
Univ
ers

ity
 of

 C
ap

e T
ow

n
The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Univ
ers

ity
 of

 C
ap

e T
ow

n

i 

IS 

are ess:ell1~w..ly own 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ii 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I to ... .." ....... tV" ... ..,' .. to 

n1m'linrhmI1tv to 

a 

enC:OUlragement over 

van 



Univ
ers

ity
 of

 C
ap

e T
ow

n

was ..... K\V1."lPi'I to 



Univ
ers

ity
 of

Cap
e T

ow
n

v 

a new O'PlnM'gf'lnn 

new airlcrafi 

cannot can 

UPlua4C1eQ to a new 11""-''''''. 

a ........... • .... '·." 

• .-h ... ...., ... is on 

'"'u ......... per1orm8lnce is 

to 

a TllTlni\1,p1" I is a 

p8lraIllletnc eX4:rrClse is ......... 1.11/1"'11 

rate thrioufilm 

is 

........ 0'1",,, ..... is 

up~:ra(]lmg a hYilOtitletllcal cornb~lt g11"1"n1,TnP 

Rate 

as to 

source 

as tnc:rel'18ed UlV\Oi'''UJ'.... L,;,A ..... ";:,;:, 

.... < ... l'i,............. are lQc:ntlltte:Q 

a more ",,,,LAlit,.;;u 

a conlbat 

sUI~gesU()ns are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

COMPONENTSANDPROPERTms 

I 

II 

m 

IV 

V 

VI 

XI 

XIII 

XIV 

4 

5 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.1 

.2 

.3 

.4 

.6 

THE 

J.V.I.\.IULJ,LLJ,!'iU ASSUMPTIONS AND SIMPLIFICATIONS 

OF THE THRUST PER UNIT AIRFLOW INTO THE GAS GENERATOR 

OF 

AND 

REFEFtENiCE CONFIGURATION FOR THE PARAMETRIC INVESTIGATION 

OF INTAKE OPERATION 

uu..:,....,,, '.lv FLIGHT 

FLOW AND PFtESSURE FtECOVERY FOR DIFFERENT OPERATING MODES 

....., .... H .... , ........... SHOCK PROPERTIES 

.......... ......" ..... INTAKE PERFORMANCE CURVES 

NUME:RI(~AL ESTIMATION OF INTAKE PERFORMANCE 

OF THE 

IJIUI:>.:;Ivnl"- FLIGHT AND WING SECTIONS 



Univ
ers

ity
 of

 C
ap

e T
ow

n

7. 

1 

.1 

.2 

.3 

OF WITH 

MODEL 

DESCIUB1~GTHEAffiPRAME 

CONDITIONS 

VS. 

VS. 

MAX VS. 

VS. 

OF THE MODEL 

MODEL 

NUMBER 

OF THE AERODYI"iM,,"C M()DJ!:L 

M()m:LWITH 

CHART 

1lJ'lU'.UJ'! .......... CURVES 

I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

111 

FOR ESTIMATING 

1 

PROGRAM: 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.1 MAIN 

.2 

1.3 

1 

1 

x 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.1: to 

............... 5 

5 

.... "' ................................................................ . 

temrper:atuI'e .................................. . 

atTaJngernent ................................................................................... . 

aIT8Jtlgernent ............................................................................ . 

aIT8Jtlgernent .................................................................. .. 

nif'f...,..l"1"lt opera,tm,g .......... , ... .,. ........................... . 

over a cone ............................................................ 31 

wave 

~'t"i."t1i"rt1 prC:SS1Ill'e r ... "'nv,,,,", curves ........................................................................... . 

Prf~""llll'P. recovery 

ona 

use 



Univ
ers

ity
 of

 C
ap

e T
ow

n

at .... V"'Vl11 

... ..,'""Vl11 •••••••••••••••••••••••••••••••••••••••••••••••••••••• 

== 

== 

== 

!:iI1TIf'T~!nn·l ... re:2lII1e at sea 

at 

at 

at £ ........... u •••• 

COmlpaI'llSOn ........................................................................ .. 

llWlllU'<;;1 at 

sutlenmp,osc:c:1 at 

................................................................... '" 

rate coropsnS()D at 

corlilguranOI:lS at ... ..,'""..,Ul ............................... . 

:SclllemiFlnc UUL.UU" sutlerimp1osc:d on d.rawl11lllS 



Univ
ers

ity
 of

 C
ap

e T
ow

n
at 

estlInatiC)n ..................................................................... . 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A 

F 

f 
g 

h 

L 

m 
n 

p 

R 

r 

s 
s 

T 

t 

u 

V 

x 

0 

a 

b 

c 
d 

f 

n 

t 

stream gas 

or 

or 



Univ
ers

ity
 of

 C
ap

e T
ow

n

00 

r 
11 

B 
p 

xv 

stream 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1: 

an even 

more ma:noe:uV1:abl 

l!!'i4J.1111lLl!!'i an a<1'lfatllta,~e same 

extent as it 

an 

" ... ,,.....,..fI- are be(~Ornmlg 1I1CrC~aS]mgJ~ more 

are 

to 

to <1etlerIl1lme 

an 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1: Introduction 2 

a i:)11.UWlaLJIUU to 

are laenntlea 

was as 

2 were detllmhlll"n 

numerous most suc:cc;ssl1ul 

ever pn)QtICelrl. 

t1 .. ·.,. .. lln ...... t'I is 

concentrates on at a set 

racltors attc:ctlI12 a 

" ............ v' .. tests. SOllWare imlPlemc:nuLti(lln is 

asa 

mass is 

....., .. , .. "'.' .... 6 nr.r\V14'1PQ some baICK1U(JIWl.Q to context 

is t'I""~1'?1I, .. ".t'I 

to conrlpwre two an exp]lanation 

are a "' ...... lI'.'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1: Introduction 3 

8 ...... "'''' •• "'~., some can 

some su~~gesn()ns to areas more u!;;uua!;;\.! 

can 



Univ
ers

ity
 of

 C
ap

e T
ow

n

chanter ...... 'nn,""''' a 

some 

nri"IVlI1f"i1 to 

at 

to lim:ltati.ons Imt)()sc:d 

to 

use 

to 

III 

III 

to 

8 

an to 

on 

or 

to 

as, 

at 

Year 

..... 11._ ..... to -, ... "' ... ,.. 

Source: [5] 

to 

to 

same attneI1SlClDS mass as an 

to at Qn1~'l:tnrr'i1~ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2: Backgrclund 5 
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Simulation Overview 9 
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The Ana,nahl. Tu rn Rale (A l'R I IS pmn<mly gov~TIl"d by ,,,',o<ly',,,,,, I ~ aT1 ,1 ;11 llclural ,I r~'WI h 

co",iJL,,,,tio ns. ATR is the h,ghe,1 aelm'vable tum lale thm lhe allCl"n b ""pabk 01. :dlhough il 

llll!,hl nol Ix: \U"I ""1ahh'. .'I TR is caiculabJ from the, followl ng algon thm: 

For a r a,1Lcuial _\lach mHnlxr. Ih<: maXlmUll' ",lUL' lOr rL alld its c,,"'\:spnlldLng C" are 

,ktc'mnn: d, ,\ value Ii .. w~:ght e,-.en;clent, ('" , I" calculaled ('fie/) mId n ([rom b l, 3,;) "n' 

cale"lakJ. II n eXL· •• ds the ,trLLc.lur"llimil o[ lhe ""In nm:, II h st'! tn ",~" and a new value, 

C,~" ""k"kll"rl as 1.ho:: r"quHoo Id) eneflie,.nt n .., Al'R IS then cJiculall'd [wm .1::'4 _' .9. 

whid", ,","'W 1)0,' ' ''mlar to b-l. 3.6 

'p«n' l) 
4111=0",· ",/f 

~)' 2n(W'" S,. ) 

Flg'H': J. I illustrate" as"" u lated short-range c.on'b,,1 "'C'l1ano. 11 

can oc ckarl), ",-,''" how ,he pilot m ihse" the otmlnable turn rotc 

limit" ""d how Ix th<:T1 lli~, helow lho:: STR lill" It, nrd,,, w 

"'galt' "ne rgy Imt by !lying "bm" Ih<: S'I H. lir..-. 

'I he figure also ckarly ,ho,,· ,; Ihe Iwo li mits winch ho und Ihe 

a,talrlOole tum rate: '11><: maxunum lift ~or.:.lilioll ,,1. If'" Mach 

numlxrs ,,"J lho:: maximum load toetor, m ,tre!L.lural !inllL al 

rurthetmore, Ih. maxImum "uaiT1abk lu!'" rale f>ceUr" at 

n'''"i,'"ly 10" "'loch nurl'tlelS and is >lgmhanlly larg\T lh"T1 Ihe 

,ustalned ntll' , 

3 1 5 Ttlrusl - Drag - Load Factor chart 

Rq. J.'! 

.1g:urc 3.1: STl{ amt ATR 
in simulated ,hort range 
combat 

At a gi\'en al1Ltude and l\hch nennl",", a ,·"Iu" [or Cr. can lle calculatc'd which )idd, !llghl ,,:" 

giwn load hetm.l), as giV"" hy .I::q, _'.1, 

Dili,ing the ae,-odynamic. ,]"1,, [or lho.' alT"",n''': , values lor C,') ca n I"" de!c.,-mined from lhe' 

ealeulale,1 val ues 10'- Ci . The", """ Ix plolkJ agams l Mach llumller, as lines of constant n, as 

shnwn ,n rig""" 7.1~. \'<ilue, of Ih,' lhn" l ~,,,,[[icielll, Cr can n..,n be ,u)"",-imposc'd on this 

graph. 

From thi" plot. ~he nla.~unum "Ilmn"hl Mach rllUTlhe .. in len) 11:gh! can Ix detelmllled 'is lhe' 

Intel""Clion 00 th-: C, ,mJ CD . _ I Cun-n, The maximum allalnabk load ["clo, "all "Iso h ... 

Je1.ern'in ed 1'hus by phlmg lh-: Cr cur",,, [01 ,·",iou.' "ngin~', 0 qlllck con'p'''''')ll o[ lheir 

p::rrorrnallee "an be obtaIned. 
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3.2 Modelfinq the entire Aircraft 

An aiTcr~ti in ilL~ht can he ",ewed a, ~ tj'ee hody wLth only fom pnm"ry fOT~' s aCIlJJg uP')JJ ll. 

The,e aT~ f.Iii ~pl)(lsjn~ Weip/II III Ihe v. rt.c~ 1 dLr~ct~)jl. and D""~ opp<>SLng n"""SI m II", 

IhlTlL()Dw: Jir'Tllon () I" \he""" ,he 1,,1"1 "n,1 nr"~ c~"'I,onen\s are ,I~p .. nd~nt ~n Ihe mrerat'" 

a~m,jynml1lc pn-'P"riles. \\'hlk w~,ghllS gowmeJ b).' toc :",frall"-' ""J ru~1 con,uTll!'''on. TI'Tl"1 

1\ dq",nden\ HI,)n \1", mltpHt of ,re engJ"" rhe aLtnafl moJe l caJJ tk,-dnre 1:,,: broKc'JJ d(HVD 

mlo tk follo« mg ~oml'0l),:nl" 

.A.i rJb"'r 

01" the thr • • ~Lrcrati ,ub·mo, le l,. the alrfram. IS the ,impl~sl to moJel ior the "pph~allOns 

lISted m SewoD J, i ahov~. TIx- T~~uired p""'meIerS are' 

• ," 1 rica:lle mas., (including m exc ludLng ~l1n~menls). 

• Current ru~I IMd 

• M",;mlJrn load fac\OT that Ihe airframe con withstand 

A"rotl"]1~ lIIi,· \lod~1 

rhe a~mdynami~ mo<lcl mu,1 pnA'l<k v"iI,,', tor \he hr, "nd dra~ coetJicj~tlI' (r
" 

and C, 

r~,peClj,'ely) al "arimL, ~Iach lllUll l",,, ~nd Jlt Llud~s. 

Ihe tnmm. d cotii'i ~"'r)i, ar" de'ircd .. '< Ihe,,· ",,)Hld give Ihe \'a1l1~S of Ihe par~mele,., m 

,,~ad} Il.gllt Ilowever. tOI Ihe pmp'''''s of thl> lJJY' ,llg"tlOn, tlw ",,,r.npIH.>n ~an [,c made 

111,,\\k ",,~ral'l h n ~Hlr~ll}' Slable ~n,1 the cl)efticretlls can b" utLI,,,,,d", ca:cubl~d. v"th(}ut 

t"kmg min ac~(}\m l hem ,if,c" Th" is ''''~~I'l''ble [",cam. th~ same aerodYllamJ~ data lS 

u,~d Ii" alit"" sllnulatons. "nd [')0 dymnm~ aero<lYLXuUK cif,~" "r~ h:ln~ l"'aluakd , 

I'rol'ubinn ~l",ld 

Ihe proPUi,lOl') Tll(}ck-Imu" l'nwlde value, i'm Ih. th:ust and tt,el consum plLon ot Yat'lom 

~1a~h rHlmber, "ml "Itilude> 

The ~SS\[lllptum i, made that ~,,~h of th. ",: "S)XTIS oi tlw "lTcm i'l "an he m,-"klled indel>cndcntly 

""d IhaI 1 he re.'u'" can 'hen 'x ~(}mbm . d 10 ) ,"Id ,m In,~~"',,\,,d "'l1U laled resl"'JJ,e tor the emi re 

"ircmn 
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Chapter 4: Propulsion Model 

4.1 Turbojet Model 

Tl", turb oJ ~t mood ", cd [or 1:1<: dCH,loPll" 'TlI "I'" one dirne n"nn.l jllop' . .lbHHl m"del " h " d 

"n a turh"J et lllrxiei deye]''P''d h Kcrreb rock [7] , b:lI :,," lxc" modi I, ,,,! I" accnun l r()ra by p.", 

sire am. f Igun: -t 1 s:',,,,, a ,('h~m~11c d'agmrn on W:1ICh th ~ mode l and themlOdynamlC an"lyslS 

"'" ba,,,d 

FTCC Stream Diffllser fan 

--~---~ 

< 

o 31 5t 

Figure .j.l: Schematic of" juroojct cng;",·" illl h~'Jl~". 

4.2 Typical Thermodvnamic Cycle 

lk ilk"l cycle Ii" The l:Jr'bol et englne is th~ 

Bmywl1 cycle rRI A ,ypical T-.' dLagr~m [ .... -

tiu> cv~k. ",,,di li ed r"r a hypa% meam. and 

induJm~ """pC,nen! io""s ;, shown III 

hgur,- 4,2_ S[~[ i nn nLLm)",,, cot'respond 10 

Ihm" ':10\\-n Lll fig" oll"" 4.1 wi(') isentropic 

end s:ate., ind,,:a lc<i by nurn)",,., ,uI"cripTed 

Figur<' 4.2: T~Jlic,,1 T_, 'li~gl-~'" for Ih. 

I') P"" ,..""" , " 
"1 < 1 'L _____ ---- -----

BrayTO" cycle, with b~va" ~",llo,,", , 

97 
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4.3 Engine components and properties 

T ~bl~ 4.1: Turbo jd en~i lie cOlnpollellh a lid properties 

T 
C().\1I'O:\ENT STAGE PRESSI;RE RATIO 110M!' RA'j'IO 

Diffuser 0·2 P 
IT" - -

hm 2-8 
P.. (" ;1' = , nown ) 

f 1',-

1'" I ~ nuwt:) T 
2 .1 

p" 

rr " 
1'," (~,sum~d) , 

Bumer 

p,; 

TllrllLt:~ 4-5 
T 

1'., 

1'" 

Atlerhumer 
T 

J', . 5-(, 

J',,\ 

N(}ak 

T, 
,. = I (~diabal ic) 

T" 

" 

'. 

, 

, 

!" 
1" 

,. 

0 

-

T" 
T., 

, 
-
1;, 

T,o. 
1 
" 

T" 
1; I 

1;, 
T" 

0' l~dl~b"llc) 

h", -/J,,; 

h. , -koJ 

, 1) '/,. _, li,,_ -- h" rr f 
1),-= - -

, Ii" 11., (Tf 1) 

I),. 
I I ."Jr, -1)·'r, - I 

J, ' .' - I" __ ' .'CC-",-' 
/i." h" (r , ]) 

h., -- Ii" 
1), -

h" 

'1., 
Ii"., !r" 

" h", 

IIl _ 

" 
!hl. Yr;" -- (rn, 
lh ,. Q. 

i 
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4.4 Estimating the Thrust 

4.4.1 Modelling assum ptions and simplifications 

Slo g "o!;"" omHlitio,,> 

'n,. ~"umrn"n lS m,.,k l~al Ih~ f:ow "docity " ouffic,,'nlly ,m"1I .01. I.CJc' ,1"iI011 "un}"'r, 

"lIT,,,,,1 ,,' i,)' " ;1.' 1Tl F,gur~ c.,I . (h~t ;h. Ih~rn1<l<lynam]c , t~IC of the g'as al I ~'" pomt, lS 

"Q",:"·,,ltf] by 1'", 'tagna ~ io" rropel1W' I')J llow~\'er, tlus " "Ol! aCll~llly Ik "il>C'. and 

i tltel1\~1 ""I""li"', nug hi Ix 4 ullc' t"ge 191 

' Iile a»ulllptHJ"" mack IIMI Ihe '1'e" ,I,,, I"," i, ,,,,,I 't=if'c h~a: '01'., Y CJn be "ccnmld}, 

repre'ented by a" a ,.nag" "ill ,,;: iQ" """ h c"n~)"11 e"l or gl'Ours of coml)()"e"ts 

rurICJcTInOlI\';. Ihe g'" "Otlll~,,,it l o11 ",~"nm~d;o "'main C""'W"t. w here,,,!k molm ma" of 

(he worl< ln ~ Ilnid i" fact chang,·, wli h til<- ",Idill",: ..,f fuel ,,, 'he hum"r .011<1 "tt~"'um~r 

Adiah~lio engine ('(\m!l'Hw"r-

1'", eng i n ~ comJXl!'c'n!,. "'Ixc'" II y the ",,,nl~''''S0'' .0 n<l IUli) ine are a«"med 10 be "d",bJ!l~ 

[9]. In mo,km eng,,,e,,, ')()wever [U,b't:~ blade cool:ng may "',ull in hco"1 ITmd"" it: the 

lurbine 17 J Air coolmg of lh~ afkrhunlC'r :;1,ol(e by tl'" hypass W-eam mig~t ~I,o be pre,,'nl 

[4: Otl!c'" cn"'l)()nens mi ght ~I,o utili" air-cool:"g. 

4.4_2 Calculation of the thrust per unit airflow into the gas generator 

Let · 

m, 
/-'- - fudi:>ir mtio 

m, 

m, 
(l = ~ hYI)a" "llo 

"'" 

leq. 4.2 

F.'1. 4.3 
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Th i ~ giv~~: 

Also. 

m, 'il! +111 ,. 

= -'iii. + Ii,,, 

=liI,, (l +f) 

m, (Jri, . 

=111..(1+1:1) 

U~Lng !h ~ sllhsl'tlition p = _P . f'q. 4 .7 can be r~wfl1Un as' 
RT 

1 
A, =. (1 -<- /)111,,-­

p .. ;It, 

A, ~ (l-'- n Polt" _1_ 
,i,. . P '" P,/<.- ;· 

1/., - gas constant f"r eombustl(}n " "xl [Je ls 

To(. - g.~ conSI.nt lor "'corning . ir 

SlIlll larly fm th~ bypa" st ream, 

';,, = p,A,", 
A, = fJ _ , _ ~!!.rc. 
m" PUIl'J P" U, 

F.q. 4,4 

l:q. 4.5 

fo:q. 4.6 

F.q . ..\.7 

F.q. 4.8 

= {J 1 _t 'e T, 3L l:q. 4.9 
p,u" p, 1; ", 

I{cwnlmg P'l, 4.1. rnak"'g sllb.,r.illllion, ", ilh Fq 4.21.0 Fq. 4.6. an ~xpr"sion f"r th~ thrust 

per lLm( "irflow mlO IOC gas g"""rator is nbl. inul. 

F m. ", A_ iii, A, 
~ -.-' u, - :-u" + -.-' (p , - p,;) + -"'J + -- (p, - p ,') 

Ill " m" III , In . m, iii , 

,1 .. 1/1 "I I (l+f)u , -(l+I:I)u, +-.-· (1' ,-1'0 + ",,+ , .1',- 1'0 F.q. 4.10 
III . Ill. 
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,tme o[ thc !luld h", be,n dClellllLt",d. In onler to det~nnir", ll",s~ lltl1:nOWtl q.lanlili"$, thc 

~ tl ergy halanc~ itl Ihe ~ngiJ", will he oon$;dered, wi ,h ,-d,'rcno" \0 Ih" T-, Jia),'nlm gIven m 

F;g",e 4,2. 

from eompr"""ible !low rdJi[ons. 

p" 

~ 

= II + 1«" -1)Af~Y' -1 

F.q . ..\,11 

Eq. 4.12 

Tlx: compr~ssOl' prCo$llrc rallO and cll;e;,,!]c} a]\, knov.'n. w ii'om tk definitio!] of It-.. 

,,,.>mprc,,or effie]cnc)-,: 

n;" --ii" 
Ir . n", 

I" " ,7' 1 ('[,,"1 '. " -
\ {J .. , ) 

C(l: . T) .', --

Re~rrangi ng thl>. an eXpl\OSSlOn [or It-.. temperaillr, ratIO "Oross \h<: eompl~"ol " obwll1c,l; 

F.q . ..\,13 

J he 10lal lClllpCratUre ratio ,)<To$$ ilk: Ji [[u"" 1.' un II)' (arlial>;ili 0 d;ffuser assurnpllon). an,l thu.' 

T,} may be lOllnd f'-om' 

The lllaximULr. turhi!]e mkl 1,1lljJerulure. T". " known (d,,,,,",,,,,,,d b) maleri al 

hrnilal;ons). n,e av~"'ge tellll',erature m the humer.", given by 

l> "s<:d 10 lkkrnlln<: an a ,-crag,' 'pec; Ii 0 heal tor the burn.,,-, ; ,e. C"" = C""( T,). 
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hom t h~ definil ion ofbumcr dTiele,,,,:>" [7j . 

/, 

Now_ 

C" ,. I ("' . -;- i;' i " )r., - iii, 7.; I 

li1.r,O. 
('", l(1 + ;;, 17, . - 7,; I 

(,0, 

C" (l; , -I;, ) 

OR'), C,): .. 

Fq,4,15 

1:'1. 4.16 

-, in g a simi lar r~a>omng '" lhal [or ' " E'l. 4, 13. ,'" express ion ior Th~ Tem l}Cr~mre ratio across 

The hypas> comrre" lOn ,Iage ~"TJ Ix ,lo::kmline,l; 

rf=i~ =[,,:, ,-n"" -I]illi- I 
Fq.4.17 

To MT~nllm" Ilv: Idllper, lm,- ,,110 aCro~~ the lllrhi,"" the energy b~lanc e in th.- compressor 

lu rhnv: s)qern "consider~d: 

C " /; '. iT" 
_.!"-- T III ,, _1-;-1----'-'--_1 
( . " ,T ! j' ,. i " , _' " I, ,. __ 

C I 
----""-- lji(-r,- Ij+(r-I)] 
C (1- l).' ' " .. \ 

Soking tor t " 

.' T '. 
(1+ 1,)1;,1 1-;,1 

\ , " ) 

c, ., =1- -;::;- I I 

"
I-{) , ,. t 

II!( '-r -1) + (r" -]I] 
, " , .. , 

Fq. 4.18 

II' the' atlerhnmer is opera lion"L Ihen I" ",dlk known fffim the afk,burTh.-r p::r[om,"TJ~'- (la~a 

(tim is agail) lun:k,ll,)' Ihe materials and deSIgn o[ Ihe arb-l'urn",) II" Ihe ailerbnn",r is nol 

ollerationaL Ikn t:" - T" ," Since the nozzl~ i, assuned 10 be- "dl"l,atic, 

E'I. 4.19 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/, -
( ". (l +( XT" - I:J 

C T ,,-. ,0 

-I he tot": fuci/,,,, n1~io], U,." 'Huply 

(={,If, 

Cr , (7,'-1 - T,,) 

( ' (TT) ,.. .-' ",' 

(i-T,.) 
, . 
~ . , 

1_1 1h 1 
" p" ) 

R~"mmging. 

