ed speed
DHTCLP Turbine temp erature corrected entha lpy drop
T ,P ,H ,S Temperatures , pressures , entha lpies and

entropies at all stations

(U) The engine weight is calculated using LTV ’s WATE computer routine .
This routine was developed from Reference 2. The weight calculation uses an

initial base engine weight which is determined by the engine airflow rate.

This base weight is then modified by correction factors related to engine b c

date and design factors such as pressure ratio , turbine inlet temp erature and
flight Mach number. The input factors to the routine and their ranges in
values are listed below:

LIFE Engine life — short , medium or long
RM AX Maximum Mach number - 0 to 3
OPR Compressor pressure ratio - 4 to 35
TIT Turbine inlet temperatur e

WO Total airflow rate
YEAR Year of b C  — 1945 to 1985

(U) In addition to engine weight , length and diameter , the WATE
routine provides the following listed information :

DIT Turbine tip diameter

DRF Rear flange diameter -

DFF Front flange diameter

DFTIP Compressor tip diameter

Also, scaling factors are printed out which allow engine scaling over a modest
range.

G-i ~ 3
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5.

(U) The general configuration of the fue l tank is shown in Figure 1 for
partially submerged and fully submerged engine configurations . The only differ-

ence in the tanks for the two engine configurations is that for the partially

submerged engine , the tank can extend farther aft than the fully submerged

engine .
(U) An option exists for selecting alumin um , stainless steel or- titanium

for the tank material . The tank wall thickness is calculated on the basis of

expected bendi ng loads and the particular material modulus of elasticity as was

done for the liquid engine tankage. A minimum wall thickness of 0.03 inches is
allowed . Tank heads are ellipsoidal shells havi ng an ellipse ratio of 2: 1 and

the same thickness as the tank side wall. Material density, wall thickness and
surface area are used to calculate tank weight . An option is also available for

inputting a weight per unit tank surface area as shown in Figure 1. The tank
consists of a wedge shape portion and , where length or weight permits, an addi-

tional cylindrical portion. The wedge-shape portion of the tank is formed by
a plane surface cutting a cylinder diagonally as shown in Figure 1. The length
(and ultimately the volume) of the wedge—shap e portion of the tank is determined

solely by the length of the inlet. For the partially submerged engine inlet, the
wedge—shape portion of the tank is two—thirds of the inlet length . For the
fully submerged engine , the wedge portion is one-half the inlet length. Where
missile length or weight is sufficient , the tankage extends forward of the wedge-

shape portion in the form of a cylindrical-shape tank . It should be noted that

in all cases , for both the length and the weight options, tankage must consist

of at least the wedge—shape portion having a length equal to a fraction (2/3 or

1/2) of the inlet length. As a result, there could be a situation in a weight-

option prob lem, where af ter the weight of the tank is accounted for , there is
insufficient weight remaining to fill the tank with fuel. In such a case , the

configuration is flown with a partially filled tank.
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6. STRUCTURE

(U) Structural weight in the turbojet propulsion system consists of
the weight of the structural skin around the engine and diffuser duct , part

of the skin around the wedge tank, and the skin around the miscellaneou s

section . Struc tural material may be aluminum , titanium , or steel. Skin

thickness is estimated by the relation

2.725 X DTANXTC — 0 4  
—

where E is Young ’s Modulus of elasticity . The minimum skin thickness allowed

is 0.03 inches. The skin area used in structural weight estimates is computed

from the following relation

ASI(INP — P1 X DCASE X (XENG + DFTIP + + XLM ISC)

Structural skin weight is then computed from the skin area, skin thickness,

and material density .

WST RPS - ASI(INP X TC X REOMTL X XSTR

where KSTR is an adjustment factor to account for other miscellaneous struc-

tural items. Material properties used in the structural weight computation

are presented in the following table.

Material Density - lb/in3 Young ’s Modulus - lb/in2

Aluminum 0,1 10.47 X 106

Titanium 0.167 15.89 X 106

Steel - 
0.29 28.86 x 106

G-15
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(U) An alternate method of structural weight computation is based on

the following

WSTRPS - ASXINP X WOVAST X XSTR

Where WOVAST is a structural unit weight. A third method of accounting for

structural weight in the propulsion section consists of a user supplied input .

7. LIST OF SYMBOLS

Item Description

DCASE Missile diameter — in.

DFTIP Engine diameter at compressor face - in.

DTANX Fuel tank diameter — in.

E Young ’s Modulus - psi

Pb 3.14159

RHOF Fuel density - lb/ft3

RHOMTL Tank material density - lb/in
3

TC Tank wall thickness - in
VOLHD Volume of an ellipsoidal head - in3

VOLW’I’ Volume of a wedge shaped tank - in3

WASUR ? Weight of all aerodynamic surfaces - lbs.

WENG Turbojet engine weight — lbs.

WFS Forward skirt weight - lbs.

WINL Air induction system weight - lbs .

WOVAST Structural unit weight - lb/in2

WMISTJ Miscellaneous weight in propulsion section - lbs .

WPL Payload weight - lbs.

WSH Structural weight of ellipsoidal head - lbs.

WSTRPS Structural weight in propulsion system - lbs.

W~TJ Launch weight of turbojet missile- lbs .

wwr Weight of wedge-shaped tank - lbs.
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____ Description
XCYL Tank cylindrica l section length - in .

XENG Engine length - in .

XLFH Length of forwa rd head - in.
XLMISC M iscellaneous section length — in.

XLPAY Payload length - in .

XLPS Propulsion system length, in.
XLTW Length of wedge tank - in. -

XTVTAL Missile overall length — in.
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