'C, = P .. , = 11- (I- r,)/I],.r 

1'" 

F.q. 4.20 

Eq. 4.21 

ElJ, 4.22 

TIle stagnat ion prc"ure "t , 1,,110)] 6 C,," llOW be ,Ie l,'['",;ned l[-mTl tlt~ following idennty: 

P" 0 
~ p'" p" p" -

,,,-, p" p" 1'" 
P. p,·o' P .. , 1' .. , 1' .. , /', ., 

",he re '<", g,, ",,~ th~ ,t"g)"'ll"" Jlr~"u r~ lc;;,~\ dlJ~ 10 Iteol ad(lLti() n ond are ""ulll~d 

or " !llnated (do ,~ \0 lHl\ IY). '<.' i, c3icuio:cd I,,,,,, the (bft'u,er pr~"lLr~ r~coHf)', 

The nonlc " fully np" nJed, anJ 1" - 1"'-

2 TIle noni~ i, chok"<i a"d .II, - 1. 

ElJ. 4.23 
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c"'~ 1: bdly expanded nozzle 

l hc' enlhalpy drop oftn. ~xhallSl gn,es ,,1 the c~it ,klc'rnlln~' lh~ nhau,<t ,·,Ioelty 

, 
"" 7=T--'-.. .. , ?C 

- -". 

M, 

Case 2: ",,'uzzle choked and M,- I 

hom Eq. 4.26: 

, 'f'Rf' U,~l" 'Y . . " ,. . 
subslituting mIn Eq. 4.25: 

' i '. 

J 

Ii , can now be round from I'q 4 .25 or Eq. 4.1(; 

From E'I. 4 .24. 

Eq. 4.24 

Eq. 4.25 

Eq. 4.26 

Eq. 4.27 

Eq. 4.28 

A ,imilar approach ,"Lll I", adopted 10 dcterLllitl~ the ~xi t cotld itio tl of the bypa" "'"nm. 
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('",e I; fully np,LtIded nozz k 

Analogo", 10 E~ . 4.25. 

"1'=l"_U~ , " " ., 
- " 

Analogous 10 Fq. 4.27. 

Ana[ugous 10 E'I . 4.2E. 

( p., r "', 1 
\ p ,, ) 

r 
"' j/" ,1- ' r" 2 C T 

1"]" ' . " 

4.4.3 Calculation of Net Thrust Output 

Eq. ~.29 

F.q. 4.JO 

Eq. ~.31 

Eq. 4.J2 

[n section 4.4.2 an e'pression I,,, Ihe lrr uslp('r lI"il "ilf/vw llllo lhe ga, gene",~." "as ,knw<i 

"' 0\'l"ll by E~. 4. 10 In ordn 10 octenmoc t he net thrust output, F. the mass tlow p"r"lll~t~r 

'<. musl lx Mlermmed. 

T]", mas; tl()w through th,' ~ngme " controiled hy the /()lIowmg me"Cilan i,ms' 

• The illtake ehob, the Ilow 

In lhis "use, the nm" tlow ",te mto the engme i, limllc'd oy t ne cupl"re weamtu1:>e 

diumeter. free , tream denoily and M""n numlxr. Lk(ermllluilon of ~he rna" tlc.m ,n thlS 

eOlHhtlon ..... illlx Mfc1TC,d to S.:clwn 5.4. 

• The exhaust nozzle choke, the lIow 

In thi, case the ma" now thruugn eacn noule lpnmary ami bypass) ",klermmed by lhe 

exi; ""ndilh1n, a, given m Eq. 4.X and E'I. 4_~ whIch pn,.-ioc a relationship Dctween til<' 
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• The e"gi"e chokes {he 110n-

Th.; CrlgLnc CO~lr<>t'<: nts slleh as the ,Ompf~"()f, burner and lurl"'''' "'" cap"bl~ OJ Jl"ssmg 

manut"cturcr. 

• ' I h,· CU[l)l'rr"o,' ',,,d ;o,,' al 1o" r,'"r , Ir". ,,' "rlo,;I;" 

\"hcn !hc "n~ll,," is , I;lll,-,-,ary, th.; ma's How a, gL\"cn hy th.; rrod~d of the "a)ll~r.; 

sr.rcamluk diamete r ill,,1 torw:ud ,'e lexity lS zcro, Ihe coml"'",,,,r, how~ver, "~l ; as" 

'PlllllP' In tim ~ondllion ,md" ccflam lll"" now lS a"hicld 

I h~ "'"'' fl ow IhrolLgh lh,· cngme lS Ik,,""""' d': l.:nl)lllcd 1 n 'I><: roll"w ing mann .;r: 

• Sub,,,,,i<" Fli ~ hl I~ ~gim e: 

JH ' ," 

maximum fl ow Ihrough Ih.: diffu,c l 

"",,, 110\\ lha! Ih.; eng ln .; is capablc of"pnlllp ing' 

n"L~'mlH" mas, no" !hrou~h rh.; cxhansl 

maX im n", '1:a" /l ow Ih rou gh Ihe comp,n,or & I"rhinc 

• Supersonic Flight RcglU[,·: 

In :~i, C",.: , 11", ie,,,,r of' m,i&' "'", . "'_. dCT~l'min~s th~ lotal nct !low lIuough l~C 

~ngme, and ~CTh'" lh.: ",,,,ITane rllruSl 

4.5 Engine Petformance Indicators 

4,5,1 Thrust Specific Fuel Consumption (TSFC) and Specific Impulse 

.", ii'cq~ent]y med me",u ,-c OJ ':llgm.: I'c ,-fomlancc is Thc 1.h""1 s l",eiiic lile] cOll;~mp!ion 

(TS[1(') nill., Ihl> val".: ind,ca!.: , In.: ra l'; at "h'Ch i'ucl i, ~sed ior eHry ~nit of!hn:>1 

[" oduecd, Th~s, 
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1:\1'C 
JiI,' j'''" r 
f ' F ' ~ 

m"1 III I I,;;;: J " ") 

Eq. -1 .. >.1 

SJ1eciil~ Itnl'lllse" Ill" 'n ""r"" 01 TSrc. 

4.5.2 T-s Diagram Calculations 

r he tilenr.ocly",,]]uc cycle of a tlLrboJ el engIne can Ix plotlerl 0]] a T-, rlJa~mlll ,u~h a, 

F 19ure 4 ,2. ," her the ternperarurcs and pre".,nr", at the variolls eng r ne statio]], have hee n 

.:.knoated, the en lropy gen~rallorl o[ each ,t"g"c can h~ ~""lllalerl , In o"krl0 J.1l ul 110<.: T-s 

dJagnun, Ihe ~]]Iropy al ~""h "all"" wa, calculated as the .<lllll of the eutropy at 11,., 

previous statio]] and the elllropy change aero,,, I he r~kvanl CUl1l],'0I'Uli: 

Fl}. 4.34 

1 he ]""banc IlTl~o 01, II!<.: T· , rlia!;rwn can I.", plOlkd ii'om Eq. 4 .. 14, hy selling}" ~ po' 

This can 110<.:]] Ix ream,,,~"rl", follow s: 

Eq. 4.35 

The i,obanc liu~ p"SSlng tlu'ough" parl l~u l ar ,Mion point can he plotted using .Eq. 4 .35 

hy .:hooslTlg , '4 ami J Nr to k II!<.: ~onJ il i om at II", ,I al, on point. and theu piottmg ]' as a 

functlouof,' 

4.6 Factors Affecting Engine Performance 

Th " section provide< the resull' of a bnd p""un<.:\ri~ I)l\.'~'ligation in to n", factor; aft;'cli]]g the 

,,,,e lali pertonr.a]]ce of the eU:':llle. 

4.6.1 Reference configuration for the ~arametric invest igation 

Table 4.2 ]Xo\'ide, a list of the C'n~lll~ p"r"rneleT,; and :heir \'alues uti lised for the ]'ara:r.1~lnc 

""'",lJgat lon. j he.<~ \'aiu~, arc' largc'l), b"""J upon :h~ S'\FCJ\.!A ')k50 eng;ne which will Ix 

di,cu"ed iUlllOfe depl h III Chapler 7, 
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Fan 

( 'omrre,<,<or 

Il'JmeJ 

, 
-

[)Jlil,er 

BYl'as, Rali 

l'i'lioienc:e" 
" 

Fan 

('ompre,<"o] 

B-Jm~r 

uk 

tic 

0; 

]'a .. ",C(cr 

-

TW":)i"", 

Alkrbnl'" 

Fnm"")' No 

ll)'P"oo No!, 

'I'empe raure 

'I'u(" ,,",-' Ink 

l\-1a.mnllm A 

'I '[nnpcnilln' 

f:c,o ',m"" T ~nll"';l'a l u" 

"of fllel 

de Type 

, H~"lmg "Jlu 

l'[m1<I,)' NOL 

By 1''''' N07 zl~ T Yl'" 
, 

I 
I 
, 

I 

m 

- , 
1!, 6, 1 ~ 

"I, 0,0-/ 

{l9~ 
, 

;!. 

""' iJA (Iln'e 

" " I 
'Ir ":\/ ,J., 

----

", 0,85 

'II, 0,96 

' I, 0,90 

'1. 0.% 
--, 

", OHi 
" 

'1." N,' ,,\ 

T., 12().'\ , 
-, - 25{)() , 

----
Q, 43 % 1 , kJ/kg 

(:on\Trgenl 
, 

NiA I 
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4.62 Turbine Inlet Temperature 

1000 4.50E-05 

• 900 • 400E-05 • 0" E ~- , - . • '" , , ' 
0 3.50E-05 z , • 000 0 

" .. • " 3.00E-05 0 ' 00 , U • g • , '00 " " 2.50E-05 " < 000 " ,"0 2. 00£-05 

'000 1200 1400 1600 1800 

Turbine Inlel Temperature [KJ 

--Flm.a (M=O) - F/m.a (M=066) 

- TSFC (M=O) - TSFC (M=066) 

Fil/:urc 4.3: Varislion of TSH : and F i In, "iill III rbin~ inlt1 I~mp~ratur~. 

gre~kr rotc (han Tsrc "nd thus hiehcr lurb",,- lcmpcratur~s provide OOtter eng"'" l",rlormanc¢ 

463 Compressor Pressure Ratio 

------- - --

• • • .; ~ 
o , E 
" 0 • 0, 
",->1 ,. 
" 

" 

, 
0 • 
" " 0 
; 
~ 
~ 

::: 1 , ' , , 

000 

'00 
'00 i , 
'00 ~ 

'00 

'" Compressor Pressure Ratio 

5 00E-05 

4.50E-05 

4.00E-05 

3 .50E-05 

3 .00E-05 

2.50E-05 

200E-05 

1 50E-05 

1.00 E-05 

' 00 

-·F.ITI.a (M=OO) -Flm . ~ (M=O 66) 

____ TSFC (M_O.O,, _______ --TSFC (M=065) 

• , 
Z 
0 .. 

U • " " 

Figure 4.4: V"naliun uf TSrC "nd Fill/ wilh cumpressor prcssu ro r"tiu 
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25 

1,,,1 inc,",""" d Ll ~ to r),e ,:"ill.' from Ih~ hi"hn eornpr~sS0r eXlI pre'ssure. bul lhen dccrca"", a. 

mo," ~u~rgy " n.moycd ji-om (he \\orl.mg fluid m onb (j P')\' ~r Ihe compressor 

TSl'C ,ho"., " n ,,,crall de~rcasc " 'illl "n "lCr~a<'c Jll (h" cornpre"or pr~"ure mllO_ ~nJ Ihi . 

would Ix: bcnefiei~l for eXl~l1(ling the r~uge of the aJrCmfl 

The (rend., illdk"t"d in l'i';1]"" 4.4 "re si m il,tr to r),o>c iOllll(i jn l'if: ~-I 4 (ji" J Ij ll and P"l"",,,n 191 

In order to che<:k th~ model for error, _ Ihe l);lramc1cr, for HIll ~nd P~1ersen', Fig 6-14 w~, 

"ntercd ",to Ihe prop1]lsi"n model ,,"d closel) match ing resLi lm "ere oh(a",ed 

4 6.4 Intake Pressure Recovery 

----_ .. 

'"0 SOOE-OS 

• S.SOE-OS • '"0 • -E ,- S.IXlE-OS , 
= , 000 4 .SOE-OS 0 

, z , , • 4.00E-05 , 
" 000 

"-, " , '00 
3.S0E-05 0 • " , 0 300E-05 • < c • 000 2.S0E-05 c 

'00 2.IXlE-05 

"' 0" " o " co , 
Diffuser Pressure Recovery (~J) 

--F/rTl_a (M=O) 

- TSFC (M" O) 

Figure 4.5: Vanatio n of TSFC ;",,1 ~-"'"', "'ill< diffu,er pressure recovery. 

An unpT0wment it> it>lake periormance th<:reforc bendiG (he o\'Cr~1 1 p...,-fm'mlllCe of the engine 

and rr is for til" rc..lson lilat in~!k" PCrlQrtflJJlCe is such a cnllcal part of til" propu("on » ,tern 

and must be de,igncd corr"'-'ll} The ",lake "ill be di,cu"ed in more det~il in Chapkr 5 
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4.7 Software Implementation of the Propulsion Model 

11,e ""e_,],,,, ell"()f,"II"'~)L!I.,lOn moo.1 de""ih<;d ," rillS charter wa, ""ded LntLl a ( "-I class 

rq",,,cn l; n~ Ill<: enl ir" ll"ho l~1 The f.(",rc~ cooe t,"-Ih" class, · IurbcC:-ct~D" can be fonrKl 

III Appemh.\ C-2. 

A Il nw chort It>;j lcallng t~ algonlh m j{,r del ~'tl11 111111g Ihe 'lei t llY " , t oUlput "" 11 h e 1",,,,,1 '" 

App end!.\ C- I, 

I ~ closs ,to,,', aillhe ,bl' 1,,<, Ihe cOll"I>on c'n: elYLc l ~nc l e s, ,,,,,-,, ,,:elm tcmper" lu n", pre;, ,, ,,: 

ralL,-"< [u ~1 c~l",gy, ":" , 1.,' "1IIh" ,1,,1 ' r"'I l.Lir~d 1.0 re rr e,,~nt the tmooje,- Ih ,' Tu r bc C:-c': le­

class olw eonl am> J ~:CO]l '" nl .. ,'-'" nbJ~ct ,ha, de,c lioe, Ih,' in l" ,,, g-con"'lr) an,1 bdlOvLnur 

T Ill' ~:CCI1C ! nt.,"" class ""II he cil,<C l.L,,,',1 in SCi: linTl 5,5, 

Th,' pflnl<H)' r,, '>cl ion in IhlS cla'< 1< Cyc l cTr_c r nClciyrlCl:TI .i ','U , and 11 < IXlmme,~" "r~ glwn 

in T"hl •. 1.3 Tim function lS ""I",d hy lh<: ",,,,",,(': Jnd Thrust fundl ol" 10 ""I0"],,l e Ill(: 

Lwe r"ll IhcnnOOYlllnlll"' 01' Ih" cycle, h fLlllow< the p,oce,lm"" anci llli], s,', the c-qua1L[\n<, 

Je,c",!x'd 1n I hi s d' ~rl." -,0 re rfoll11 i!< e"icHklOn" 

[,able --1,3: I 'ar~ meter. for Functi"n Cycll' rbcrr"ud} " " 01;'" 

l::'""";""';:j:;;C;"=::::::"",---
RelJrn Vuloe, TSFC - Thrust SpeCific Fuel Consurnpl ioo""-, "'""""~'"'t~~~t~~~~~; 

Parameter N~me In/Qut Type 

QLlI Do lIb le precision 

Argumenls MO • Free sl ream Mach n~mber Ie [)o lIb le precis ion 

TO - Free slreum lemper~!u re K '0 [)oL;t)le preciSion 

;>0 - Free stream ;>fessJ,e p~ 

ABOnOff - Aft erburner : On = • , o"Co;oo----::::~::t='~::~,.,,'---
pi _ d _ diffuse.- pressure reco.'ery 

'" 
'" Inleger 

'0 DOLlole preQ 51O!l 

e~7 - exit stream ;>foperhes ~ I sl"l ion 7 

exg - exil stream ;>f-operILeS ~I sl?lioo 9 

A7 m~ _ exit ~eu 10 m?S5 rlow r~ro 

A9 rn~ _ exit ure~ 10 m?ss rlow r~liCI 

F ma _ Thrusl to ""'" flow ral io 

- fue ,'"ir r"tio 

0", C Ide"I G~sSlre?m 

Oul C Ide"IG~sSlre?m 

0", Do~o :e ;>fec15101l 

00' [)ouole ;>fec ls lOIl 
m's/ka-+~~:t~~;;;~;;;';'-
rn'sika 

N s/kg 0", [)ou ~1e prec t5lon 

0", Dou~le precision 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5: Intake Modelling 

In (,h~pt~r <\ It ,,"os silmn1 :h,,[ Ik llll"k~ prrl()nr.anc" 10 on",,,,1 10 II><: " "~Iall p;: rrnrn,anc, or 

the' propuislOn unll 11\ lCm-,s or lIS pr~"ur~ r<'Cov~ry a[kl 'he ma.,> flnw lhal 11 pcrmlU. llm 

,,,,,ion M",,.,b~, th" manmT In whid, Ux '-0J11c,,· -ccnl,-,\J.ody. i llpcr'<)111" inlah;;; rr1<Xldkd. It 

,j"rl, wllh an "",,,·iew or inmk" ope rall"" mflde" anti procc~ds to dc'>cnoc how the,e "T<' 

rnatnen,ai'cally tll()(klkd . A melh,xi J(,r ,k;knDlllng liL" rn ass ilnw through n", mtak~ L" ai,,, 

)l ln~'T\:cd 

5.1 Overview of intake operation 

rigu," 5 I snow, " 'Clw~l" l l~ of " 1)'1' ,0"1 'upcr\()nio_ cflnlcal c~ntrd)(lLiy ml,ke n,,· 

>UP" ' ,onic fr"" Sir ear'l airtlow owr the cone gc'neralcs " " ()J1l~" I ,h..,ck waH" , A ,,,cowl, n()rn:al. 

shoCK :1;<:" """Ll" ", ,he oowl 1:1', fir in ihe LliH rging I}as"'ge . rim, two-sn''''\c syskm, 

,Ii;;cussetl in more detai l b:~L l,'sub 'n a [J,ourahk ,:agnation pressllr, ralLn fmm th~ fr~~ 

sln'",n 10 the co r'll'n: l;;fIT lace 110 1 

Th~ ~"ntreb,xly Call tran,]ak along 11K: X-axis, In mder to vory Ihe d""gJl angk. fh 

• w 

hee Slream 

H, P., To 

---'---.~" 

, 
, 

,_: .. J 

• 
-Cowl 

Tr," , I,tin!: 
Cemr , L,,-.jy 

I 

__ \ <AmLeal cC'l1trd>()d y, ;'llpersnnie inTake, Orer"t~s m one of Ihe f()ll()win~ modes, Mrendent on 

fl igilt condilion "nd Urhu.-~adrrne I"" ,o rmonee I HI, II J' 

5 1 1 Subson ic fligh t 

Thi, mOLk 01-ope rat ion is d'kellYe In:!lC' [rcc ':"'" 111 \Jach number rang~ ii-om 0" ,11, '; I. The 

stagnati nn preSS'Jre r~ """"ry, ':Cd io nom,,"']1 y oons:ant II {) I and do"" to '.mlly . 
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,,1.2 DetClched Shock Mode 

,\ detaci",d bow ,ilOCk " fomh-J m Ihe !vlach n'_lll:b~, "mg, lio rn I < "1,, < ,I f, ;~, ' _ w~re M, ,;~ ,~ 

" th~ .\-lo,'h n umhn" 1 wh,~r, ;L , r, ,,,,k w'''~ al l"cbe, 10 Iho co nic al centrehody Th" shock WOH 

has a hY lx,ilolic geomeuy on~ '''ymr lOws toward, the some' (/Cloch) 'mgk 1', 

• • 
hee StccallL 
J(, Po, '0, 

5.1.3 Critical 11,'1008 

l l<'mch"d 
l TYr erholl(' 
st()<:k 

-
< , -- ..... 

J ___ • _ _ 

lhndor" the Mach Tlu mber is g iYen by Ihe ~c'"gn Mach n'.lHlbcr '\ /." "hlOh" variahl e and 

depe ndent HI",n the c"n Irdx)~ y posillOn , 

n,~ b"ck pre"., ur~ on the intake at thc c()mp"-"or !;''" i, such tha, I h ~ nom,.1 _<h()c k occur,' at 

th~ cowl iii'. I hi,; ,"suils m Ibe c"pl'_'" str~am [,_\)", hovmg the SJm~ ~"'mcl", as the co,,1 hI' 

"ne' l:-.: ,u.lx im'_lIr, I",,,jhl" moss How mW Ihrough Ihc "'I<,k~ ,,, achi"ed . 

. -­
Free Stream 
AI, 1" ', 1;, 

__ lJ 
Fig"re 5 .. 1: Critical mode shock arr~llg"mt"l 
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5.1.4 Sub C ritica l Modo 

Sub cnlie"1 r1lLxk f~"'T"ti~II '>CCurl wlx::n 110; b",k lM '(' ssur~ "" [k mlak " l!~ .. Ill gil, Tills 

T~,ulIS in 'he normal shock relng 1>11<1>" " til"""'" olln , ,,~ Ihl' cowL Part of tl<: cap'ure 

,1"'"llOlul;.., [Ix:: ", [""", pa"",s thrn u ~<l' IIx:: I wo-'l~.cl 'ySlcom alld 11>C TC'I only pa,ses rhrnu,;h " 

stJ\mger. ,mgle 'hock. 11>;: , Iagnalwn pr;:"ur;: r;:~O\'l"y is Ih-.:rdor..: lo"cr loon at "nll~,, 1 

"l>c r,, ·i~n I'or Ik sall,,' Maeh numbe, In a,'dil ion, 'irvamitn,-, I,as"ng through lhe Sln~ l e ,hod 

arc ctlrved, "n" loc ""PIU!\: 'Ir~"m\uk ,k"''''kr lS Ih,,,-dm'~ ,nH,lkr Ih"TI Tn ~Ti li"" l mock: 

ol",r'! lon re",IIIng in a lower ma.'.' fl ow mIl' through the ,ntJk..: 

• • 
I",. Sr,.""m 
,H, 1\ I, 

-T--·------·-----"'~'\/~: 

• _.-- --
)-',-,V S[",am 
.\I, p, 1; 

--,-- -

._._._ . ...J. . ___ __ 

5.1 5 Super Critical Mode 

"L' ~~ 

-------• 

, 

In 'urx:r crilical mode. II", hack pressul", aclmg on Il-<: mwkc 10 iow~r Ik,n "' crillCal m<><k 

ol"'r"'Wn, TI>c 11l)l11,al , hoc. I],eretore move, to a iocat,Oll funher down If><' ,'nC'Tg1ng P"""g, 

in<L"e tbe cowl, '" ilhJ<lr"I~(' III FigUl" -'.5 Tl'" Mach numher at IlllS location" high-.:r Ih"n" 1 

Ihe cowl lip an" Ihe DOrlllal ,hr",l;, " II",,-drn, 'IrongCC. II", ov~rall ]lfe,,,ure rl'cove:), " 

Iherel"l'e low~r Ihan ot the "n li~,,1 condilifm. T1, \O 111"" flow rail> lh,-Ollgh 'he inlake ,-,'In"in, 

cOI1,mm and ~ql," llo the Ina" flow r"l~ obl>",x:d"1 rk critical condilion 
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.­
'''''- Sirealll 
..II, Ji" i e. 

,- -,------.--7"; I --===, 
.... ~" 

• 

Figllr~ ~5: Super critical ",ode 'hock ;IJTan):""'l'nt 

5.1_6 MilSS flow and pressure recovery for different operating modes 

__ 0,",0",,'" 0"" _, ,",,,I,., 
- - - -0,..'0';'" ... M < do,,," ,..-' ~~b., 

--~-- ~ -,,"--- --
0.' 0.0 1.0 

Ma".1"~ , 0<0 0.- 0,00 , _ 

Figure 5.6: ' l ass l\,m' ~nd Prc"ur. K,·co,'~r., for dilTrrcllt opentin g ",odes. 

''''''~,IIO; 

Figlln- 5.6 ill",lrale, Ihe \"arious "I",raling mO(k , lhM ]',,"C b~" lI &""ib.,d in lili" =lioll_ '11;" 

eft;', l of >"knl ic"l and <npercr ;! ;ca] operat,on on lhe 10"' ) pI~"nr~ rcto<.>vcry is ,l~,dy 

ilillmat~d rh,- r"dlJ,,~ d '11"" !low dUo" to "I,,"rilll"" "Ion off-,I.:"gn ""n(lill"" " "b" Hldicaled 

For' I.hi " r"",on_ th~ d~,ign of 1110(10:.;", ]111"l~; " e~lrernely compllcakd. Gcocraliy, f",ihli", "", 

pruvided lor bl~e(ling ex"~ss inl"k" mass !low wh~n ,h~ ~ngin~ is ch(}k~d, 30 as lo "vo,,\ " 

,,,h,,il.'''''\ "r",mtionol mod~_ ,\(I'\]llOl1al w t"l." g,,,~, are proviMd for engin~ ,wrlJng ""r! low 

\Ia~h nlllnkr "pentlion 'lLeh 3' to ollow suffic-icnr ~1"S< TIow I.hr"lL~h the in[ak~ [10, 51. 

nel~'HlinOl i()t1 of the ~""'-I ~"'" now lhr"l\~h :k ~tlgi n ~ is lher~fon, (h[fi~lJlll" ""\cul,,,e, and 
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5.2 Conical Shock Properties 

In oroc'r I() J.c'·eiop a l1U lnc.,." ,ai n\u<kl iu\ "eomeal,nwh·. >'01"" under,tanJ ing ol lhe I:>d'JV10Ur 

of the comcal .,hock 1., reqmreJ ThIS se~I"lt\ w\11 pnlnd~ ~ very bnef m'erv, ,,w of the key 

p<"UI "'rll~' "f I h i, ,,,,><ok IYI"". 

shock .... ·'''·e forms and Ihe ,Ire"am " diverkd , ueh Inal Ihe 

,,)~"mlines ar~ ]larall ~1 10 'he ",~dg~ d\<nl\hJnc~. In Ih~ ca,e 

of a eomeal l""l)' in \he 'IJIX-~""",io "rcam. Ihe n ()V. around \1>:: 

CO.K'~ I, ,n,,}-mmetnc. I:",m :he c-o<lSerV~IL0n 01 mass 

l'flne'pk '" apl'lwJ \0 lbo:: illad \x-II'-c("n <Irem:nll"es. \h.' 

Slr~aml"",s connr~~ ","'ar,ls ,he e<lne ,lltfac ~ as d", thell 

radw, mcrca,,:o . Thts ,itua ll()!1 i, <h()wn Jll Figlrre 5.7. 

DCle \0 \he e",-,"alur~ "t 11K: 'Ir~arTllil1~', comp:'eS", Ol1 (>f,he 

ga, takes place bdween '.he , hocl. wave and Ihe en,l<: "LYfac". 

¥igwre 5.7: Strc~1UJio,', for 
'llJl,,«mic /l()W o,'er a cone 

"',"" 'I 

ThermoJynam;c 1"ol"",Ue' arc \hc)d,,,~ '-'01 Con,!al1 t "I(>ng a s tf~amlille, hUI ar~ illstea,1 

cnnstanl along ray, ernanating :TOm Ibe ~()fl(" apc'. 

TiLe ,iL,,,,k a11 H I,' " ,lq>c,);lml "11 lh., rr.,., ,1r"~J J\ MdCh 11uml)t:r arLci 'he COrle ,clll, -an~lt:. Ull lLk" 

the ,,,npk ob]"llK: ,h(><o', Ihe 'hod al1gk c"nl1ollk ,i<;km",!(;d from a s imple go" relationship 

I mtead, 11 r~q lLlre , an lierJll ,'e procedlLTe s(Jch '" Ihal ,ksenhcd m &cc\ion 16-5 ()r rd~T~noe I 3. 

b",eJ On 11K: ",,,,k of TaO' lor &. Macnll. This Ilow patt~rn LS termed Tayl0] -"'lacoll flow. 

Onc~ Ihe ,hoc k angle for" given "on~ a,)d fre~ meam Mach nLLml""r haye bo::o::n delelmme d. Ih~ 

properti0::3 bdlllld Ihe ,hod arc r~aJily ealcula\e,1 [,-om Ihe .JI"mi.1,-d Ld~al ga, s",><ok 

relationship" I:ulthermore, the pro;>eme> ,';ong any ray can I"" OC"\crnllThC,1 by )kr[orn1mg- Ihe 

re qni red numerical in"'!'Tallon tx1",:cn lhe- ,b()ck and I he ray In q lLo::, ll()n. 

In mder In provide ,tma for Ii", l",havi01Lf of a ~0nical shock sy<tem, a compu'.er ?rogram .... ·m 

wrin~l1 b"s~d on 'he alg"'i\hm presen I~d in refeTence I 3. j t lLllliscs lhe- T"ylor-)'-1a~oll awroad1 

10 ,oh'~ t<.x 11K: shook "ngks C( • .,.esp0nding to a range of ~Iach numlx-"rs"l" ~"'L'n frec ,Ircam 

lem l"'mllnT. A eompaTLSon oflhe ""Ipnl of lhi s I"'() gra m to :he data puhli ,tx"d in refercnce 12 

" gn"en in Figure 5.8. l h , sho w, Ih" ' Ih~ e"knbl~d OUtl',lt match~, n", plLblished dala v~ry 

we ll Ih~ gap, m Ie.:: OUr>T, for \h~ ,n° "nd 2{y Cone ;,~mi-ang l ~ ar'~ dn~ to the alg0Ti lnm nol 

con\'erging ",ilnmlne ,j>C~ilie,1 oonwrg-ena I"'TL(~t t,,,' th a, particular da:a poinl lh" missing 

,tala i, ,-eaddy caiclLlatcd by mcr~aSl n g- IlK: "'a"murn l1um\x-r of i"r'mi0ns the ,,,",,vare is 

allnwe,l to perform. 
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l 

Figure 5.R: Comparison between published conical shock wave data and calculated re.oit, 

n,~ COlle lor wagram which "alclllat~s thc,~ propcmc's IS pl"C>cnkd in AppcndL~ E-l, 

A "''''pl. outp'" fi l~ from 'he I)COgr:llll for a 31P co,,", ,elllL -"ngk IS P"'xllIc'd m Appcndi.~ A-3. 

rh" ""lcu!"lwll "(prup"liie, .long any ray wa, i' ,"lulled in L)'" ideal go., utility code WhLCh is 

pre,ull~d in ,\pJX'lllhx 10-3, 
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5.3 Standard intake performance curves 

nn ,' 10 Ib ,' C0111l'k, ,,,,\< n ~ uf' in l"J..~ p.;d("'n" ,, ~~, ",\~ 'al "I," ,da ,d ml"h press u .. ~ r""'N'C'Y 

elL"""S h~"G t>i;Ctl oovdopcd n".'~ ,,11o\y a qlL,ck "slnnak of llO\Y ~ll llll;,ke ,hould bdl."!"" ~t 

diff~ .. ~nl -"beb nU 111 b,'", 1I0" ~ \ ~ ' . Ib,'\ do !!ol I'r~dici Ih~ mass flow th"l Ih~ lnlah "jill>.: 

c~rablc of passm!'-. As di,cu<'c d <'arlin. Ih" llla% tlow mle through the !llt~ke L.' alk"l~d by 

"1X";Jt'onal !ll0<k and" ""tIca l I" rict,-rm lnlng th~ nel thr"" 0<! (I' ,,1 of Ih~ enginc T\\ " ,WldMd 

CUl"<S I 1 1 I ar<' pr~s~lllcd h,-'Iow for corn ran.'011 wl lh Ih~ llllak< lllodd dewlol""d iLl lh" chapt'" 

,\ 1.\ I're,m re Rerovel'Y Curve 

I1lC Alrcr;dt Indu.<lfl"S Assoe',ltlO" (AlA) sl.~,ularrl p'e.'"" C 'eC"'e'" v"w "pp,,,xlm,lles 

11", ",b",n ic r,'C"W'" as ,,,,,i \ "II(I " I jl i sCs "'1 :i I for l"'-' " , p.;r"' D I ~ r"ipOll. 

II . -1 - O.I(Mo - n" 
-'llL-l:-~U08B Cl'n~ 

O< Af,,< 1 

,-\1" > 1 Fq. 5,1 

T his Cu'"c t\' rr~""nt\ a t\'vi"lOn ol'the AlA eurn,- imcnrkd to b~ "c""e" h" t more ind ,c,lm-e 

.of act""l Ln(al.; 1'" ,j;',m'HKC , Thc e'''''e is Ln(e nd erl tf' pr""id~ ,, il'",k If' ~wd _ 'vtLm nm 

lillak~ pcrforma"ce h~ha" loU! In lb,' sub soniC "1~ l on. tl", r~cO\"",' " unit). "ad &1 -' 2 

"ppli ~s in (Ix supc,"wnic reg,,,n , 

,T" = I () 007S(Mo _ llLJ> Eq. 5.2 

._._---

, 
00 

~ 

0 • ~ 
0.' 0 • 

" - AlA 

- MIL_E·5008B 

CO 

0 

Intake Mach Number 
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5.4 Numerical estimation of intake performance 

1 h" cq'~l \ion' ,,,,,I al go< ith tn, ul :k~d 111 'he " lLtnl'rieal i mak~ perfortnanc~ mode I "re dl'f>Cr"xd 

Je,ow Dl't,"kd doc!"!val,on, oLom" o[lhc '''IO''lio,," h""" ixc" I'lae~d 111 ~I'IJe!ldic." Ii" furrh~t' 

refc1\;n,", A coml',,,'i,,,~-, I""lwe"" II", perfor'tna"c~ I)redicled by the algonthm, pr~"'nkd In th" 

5.4 1 Detached Shock Solution 

Figme 5,10 bc:o w ohows a ,~kn""lc di"p'':Jm or ~ (lel""h~d shock syskm up,trl""" from a 

cOllie.l l",,'!), 1'1"-' 'hod has" hypaboli,- geomo::try [lfi] d\ldl ~Syrlll"O", \iw;ard, I}" '>1ach 

~Ilgl~, .' 

I , , 

, 
.'_ ..1 

Figu ro ~.I 0 , Schemat ic rcp ,,,scntatiun or a del .clwd , hoo k 0 'H[ il< di<creti,alion 

!""j,~ apex oflhe hYl""rixlh Ihl' ,hock pfOjX,nrc, are oimibr 10 Ih()~e of a Ilorma l "h""k 112J. 

10"""r,1> Ih" Olte"r ,~ach~, ' he "hock beh"ves as" Mach shock, &Iw""" Ik,,, two POSllI0llS, 

Ih~ I~'ol"-'rti~s 'oehLr.d the ,hock ~ar. ':l(; ",I, I"a\cd from the ohll que shock t'do,io",. 

n" soluli",- algorilhm utili.,"s tl>.; ""umplionlhal lh" shoc\" ,mgle " t the e"ptut'. r"dim, r,_, lS J 

li'",ar [uncllOn O[l\bcJ'lllLml",r I",,,,',,,,n a non11,,1 shock I~O'I "nd Ih" [lnl "l l a~h"d "hoc\.. a, ~I 
Jf.,,~_. ). 111 r~alily. rhl' shock asymptote, to the M",-h angle ~', " ,-'ery lat'ge d'Sbnces from ,t-.c 

"I"'" o[ Ih" ,-on". 

rr~"ur~ r~covefy is ~akula l "d 'oy di ,'"I111!, lile captl Lt'e ,\t'earnll,be it-to iii "nrlllli of l''IU'' I area '" 

III '-~r' hy Fel. 5 __ 1 I'hl' tlow properti"' '",f() .. " ,,,HI a Ccr Ihe ohl:<'I I te shock arc ca lculated [or ~ach 

","\1()n, and 'he re,,, Lit, "re Jwr:aged to Yldd Ih.; I~'" '''" ''' re~over')-' 1'0.- lhe caplur~ str~amtlllx' 

Fq. 5.3 
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,IUd WhlTl-

A. ~ ar~a of annul", II 

m - numbe .. ofannulL 

,--, 
" '''/ 
,.' ,,' / '" 

r ~ ~ r, = mean:tu)", captme cad IU' 

r". r •. 1 ar~ the inn~r and olll,-'f radius of ",mulus" 

Ihu, Ihe pH",,,,re n'~<)"'r}' i, g:;",n by T;q. 5,4 )",Iow' 

5.4.2 Critical Solution 

• .-
Frec ~lrLam 

Me, 1'" 1~ 

\ ., 
~ , 

~_ ._c_,.L ___ • 

, 

Fi!!:u rc 5. I I, l'n'"un' rccowry in rritk~l mode o[>~rat iUII 

JS 

Ll]. 5.4 

Fig:ur,' 5,11 ,hows lh~ I',.~ssur., at ""rio", locanou, iu lk ml"h ,hock , ysll:m during cri, ic al 

nl",le orermion The solutLon for the stagnolwu pre" "T" P .. ,,· " as I'ollmv> ' 

• TiK cOl1Lcal ,hock waw angle f3 " (kl.-nllL,,~d nOTn prev iousl) calClliakd Taylor-Macoll 
<Arm,," ' Ilow rr'Oreni ~;" as M,criI1~d in Sec,iun 5.2, 

• Th~ algor'tilm delerm ine, w;-",the'f or unl the cum~" I c "ntr~br><l y can b~ J'osit'on~d s"ch Ihat 

it, ll'''l~h", fl. If l[lIS " 1101 l'0ssibk, ii..- i, adjus ted to " ",due Ih"1 i, '" do;" 10 fl elS 
possibk. 

• lhe aHrog, ,,1",-,h nUlnbcr uelh~ a'Ir'Slrean- ~n!~ring the c.owl i-, ddcl1nlnul '" !he a",:rage 
Ole Ih, \-toc h num )",",' al1h . cowl lip_ .11,.-" aud t;-,c COne 'Urf"Cl' . . M" T I' fl .. lnalches /3, 11"-,, . .\I,~ 
is gi,·cn by lhe .\j"ch mnl'bcr II,.,Tl1,dial.e'y ati,,",' lh~ conical ,h""k. llowe""" ,f f3 • .- j , k " 
I[l"n fl, H~, mm, )><: det~ l.minnl hy mt..:gralmg I;-,l- Taylur-:>fa~oll flow ~qu~lions 11~[We,," /3 
"ndf!, 
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1'" 1'" 1' .. , 

1'0 1'0 I)." 

:II ", , AI 
At 

'" , 
Fq, ~,n 

• Tlx: av.;,-ag~ Maeh nu,nl", oftre stream entering tk cowl " th~11 calcllbl<:d hi· ~,6, II 
,\1,,~<' I, th . stream ,1l1cnng th. intake IS ,"b,ol'llc', ,md Ih"", ,,,II be II<) 110"'11"1 ,b"d It i, 
IWSSLhk lhH lAI::" '> I whik At",. <: I, how~'-~r, Itl thIS CaS" , M".-,. will b" cio,,' to Llmty "nd 
l h ~ pre"<lH'~ ratio "ern" th . shock would be approximalely Llllity" , w (:n, 

• 1 f..\1,,~ > I. a nor~d ,hod:. OCe LlI< an d l:--.: pROssllr(: rHlio "ell'" Ih.; shc""k i, c"lucialed hom 
th. normal 'hock e'!uation<, 

Tlw lOl,il r ressllt'. ,"em',,}, [or tb" mtoke IS the'-clor<' !!"'Cll hy J:.q. -', 7' 

p" 1'" (' .. , t'-;-, L'I. 5.7 

1',,, p" Po 1'", 
Th~ llla"'mUm m"" tlow rot. tb" t th" intcll:.c "cap"bk ,,!'passmg-" c'aic-u l"led by cotl<1d",-,ng 

I:",' IX);ll10fl oj' Ilx: :;hc>vk 'y,t" l11 wh,eb det.,.,,, in", the maxim Ll11' capture >lcc'"mt u he dwmckr. 

• • 
FTee Sircarn 

Ai, Po T, 

".,~ = ="""-' _" ~J ____ _ 

t' i~un- 5.12; Para meier, for d elerHl illillg the ma" now throlll:h th,- inl~k,-

T'i,,,u~ -'.12 illmlrote, the shock arrallgement and n"" >-I,.~amlln~ of l~ "eillal c ~plLLr~ 

't,.~"tl1mb e. r D. The cor.,cal ,r..lck ("J " d~'~fl l><:d hy Fq . :i .S whi;" the "",rage ,t",amllne Ib) i , 

ci:...-:;,i l-,."d by Eq ),9. 

r,.( x ) = .,-tan {3 

r, (x)=~ .. I (x-L,,}tanO 

Sol' Lng for lhe 1Tl K'-;<:~: i0fl oj' tl-x:" line, yi~lds Eq 5 10 below; 

, 
o 

r,. -L" t"nO 
lanO 
tall Ii 

Fq. 5.S 

Fq. 5.9 

1:'1. 5.IU 
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The onl y un known on the nght hanc ,ide III E'l , 5.10" e, :L~ II"" ,,"gk. 0 repre,en l, Ih' 

"I lhee Il"w <lir~""li"n ~,,'en hy 'he ohilq"" shock ~qmtlo:ls. an d Ol)proochmg the <lop" ot II'.., 

"ngic llnm,'d:'l.ely otter the ,Imek ond the fl[)w a"gk at the mtakt: hp. Ih' Jl [>", ,,-,gk "llh,' hp 

,an Ix ealclLlokd by ll\:l'h~" l11Tlg II><: T"ylor' ''''''co II il,,,,, "<jm' ion" 

Ih" ''' "''tnlLlll Jlnw pooo ;bk 1I"'-,,-,gh 1);(, 1u'ake" l1""n glwn hy Eq 5 II , 

iii ., = p" 4,,~--. Eq. 5.11 

= P "m',,' :II,. \iyRT" 

5,4,3 Sub Critical Solution 

Whe" the ll1"XU11lLlll Jlo" jXI»il>k throogh Ihe engine I, I ~;;s tbn the ,,,oximlLtn fl[)w throlLgh 

Ihe ;" 1"1;" "1",,,,11:lg ill cr it1cal m,><Ie. J " giver. by IOq, 5, II, tr., ,llgllle "Plx",r:; '" " bgh b,,~i< 

pr~ '-,me to th e intake, one! i: " 1:1 OlX""k )ll ,ul> cri',o.: lllO<Je as dis cu,,,,,d in Sew[)" 5 1.4 11"" 

maXlllllLll1 il"" thwu gh ILe engi:le 

,t r~a"'tul>e diameter. 

The mm""mm Il [)w ill turn determ im's Ii>: c"ptlLr~ 

The ,Lock .".nge",e nt I" d lustrate c In FJgur~ 5.4, The prc >sur" recowry i" therd[)re 

"~I>en"ent [)n tr., :O<"" tWll 01' !he ll"nm,j , hock a, thi' de'erm in es what I)roponi[)r. of the C"P:UlT 

,I Tl'''UlI ulx pas<es Ih rough two SllOCK,. and wlm P"S>~' Ihro ugh "n I y I he n,,!'mal 'hr>ek 

The ,imulotion 1)I'[)eeC lLr~ lLlilixd "" l!lll~' Ih,,\ I'or ',er" ma" n"w tr.rough the ~ ngme. tr", 

:l\Jl=11 ,hock" l ocaled~, the apex of tile emuoal ~lll lrd) oJy . The I"-,, i\;otl or l L~ n[)rm.l shock 

tor" gwen n"" m' lO lS tr.~ n in 'erpol.ted I"l\wen th~ nmmal , hoci< pl""';,1 "I 11'.<' ~""l hr (Il"w 

n1l1O - l) "n" 11"" co n" ap" x (Il[)w rOll[) = II), 

5.4.4 Super Critical Solution 

[11 ,uper cri' ical maC" . {]" ""'ss Ilow is IU11lie,I:" Ihe ""L~1l11u r" """ Il ow obm'me<! in critical 

"'''''e, a, di ",uss~ " in SeCllon 5,1.5 d>[)\'l', HoC pl\'''l!r~ "oc"","}' in lLi;; ca;;~ del>ends 0" tl"" 

M"oh numh,,,~, "hich Ir.~ normal sh[)ck ,,,"cur,, whoh llliurn " ""1""1\('",,, up on 'he lhm"t "r~a 

(11)(' 11;." p.-essure a! the compressor face , 
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5.5 Software Implementation of the Intake Model 

The nwthod" 'Jro,xdure" "nJ C'lnlHl un , 01 this "h~nter were coded mto " C-+ de" ~"lled 

"C::::::m c:l:to.kr."" 11", ~le", h,,' ,kI" members wh ,eh re ln~""nt the gCOIl1~1Ty end !luid 

nrope!'lLe" "hleh offeet the ""rfonn",.,.x of ,he ml""" jl "'''-, h'" "",mh.;!' lu ndLons which 

'Jro,-"k pL'e,"urc rcco,',", ) ' c"kniation, in ll'" "~rlflllS op"'"ling 1ll" ... 1c, ,kscrikJ m 1he 

prec ~dlllg "ectLons 

A !low ~k'rt renre,em,"g the rrc","dlH'~ ntLilSed for ddcrllllllin~ lh" I"'"'''''' r","on'rO' o f Ill.­

In,,,\..c is l)f~,"'Llle(j m '\rl""nd",. A-I. 

Co ni ca l ,lll'", k rroperll~' an; pIUviocd ,II " loo,ul'-t"blc "hid\ con 1,e ch~ngd 01 run-1Lllle to 

Jlio\\' Ih" llllal.c 10 he 1l00d ~l dlikr~"r\l Jit 'tlhr " withm Ih,.- s"nw ,1ll1Uhr llUll. Thc e,~\j",J :;hock 

1)f(~"--'rI"'" "re ~cncwl~d 11} " ,tondolon~ I)('ogrom "n-:Fl c-,,- P:rcp G" whj~h lI "picn IC"" thc 

T"ylor-Maeoll 'OiUIl(~l [L'] for cO\1\~,,1 , hoc\ nrol"""'''s "l'h l,' was d()n~ dUl' to the i1<',-"11\-\' 

,,,,1 lin' ul-lk co"'c.1 siwek so lut Lon algonlhm, COlll~" 1 ,hock IH'IX"rtic' Jlfln~ r~y, ~t ongles 

flth~r tha n the ,hock "Tlgk "re 11",,, c"",Liy caJculoled 1,y Ru n~~-r;, lIlil 1ll1"~~-"11U~ ITurTl lhc 

Thc Il1netLon:; tor dcl~nllLlllng t~se 

pTO'JerilC' "re included ]]l tl., I dcCL IGo.s ela" wtll('h CJl~ap,uLrtc' II>: bd"\V lflur ~f ,m Ldcal 

g~s 

The code for the- CCcne ln~"ke cbs<" 1)1'0\ i(kd III ArP<'ndlx A--t 

The code for tb,.- 1 dc,,' I.e" sci""" is nrnvided in '-''imendi.~ E-3_ 
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Chapter 6: Aerodynamic Model 

This eh"p!e .. ,k;;cri\J.ts [he rmnno::r In "hlCh Ih" aerooYllarnLc moo.l IS nnplcmcntcd In l])e 

s LtllulalLon It covers ",'tTIe baOLc a~rodyn"m'c c()n"~pts and th ~n P],OCC"lJ; 1(> di <cu% lh" 

d.",,:opm.nl "I" the D'g ll;!) DATCOM mudd u;ed. and h"w th" oulpLit from IhlS mod,,1 was 

prn"~,,,,d for usc' III tk overall Slmulation. 

6.1 Overview of Basic Aerodynamics 

Figllre (,. I IIlll,! r.te, 'he basIc torees acting on " 

wmg: ,""1\011 [ 14]. lh~ oomencl<ltw-c " a, 

angle or anack 

c"rd length 

'\- compon"nt or II pcrp,n,jicu1.11 to (' 

A coml><lnent of R l'arall ~ 1 to c 

D 

Ulj - lh~ comp""""i of /I P<"T.end icular 
to r:, 

Drag - component of II p"ralki to Y. 

Fig"cc 6.1: iJa,i .. acrod~'II"mk fore", 
a<tin~ OIL a ,,-ing. 

'n'''''' 1'-1 : 

By defi mng a dyna mic I"~'olu-e. q~, as gi,'en hy Eq . (, . I. and di" iding the re l~vant f<"c~ (e .g. L) 

by q~ ~nd S. th~ rderenc~ ar~a. Q d"'''' tls ion le" coefficient is obtained Dime tl,i onless 

c""ff,c,ents of thIS form ar, a mOr, lund"menta.' indicator of lk "erodynaml" proP"Tt"" of a 

wi ng than 'he actual lurees theimd ws and ollow C<Jmpari"m hetw",-n diffh"nt ,lZe, of wings 

orx1 'heir be haviour m dL tlerent al mud~s 
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6 1 1 Subsonic flight and wing sections 

SI.II , .. .. <c, 

',.,. " pm"", 
/ 

E~un' 6.2; \'~ri~tiOll of lift 
,'o.rr.ciellt with allgle of attack 

.,,,.,"" I"! 

In :h. suh,onic flLght regm1e, a Iyp",a l sub,onK ",rG"i] b,:l",,·~> ~"h,mTl in Figur. 1''-2 . T1\e 

\"a,i ~11on ofC. with (' 1S l~,g~ly lin~ar up to :he point "h~r~ flow " parJllOn OC~lllS, T!lis IS 11ll" 

]>01": at which ,h. ma~imum lift C,., • .• i, achiewd, Beyoud 11m pOllll. :hc lift o,-""llic lnl : 

ci~cr~a,""s 0._ Ihe wing stall>. 

By cidimng" lift slop" as gi",," by Fg ~.2 , Ih . l iti c..-",fticient can I", ~asily calculated up 10 

C, ,,,,, This ap l)nlach '10" ~ver. d,,,,, nol allow IOC val l.~ of C c.m, :0 b" {kk"" lT~,d . 

(' , . = ,!S;.. 
<fa 

F.q. 6.2 

,[,,,, n t'l a!;nn ofcirog with ang l~ of a ll aek is ",!l..:ma"" 'a ll y shown m FlgU t'C 1i .3, fot' a ge neral 

c" ( . Co' 
= ",,+' 

11 , ,-)R ,. 

Eq. 6.3 

All. asp.xtrJlioofl!l~wmgW· S) 

e 'I'~n d!l c i ~ ncy tac:m 
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• • 

j 
• , 
o 

Angle of Attack 

ri~ure 6.3 Ide~li,ed \'~ria'i[)" oj' dug coefficien' with nnglc "I' mlnck. 

rhe lift-to-drag mtlO IS an in<.ilc"IOr oJ' hL'" diicLC'Illly a wing geTleraleS lirl, Ge"erally. the 

hi ~her tbe Ii i! to dJ:l~ ratio of an "ircnfl. 11", bett~r ils perfonnaIlcT, [1 4] lIsmg h1 GJ, all 

Hleal ",ed C LJ "'C oi"liI'l_lo_dm~ ,'S, li i i can]x, 1)lotted, a, ,h,,,,,, in rigur~ ()A. 

I de3 Iis e< ~ 

Soluliofl 

F'igure (,.4: \ ' nriati<m oj' Lij'j-Io-[Ir"~ ratio" ith C" 

Allhoq:-h ,,-q 6,3 -predicts a grad~ally Mcrea,i"g c,,/e,') wLth "n mfin itely mcn:asiug valliG uf 

Cr., Lhi' doc, nt)\ ocCu r HI reali,y , ,1" Ih" aTl~l e of attack incr~'u~s, "C,-,nd Ll lun wj-,;:rc Lh,' flo" 

"'p,,,"lcs from ~h c \\'HII' occur< ar.d the " ing sl;lll " a, indicated in Fig ll r~ (i2 rh~ \'aille uf C, 

Iherei'c<'e Mcre",~s l1,i, re , ull' iu Ihc c"r\ie' ,hm'-'u i" ,h~L!Te 6.4 c~rh " g hack lo"ard, 7eTO 

r or delta w iTl g 'lIrC,J:lti. thi, siall condLtion OCCllr, al high "Ill' I ~, Mauad', 
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6,1.2 Variation of Drag with Mach number 

Gel m~x 

._----"'" 

'.0 
Mach numbe, 

Fignn 6.5: Variatiun uf C')O" ith Mach "umber 

Figure ('.5 ,hows a .<~hcmallc of Ih,' vanallon of ,Ir"g oodTi""; nI ("!Xl with Maoh numbe, 11 

,how, Ih'" Cm i., nominally con,tam umil some cntic.ll.,.lach mnnlx'r M, .. , "fieT wh,ch 11 ,1"Ti' 

,h. iacwr, ,nflu': ncing Ihc WllO of C"'~, 10 C",.,,,, i , the ,0 o" lkd '"rea rule' rlei], n", 

appjj~" lion or I he ""'" ru k "''' rlh in 'he ""i.,(ed appearance of many com '~al mrcrafl, 

6.2 Digital DATCOM model 

'n", Dig"al DATCOJ\1[15. 16] wa, ,,,cd \JJ j.lI"o,iJe ",\im"I~S of Ihe aeroJynami" cc",ftlciem.< 

of" hypol~\ioal delta-... i ngeJ arrcrafl I()()sely basc,d on Ih<' Daosaull J\lirage TIT. n", fo llow;ng 

seo1 ion.; M,orih. how the a;rcra Ii wa, i<k" li",J for m()(k lhng wilh IOC D;\ TCO~ 1, Some or I"" 

Ii IOlL"" io", of the m,-,del are Jiscu<oed. along wil h ."~nc reo.;ll 11 ' . 

62 1 Describing the airframe 

'l he arrfWlll e motU ""' !.~e",,",lly :,,,,,,J on the r"'""ult \1lrage ilL whi~h wa, flown inll>: 

I%{r, 10 l'iSO', by ,,'any orn", "or1<l", "irtor"~' The "pproximale model" ,hown in t'i~urc 

('.r). \\lith Ihe dllllw ,wno useJ . A "'or~ d"'.aikd , . 1 of d"""ings w ith dimemlOns is a,,"ibbk w 

AppendLx 13-\. 'The moJdilng or 'm"lOU.; a.;p~ o\S 0111", :",ii'am •. <uch a, Ihe fusda",c, wlllg' 

.nd tai l sec li(~l "re ,k,cribc,1 In "'ORO <kia, I 1 n ' h~ "'01.;0'" to io llow 
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Figll1-~ ~.~: S{'h~",,'ti{' "irnnft model for me in the Uil:itnl lJATCOi\l 

rhc bod, \ya, modelled by prov.dmg the DIgItal DATUJ\1 w;th fOllr raJ~",eter ~rroJ." 

rllC ,e ~f" x_nrd;mlC, cr"",-"-,,,tio" half-width , cr""-,cc\ion,,l nr~n nnJ perullekr a, 

mdicaled m Figur~ 0.0 Dmn for L/;cse \ya, obtamed from ,caled draw-ill!?' from lane 's 

131 a"d a ].q~" - sc~l e model "I'a rl-'llfauc Ill( 

Cm tre of ma" was pia<Ad ,ueh IIlal LI was withLn the: a"c-raffs "h"db~"" and on th" 

~lfcr~1t ccnlfciiM, cwn th"ugh il pmh~bl\' Ii,s ,onwwh~t luw,f w"'-'n tnkin); inlu "cco""t 

(he ros"ion 01' the w "'g<. ~nd a" \' anna",,,nl ,, 

Phmfimn Gwmclry 

Planl""" gcomCll') IS Ihn! of n ",cpt-bad .. Ia)l<;f,d wing , r<:sulting "' n delta ,h,,1X' 

Dimension, were specilied such lion! the plan)".m wOl,Jd b" "mdill tu the "-'lifage m , 

di","n>lun, ul- "h id, we r" ubtai"ed frum df~W ing, fro'" J"n~ - ~ 1 j 1 

Dime", ;o", afC given in Table 6.1 
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C'~""'C ' c· ~'''''' 'i''e '.' '', ,,_, 

'I ahle (,.J: ])XrCO_\1 ]J~ r,unel or, for 1 h., "in~ pia nro,-no 

I " l<~ ug, llafcono , 
Oe,cripfion 0 

" 
~~'1U1JOI .'I~nodi,1 

LOll gllllTl(:al :(",,1 ' ('11 "I' w, ng ' I"'X SYNIIiS 

V~~ l i"llc",alwn ~f wltlg "rex SYNTHS 

Wln:o.lncldet"'~ 
, WC;P l .NF 

, Tip ~ilMd c, WGPLNF 

I Km, d,,' , WGI'L NF 

S~mJ-,p'ltl , C, W(;l'l .t.; ~ 

I '.xro,~J ,,,-'llu-'p,m W()l'LNr 

S",,"p)Xl~ " an gl~ WGPLNF 

Rek['w"~ iocol ion j'lT ""'~"Pb,,":':' 'mgk WGP1.N F 

n,he"",1 I, WGPTNl' 

Tv.- i_'1 WGP1.Nl' 

l'lanform lypc W(J!'LNF 

,~." )j, '" 

f Measured fro", air('",,}1 "o"e /0 Ih""r("lic,,1 ""rlex 'if'dd",_ 

2. From Jww " [3] 

" 

l)n{coln 
V~ln.· l lni(, 

Variahl. 

XIV 4_36 '" 
ZW 0 nc 

ALlW " Deg 

CHRnTP 0,47 m 

CHRJJR 8_22 m 

SSl'N 4 _11 m 

SSPNlo 3,6 m 

SAVST C'" D<g 

C11STAT " 
, 
" 

,:wId 

DlIDADI " Deg 

TWISTA " Deg 

TY 1'.1: 

3, ,.\-iirag" f!J has I C anhedral, but th{, "alue is ""!)-' ,,,ed tur lat("ral ",xl/i(';",,1 {',\/imati'iII 
WI.! cou/dllwr1'fi"-,, I", Igllored 

Ai( fi'ii ,Ie, lim! 

1m"", [,'l , laic, lila! \he airfoi l <ecri,)n is of ,o"ical cambe,'. all<1 nILe , in Ihkkr",,; Ir~m 

4.5'% I~ 3S' .. ;, chon:, W(,t 10 tIp , 1'1>,: "'TliJi l .. "e,I,n Ik Dlgi",1 DATCOM lllocd l"iS a 4% 

rna"i mum I hickn." 01 511' .. ;, chord. with" lll"XlllllHlI ",,:11) ... " ~ i- 1% 

~ .2 

l'igllrc 6.7 : Airfoil ,cctioll ,,,e<l for" ing specification 
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-
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"'O.ll~(f ,,,,,.ll"rJ ·;juJ. 
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-i/9 1 SU [; li l""""Lll <,l~'!l l ~( ).}Ivn ~41ll[O_1J lL' '1''1 '"." JO).'U] ~"JP .u,,'" JJ"lj'~ "4,1, 

-IWl. l.LVU '-"llUl '.1 I" 'JlpJU-"J ~~".l !ns 
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Dcscriptioll I Eng. Datro", J)"kolll 
Vall,,· l. n it> 

S~m~,, 1 N"",di<t Variable 

()nglluml"l l ""~1 1 0" oi"la il opox on SYN IllS XV S.74 m 

'1IIreline 

'cltlc~ 1 tall abow rd,",~nc~ 11n,'-:' i SYNTIIS VERI1TP Tru~ 

-

T JP chord " Vl'I'L"F ClllUlIP 0.':141 m 

s 

oot c hord " VT?T "" r'lIRDR SJl74 m 

,'mH.'P"" h Vl'I'L,\}' SSPN 2.64Q m 
" , 

'posed ",,,, ,-span VTPL),r SSPNE 1.')(,') 
L. '" , ,-

,' •• pback angle , V 'I PI '\1' .~A \'SI "" Deg 

dn~ncc to,"" l;"n i'or \w ccphad., angk VTI'L'\F e llS J A j' 0 % 
cho,-d 

-, , 

bnlonn Iyp<: VTI'ISF TYPE , I 

ave drag ;actor VTsnTR KSllARP I (),J 

-

622 Flight conditions 

'lhe Dlgil"1 DA TenS1 w," ",,\ruclcd 1.0 pnxlLLce C" and ('" da la for J\Iach number> III llw rml~" 

from 0 10 ::> .1 and in rk a llihlde r~ng~ from sc'a ]",-d 10 20km. 

62.3 Limitations ofthc model 

Th ~ Digital DATCO \1 only pro\ildc-s lnmmd ,bl" for th e slIh,,,ni" Il ,ght reg ime The 

","umpllon wa, tJw,~lore m~J,e thm Ih~ ai:u"ll in qlleSI]()Il " '"S ncul,,,lly ,!.abk at all Il,ght 

eondillOn" SIT!C~ Ih~ m l-,d~1 is required tfl producc- only llmibl hJ'jXlihcll~"1 acwdynam lc data 

th"1 do,,:, nol vary for llw vannus simuiorion'_ this is a reason.abk J>sumpliun, 

IT! loc IrmlOumC r"~ l on (0 ,7 < ,II:, <. 1.41. the J)ATCO\1 dn"s nol prov"lc an eSl1m"k "I' ,1,,)1 

be havio ur. lmlea<lll uldl>e, a con,!.a,,1 valnc 10 .. The iilt ,l op~ a nd docs no l Iltml Ik m,mnwm 

valu~ IIlJI C,_ a~hlC"'cs. In "ddiILnn_ C" i, nflt calculoted lx-y ond" ~"'l"i n angle- oi' allack C"m 

and Ihe missing V" lues ur CD we,e 1 hc .. efo .. e estimmoo. as describd b I"" 

In general. lk Oll1plll d.'\ta from I h~ DATCO/>,l "'"' 1101 " lway' "moolh_ and this is evident in 

some of tk resull ' pr~"'m~d in ChapTer 7 

; , 

i 

-

! 

I 
I 
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6.3 Results of the DA TCOM model 

The follow<ng S.",tLOll pre,em, ,cleet~,t r~",Il\ I'rom Ih~ Digi!a] DJ\lCO'\l model Due to the 

brgc \"olum~ of dnta !!~nc ratcu, il " n<>l pussLbk 10 pre,ent ~II the result$ II' tilL, r'port . 

Ik,\\cWL II", ",kdion pre,enleu bdow pattlenbrly cove'" lh~ rin!;> mo't rd,,"ant for Lh" 

SlIllulallOO< de,en t>ed in thi" docnment 

6.3.1 C vs AoA 

Figure 6.~ show, the untnmmed lift c:o;,tficLent ,t'l!;> lor vario", anglo. ()f alkwk and vancil'S 

Mach t""nb~r, 01- partiC<Jla r ink,,,,1 arc Ihe ,lIa;ghl h""s obt~ined for tlight m the tra n,c""c 

nlllg~ . Duc I() lhe cOlllpkxili~s ()f Irans()mc a~fOdYllamle,,_ the D'gital DA T( '0\·1 ol1h· rrOl id~, 

loft data ba'ed on a eo"'t~llt val,," for Ci ... , ill n", IrallsotlOc range a, di,,,usw.i cmli~r 

" 
" 
" 
1.~. 

" U 

'" 
"" 
00 

-o .~ 

----_. 

" " ~ 00 " ~ 

Angl~ of Attack [d~gl 

--- M"~.2 ~ ~ ~ M"~.4 .' - M"0.5 --MoO.7 _ - - Wo O . ~ 

.' . . . .' M_~.9 _. -M_1 .1 ~ . . - M· ' ."-~1 ~ ---M"1 4 
--- M7'. 6 · M =1 .~ -·-· M=2 -··-Mo2.2 

rigll],~ 6,S, Lift <""fficiem (e d fo " >"a,'io", angle, of aaad" at HTiou, 1\-1 ach nurn b~T'_ 

6.3.2 C~ vs AoA 

hr,urc G.'I shows Ihe DLgLlal DATCO\\ reoull> fOf untn rn lllcd un1,: co<:l fici~nl for \'ariolls I\-lach 

nunlb<crs al a yarymg angle of allack. n.c lack ()f daUl at high 'lllgk< of altack nl'-'I1ILO r",d <Oarh ~r 

can he oh,crYed 1'1", n()", curvc for Ai - I 1 " als() lll"'lmku 



Univ
ers

ity
 of

 C
ap

e T
ow

n

G18 

G.?> 

G.20 

0 C 15 0 

OW 

0.05 

000 , 

--M- O.2 
M=O.9 

____ M=1.6 

e 

ew 

O~ 

070 , 

,~ 

O.~ 

O~ 

ocn 
w " ~ • 
Angle of Attack [dey] 

____ M- O.4 M- O.6 
M=11 M=1.2 
M=1.8 __ M=2 

__ · M=O.7 
__ M_13 

-- M=2.2 

____ M~08 

·--M- 1 4 

Fig\lr~ 6_9: D,-ale: ~.,*n'ci~nt (IIlItri"''''~ll) for variOll' angle, of attacb '"Ill \bch nllmbt>,-, 

63.3 CL Ill " VS _ M 

" 
" 

, U • , 
" 0 " 

0; 1----+--0 m -----4- 140c:0-n 1 

00 

00 '.0 

M~ch Number 

Fjgur~ G.IO she"', lhi: ,-",,;a[ ion oU ', _ "ith r>.1ach l1umkr, nle "_,tJmat"d "a lu", , hown in lhe 

lransolllc nmg~ "r~ b",cd OT1 lT1[cl'polal;l\!! the angle oi' attacl bet" ~" t\ AI-V.6 and .'.1=1 .4, Cl.~_ 
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6,3.4 C l, vs_ r-.,iClCh Numher 

Fi g"r~ (, II ;,"d Fi gur~ (,.12 "how the ,'~,.,at lon of drag ",,!h ~Iach numher a! an a lt ,tu ~e of 

4(1 ()()m The m~""lSC en d,"g as !hc -'1ach numocr appmadc , U1111:_ " (;\lll~ cvi,'ent. h~urc 

6 .11 the " ,ILl~ ofC"at C" .• " a l.,o shows agoo~ corre latlOn to I-Igw-e 1>.5_ In the transon ic range 

thIS lS ill pan Joc to lhc faci that Co "'", c, I,m"lcJ ba""J on lh~ value of C. a, g,,'cn by E'l, 

6..1 

j 
u -

H 

'" 
" 1 .2 

• 0 e 
o 

o 0.5 

" 
" 
C~--~----~------------~ 
00020,405081,01.21415182,022 

Mach Number 

hglLre 6 12 d" c, nO I ~how a; ~o<JJ a corrdalio l1 wilh F'gur, 6,~ '" Figure 6,11, H(}w~"'r, il 

m",1 be bllrtlc m mlt,,1 that hgure (,,5 I, only an In d,eatl()n of all Idcahscei behavl<Jw- pattem. III 

Furtt><ormore. for lhc' pnrp",,"' of 1i1c- nUl'rrncal In\'e,llga li()n ,mei er J"cm;lOll. lhe,"" 

aerodynmllc effccts "rc common to all thc SllN,lmlOllS ami arc lhcrdorc of ,cconJ",y 

,mpon,,,lC" 10 Ik ,-,>ull , ami "un IkTe l",-c]x wlcnllco, 
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Mach Number 

Figure 6.12: VHia{io~ of Coo willi \ladl l\""",he,- at 4000", 

rigur" Ii_I.' ,h<)\\" the DigitHi DATCOM pccJicll un fur' ""i;Hlun or 1.11'( (0 Omg [';'lio WL(h 

incn:""ng L,ft. 11 c'·an be sc"",llhal lho:: irmeL indi,-.atni re'~mbj~ lho,~ ,ugg~st~d in hgur~ (,.4_ 

All the [)ATCOM data ut ijj", d m the ,im ulHl;Otl;, w;" l;miled to \';,lll"< or r
" 

up I" Hnd 

",oi,,,\i ll g C,,,,,, Tlw ,IH,I or-[h~ cllrh,,~ "I-Ihe 1.1 1'( [0 rh,;, '"''''0 ClI"'~ """ ue ,C~n alln;,h 

VJllL~' of C. bUl LS nol c-.ompkld dlL~ 10 lh~ dai" havmg been n:mowd 

" , 
0 

" 0 

" , U , , I 

, 

0.25 

1,,(:r".,,','8 M 
['011'1.4:02.2 

0.75 

C, 

, 
~--------- --- ----

1.25 

l'iglll't' 6. U: Yarimion oj' LifT to Drag r'lin "jth Uft in {he '''penoni. reg-imc at ,ea Ine! 
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6.4 Software Implementation of the Aerodynamic Model 

As lh,eu;srd Lll lh,S CIWr'er, Ol{d r>fll,,· "crodynam,,· ,'aeff,c,ent ,'aicuiatiom "ere p.;rfonned 

wilh Iil:: ,,,d ofr:" [)lgllalllAT(,()~L n" DAfCO\L hov.\"'~T. p".lll"" outpm wlud" 

human-rradabie Son"arl' we" Ih.;rdiJcc· wrillc'O 10 ,xtl",t dle 11ft. drag ond angle of attock 

,,"IU(;> I,," ach illghl co",htloTJ "nd ,Hlmnl;ltlcoliy stMe tlleS~ in" fonnal Slillable lor "C('~"" Og 

from a lookup-ta ble. 

Each ,..ohp l"l,k "oot,"oed "'le tllgh, c·r>ndmr>tl. ,. •. one Ma,'h nnmlxr a~d altitude. Separale 

lookup I,hk' We"c' g~''''''led [0 "l1ow ,I"", m t-.,. ,'>cccs",d \la (', .. ( .... ) and angle of attack 

r ""l h el,\)lOr~. II", lllg"" I II A n '()~ 1 doe, 'lOt pro' Id e ,-allie , fOJ CI) 01 lugh "ng"'; of melde","e . 

Til::", Were lkrefot'e eS lllllateci 1I,mg Eq. 6.3 DJI. Ixyonfi Ii", sl,,1I POI'" ""s ",.1 '''I Lllf <:d, W 

lhi; ,1' 1" wa, c-ropp.;ci during p")c ~"llJg to ,h. maXJll1llm yalue of c,. In the lransomc r~glTlIe. 

til, llA L"cCOM daes not pro\'lde ''''''lIl'urlO ",ioco fur CL '" " utiir s"" ,, C'oO"'l]J[ ", Iu~ for tilc' 

11ft ,1 01''-' "cii",u,,,,,d 10 S"uir>n 1>-.1 in"" we", t:"tl e,t,mmed by de tenllllllng a 'Ioil angle 

r> f attack by Illl""rly mllTpol, Illlg lx'l "'-,~n lil e ,mglr n I' "n,-,d, ior Ci .• ~ , ,-,t \1 - 0.6 "0<1 "t ~ 1 ~ i .4. 

Th;; m"XIIl1:.ltl\ \',',Ill" for C,. wos nUl detemllncd from t'll' s lal l "ngle. 

A lllull"l in "oS HJn,,1 'ookn!' ,,,1M syste m wos develnrcd 10 alia" mkrJX)I,lIlOn "ero" tal>I,". 

Ih u> ~ilowmg aerodynamic' cocff"'i<: nh 10 h: d:lefmln",1 "I any Madl nlimbeL Olll iud. and 

aTJg:k "i' "u"c·k. 

n,e co,le for tl", singlc - md muill-flie lo()kup lallie, IS pr~sc'Ilied m Appendix F-2 

I11~ ~()lk; for e'llrac'110g ,-,,~I J~'oc·,."iog tile Digit,,1 DATCOM data is present~cl in ApJX·ndi., A-
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Chapter 7: Simulation Results 

Two etlg in~ mode!s were constnlcte,' ks~d on wcxluctLon ~"gLn~s :l1'ltmbclllr~d by French 

~()mr"ny SNECMA [17, 18, 191_ Thc~" "n~' ~'''llp",'('<l 1"0111 ~r' ~tlg inc-only 1)C"ti .• 'matlcc 

perspecti,-e. as C:em L !e~ m Section 7.1. ,md Gl'~lblll~d wlLh loc ,,~,-()~yn"mlG d"ili ()b l"1ll~d Ul 

S~Cl"'" 6.3 Io yi~ld Ihe itl",gratc~ "" m~yna:l1lc - mlClke - pmpul,ion-tullt pe,-fl'rm"llGt 

compariwm p,.~s"mc ~ III Ihe rUllam~u- of 11m ~)o,'JlI cr, 

7.1 Comparison of Engine Performance 

Tim ""o, i ... n 1"'c",m, th. re,ul t, obt"Lll"d :rom eng-me-only >lrnul"l ion, ,uch ", the 

tl"'lmociYll,nmc cydc. (hm" 'pc~ i lie r-ue1 cun .,umptlon :md 11et thm" OUiP"!. ]{c,,,lls "r~ b"",d 

Oll lho SNFCil.1A Ala,- ()k50 one! Ihe SNJOC-"lA M53, The .... Iar seric, w~s w id.]y med Ln Ihe 

~Ii,-"gt ilL while lhe .\153 !la, ken u,"d It! tile '>'li rage 2{)(I(I. ' Ihe ,ourC,' ~o<k [u r' rhi, ,"oIion 

eli" Ix ti"md in App"ndix C-3. 

7 1 1 Propulsion Model In put Parameters 

Tahle 7, I li<l., lfle' 1ll1'"1 p" ,'arnckr; UIi li,('d ri,'" Ih~ pmpulsJ0n mo~~l. .\ol~,' "r~ h>I"d at II" ,'n,' 

,-," the r~;, Ie, itldlC~tin g ,OUI-C", for Ik \ olu~, "ml """mp,,,-"" Ul il , « 'd 

T ahlc 7 [. ['rop"b;n" m,j{ld inpRI par~ mH er·l. 
~ . _ .. ---

I Qk50 I T ii53 rl I'ar~rrltl'r l\"JJl~ 'Variahlc ~amc !'"it 

Af:~r;lUm~' AIS -ON-OI 'I' c) UFF; 1 - 0" ! 
~. 

r~. "n pre"ur,' ,,1110 pi- t 1 , 
~ COml''-~ ''OT pre\sur~ ral ,,, !" , 6 15 '). ~ 

~ 

i fl u,-,,,,'r' pr"",u,-e ,-a lio 1"-0 (l ~7 i (1.')7 
-~-

I I o. 'I~ A .. -TI1"'c" ure tall o p L-a on 
r'- i 

~ ~~ 

flYl'li" rat io Belli " o 36 ! 

, 

ran ellicicnc,," 0,,-1- i 1 O. ~5 
- ! C-ompre»or ~t1ic iency , (':" _C 0.~5 " " 
Burner e~fi er"';::y el<' -" 0,% " 97 

.. ~ 

hubine erLeler.~y el~-l n, ~ 0.92 

A fte,-burne r e[h l "" ~y eu-a 0.% 0,% , 
i Pri:lury nonle e[flCle,;::y eI~ , 0,97 0.97 

.. ~"con~ary nozzl~ e fliei,'ne), e",-,,, , 0.':17 0.97 _ .. -
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I Parm"irr Name "Hi~IJI,' I\'"",~ lInil !Jk5U i\lS3 , 
-- '" - -
\lax [."bille ITll ~l I~TTl~ral~r~ M",Tl4 K 1203 I (,()(l 

I \1" .\ "ncrbunlcr krolp<-"-"(lJrc 1·\lJAt'lt6 K 25()(1 I I 25()() 
-

GeTl ~]'al'" mo" now ma, ,M".\ \1""Fl(\w 72 
, 

" 
, 

Co'''p,,,,,,,(\r sucli()ll fl ow l':nl't-Iassr lo\\ n " - --, 

- , , 

[ : ~~l ene rgy klruelQR f/'M ! 4.l9bA,' ) , 
-

I I 
11'11"''']")' lloak Iyp<' (c (mv,'gmg - I) l'r,mary'>,ozz lc' IYll I I 

, 
c 

B~d,ass nozzle lype i3yp",,,"ozzk J ypc i -' I I 
, 

, -

I 
jl,la~]m"''' pnm"ry \louk arc" Ai-max m' IlJ2 0,24 I" 

I\.llm~l."" pr:mary Donie area ,A7-mm m' () I 5 n,l 

M"""l"'" bypa<.s ""ule a,,'a .A') ·m., m' " OM 

MllllllUTTl byp"" nuzzk arc" .\'J- rnT m " n,(W 

, - , -
_""",dynamic ret",""Tlce area 'S REF m' 35.71 (, 35 7th 

, 
- -

I ",,,off ,,,as;,; \IA ~S kg !J !llI) 1-, 7{)I) 
, 

,--

I -
i\la"mulll ltll" k~ "beil m'mber intoke 1>.11110, n c_l 

\lad number for spee, tled J1o\\' mle lnlah' Mmdol 0.5 (j, G 

\Ia" ilow ral~ SI",c ltie.tic'tl Intake mdm kg.'s " "' , -
LlcnslIy ,]Xc lor nuw [ale Inlake rho kgm' 101 LOI I 

-_. , 

SLLbsoni~ pre« "]" r~C()\ ~T}" lnlah S,JhPiD I 099 0.')9 

In take Cc"'" atlg:l~ (half angk) 111Ia"eCoJl~A ng Ie , , 2" 25 

NOles: 

/, S(mr('e, {17, IR/ 

2 Source: f9J 

3. h'om the re(eJ'ma uren mi",<iuMI by the Digital DA TeOM. 

4. Thi.\· i.1 lI,c lII11Ximum rl1led /ab2ojf mas.' for lhe Mirage III {3j. 

5. Source. Jane's f 3J 

6 I::slimwed 10 produce (' ,mw1 nellhnlSlm,lp"[ 

7. Other purl/meier., ure cHima/ed ba" ed Oil "pical values in fil e liferu"'re, 
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7_1 2 Thermodynamic Cycle T-s Diagrams 

F;sure 7 I (hrO LLgh (0 ]'jgur~ 7.4 sll("\ tl>.: lh~l'tn(.d\nam;c cyclc, lor lh~ 9k51J 'll1d 1\-153 un 

T cmpcral ure • r.nlre>py (T ·s) d",gram, al a fr~e ,lrcam /l.bch number ,.f 0.66 and at an alu(mle 

o l"Om, 

Figure 7. 1 ,how, the '1'-. d,agmm for the %50 with lhe afterburner (.If ' Ib" d,agr~m shows 

l h~l th~ comprc,sor e.~ ;l prc",ur" p", i, 791 kP" and lha l the lurbin~ inkl lemp"r~lur~ " I?OO 

K It alw ,hows thaI p.-, the "x,1 pre,"um ;s not the ,ame a, the f,,,,, ,Imam pr"ssure ~ . the 

nozzk " "cun\'~rglllg flap lype. alld lhe ~xil ,trc.lm " th"rcforc nut fully L-x)l~nd~d_ l.~. lh~ 

nozz le" choked 

1200 

g WOO , 
j , 

'00 ; 
• 0 
E 000 • 

'00 

'00 
0 '00 '00 000 

s [kJ.k!:(' K ' l 

"'0 1000 

Isobars: 
- pO 101.3 kPB 

-- rt2- 1285 kPJ 

-- pl3 790.5 kPa 

- pt4: 766 .8 ~PB 

-- pt5 315.6 kPJ 

-- pt6 3092 kPa 

--p7: 162.8 kP~ 

Fi!!"r~ 7, 1 : T. , ni~!!ram for 'h~ 91,,:'0, .\1=0,66. AlB = Off, ~a Level 

FIg"''' 7.2 , 1",\", lhe T·, dl~gram f,'r (he 1\-153 Kc, dJff~renc"s hem-centh" 9k50 and the \153 

nr~ also e\ Id~llt· lh, :\1.q ha, 

• a compressor "xJl p"""ure of 11~O kP~ 

• a lllrbill~ ll1lcll~mp"'ral "'~ of 1~l)(lK 

• n b~pa" , ('"am 
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90 1 _. 

'~ l '0 
z ~I , 

;~ ! , , 
< 
~ '" 

'" 101 , , '.1.2 " 1 25 
" 

1.75 2,25 

Mach N.umb<)r 

--9'00-4"" '\'H ~ O'f ~-9k"I) _ ~ '''' _Airl=Oo 

..... -::.',',"::.',',mc-,':::"CC,-.OO,,-___ M"53 . 4kn. - AJ3 ~ On 
-

rigllro 7.8, COII,pari,oll of Th r",t u~t pUI b,·tw,·"w tlte 9k50 ""d 1\153 al 4 ~'" 

Al"" "'l;l,,de "f ,Ihn , Ihe ,\15,1 "[',,on Gutpert'onm lil" q\..SO. For the nl'n_.nerlHm,illg C'."". ,h,· 

pcnonTJ<mGt' dLlfere'H'e i, _,igtlificant al high ),heh TJ UJJlf>t;". but n()\ ' 0 pronounced in the 

atkThul11.ing c",~ 

Figure 7.9 >1.ow> the lbTU>1 ""lpul at Hkm. In Ihc mm_,ttCThHrnmg cco'", lh~ m,,,", flow I> 

(·hohd by the ~xh",c't in [he sLJ l;.;oni c TOb~rru; .ml by I)", im"ke flow denSlty "t higil allitude, 

IOu, "'4Hmn,," I""",, C"ptUTO streamtu be) in tbe ,uperscl!1ic regime The di",ominLJity in lilL, 

case is due to a diocootinuity in lh~ algorithm IhM calculate, the m"" Iluw Tate '" lhe i"'a"e 

'hock pattern cilat\g~, li'om detac)",d I" "It""h"d. Hm''-~v",> , iH"~ Ihi, di,cor"inHily is ,m"l1. th~ 

~rro,- LIl!Toduced " deeme d .c""p~,bk for lh,. invostig"tion, It is Ih~Ietore "Iso dear tilat the 

nm, Ilow in thi, condit;"" is heiHg d,,,hd by lh~ i11la"~. 

In tho "fkrhurning c"s~. the mnss 110w is cllo~ed hy lbe ex haLJ" in lhe ' LJperson ic Te,-~rn~ d,,~ 10 

lh e converging Hunk, 'irKi the highly cneIgi",~ oxh",." g:rss,,", 

,\'o!~ 

in Ch"pla 1 und Chupler 5. Allhimxh Ih~ Ir~nd, i"dimled in Fi;!",·(' 7J Fi.'-""·I! 7.11 (l"d Fif'Url! 

7. V m'," ,;ndl"r II! Iho,e fiJr u('rfllin lurhiJjel lInJ wrhof.7n "",,1m!.', ,h~ r(',,'/..,· i" mUlimwd}i'om 

""In" ,h~.'~ """II, dil',nl.\ , Empiric"'1 d,,,,, /;)1' Ihe pe,jorm<ln('e of lheN engine, ohl"i"ed 41er 

Ih~ mmpil(llio" of' ;hL, do"",net!! i~djc<lte Ihm 1M,,,, ""lpUI <II high MUI 'h lIumh~" I,' IWl{er 

Ih'in lha' predlcr('d bv 'hI! mo<l<'/, The !'",pM",,[ dal,' fOr Ih .. ,·., engine,' ~h,mld Iherdim' he 

(""mulled .\'h,,~1d (l« 'lIm l~ JI<"(o""an(.,, '/m~ ./01' ;h .. s~ ~ngi" .. s I~ ' required, 
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---
,,0 

" z 
~ :;0 , 
" < ~ 
" 

" 

O.:b 0 ~ O.7~ , 
Mach Number 

-9,~O - l~km - .NG = :) ff -<;~50 - Hkm - NO = Or 

--\153 14 '[11 _ N Fl eft - M53 14km Nfl Cr 
'----------' 

2. 2~ 

Figure 7.9, (''''''pari,,,n ofTiu"u,{ output kl,",ccn the 91<50 and ~ 1 53 at I-Ik '" 

7.2 Comparison of the Intake Model with Standard curves 

--

< • , 00 • 0 
0 

~~----

• • 0.95 , 
" " 0 

"' 000 0 , 
• • 0.85 • 0 

" " 0.80 0 
0 0.5 

Mach Number 

- A lA --MS3 - 14km - A/8 = 0" 

- MIL-E-5008B --M53 - 14km - AiB = O tt 
'------

Fi~urc 7,10, Diffuser perf()rmance c()mparison 

Sranll:Hw jntak~ rcrionmnce ClLfYCS were prc,cnlcci In Sccrion :I:; figun: 7 I () W,,,cm. a 

cornpari,,-,n 01' !hc,~ cur"e.' 1>"1Ih 1\'-0 illt~kc pcrtorllla~"" curve, calcu hIed 1,,1' The \153 ~ng'nc 

conf'gumllOJ1 al <til alli[Ud~ or \~krn n,~ ",\)<'onic ,,,,"o\,ery was 'l'<"'jfi~d to b~ O.Y9 1)1 fh i, 

contlgural,oll 
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III Ib~ afterburncr off c()I1d il1on, 11", Gun'~ disp lay, ,mall d"continnitics ~., the mt~h "1'crating 

mock ,,,iICh~,,, lium ,,,bsonK to rl.:t'ch~J , ID en lic,tI and lhe n >upercrilical It c,.,n be sLen th~t 

lh~ '\<o"ia llOn of lhlS C\l"~ from1!J,.; slandard curves" small (bet"·",,n -'~"" and .i%) 

In rhe allc1ilUfller on cond ill()l1_ II" ~n!.,ine JS d'oh d hy th ,-. Lxh~ust and the lllt~ke oJl'Cr~tes in 

subc-rilicalmodc Thus thL lower pre'S",,, ree·ove,)' ""heated by rh' , Cllr,~ is ~xp;;ckd 

7.3 Thrust - Drag - Load Factor chart 

Prom th~ rdallon,h' p gi "~ ,, '" f'<j. 3 7, r 19ur~ 7.1 1 can I", ploll~d for a g,,'~n m,cmftmass and 

altltude_ It show, that as the load be.lor, n, lS incrc~sed al a given ~Jach n"mb~r, a h 'gh~r III\. 

ewllk '~nr ('i . 1\ '(Xlll l",d. TIl.: ad"",ablc load lador " llo~Tdore limikd by llo~ maximum lift 

cocffiel~nl tha t Ll,~ alrcmft IS capable of at a l!n'en fli011 cond'tion 

, 
2, 5 1 

" 
, , 

, 
• • " • 
d , 

o 5 -, 

! , ! , 

InCI""lSin9 n t 'O!Tl 

1 to 9 

Mach Number 

, 

Fij/.u re 7.11: C" required for a jl.iven load factor and Mach number at 4km 

hom Figure 7.1 L and llo~ aeroo ),nMIlc J:tla_ "lwr~ th~ c;, bdawd "al,, ~ for Co 10 ", " jlh; n lh ~ 

aJreran' , mpablh llcS_ II .. , (ODHl'Spond ing (j 'a~ {-ocmci"nL c.o. "an]x lklCrmlnC(1. T h; , is plott~d 

,n Fig"re 7. 12 "lo~r~ lh~ \t""" () rc()nstantn sh""" l'or ('/. III rigurG 7 II ar~ "0" plone,l l'or c,-, 
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, 
0 

• 0 

0 

0.14 

o 12 

0. 10 

0.08 

0.06 

0.0 .. 

0.02 

000 

'" " " 
Mach Number 

Increasing n 
trom1lo9 

- 9k50 - AlB = orr - 9k50 - fV8 = On 

- M53 - AI=,_o_o= ,, _ ____ ="='::3 - AlB = On 

Fi\!ure 7.1 2, e j) ror n-l to n=9 with CT superimpo,ed at 41"" 

I" addllio,,_ valuc, for the thru,1 c""tt'ei';; l1/. C, ar~ also pl(){t"d fur Ih" lWo cngm~s lIud~r 

e<)nsici.;;ratioll, f," be>th th~ af[crbummg and 11On-afkrbuming. ca~s, from th" plot, Ih.;; 

ma,imum \lach numl",r that the aircrati can al~1in "' k,, ~1 flight (n - 1) al an "Illlnd" of 4(f(lUm 

lor th~ vari ou, ellgi ne contlgmations call b.;; d~t<;mllr""l from the int~rs"ct ion of the C." and C',) 

al n - I "urv~,. I hI> shows Ihal Ill;; )",153 "'''' mmi" a hig.her ,\bcll lIumb~r than the 'WI() III b(>th 

lh~ afkrhunung. and nOIl-afrerbnmmg ca,~s, with the clrcc! l~ ing more jlronou"c~d for Ih~ no,,­

atierbummg ca,e Tbi, i, as ~~p"ct~d Ii-om the r~,ult, ,holl" 'n F,gur~ 7.8 

Furthcnuow_ Fig.ur~ 7. 1 ~ ,hows the ma" imum artainab'" k>.ld factor for a givc n flighl conditwn 

Here ,t can h~ ,",cnthat at an altirude of ·H,m, the ma~imum 10M factor (hal tt>.: alrcraf, can 

artain wLth th" Qk50 is .iusl "' ';;,Ce" of 1 ill th~ sub,olllc rang~ wilh fur both lh" aft~'Tbummg 

and 'lQn-af[erb"ml ng ca'.;;s. and J"'( in .;;xcc" of::; i" IOC 10" >I'fX'"onic (Iran,orne) r:lng~ "ith 

th.;; alkr\>ufll.;;r op;:rational 

'l1,e MS3 i, ""en!o p"rlonn coneid;rahl, better. achi~"Lng a load J;\C!or "cit '" ~~c"ss of 2 ill 

Ih~ ,u\>oon<c ea"" and I" ~~c"" ofthr~~ ,n th" ,ujlcr;onic case" ith th~ afkrbnm"r ofX'raliol~,1 

t1,e ma"jmum load bc!ors mdieatM hy !he,~ r~Slllt' ,,"auld app"ar to he qUIte 10,," compar~d to 

the maXLmUm stmC!LLral lood betN of X 'f."Ci1ied '" the "mula!,on" Ilo,, ~wr. for an th.;;~e 

,imnb tioll< _ tM I1urximum !akeofj'ma .• -_, of a Mnag~ ]] L I:; 700kg_ wa" utih",d . n,,;; 'cie",,' rna" 

IS dO" ~r to 9(KHJkg_ and th~ empt, Ill..'\" " around 7{XHikg Th i, h.;;an alrcrali mass wou ld 

therefore account for the apparently p(l()r p"rformanc~ of this h, p athet ical aircraft 

FigLLre 7 P c~knd, th.;; con c~pt, illusll'al~d Ln I'igu re 7 L' to ,ariou, a lliLUd"" for Ih" fon r 

"ngLn" co nl1 gu ralions un der consideration , Tll;; OIlter boulldari.;;s indicale the ma"imum 
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altaLnablc I\lach number for a UJllly 1l\tiJ f"clor (\\here llo~ C, and CD ~~m~s ml",,,,vl for twi t) 

II} T Il;; int~""all>OlJn Jaries r~pr.o.se nt ll", ma"m"m \bch numl;;;r avhi~H,bk li)r a 3"en hla(] 

!aClOf_ or co n, ~r,el! , the tmXlnlL\lll lm d !actor l h~t c~n be adtie,~,j for ~ 3i,~n \lad' n L""b~, 

aDd al(ilud~ 

"ian)' olthe J.otaikd featm"'> of llw"" plot;: a re common to 11", SFP piel( t:"en b~ Fit'u r~ 7 l.t _ 

and WIll be dlSCUSS;.;d Ln m0re depth In S~nion 7.4 

, 
~ 

• • , 
" • < 

Maoh Nllmb. r 

. 1.':) · >, ~ 1 ~ 2.C' , 2 .D 2 . ~ ,, 2.~ 3.0 . :J'-l-:j~ 

M53 - AlB = On 

"I:: 
" 

. 3.0_3.5 ~ 3.5-4.D .. 4[).4.5 

Fi('.\I,-e 7_ 1 J, Load Factor _\1 ap fo r _\1ach number and Altitude 

, , 
• • , 
e 

" < 

• • , 
~ 
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7.4 Specific Excess Power 

' Ilw c31eu lot Lnn 01 ,pecti ,e ,'~c~~ j}() " n (s r, PI "''"' di,u", c,1 III Socl!On 3 I 3 and LS ploUed Ln 

Figur~ 7.H for If,,, lwo power plants nnJer d!Sc"sSl("' 1(,.- l)(~h the "n~"bllrm"g and non ­

otkrhurtung caSt'S A Io;)d liCT("' "I' I ",0, ull lis~d for j},~.,,~ plol'; 

9k50 - AlB = Off 

r " 
" 
W 

, 
~ 

" " , 
" < 

, , 
• 
" , 
e 

" < 

9k50 _ AlB = On 

• J ·20 . 2O_4J . 4C_60 . 60_80 
l 00_1LO:: l 100_12C " 120_1·10 ., 1"0-1OC 

Fi~"r~ 7. 1-1: Sl'~l'ifi", EU',~" Prrw.r (SEP) J "'/_1 for tlr~ 9k50 "nd .\153, It- I 

r igu rc 7, j ~ rcncets ,he data 31read, pr~scnted III SoctLon 7.1 Ibe ouler bounda~- rqlr~scming 

an srp or zero rcil .;ct;s Ihe eOJx\ilion wflcre C,"equal, C i ) on the hi gh \beh nnmh er "de of the 

jJk~ This "as see n to I", the" ~lach nnmocr at " hieh lhe C,. an,l C" eu,, ", imer,ectcd Ln Figure 

7,12. a lld lfl<; mOX"'''Jm oltainah k: \lach number lor a load Il\elor 01 umt)-

Furtfl<;rmorc, Jl ~a" be socn that Ih" ai rcralt has a signilkontl, hiehe r :scr,' i~c ce iling wilh the 

M~3 lhan wilh If", 9.50 Ma,i",,,,,, SEP is also signilk~nt ly hi eher "ilh t hc M.'\~ Ih~n "ith tf'" 

, , 
0 

" , 
§ 
< 
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Yk5IJ The tI()n-allcrburtu ng r>.15] I> abk to (}ff", SEP vo luc, clo, c to thOS" for the afterburn 'ng 

Yk~ IJ 

The decr""'~ on SEP n 'idcnt III all four plot, around _1./= 1 LS primarily Jll~ to th ~ "eni f'C3)lt n se 

in C) In the transoniC ,cwon 

7"5 Sustained Turn Rate 

"plottc'd ,n F\g,,[~ 7.15 fO[ the (1"0 1" "'·.'plm1ts ""de' dl< c" ,;."o n fo r both the aflcrl;uTllin.~ and 

non-atkrb"ming cundJlion, 

, 
, 
, 

F , 
• • e , 

7 " , 

0 

00 o , 

Mach Nutnbu 

-+--SkSO AB oft 

--. SkSO AB (}n 

__ M53 AS orr 
______ M53 AS on 

Figure 7.15: Sustained 1'um rak compari.on ror the 91..50 and M53 at 4km 

Thc effed of drag n><e in th e lramon", Ic),'Ime " agam ""dem Furthermore_ the lughe'i STR 

occur> a l hlgh , ub,omc I\bch num hers, one of th~ pnma~- reo",ns for combat taking place II' 

This rcgimc 16 1 Aga,n . thc r>.1 5] appcars to o lTol' a h'gher STR In both th,' alkrburtlwg and non­

aJicrl",rnlng conl"Lgurat'ollS AT Ih¢ pea\.. STR condiIlon. rhe tI()n -aflcrb"rnLng M5, ofTCl', CVCn 

better pl'Tforman<:" lhan the alic ,'t>uTll ing 'II,-~O 

11 is abo lmereSHng to nole that the values for STR , how n III Figurc 7 15 arc sign ilka ntly lowe r 

lhan tho< e l)"plcaU y foun d 11' literature 1 L 6J Eq _ 3.M IIl(ileale' that if the thrust matche, the 

Jrag, the maximum analnabl~ loa d factor IS dorectly propo ruo nal IO the thrust to 'w ight ratlo 

FOf U1C ajl'cra!i and ¢ngine conJ"'gufatiOl,-, " tlder co nsiikralJon . th~ thru <,\ to "eight ratio ("c ight 

het"cen 9 .. k,\ and 1.14kN. ThrusT <. 65\"N Ju t (h~ 9\..50 and <: 9 .. k,\ Ju r the r>.15] aI >ca lcvdl L> 

sign iJica ntly lcss Than un,ty . and hence thc 10\\ suslaincd tu rn fatC capabiIJt) , 
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bgure 7. 16 c"mains th~ ;;,Jln" r""ull;; u, I'l g ur~ 7. L'. ho" e~~r, the Attainable Tu,." R,Jle (A TR) 

];a, ken , u]K'nmpmed. Wh~r~ STR occurs at a tlo,",,,lIO drag ratio of on~, the ATR LS IHnited 

ill' the ma~Hnulll lilt ,,namuhk and lhoc structural , Ir""gtn of the aircraft. Le Ih~ m~.,illlu m lo"d 

b01N I]"" ,I , i; c;.p"bk: of "'llh ' iandin!, 11w len l~lnd b()und"r~' (low \bch n~mkr;;) j< hm il,-J 

bv maXImum lEft constraim, "Iuk Ih" Ill;'.""""" lo"d f;,otor constramt i, ma"ifest~d at higher 

\-1;,dll",mb"r, (right hund boulld,,!)) 

" " 
W 

~ H 

" " " • " • , 
" " , 
" , 

, 
0 

00 

__ 91<50 AS orr 
__ 9kSOAB 00 

__ MSJAB 011' 

--M5JAB On 

~Am_--, 

~~ 
~ 

Mach Number 

figur~ 7.16: Su,tained Turn rate. with Attainahle Turn Rate (..\ TR) ,ujlerimp",cd 

ATR is ;;ignificantl~- Jaster than S'] R. but tl", aLrcraft "I",rat~' III a <X:Oldlti"" ",h~r~ th~ drag IS 

hlgh~r [han [he tl,,-..sl a»d th"rdor~ lo;;..;s \eloc,(~ or "n~rg) 1""Sh[ ill SlOP t"rm, ATR JS 

plimaril) an "~!Od)n,,mlC ~11i:ot, and" ot\l~ illdireOlh ,,,J1u~llwd tlomugh p<.l,,~r plant b, ~irtuc 

of,n.,", difkrmce, . H()we\~r. smc~ Ihe \15,' and 9k.'O "r~ , um(ar in ma" , thi, differ~llc" "';,s 

Ignored for th" m,es ligallOil 

7.6 Range 

,'U discus<ed in SectIon 3. 1 L r"nl~~" "" important d~'''EC(cn,[ic of a comba!' a"crafl smL~ 11 

dd~rmine , the maXImUm dis umc~ from ",IEtch an ,,,,force "'", ,Irik~ at un q,poll~t\l and a lw 

ho" du p mto an "PIXlne-nL' , kmlO]Y mih, can b;,; lnad~ 

Ulili,illg th~ (lS-'UIllj.>fLOIlS and ,implJlicat ions gjv~n m S;,ctjOll J I 1. Eq 3.3 can p,o\id~ "Il 

"'limat~ of' the cJ1.Lis ing range of an aircmfL In order lO compar~ the ~lIgrne, UIHkr d i,cu ,sion, ;, 

ba..,lin~ range Wi" caJcuiakd f",· th~ 9k'< O "ith,"' t [he an~,h"n"r ~t ~ Mach ,,,,mb,,r oj' 0.6 and 

~lt itud" of' ,HlOOm 11," rth..- engine ~o"figurallons \\,~Te tn~n rakd '"~~"""I tl",_ as ,10o,,,, '" 

figur~ 7 17 The ,'elocill~s and drag to hft ratios for thio t\\'o "'bch numbe" oonsid"r~d IS 

,ho",,, III Table 7.3 Tl>.; '(i,ll' ;"ld 'cmrty" masse, ,,-ere ~stimated at 13700kg (Illa"ullurn rakd 
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tak~-off mass) and a fuel load of 3](){) !llres, )-wlding an ~mpl\" rna" of I 1J20kg n'CSG 

paramc>(~r~ itldica(~ ~ ral)[;~ of 321 Ibn for the baselitw range (grc~" bar ,n Figure 7.1 7) h'''''' 

1:11 ,uR~~sts " combat radlll< of nOOkm or 24(){lI<m "Dl,,,d tnp for th~ ~IIII 

compare javourably "ilh th~ rangc obtain~d for " "lach number j us1 in ~xc~« 01' 

Table 7.3: Fli!;!,hj co"ditio"s for Ran~c e,timation 

,',Iach "i [[mlXlr Velocily 1 tlV'S 1 ) f)r~~;·Lifl. Rtmo 11;) 

06 144.~ O.I~1 

j I 327.~ 0.3)9 

-----l 1.2 3~().5 0.373 

~====;-M" AS = on, M = 1 2 

M" AS=on, M = 0.6 
0 , 
; M" AB=oftM=12 

, M53 - AB - 011. M - 0.6 • " 9k50 - AB - on M _ 1 2 
0 
0 
• 9k50· AS E 0" M = D.6 
0 , 

9k50· AS E oil. M = 1.2 0 • 9k5D - AB ~ oft, M m 11-

9k5D ·AB E olI.MmD6 

OY. '"' 40% 60% 120% 

Percentage Range 
L-_____ ~~~~ _______ _ 

Figure 7.17: Relal i>e Ra"!;!,e for diff~r~nl e"!;!,in~ con figuration, aj 4000m 

Sinc~ only Ihe I'SFC pararn~ter was varied ill Eq 3.3 for the IWO ditf"wll engines, Figure 7.17 

refleel, lh~ lrmd, ,ho"n for TSt'C ill Seel ion 7. j 3 At 4000m. the .\153 is '"~n 10 provide onl" 

a marglna] lInp ro\'emv-n t OHr th~ 9k.'O for d,y oputttiDl, al ~I----O(, 'lh~ ~UO " unable to 

pron(ko 'UffiCl~-nt (h,u , ( fur the ",rcmft to cn"'~ a( a l\-lach llumbn of I '-- and th~ ,\f'H 

therciore ~ho'" a Slg nLl icant impro,.;;m""t o,er thc 9"-'0 Fu" hermofC, the nr~l-ali¢rburJllng 

M-,3 at a \heh number or I ,2 prO\' Ld~' J",--..rr"'all) more ratlge than the non-alicrbufnLng 9k:\iJ 

tt( i ts 'm~"l!num "fach numbn (ius[ In v'Xc~ss of I) HO"C>~L;n (h~ afterbul1nng condi(Lun. the 

~L~3 sho,,"s 'Ul all-round Increa;;;:d ran!>" OHr th~ 9k511 . 

Th~ drup itl r~.ngc from a Mach numbe" 01'0 h to 1,2 LS duc to the increasc in the drag/ILii ralio 
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Chapter 8: Conclusions and Recommendations 

8.1 Conclusions 

From the results presented in Section 7.6, tlte M53 results in a range capability which is only 

marginally better than with the 9160 in the dry case. However, the M53 does allow a higher 

Mach number to be achieved in the dry case. In the afterbuming case, the M53 shows a distinct 

improvement over the 9160 in terms of range. The M53 therefore presents a tactical advantage 

in an interception role where range and speed are required. 

When the two engines are compared in terms of Specific Excess Power, as given in Section 7.4, 

the M53 presents a clear advantage over the 9160. It allows a larger flight envelope, and 

presents an opportunity for attainable performance to be exploited by allowing a more rapid re­

acquisition of lost energy. 

The results obtained for Sustained Turn Rate in Section 7.5 again indicate that an airframe 

equipped with an M53 engine has an advantage over one equipped with the 9160. The M53 

offers a dry peak 8TR which outperforms the 9160 with an afterburner. In traditional short 

range combat, this would offer significant benefits. 

Section 7.3 illustrated that the M53 allows significantly higher load factors to be achieved 

which is reflected in the STR and SEP data. Furthermore, the M53 allows higher maximum 

speeds to be achieved than the 9160. 

In general, the M53 appears to offer better all-round performance for the hypothetical aircraft. 

Its ability to produce significantly more dry thrust than the 9160 allows supersonic cruising 

without the use of an afterburner (supercruise). This has additional benefits beyond the scope of 

detailed discussion in this dissertation such as minimising the aircraft's infrared signature. 

A conclusion can therefore be reached from this preliminary investigation that supercruise 

capability for an old airframe does offer tactical advantages over other similarly classed combat 

aircraft. However, these performance gains should be viewed in light of a new generation of 

aircraft that have superior handling and agility that arises not only from their superior power 

plants, but also from their aerodynamics and control systems. 

A conclusion can also be drawn from the results obtained that the simulation algorithms and 

routines developed performed satisfactorily and the results obtained compare favourably to 

published data, but that scope remains for improvement. 
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Chapter 8: Conclusions and Recommendations . 69 

8.2 Recommendations 

This simulation exercise has provided a preliminary indication that supercruise capability for an 

old airframe offers some tactical advantages. A more detailed simulation of the aircraft in 

combat should be performed to obtain a more comprehensive evaluation of the performance 

gains that are potentially offered by this technology. 

In terms of the simulations developed in this investigation, the following shortcomings should 

be addressed in future work: 

Aerodynamic Model: 

Although the Digital DATCOM provided useful information, it has serious shortcomings. In 

particular, an improved aerodynamic model should provide: 

" Values for the lift and drag coefficient for trimmed flight at all flight conditions. 

" A better estimation of the lift curve in the 'transonic region. 

" An improved drag behaviour prediction. 

Propulsion Model: 

The propulsion model performed well and provided reasonable estimates when compared to 

published data. However, performance corrections for operation at less than full throttle 

should be developed. The interaction with the aerodynamic model should then be tightened, 

such that flight conditions such as lift, drag and thrust are better matched. 

The model should also be enhanced to provide a better estimate of the mass flow rate 

through the engine. 

Intake Model: 

The intake model should be further developed to better account for the following: 

" Mass flow rate through the intake under the various operating modes. 

" Corrections for the pressure recovery at angles of attack other than zero. This should 
then be linked to the aerodynamic data and propulsion model to provide more realistic 
values for the thrust at an angle of attack. 

" The effect of bleeds and auxiliary intake gates should also possibly be added. 
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Appendix A: Intake Model 

Appendix A .. 1 Flow Chart 

Engine 
Exhaust 

Mattach 

AO=Ac 

no 
>----1 ... Detached shock soln. 

AO<Ac 

yes 

::>--+1 sub critical operation 

yes 

no 

critical operation 

super critical 
operation 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix A: Intake Model 73 

Appendix A .. 2 Detached Shock Equations 

The general equation of an hyperbola is given by 

rewriting: 

r=±b .Jx2 -a2 

a 

considering only the positive portion of the hyperbola, the slope is fOW'ld by taking the 

derivative with respect to x: 

dr b x 
-= 
dx a.Jx2 -a2 

The slope of the asymptote is then given by 

b 
=-

a 

From the Mach line condition, 

where 

. -l( 1 ) J.L =sm Moo 

Thus, 

b ( . -t( 1 )J a = tan sm Moo 

The value for a must now be chosen such that the slope at y = Yc is greater than the slope of the 

conical shock wave generated at M attach• Solving for x in tenns of Y, 
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Appendix A: Intake Model 74 

Now, 

Substituting, and solving for a, 

It will be assumed that the slope of the hyperbola at r = rc is a linear function of Mach number 

between 900 (normal) and 8m. the angle of the conical shock at Matlach• 

Thus the angle of the detached shock at the capture radius is given by: 

rr/ -5 
8 = 12 m (M -1)+!E. 

'c I-M co 2 
atfAJeli 

and the slope is therefore: 

drl - =tan(8) 
dx rc 

r-," c 

This completely defmes the shape of the hyperbola, but not its position relative to the apex of 

the cone. However, since the mass flow rate the detached shock condition is assumed to be 

controlled by the mass flow rate through the engine, the capture streamtube diameter is not 

required, and therefore the position of the shock is not required. 

In order to calculate the pressure recovery, a capture streamtube with radius T'c is assumed, and 

this area is then divided into annuli of equal area as described in Section 5.4.1. 
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Appendix A: Intake Model 75 

Appendix A .. 3 Sample Conical Shock Data 

The following data shows the typical output from the Taylor Macon flow calculation program. 

The data represents solutions for a 30° cone semi-angle at sea level (temperature of 288.15K). 

The Mach number of attachment may be determined by requesting output between Mach 

numbers of 1.4 and 1.6 with a smaller increment size. 

Ml eps M2 p2/pl r2/rl Me pc/pl rc/rl 
1.2 No Solution at this Mach Number 
1.4 No Solution at this Mach Number 
1.6 58.288 1.07131 1.99486 1.62199 0.932775 2.34512 1.82061 
1.8 51.9199 1.22905 2.17556 1.71871 1.10661 2.54597 1.92294 
2 48.0819 1.36293 2.41734 1.84163 1.2534 2.80687 2.04898 
2.2 45.4174 1.48558 2.69797 1.97573 1.38651 3.10648 2.18501 
2.4 43.4488 1.60008 3.01169 2.11574 1.50954 3.43949 2.32625 
2.6 41.9378 1.70754 3.3562 2.25867 1.62403 3.80392 2.46996 
2.8 40.7461 1.80853 3.73034 2.40243 1.73085 4.19884 2.61423 
3 39.7866 1.90341 4.13351 2.54546 1.83062 4.62375 2.75757 
3.2 39.0012 1. 99247 4.56533 2.68654 1.92381 5.07841 2.89884 
3.4 38.3493 2.07598 5.0256 2.82474 2.01084 5.56267 3.03716 
3.6 37.8018 2.15423 5.51415 2.95934 2.0921 6.07642 3.17182 
3.8 37.3374 2.22749 6.03089 3.0898 2.16796 6.61961 3.30231 
4 36.9398 2.29604 6.57576 3.21576 2.23877 7.1922 3.42825 
4.2 36.5968 2.36015 7.14872 3.33694 2.30486 7.79417 3.54942 
4.4 36.2988 2.4201 7.74972 3.45319 2.36655 8.4255 3.66564 
4.6 36.0382 2.47614 8.37875 3.56446 2.42413 9.0862 3.77687 
4.8 35.8089 2.52855 9.03579 3.67073 2.4779 9.77624 3.88311 
5 35.6062 2.57756 9.7208 3.77207 2.52812 10.4956 3.98441 
5.2 35.4261 2.62339 10.4338 3.86858 2.57504 11.2443 4.08088 
5.4 35.2653 2.66628 11.1749 3.96039 2.61891 12.0224 4.17264 
5.6 35.1212 2.70643 11.9439 4.04764 2.65994 12.8299 4.25985 
5.8 34.9916 2.74403 12.7408 4.13051 2.69834 13.6666 4.34268 
6 34.8745 2.77926 13.5658 4.20917 2.73429 14.5327 4.42131 
###Start Time: 956488692 
###End Time: 956488721 
Total Time: 29seconds 
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Appendix A-4 Intake Model: Class CConelntake 

A.4.1 Header File: Conelntake.h 

II ConeIntake.h: interface for the CConeIntake class. 
II 
1111111111111111111111111111111111111111111111111111111111111111111111 

#if ! defined (AFX_CONEINTAKE_H __ 4B68A533_2017_11Dl_BE68_0000000000 OO __ INCLUDED_1 
#define AFX_CONEINTAKE_H __ 4B68A533_2017_11Dl_BE68_000000000000 __ INCLUDED_ 

#include " .. \LOOKUPTABLE\LOOKUPTB.HPP· II Added by ClassView 
#include " .. \IdeaIGas\IdeaIGas.h" II Added by ClassView 
#include " .. /IdeaIGas/ldeaIGasStream.h" 

#if _MSC_VER >= 1000 
#pragma once 
#endif II _MSC_VER >= 1000 

class CConelntake 
{ 
public: 

void GetIntakeGeometry(c!ouble &rc, c!ouble &L, double &dx); 

LookupTable * ReplaceLUT(const char *lutfname); 
c!ouble PiD(CldealGasStream* fluid, c!ouble aoa, const c!ouble mdotmin, const double mdotmax, double& mdot); 
c!ouble PiD(double MO, CldealGasStream* fluid); 
void SubsonicPiD(double newPiD); 
c!ouble PiD(double MOl; 

c!ouble GetRc(void) const { return m_rc; } 

void SetMassFlows (c!ouble mdmax, c!ouble mdsuck) { m_mdotmax = mdmax; m_mc!otsuction = msuck; } 

void ManDesign(double rcapture, double dL, c!ouble travel) ; 
int AutoDesign(c!ouble massflow, c!ouble mdotM, double rho, double Mmax); 
int AutoDesign(c!ouble massflow, c!ouble mdotM, c!ouble rho, double Mmax, c!ouble BetaMin); 
CConelntake(double ConeAngle, CldealGasStream *Fluid, const char* lutfname); 

CConelntake(); 
virtual -CConelntake(); 
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typedef anum anum_OPMODE_tag { eOM_SUBSONIC, eOf<'LDETACHED, 
eOM SUBCRITICAL, eOM CRITICAL, 
eOM:SUPERCRITICAL } eOPMODE; 

eOPMODE LastOpMode (void) { return lII_oplllode; } 

protected: 
int CalcSuperCritPiD(double massflow, double flowratio, double & pid); 
int SubCritPiD(double massflow, double flowratio, double &pid); 
int CalcCritCapture(double &rO); 
double DetachedShock(double MO, double *pmassflowrate .. NULL); 
double 111 betadmax; 
double 111-betadmin; 
double lII:subpid; 
CIdealGasStream* lII-pfluid; 
double lII_L; 
double lII_dx; 
double lII_rc; 
LockupTable *lII-pLUTCSP; 
double lII_deltac; 

double 111 mdotmax; 
double lII:mdotsuction; 

// critical mass flow tolerance (Fraction of critical mass flow) 

A.4.2 Implementation File: Conelntake.cpp 

II ConeIntake.cpp: implementation of the CCaneIntake class. 
II 
1111111111111///////////////////////////////////////////////////////// 
/* 
#include "LookupTable.bpp" 
#include "rdealGas.h" 
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*/ 
#include <stdlib.h> 
#include <math.h> 
#include <mathutil.h> 
#include <fstream.h> // for cout 
#include "ConeIntake.h ft 

//////////////////////////////////////////////////////11111111111111/1 
// ConstructionlDestruction 
1111/111/11111111111111111111111111111111/111111111111111111IIIIIIIIII 

CConeIntake::CConeIntake{) 
( 

m deltac = 0.0; 
m~fluid = NULL; 
mJlLUTCSP .. NULL; 

m_crittol = 0.05; 

CConeIntake::-CConeIntake() 
( 

II if we've created a lookup table, free the memory it uses 
U(mJlLUTCSP) delete mJlLUTCSP; 

CConeIntake::CConeIntake{double ConeAngle, CIdealGasStream *Fluid, const char" lutfname) 
{ 

m deltac = ConeAngle; 
m~fluid = Fluid; 
mJlLUTCSP .. n_ LookupTable(lutfname, LookupTable: :LINEAR, LookupTable: :DID); 

int CConeIntake: : AutoDesign (double massflow. double motH, d.ouble rho, d.ouble Mmax) 
( 

if(lmJlLUTCSP->ISOK(» return 0; 
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II get the shock angle for the max Mach number (degrees) 
if(m-pLUTCSP->OutRange(Mmax» return 0; 
double MmaxBeta ,. DTR(m-pLUTCSP->LooJrup(Mlllax, (long)SANGLE»; 
double MIllin .. m-pLUTCSP->Ra.ngeMin(); 
double MIIIinBeta .. DTR(m-pLUTCSP->LooJrup(Mlllin, (long)SANGLE»; 

II calculate the capture radius based on mass flow and a Mach number for that flow 
m_rc .. sqrt( massflow/(rho*M_PI*mdotM*m-pfluid->SonicV()I I; 

II calculate the distance from the cone apex to the intake lip, 
II assuming that the conical shock touches the intake lip at Mmax 
m_L .. m_rc/tan(MmaxBeta); 

II calc the travel dist of the cone as half the dist 
II required to make the lowest attached Mach number touch the intake lip 
m dx .. C.S*(m L - m rc/tan(MlllinBeta) ); 

II m:dx ,. (m_L --m_rcitan (MminBeta) ); 

II store the minimum and maximum values of betad 
m betadmin MmaxBeta; II note: smallest beta at: largest Mach 
m:betadma.x .. atan(m_rc/(m_L - m_dx»; II vice versa 

return 1; 

void CConelntake: : ManDesign (double rcapture. double dL, double travel) 
{ 

m_rc ,. rcapture; 
m_L ,. dL; 
m_dx .. travel; 

II store the minimum and maximum values of betad 
m betadmin atan(m rc/m L); II note: smallest beta at largest Mach 
m:betadmax .. atan (m:rc/ (m_L - m_dx»; II vice versa 

II determine the critical mode pressure recovery 
double CConelntake: :PiD(double MO) 
{ 

double Mattaeh; 
double beta; 
double Me, Ms; 
double Mlip; 

II Mach numbers just after shock and on cone surface 
II Mach number at intake lip 
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double Mav; II average Mach number 
double Thetalip; II flow angle at the lip 

double pt1-pO; II first stage stagnationlstatic pressure recovery 
double pt2-ptl; II second stage stagnation pressure recovery 

II if flow is subsonic, return constant recovery 
if(MO<l.O) ( 

m_opmode = eOM_SUBSONIC; 
return m_subpid; 

II check if shock is attached. 
Mattaeh = m-pLUTCSP->RangeMin(); 
if(MO < Mattaeh) ( 

m_ opmode = eOM_ DETACHED; 
return DetaehedShock(MO); 

II we now have an attached shock. determine its geometry 
beta = DTR(m-pLUTCSP->Lookup(MO, (loog)SANGLE»; 

II determine the Mach number on the cone surface 
Me = m-pLUTCSP->Lookup(MO. (long)MACHNOC); 

I I check if betadrnin <= beta <= betadrnax 
if( (m betadmin <= beta) && (beta <= m betadmax) ) { 

Mlip = m-pLUTCSP->Lookup(MO, (long)MACHNOS); II Mlip Ms 
} 
el.e if(beta > m_betadmax) { 

m-pfluid->TMRayProps(MO. beta. m_betadmax. Mlip. Thetalip); 

II calc the average Mach number at the cowl inlet. 

Mav = 0.5* (Mlip + Me); II note that this might not be quite accurate 
II since the Mach number distribution probably 
II isn I t linear across the cowl opening. 

II calculate the pressure recovery across the shock system 

II check if a normal shock will occur: 
if(Mav> 1.0) pt2-ptl = m-pfluid->NS-pt2-ptl(Mav); 
els. pt2-ptl ~ 1.0; 
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void CConelntake::SUDsonicPiD(double newpiD) 
{ 
II specify a constant pressure recovery for subsonic operation 

if(newPiD <= 1.0) m_subpid = newPiD; 
el.e m_subpid = 1.0; 

double CConelntake::DetachedShock(double MO, double *pmassflowrate) 
( 

II this calculates the pressure recovery when a detached bow shock is present 

double a; I I constant in equation of hyperbola 
double b a; II ratio of bla - constant in hyperbola 
double bsq; II b A 2 
double theta re; II slope of shock at capture radius 
double betaatt; II conical shock angle for attached shock at smallest Mach number 
double Mmin; II lo_st Mach number which results in attached shock 
int n; 
double m; II radius being evaluated 
double dr dx; II slope at given radius 
double pt2..pt1; 
double r2_rl; 

II from the Mach line condition at x 
b_a = tan(asin(l.O/MO»; 

Mmin = m"pLUTCSP->RangeMin(l; 

infinity, 

betaatt = DTR(m"pLUTCSP->Lookup(Mmin, (long)SANGLE»; 

1/ estimate the slope at the capture radiuB 
theta_re = (M_PI_2 - betaattl*{MO-l.O)/(l.O-Mmin) + M_PI_2; 

// divide the capture streamtube into 3 rings of equal area, evaluate props 
II at the _ighted mean radiuB of each ring 
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pt2J1tl '" 0.0; 

for(n=0;n<6;n+=2) { 
rn .. m_rc*sqrt«n+1.0}/6.0); II calc the radius 
dr dx = b a*sqrt(SQ(rnl+bsq)/m rCi II calc the slope 
Pt2J1tl += mJlfluid->OSJlt2J1tl(MO. atan(dr_dx»; 1/ get the pressure recovery 

1/ cout « MO « "\t" « b_a « "\t" « a « "\t" « RTD{theta_rc) « "\tn « pt2ytl/3.0 « endl; 

// calculate the mass flow rate if we've been asked for it 
if (pmassflowrate) 

1* Note that if we assume that the flow angle is negligible up to 
the intake lip, then the mass flow into the intake is the same 
as the mass flow for the capture streamtube BEFORE the shock. 
this follows from the fact that v2/vl = r11r1 (JEA John Eq 4.12) 

*1 

*pmassflowrate 

II return the average pressure recovery 
return pt2J1tl/3.0; 

double CConelntake::PiD(double 140, CldealGasStream * fluid) 
( 

mJlfluid • fluid; 
return PiD(NO); 

double CConelntake::PiD(CldealGasStream *intakefluid, double aoa, conat double mdotmin, 
conat double mdotmax, double" mdot) 

double pid_crit; 
double 140; 
double Mattach; 

mJlfluid = intakefluid; 

1/ just do some basic stuff to make life simpler 
140 = intakefluid->M(); 
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II calculate the critical mode pressure recovery 
pid erit = piD(MO); 

1* This function must return the pressure recover under all operating modes. 
Thus it takes as arguments the mass flow rate through the rest of the 
engine. This is then used to check whether or not the back pressure 
presented by the compresser face is too high or too low resulting in 
subcritical or supercritical performance respectively. 

*1 

1* The approach will be to calculate the critical mode pressure recover and then 
correct this for operating condition 

*1 

1* This function must also calculate the maximum mass flow rate possible. This 
is determined by the capture streamtube diameter. This must therefore be 
calculated. 

*1 

II follow the same initial steps as used in the critical mode recovery to determine 

/******************/ 
1* SUBSONIC *1 
/******************/ 

if (140<1) ( 
m_opmode = eOM_SUBSONIC; 

double mdotlntake Max; 1/ maximum mass flow possible into the intake 
mdotlntake_Max = SQ{m_rcl*M_PI*m-pfluid->r()*m-pfluid->v(); 

/ / return the flow through the diffuser as the max flow through the engine 
/ / mdot mdotmax>mdotIntake_M.iix?mdotIntake_Max:mdotmax; 
II mdot MO*mdotIntake_Max + (1. 0 - MO) *mdotmax; 
II mdot mdotmax; 

if(mdotlntake_Max < mdotmax) 

double v m-pfluid->v(); 
double r = m-pfluid->r(); 
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if(mdot > mdotmax) mdot B mdotmax; 

else mdot:mdotmax; 

II now check if the shock is attached 
Mattach = m-pLUTCSP->RangeMin(}; 
if(MO < Mat tach) { 

/******************/ 
1* DETACHED SHOCK *1 
/******************/ 

II The mass flow in this case is detennined by the mass flow through the 
II engine or the mass flow possible through the capture streamtube. 

double masstemp. p2-pl; 

p2-pl = DetachedShock(MO, &masstemp); 

mdot = (masstemp<mdotmax) ?masstemp:mdotmax; 

return p2 -pI; 

1******************/ 
1* ATTACHED SHOCK *1 
/******************1 

1* 
Here the critical part is to detennine the operational mode. i.e. whether 
or not we are sub, super or just critical. Once we detennine this, we need 
to apply some correction for pressure recovery from the critical value 

*1 

double mdotlntake_Max; II maximum mass flow possible into the intake 
double flowratio; 
double rO; 
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II 

II 

II determine the capture radius for critical flow 
if (CalcCritCapture (rO) ==0) rO = m_rc; 

II the max flow is given by the capture streamtube area. 
mdotlntake_Max = sQ(rO)*M_PI*m-pfluid->r()*m-pfluid->v(); 

flowratio = (mdotmax - mdotlntake_Max)/mdotlntake_Max; 

if(flowratio > m crittol) 
1* The engine-can handle more mass flow than the intake. Therefore, back pressure 

that the diffuser sees will be low and we will probably operate in supercritcal 
mode 

*1 
m opmode '" eOM SUPERCRITlCAL; 

else-if (flowratio ~ -m crittol) 
1* The maximum engine mass flow is less than the critical intake flow rate. The 

engine therefore appears as a high back pressure to the intake and the intake 
will operate in subcritical mode 

wi 
m opmode eOM_SUBCRITlCAL; 

e1l11e-

m_opmode '" eOM_CRITlCAL; 

IIIwitch(m_opmode) { 
ca.e eOM_CRITlCAL: 

mdot = (mdotmax > mdotlntake_Maxl?mdotlntake_Max:mdotmax; 
return pid_crit; 

ca.e eOM_SUPERCRITlCAL: 
mdot = mdotlntake Max; 
return pid crit ·-sqrt(l.O - flowratio); 
double pisup; 
CalcSupercritPiD(mdot, flowratio, pisup); 
return pisup; 

case eOM_SUBCRITlCAL: 
mdot '" mdotmax; 
return pid crit * pow((1.0 + flowratio), 1.013.0); 
double pisUb; 
SubCritPiD(mdot, flowratio. pisub); 
return pisub; 
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int CConelntake::CalcCritCapture(double .. rO) 
{ 

double beta; 
double Mlip, MO; 

II flow angle after the shock and at the lip 
double thetas, Thetalip; 
double theta; 
double Ld.; 

MO = M-pfluid->M(); 

II we now have an attached shock. determine its geometry 
beta = DTR(M-pLUTCSP->Lookup(MO. (long)SANGLE»; 

II check if betadmin <= beta <= betadmax 
if ( (M_betadmin <= beta) && (beta <= M_betadmaxl I { 

II we can move the cone, so the capture radius will be the 
II same as the cowl inlet 

rO .. M_rc; 
return 1; 

el.8 if(beta > M_betadmaxl ( 

II get the mach number at the lip as well as the flow angle 
M-pfluid->TMRayProps(MO, beta, M_betadmax. Mlip. Thetalip); 

II get the flow angle after the shock 
thetas - M-pfluid->ShockFlowAngle(MO. beta); 

theta .. O.5*(thetas + Thetalip); 

II get the cone position - it will be at an extreme 
Ld. '" M_L - M_dx; 

rO • (M_rc - Ld.*tan(theta» ! (1.0 - tan(theta)!tan(beta»; 
return 1; 
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return 0; 

int CConelntake::SubCritPiD{double massflow, double flowratio, double & pid) 
{ 

double MO, vO, rho; 
double Mc, Ms, Mav; 
double beta; 

double rO; 

// determine the capture streamtube for the massflow given 
vO = m-pfluid->v(); 
rho = m-pfluid->r(); 

rO = sqrt( massflow I (M_PI*rho*vO) ); 

// we now have an attached shock. determine its geometry 
MO = m-pfluid->M(); 
beta .. DTR(m-pLUTCSP->Lookup(MO, (long)SANGLE»; 

/1 intersection between the normal and conical shocks 
double rint; 

// rint = -m_rc * flowratio; 
rint .. m rc * (l.O+flowratio); 
/1 note that rint is based on an assumption that the normal shock moves in a 
// linear fashion to flow ratio. 

// everything at a capture radius lower than rint passes through both 
// shocks. everything above, through only the normal; 

// areas 
double Aboth; 
double Anorm; 
double Atotal; 

Atotal .. M_PI*SQ(rO); 

if( rO < rint) { /1 the entire capture streamtube passes through both 

Aboth .. Atotal; 
Anorm 0.0; 
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} 
.1 •• 

Aboth M_PI*SQ(rint); 
Anorm = Atotal - Aboth; 

II recoveries 
double piconical; 
double pinormal; 
double ptlJ>O_c; 
double pt2J>tl_c; 

II determine the Mach number on the cone surface 
Mc = mJ>LUTCSP->Lookup(MO. (long)MACHNOC); 

II determine the mach number just after the conical shock 
Ms = mJ>LUTCSP->Lookup(MO, (long)MACHNOS); 

II calculate the average mach number 
Mav z 0.5*(Mc + Me); 

II pressure ratio across the conical shock portion 
pt1J>0_c = mJ>LUTCSP->Lookup(MO, (long)PC_P1)*mJ>fluid->ptJ>(MC); 

II check if a normal shock will occur: 
if(Mav> 1.0) pt2J>tl_c = mJ>fluid->NSJ>t2J>tl(Mav); 
el •• pt2J>tl_c = 1.0; 

piconical = pt2J>tl_c*ptlJ>0_c/mJ>fluid->ptJ>(MO); 

pinormal = mJ>fluid->NSJ>t2J>tl(MO); 

pid = (piconical*Aboth + pinormal*Anorm)/Atotal; 

retw:11 1; 

int CConeIntake::CalcSuperCritPiD(double maseflow. double flowratio, doubl. & pid) 
{ 

double Mattach; 
double MO; 
double beta; 
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double Mc, Ms. /1 Mach numbers just after shock and on cone surface 
double Mlip; /1 Mach number at intake lip 
double Mav; 1/ average Mach number 
double Thetalip. II flow angle at the lip 

double ptl-pO; II first stage stagnationlstatic pressure recovery 
double pt2-ptl; // second stage stagnation pressure recovery 

MO = M-pfluid->M(). 

// we now have an attached shock. determine its geometry 
beta = DTR(M-pLUTCSP->Lookup(MO, (long)SANGLE»; 

1/ determine the Mach number on the cone surface 
Mc = M-pLUTCSP->Lookup(MO. (long)MACHNOC). 

II check if betadmin <= beta <= betadmax 
if( (M betadmin <= beta) && (beta <= M betadmax) ) { 

Mlip = M-pLUTCSP->Lookup(MO, (long)MACHNOS); 1/ Mlip Ms 
} 
else if {beta> M_betadmaxl { 

M-pfluid->TMRayProps(MO, beta, M_betadmax, Mlip, Thetalip); 

1/ calc the average Mach number at the cowl inlet. 

Mav = 0.5*(Mlip + Me); II note that this might not be quite accurate 
/1 since the Mach number distribution probably 
II isn't linear across the cowl opening. 

double Mns. 
Mns = (MO-Mav) * (flowratio) + Mav; 

1/ calculate the pressure recovery across the shock system 

1/ check if a normal shock will occur: 
II note that if Mav is subsonic, then there will be no normal shock further down 
/1 so we check on Mav, but use Nns in the calculation 
if{Mav > 1.0) ( 

pt2-ptl • M-pfluid->NS-pt2-ptl(MnS); 
M_opmode = eOM_SUPERCRITlCAL; 
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ellllla { 
pt2-ptl = 1. 0; 
m_opmode = eOM_CRITICAL; 

return 1; 

LookupTable * CConeIntake::ReplaceLUT(conat char * lutfname) 
{ 

if (m-pLUTCSP) delete m-pLUTCSP; 

m-pLUTCSP = new LookupTable(lutfname, LookupTable: :LINEAR, LookupTable: :D1D); 

return m-pLUTCSP; 

int CConeIntake: : AutoDesign (double massflow, double motM, double rho, double Mmax. double BetaMin) 
( 

if(!m-pLUTCSP->IsOK()} return 0; 

I I get the shock angle for the max Mach nwnber (degrees) 
if(m-pLUTCSP->OUtRange(Mmax» return 0; 
Iidouble MmaxBeta = DTR(m-pLUTCSP->Lookup(Mmax, (long)SANGLE)); 
double Mmin = m-pLUTCSP->RangeMin(); 
double MminBeta = DTR(m-pLUTCSP->Lookup(Mmin, (long)SANGLE»; 

II calculate the capture radius based on mass flow and a Mach number for that flow 
- m_rc = sqrt( massflow/(rho*M_PI*mdotM*m-pfluid->SonicV(» ); 

II calculate the distance from the cone apex to the intake lip, 
II assuming that the conical shock touches the intake lip at Mmax 

II m L = m rc/tan(MmaxBeta): 
m=L * m=rc/tan(BetaMin); 

II calc the travel dist of the cone as half the diet 
II required to make the lowest attached Mach nwnber touch the intake lip 
m dx = O.5*(m L - m rc/tan(MminBeta) ); 

II m:dx (m_L --m_rc/tan (MminBeta) ); 
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II store the minimum and maximum values of betad 
II m betadmin MmaxBeta; II note: smallest beta at largest Mach 

m=:betadmin BetaMin; I I note: smallest beta at largest Mach 
m_betadmax atan(m_rc/(m_L - m_dx», II vice versa 

ret.urn 1; 

void CConelntake::GetlntakeGeometry{double &rc, double &L, double kdx) 

{ 

rc ,. m_rc; 
L = m_L; 
dx " m_dx; 
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Appendix B: DATCOM Model 
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Appendix B-2 Sample Input File 

cn "_ 
,rLI""" W >.:::R 3 C,V' :::I"-) < 
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__ ,,,,,,,, c,,,,"G :i.C" , ""'G:; ',"'C''''''_'; 

";C,tnl,, XCG 
(EC<OY ""_" ", 

X," """ '5", 
"-",-C_,,'E<,- H.'C,l 'F'·'.-'- , .,," 11 "''', 

~,.) . , '_"0,," '''',''',3"0" C '''2 , ''''.' "65, , 
" 
, • ,-, 

,,-,_, "," CYd," ".",," "x,. 
" "',. "" •. _ "CO, ."',' 

r,:c:· . ',G,·" '·"e, 1 ""C,- ,."" 
'_'''00,'' .:,"',' 0"',) '-C,l , 

'" "., , ,,"" • 0' • 
, • , " , , , _0o, 

c " 
, ." ," , , '''' • c ,.,. " , 

m,,,,,"_,_ '.H,"'~.1 " ",-".1 ", U .... c·" 1'.',"_'Yj'~. 3 "', 

,0,1.:," ~C<f.''' . ' C"·"_'''l 
*",ytnlS "'" " ,C~ ., ",~J.T",' ,_,,'G 
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Appendix 8 ·4 DATCOM Post·Processing Source Code 

B.4.1 Program: DATCOM Post 

.. ne:'~~ ,,,~,.~ " • 

. ..... 1 ,do< <.;.4", b, 
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Apper.<!i' B: DA TGOM M_I '" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I, ~~ .... -" ,~ " s.o;,,, "c.", .. "..,.~or""I"J <T •. ..."-",,.. ~.,..,. • .".. II."S' .... ~.".,"",~". 
U ! "''"'''~ ;b.r. "c:-<AAACTCU STICS A',...,.UI.II 01' AT"''''''~ MID , .. AlI>lSt.n", , 

, "',ic«Y'''',,,-. ".-.s~_""_"""':8T:~:ot H.,. ... ' .'H .... ~ C-_""~->-" ,,"C\·'-"".;" 
! ,~~"'-"% • 1 ; 

/; .'~. "'~' , ..... , '~o,,·,·, 

it:lr.'·,'. _.o' l)i c"ntt~u., 

II ~." )"" "C'",""",",'" .;., " 

Ir.nl" ~a""j'''~1i 
1:JI" U ., ~Ui. •• ,,,,,, , .' .. o[ l h~~ ' ), 

)i • • "" • • 

;! ","'"~~'<"""~ , ",,';' 
.,yepyleCl_!'~ . h~" , 

" ~"'- .... , .... ". 
!.IF:!.,' ~-::.J;~#'hu'_ " • ...." h<>f' 

~""""'" , .<.- •. ~~'~.~~'~. 0," 
a";l';'O~"""', '-'" ., 

" 

,. 

., 

ent .. h "",,-, <0 • • '.' M •• ""'I~' 
e~,t •• Ii " .. " , •• • • " O<I<>.H ~ .. o mdl 

"", •• !,"""'" ' .. - . ,,- .""~ . , • ",,<'I" 

I ~~·.'u , ,--,,'t,, :,., ';;1 '" """,,, .. ,, ,., "", ....... :. d ,"to, d " " -0_ 
h'lt · " • 
.... (Hlb~([OI ' . '0'1 

lnT, , • _ "",', 1 j '" ,:toci, ,j .. o! Iwil ) , 
1 ~ """.+.-

II ~""A,,", ,;,. u.~ 

!".":!l. " »<"; 

/I ~~w ,'x'uo' ~=- ~ •• h' ,..,~ 

'n"':"» .... ,.~»~!: » _; "peD ,. '<::<P~';"''' "nt , 
:nl'l' •.• :.r .. ' >- -'1""'~ >' "....,.,M '., '~'$ ', 

'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

i/ 

, 

• • en'·:hut , "" '" . ct 'If , ct ,,, H. Ut ' " ' " df '" '" Hf." ''' ' , .po' , 
",,,"dc. '"_i, .'_'d, "v, e-O. "'c<V . ~Ru, ",,,'t, "" '~( ' &"1"'. "'c.,on d, ",· ,~_.<.< "rl; 

Infil, "ciLr,~<l" r, .C,.o f l;" 'I : 
1 ; '~ " o-+; 

if q.>, ,',,,·,"e' ,0' ,02;""-" 
"col . • . i n o' < "'Addi,,,,: l.' n O' Ic'Ji~cL • . , Ie I : 

"'/.",~i,,· 
. o,-~, 5-' .'~ - -', ' 

,'-y'". '-'. ' -;'",,,,.,-,,,-.,,-,, c" '-'. '''''''' « ~"-_" ; 

UC"';'" ,'< ._">_~ ,"",, ,~, ',," <,- _'c, ,' ",.0'" 

". ro"·:",,n, 
" ... , ·:buf' , 

// q.r ch . "," ~",;, ,;,. ;,~~ "~ro 

!dUe ,~"i 1 ""-' (l,y(.' Of .. 01 (i.>c! I ' , 
Line-no_, , 

Appclldh [) OA TCOM _ Progf<'Im: DA rL'OM 1'0,1 w, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• 
" ~"'",,"' ",,,,,=. 
('" ,c,.""t>; C' .. .-"r'ox>h.,oo"_'''==~!_' 

C"~l,",,,1 • "":",,,;..., ;",=-d • I , u,,", j~. 'cv,,=d I 

."'''C.7'''''' , 
~, .. , ir'C" ,i)' 

~~, .... "'''.".~., ;<""e ... ,,' ; ,"" 'w.~ , , 
. ,.,", // ~"',! '.~""""t:.'" ",;J 

U:,I'''''''';'''_''' c.",-' 
1/ "'.~' 0.·,2 -,,', 

II =<J' ' •• ~d-', 
""~;" '- ," e,'"', 

." '~' .,"U,.'" "",. 
'vI1 _ q.'\ ;,~ ,;,"" .... Q' '''''')1. 
I." ••. .,..., 

"'W~. ~~". ,,, e,",'-' ~,-,,,",.',,_ 

~"I OJ •. " 
'"~. 1_ .q~' 1 ,,... (~'"', .; ._f '''-,'J , . ,.n .... .., ... 

II ... ~~,,. .• " . .... "',."y ~.''' .. , ~l'<""­
OfI'~'C." '_'''; 

. ',.' ... ', 

1/ ,, ~. ~ '" 6 t" ,.~,y '''''9' ' ''~'' ~ ......... , 
clald • _" c·" >, 

cuHocl · O, . .' ;'~' 
cclw \~ • 'ol ~ . l; ,., [c""'o~l ,': ool, .... J.l ... 100"'~o~ 11 . 
• t=~y i~·"".' "''' .""ld~ll •• I" .... 001). o..,lw"d:, .. 
b.')I",'I ~, ~) c '\~', /.' .... _"" ,."", ... "n~ .'~ll 
Ol"""]>.>".,'~l""",,,.,. "",Ili. 

0' 
",,~.cel · ' ; 
"",h"d • ~cldcli,.("".r<'<>l" ·c~ld.l,_ ~,,~l ; 
,. , ""cPi <"'.·1, "", ·= ..... '._l" .. 'ce.: _ _vi~ ~. 
b.t1.c,I ... ~( • '\.~', '1_' ... , ... ~~,,"9 ~~" 
«ilc-.· 5«i;>5;>o-"', ic ..... r. bo •• " 
. f ("Jln •• ~: ~?,',U (::.1b-.r. ··H"~·" '''''«- ~". ~~ ,= ... ~ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

., ' 
c',rreol + _, 

. trr_cpy':h'.,u. hU'*"'J'd.,i .. IO',,,-co1l, ccl'.-id : 
J.m"[vJ1~,d - '\e' ."L-'l-'''''c· ".,.~.,,,",,, ,,," 
,,,,iV-,vc.,:clb-,f, ;""Hi; 
",c,_nflc'''''', ''If-, ~cl); 
"·:ol,cl:M) , ... 'p ... ,.' " ".'V" ...... ,.-:.""; ,',~ p •. , ' on c',. "" c;" ,,~ 

""I :eJ ' 1 
continuo; 

,""au' ""_' ""X, "". 
Tneil. q." 'in,lho ' , o"oof,>,,): 
l ir_-"_o._; 

ChOC ''"''['_''~''''; 
i nt poo· . ..-_t, 
V·,-",M - ,_0'" ,"'0'''''''.' 
'_u p ocn .... '_'o~p"u' _ ",_r·: : 

"'CO""" ,,,,, : .-"'"' t'.c ,,-' •• ~' 'e Ol,-",.-,; 
l~' ·.'Ol,"'_· ··ivoun,-01 '\" 

0ut:'.:I ,« -lIn"; 
W''''. , _< t o~p.tron ; 

roturn Hr_.r_o; 

PrDQr.,,,, [)A TCOtf _I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

c .O< .... : 
' ~L I,"" 'n •• ,,·t . • ~""'" 

'f <I'~_'~~<~ , .... ~ ,~' '''' 
bu, ~l.dup i i"""' l .. 

. , I'" ,~'"! j~"".c~ 
., . lti . "{inb.. . I , 

/.1 " ~"<'n ,_, . oo"'"q . 0 '." " .... C., ·, "0,,,. ' .. · •• 10 ' ''' .,,,,,,_ , • 
• • • • ", " '" ,-viLu" 

, ""' ""~ ' P" C« 
••. »" ' p fti rev. ' r . 

/, _· ..... r •• ~o ""' -"'" b>~tH 
0' ''','' ( .... lL .. '. 0, 

. .. 

""~ ,,;II ,...".,..~ " "r.r-<! ,~ a .: ~ : .... ' 
.! ,.,.<Ii • • ,nJ ....... ~ . e re _ 0, 

.1 ... . t'~~I<>u.Lt..t. inl:,., •• «l . .......-I at",; 

...,.....-I r.>1! ='""ca cC~~ = ."·H'" 
""L~Uj(~"'-'<l ' ''''l; • '\", 

II ", .• ".''''''y "J,=·~ ' .d b;- o<~~ " r.l. 
1<"~j"'- i> , 

B.4.2 Program: CD _ CL 

, jr." ud~ < I ~t~~...- h • 
• Incl""" . otolHh.b 
'l<.C hldo • • ui~ b 
.. r.¢ '.de 11.00.< ~;iJ<tblcr ..uoku;iJB. t.v\t" 

~rB. a.TCOIIUodoI Progr.>m ' CD CL '" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

'''0 ~ ... _ ."1.,, , 
<~-', d,'; ~h~'I",_I, 
<>. ... if.!I:. '''I 
cb< ""',II.I~P 

In' ""~. ~,""_ 
lb' '''''''' COo" 
'b< ,.... ,1 

d~:. :,CI C'JlI3~: """"'b .-" 1-1 < -. ~ .. "I,h .• IIP!. en; 

,..,.., · l ,.'~'." " 1" , " . • ,I..,., d, ' '~1 ;'; 

.'"~o.<o .,"" .. ':;'- L "'.~. ,',' 
C ••• " • ~o" IIoul> l o l o"~o l 
Cd.C:· ... ~ • n . .. IIo'JI> l o lo""ol 
.... l",".c_ .... x """ """."' . [.c·,- I 
~:"' ,..~ 11->" ,.101",, 1 

v.-<> l ~~"'~., 
""~b:o ~":('I 

,,,",,, ,·b • ''''- .... eM ..... ..,. .... ~.u lr.!l: ..... .,,:, 
11: "".c" I ~J.u',_'.l "'.'j' 
,,; ~ . , 
i," • 0, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/i '~i. "-'0"" we" """"". ,},'" u,,_" loo'cy '"~ic je' 
/1 ".~,""" ,"'0" ,'~" " .",',·"v.,1 "" . " ~c 'K' ,,,,,, ,, .,". rl ic 
( 

1/ "'TaO. " "='"0' CoL!c 
""""',p,"blo CLalfi". : ile, T-x*"VToblo ,r ,l~p>, T="'.,pnhl ~ , mni 

;rou o .... n",l i"_!i lo) 
. trep-rlo·"Hi _ , ir.'L . !, 
. i"Vrlu·.tll1e , ol ' : eofi".tt : ei 

",t~ " ron , 
Data» cob, 

rlmax[entl • C,', 
for 1<",,-0 ; ,'0'."< 'Q~",' ",,,", •• ) 

",r., " ~l [ "".":; 
U~t~ ,-. Cd l ro~l, 

",",la'" "lp,"[""'; 

Ln++, 

i'ICdlro~1 C" 
/i C','",O:,',': 
//rd _ rd0 • 

~<"""O" 

heoor • (lCd 

Cd['·Q"] _ C~O 

~ l> . { 

:r-6 C6[ro'.": 
iCl Cl [rD'<: 

-"0.' iI" -.',x·, ) 

C"O! IliCl'lCl) 

c: [rQ'''; '(:1 [r""l • hotor; 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/1 ex","" ~"" "",,--1 
if !Cl ',,,,,I > Cl""", lent' 

Cl .... xlcnt] . 01:r",,]. 
Cd C1 ,,"x ;cn'] . ~o 1,'0'.], 
~'P'~'J' D,<x[cnt] • dp_,"[~ow], 

1/ ;=p 'roo cL' C~ _<l~i'. 1u' 
Out« ell-' ," ""d), 
Gd «colo c< , no'; 

lor! ,o-w_C'; w.·< co"'"; "0'.'., I 
if!Cllco~] ,,0) 

C",t« Cd [w>'] « -\l " «Gli"o"] <., "It" « ~l""'[row] « c'r_d:, 

",-,t do • • II, 

n,,, .. ' ol" .. li, 
/1 ",-" ,-i,,,e ~!; 

1/ ." "'''' , ," ~ """oX &. 0 od ," C, ' .'<ll ,~"' " 
',,"cpyiou,"' . , ir_'iie') . 
• tr",y!ou,E_c • "h1'llij~I " el, _Cc~.xC1J_h" d" ' i, 

o'otc." . Cl .... xCd!ouUEc) 

for r entoO, on"'''''' .' cd i .! 
C1M.,,"d « ",-,., [onl] "" ' It' ., < O, D,<xlont] «, ' It' ", Cd C1 .. x:cr.t1 « ' I t ' « ' A)ph_ O:,,'z[ou' ] «MJJ; 

f'ror;r.>m: GD CL ,w 



Univ
ers

ity
 of

 C
ap

e T
ow

n

<ho.r ' "'> r( ; 
c ho.r 'or.dj, 

",,",VC' ,'c,,~ ,,:' 
0'>" •. " 

o _,~ , ''',,' '" 

B.4.3 Program: CL _ CD Jull 

!/ ind"1e do U .," C" 
,ir.clud. " tdlib h,' 
1iir.c h :k <ot"""" ,j,, 
!/ i r>C l"d •. ",cj' ~_ c" 

cho.r cnELH" ["2' 
cho.r '""l~:"'l; 
<h;or 0"""]. ['''1; 

int c"", t~nt , 

int """0 , -",1 '; 

'"' """, col; 

doub1. 01 ' ," 1, Cd[lO'" 
"",,ublO lCj , lCl: 
doublo f,e'.0>: 

doublO Olt, Odt,' 



Univ
ers

ity
 of

 C
ap

e T
ow

n

'n' "'P, on; 

Ii c"''''' 

00ub1 . ~_Lio' II 
"""'blo A __ -" c': [I 

;'n, n~ :4; 
i n t nA _1 ; 

int Men c. ~c~c , 

d~ub' . All, V, 

0,2, 0,', 0, ' , 0,' , 0 ,' , 0, ' . 1. 1 , 1 2, 1.3 , 1. ', 1 " 1 " , 
, " , " C" n , "'')C'_ O, " '"," , 
80n"" lOC''',_ " , ' ''c,' n , :,,", " 
_,"OC _C, 1"00 " 2"0,' ° ).-

d, ,,"'lo " "'" C'", ,"P''' __ ' ' , ,' ] p'" cLp , 

'r ~y "' ' ,. ';e 
' or 1_,,'nt . O ,.>.c o t " ,,~ , >.co t + ,I 

i n t T, "' 
i n t ~ ; 

flo~ t ~t, Lt . ct ,-
.~n~"IL" t , u _ h t , 0_ " >.itl ; 

;'",'-' " "" \" ' :h ' l 
"",,, -,_, >0' c; 

""",_"': 'Ol. ' , ." .' . f · , ~'_ ', nt, ~~t! ; 
~' ;»o._", _ c c ; 

Ap;Jcndix B DA TeDM Mx1c1 

C' , , _ 2 



Univ
ers

ity
 of

 C
ap

e T
ow

n
chor bufl'O'. ], 
int < , 
'"' "; 
float ~o . " ot, 
• ~r intf :but. n .... t~t . 1 ' . ACe) 

if"" ·",, " "":1)OJ t); 
.tuff " ~ .» '" 

for In. a '~'.r ,~++I . tuff ~ce'ir.c lin'. la,.:· 

.. ""dl"", "tt" .c-, ~" , &l)" . 0'); 
"ph. U • ot; 

",,,flo;.""" ':); 

"",.' e" "j' "'0" ;'".<t;.o, 
t or ("ono . ' , Mcr.t,n.~, "c~t • • ) 

"""""",. ''"CO "'~",'-E' 
.~rint'lintilc, ,~,."ht , ~,>.lt :·; 

'! rdc· ,,1(.('.> .•• ," ~" , .. " .• c ..... c ",,. ; '" hI' ,~,~ , • 
. '! ''' .. ".,~ '"" ,~.~ j u co-ovo " ,..;>en .,., "'" ",",~,.,. ",,:-0 it, 

if '_'E'.,"C " '''''.'''.' ,.,~U 
Look".,7.""c crnii,,!i;.', T"""'op~."lo, [,!NEll., :00:<,,~".bl~, mn) 

App<>r>dix B: DA TeOM Model prorpm: CLJD JtA 



Univ
ers

ity
 of

 C
ap

e T
ow

n

i'.u~.~ n ' t.,:;nhlo l 
. trcpy(outfi: . , i"'i:o:' 
.t '·C'j,}'lwtfi: , ".cr: ",, (in'ilci. " ~u:." :ut,J,at") 

.'j .7"' ,h~ ~"""'-'" OL ,"-",,'C' ",," '_·', -'<-" " 'c· 
0. ,. >._ rQ~" 

n.t. '" COl" 

0' ~,-,','~ Q G 
H: 10.' < ~I L~ 

A1 pho.cli? (~ 

dp '.­
no • '; 

,., ; .• ",,,." "" ~,,", r Q ~-'ip &1",,., 
, ... 1 <i i 
O.'I ·I ~l",,,-, 00 - u1p'., _"I!I' ,-, .• :. 

far (ro«>O.- <0','_,,'00. • .- '0"++:' 
o. t . » cl [,u,') ' 
D->c. cd :",,,,,1; 
n. t . >.' dph l r ""l.-

if 1 10 . ' < ~I .& I"· ' ,:. 
ifldph. l r c~J < alph.dip) ,,". '" 

,,1 " "0' ; ",,"","0" , 
/.1<:,,- . Cd' ., C. -2/i"."M: ' d 

r.d[ro~ • cdc 

:r.d Cdl row l .­
:cl Cl [<'0','1, 

'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

HI 10 ' < '"~ H I~<'- 'I J! 
nn .. , 
n,. 
No • 

r. 1 P"'C1 ; p -. 1'*. , [nn- 2JI • Icl [no- 1. ] -C1 [no _2]1 /1 . ' "',. [~O-l] -"lph" [,l0-2] ) 
Idp~.cli~ _d;·~. [nn_ 2 J J • IN Inn_ , ~ _Cd [n~ _ 2) i /1 . ';," , Inn_' I _. 1 ph . [nn_2J ) 

Cl[nn- l ] • Cl,.; 
Cdlnn _l l • Cdo, 
" p"-'["-~ 1 ] • alphoclip; 

Out « nn « ,-ndl.-
00,. « co'o « ,~d1 ; 

fo r ("0'. __ 0 ; "O'",~n; ,'",,-++1 

II i ~ '-el ',.-"",} >" u 
Out" Cl~ro .. ) ." " \ t" « Cd Cr",,] ,,"\t " « " ';Ml ro;<] «enCl , 

D~' ~ ,o lo.C'<J , 
00,. c10 .. 11; 

roturn 0, 

Appoodix B: DA TCOM 1OOre1 

Cl[na-,] 
Gd[n~- '] 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix C: Propulsion Model 

Appendix C-1 Flow Chart for estimating Thrust Output 
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Appendix C-2 Propulsion Model: Class TurboJet1D 

C_2 1 Header File: 1DPropModel_hpp 
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Appendix C-3 Propulsion Simulation Code 
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Appendi'X D·3 Drag. Thrust· Load Factor Chart 
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Appendix E: 

Appendix E-1 Taylor-MacaU Flow 

E,1 1 Main File TMFlowPropsMain.cpp 
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4'E l udc- "":'H"_'-"" , "~" c, -
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<lOoN. T "f , 

do ",,' . "~," " c.ooN o ~, , 
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Appendix E·2 LOOkup Tables 

E.2.1 Header File: LookupTB.hpp 

, H j;~"''''';'''OQJ:"Jf-TAA:.'' ""',((>'100 ,<:tt~,.~.J"-=<> 'lIC":"""", I 
I<ic{...<>: .~..,.u:.' ~. ~rl.Mtl-:oo:DlC'!'uw.;x, tp("T.~1::"" 

'<' .. f:~. '~'JC I 
.. .c..., ,~~ ?J.I.S~ 0 

pr>~a l " 

e"'~ ·In ..... ; .:<-, ,:;~ ~ ... _ 

'''''8 « .... , /' ~,.~/ ",.....,""'.~ 
l_~ ... :,,,,,,~. 

l""~ I."",,,, I~: 

doubl. • • .. roy! ...... 
d''''''''G ·" 'Y •• y~Ol ·'J 

U""·'p . "mI.", , "'_ .... co"~:''''·, ""0 
d"., """~" {1<? 

" 

~-"n-'. L'O"'_', '}~P~-' 

~,,, __ c .0''' . _ ,'c,,,,, ~"'''''' ", .•. 0<_ ', ';>~. ~"'J~'~ ·."h' 
= ~. ' ,~ _ 'q"' ,-~, .. ~~d ,0.",,,,-.-, '~',,~ ,j.-.' '" ",,1>;. 

in< ""'.Y~o,o, /' ... ".'"~. "'''"_ t",," TH'~ . ,co.c.",·, F;;c.,,~ . ,,,·,,h'e.,,, 
, ftt ~«"'»"; ,~J ""'(re'" _<,,,.,. ,'".,".' 

public 
1.O<:",,,,:'.~J.o:con.' c~or - ")"""'"' , In< ,,,,,,,,,,lot'->,,. ;nO · •• t •. a,--no : 
"'''''''\lpl.~I'1 : , 

Ii i~' ' .. ,,-.'~""'," "J;," I 

,.~,r. .~"""" !'U"'<:"Ol>, 
"""bl~ r<>o",~'~""O< ...,,,,,1 .. ~~yv~'. ''''''' ~d;; 
doubl. r.oo:.Lp(~_n 4o ... loo .".:. ~" ... ~...,....loo ,~.~,,; 

'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

}. 

,,,' 0", q"S~ i~o,,", <l<>ubl .. ~.> ... ,.1' .. 
(m, " ... <ta,..,."cou. cIoubl. xVd. oah.< _,. Y"'''' 

:'_', . " .... ~" .. ,., .... . ..... , '." '" ., h'<1 ..... c.""~ 

~I~ 1.OoI<-.JP".·4bI ~ ... "", .. 1a:_'4i, 
""""' ..... ...,....p-..... ,~. " ., ... "" .. . '_H', , 

.. ,'" .. , ...... , ... t'",~·.""· 
,m, loO" '.."di ; ,.t~." LO<>yS·.~·.; 
i~. ·_<"' ....... (~oi4' \ ... ,~'o ~""""""" 

._,'''.-.-'''' ,,,, .. , 
.,,_ ''' ~ ...... """'Q_ nnll . 
....... ' '':0 . !,~O'; 

", ',-, "~'.' ." .... , ,_~'00JIJ;l, _~_ oono'1<k~""I, 

E.2,2 Implementation File: LooKupTB ,cpp 

,i"o'''''" <""'"",,,).-, 
. 1 ",1~". "''''_'''~~ fI" 

" n,.", • !nt01"po:.Cion, 
!lOO.t •• ~.t.l.y"'-t, 

:!"':_,, .~ .. , .• !, ~' .. I","" ~ {.;., ,.,~" 
" "';L~" .. ,", , 

rO"f~l." '~"c,~ , 
;. 17 """ ~ 
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' '''1'"<;'<.' • "",.r" 
.-.<u"" 

". 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-
I --" ,; ! ,. , 
~ ~ -, .. 
'" .. ' , , 
" " . .. 
~ ~ 
.:;~ 

'i , 
• , 
~ 

~ 

! .. 
• -" .. 
~ 

! .. • 

~ , , -, .. .. --
l 
" .. 
\: . 

" .. 
" ., , 
" .. 
'~ , , , , , , , 
" 
, 

" .. , , , 
-" . ~- ~ - ~ ". .. ;; " .-IS :' ? z ., ., 
? '" ., ," .. , . ,,, .. ' ,~:t~~.- ~ ' 
;~~,.!i?nl 

\
,,"'-1::.":'3 ~~ . ~ .. ~ .. . ... a ... ~~-, ' .. 

~_ . .. ~~N 
;: 0 0 " .. " 

• 

~ 

" , , 
.. . 
" -'\ 
-q~ 
,,~f 
.: ~ : 
" ... ., ... , 
",, " 
; ;;~ 

~;l' 
" " 

, .. , , , 
, 

~, , 
" " l 

i, 
;; , , , 
~ 
" , , 
" , 
.. , , 

" 
• , 
I 
" " .. .. .. 
~ 

.. 
~ 
" , 

" .. 
" , 
.. 
" 
" .. • " 
" .. .. 
" " • 3 -, , .. , 
" 
" " 

" " , .. , .. , , , 
1 

.. .. , 
• .. .. .. 

.. 
i' 
.. 
:; , 
.. .. 
• 
~ .. .. 
• • 
• , 
(' .. 
~-
" 

.. , 
, 

, .. -.. 
, , 
" ; .. .. .. 
" 

.. 
" , , 
:i 

" 

.. 
" , 
" , 
~, .. 
" , 
, 

• 
l 

J-
" .. , .. 

.. , 
, 
;; 

( 
.. 
~ .. 
~ 
" 

, , 
; 

;: 

~ , 
" , , , 
• , .. -, 
• -H •• 

~- -~. a,:; ~ € • ~ 

, 

, 
, , 
, 
, 
;.:; 

• -, 
" · ; 

, 
, , 
• , 
, , 
, 

'. ;. 
n-- 4-;;~ 'J$ 
'·,,~8~;,:~., 
~ . ~" ,.-~- -
!'. o H:~".d.: ~ ~ 

> 
.rl::'~.y ~;; . ' 

"-;-;~~~~~. "' .l; '-
".',p ~ '~~~~::"',, 

• - - u-_ - · · ... ~ ~·. ~ u _ ... ~ ~· ~ .... --~"- t ~·.:; ~, fi ~ ,~~.~.:;;~ .' 
~ · ~ :;; f '!!',;::_ e ' 
·~~-;:.~5;_ .. ;: ~ ....... ---... , ~ - ~ .. ~ ~ ~ L-;!.-;.,r, r. 0.'l ... .. ~~ .. 
~ " --

o ~ ." M • ,_ .... 

; 
" , , , 
, , 
• , 
" 

~ .. 
" '" -• 

! 

I • i 
I 
I 

I 

J 
i 
" ! 



Univ
ers

ity
 of

 C
ap

e T
ow

n
"i l';~'~ 

I,,,~lflle cl<_H I, 

!.<><W-pT .... le' ' - L.<.o.ob.;fI"';~ 11 

,I :.n·.~do\.J d.l ... :l .~r .. ~ .. , 
'1 '~n"'V,~,,'.1 d.l ... 11 ~'ur-_- . 
If It ..... _l dd ... 11 1:> .. ,_, 
,.....- • ""\u ...... 0, 
\Ch~~-~' r~IP I 

'."V ,' .. ",., ........ .." CI>OO , 
do""'l .... 1. 

" ,.".,.~ c',,- ... i,,"~ ,n. ",~." d.,·. f,"''''' ' f ,,,- ,;co. ~., d ,~". r",,",,"_" 
" ':I~n~~~~I.CICI ,.,~, ." 0 0, 

, l H l, _ : I "J'."". : ~ I >0 I , \1 oo'.=<" ''' , ., I .. ", 
"nd! • 11~.,p" 0' ,:01'. : 111AO'~~' 101 ., I ':"-" 

,il _ XC'." ;" ,,,n- " "'-e,' or .. ~" ,,~~ 

i.' "" '-"';'0" "oc' "' "'" 1.,< f~' 
/1 C'I>.<'K . ,' LI •• ,~y "1,· 0,."';,;" '~i, 
It: :·'~p.l""'Av'np" IA'",,",' 'II II 

."." • 0; 
""~ • 'C>oA, 

whll. " !.""" ••• <t:' :. 11 { 
o~,. • i_..d ... ~"In . ~ •• "',< 
,'.\ • • <'<~~\"V" ("","""I (01 i 
ltiv~l>,,",.a1: .Il004 • ~'I>'J." 
•• _ H "~" ... yvoll .,.~,~. cr_< 
.1 .. U (v .. I ............ ' ) ( 

~'l'·H,I.,; .,~"'c., .",,. T~ ,-;,' 

: :""\,,,.1 ,uuy"'put I . ""ci l ( 0 I I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

~ 
! 

i>~ 

"' , - " -' c. 
l E 
H -. 

,. 
'! ~::; , 
:,,--

~ e 

i 
.ii, 

£0; 
iI " 

l~ -. 
I' 
o "' ., , 
n • 

, 
2.!:. 
• • · , 

, , 
" • • , 
• 
,! • ; , , , , 
.~ 

! 
• " .·L~ 

~ ~ I:' 
H.;; 
:::. .. ~ ~ 
~ ~ ~ , ... ' ~ ~ • l: .. , , , 
" , -. ~ .. " ~ 
<O:~-4 

- -I ~ jill 

1 
.I • 

, 0 
-.3 1 
~" " .- -
~ 'o(~ '0( 

= t ~ it ..... ;:. , . - ~ -­" ~ co ~ 
-~-. 1,t, 
~ ~ ~ , 
,,~ ~ .. 
~ t ~ t 

• , 
! , , 

0 -. • • • • • • • 
-, 
• • • • 

• , , 
• • , , 
• 

i 
~ 

j 
• ; 
• 

i 
• • • 
j 
• • , . -

, 
I ,. 

, ' 

~L_ .. -~ · ;. ~ c. ... 
, "' · ., •• ... 
u1 · . , ... 

, 
, 

I , 
, 
• , 
• , , 
" • 
• • 

~. 

" 

" : ~ , , , , 
t 
~ 
, , 

' . .. 

i 
• 
" • 
• , 

~ ~ . , 
" -. " , . -, . , .-i .• ., 
" " , . 
;;-,; , , . , ... 
3:; 
::i!. 
• • • • , . 
, ' .. ::,. 
31 
" . 

• , , , , 
~ , 
~ 
~ , 
, 
". 
• 

'J 
~ .:: 
,,£ 
" u , . , , ,. 
" ~ , ' 
~ ~ 

f~ .. ~ , . 
~:. .-
{,;: 
, " , . • • 
~ ~ · , .­.. -
!£ 

• • 
H~ 
i!;;~': .. , 

: • r. •• -.. ,., . . , 
-'< ~ •. ,.. 

; "I ~.~ .. . 
y •• .. 
" . 

c , 

! 

I 
I 
I 
l 

, 
• • 
' . 
• • 
, , ., .. 
• 

>.~ 
•• • • J " " ~~ ,.. •. 

I I: 
J. >-

; ! 
, 
• · " • , 
i • 



Univ
ers

ity
 of

 C
ap

e T
ow

n

"." y . .... y' ·',,..-I '· Iq.", \··, 
" I"" y'yv" " """'Y q~~,y; 
w·e. H <V" Y<YVAll '-"" Y" ~r><"'r 
.; • • H ,v.'v"Y"0_1 1 .. <~. :1 • "."'"y • 6< ..... «y - ~''''~T 

.......... ..... ........ ... .. 
. ;. "., .... ;r, .. , .. 

••• ,·t ~. "~ .~~_ I' I ·C":t""'~< •. '1 Ii·' I ~,~., L-J' _~" -" -,~" i.,' . ., 
e",," '· ~ "r..,' ·CI .. I "".- ' ,\.nur"~'·." ' i ( ........ J : , = ~"<;,..,- ~ ,'~ c: ""_ ;",-- ~~ 

,~""- ,- ,-,. I," .~_... ~ 

;! , ,,,,., ,.r..~-,.,." I" u- , I 1' 1 ) 
... ,- , • o . 
• :ri~ • "'V,,, 

"''' ' ~ " . ,..,~-~-,,, ,,, , ,; 

,,,', ~-""-!""" ,.'~ -" ." ­,,,,,.'_rr.yu_.uo 1..--""-.1 W 

c,.., • • ,u~ .. oro' )! ' '00,'0 <: 

vol • "n"~ ;"">', I<I"'. ' .~) 
U',vo l ,."".I : ."~:! . <pO", 

. " . " ,"." ~"",, ".~" _ 01><'0: 

.1 •• H I',a l .. , va:) 1""~.I~ ) •• ".u . "",, ' - ""]<c" , 

-'j ':" 0" ,,' ••• I t "" I,o v • .., ""o~" ""r'c', . 

_. "". "'" ' 

'fl i,":I,, 'J _ ol" c l\ , _ I """.~y __ , ,,,," y l i r~Cur" Huyin""" lcpo . l l o= •• vl 

'vito~ " _ ~o. ",) 

< ... L! ~IAA ' 

{ 

~", . -". " 

it' ( ~,"".~ .' ",''co) .~ ,"r.~~y ' . ","",cy: i { II ;''''''-'''"''''''~'' """J: 
~"ul>I . ' ",,~y l, CL· ... '.Y: , 

d, ,,,,I. dy ... r'\,l",,~< "1 IO<HO< y ar a Y'"p',oI OI [ "",.~,.I 

do""l. dK •• ,·,·.ylr.;;", 10<0«'1 o' .coc }'1 ~H~" J., ,,,c' _ ol~rLtI _",d.'y l; 
t - V' . a=ray'>p.L< \0<.«,1 [ ".~,-t, y l • ,,"'~1 ~H~" i, ,,, ,l W (" ,ortoyl : . <Jx:~, 

,'~ ," ' Of ' q M ',,"".<1' I", a,~ f 1'( • ' ''-.}'t "p~t :n"-"_ I (ud",'( . 
, .... "1" _ ~~ray' np.LO IU~1 (5. a r< oy( • ; ,,,'., ~rr~y"pt (e 1 ('<. =0"" ; "-;x /{y. 

,'~ ~, '~ f _"l>" < '., ~'- r I to I " .~r. }" "P-" (~"".i l (~ : , 
f .y • ' .... Y' • ..,.,.,-:: 

'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n
" 

roturn 

I~",I"" ,CI • ".,'«, 
, •• ,,..,."1 ~c .' .. y. 

,. '" ..... '.W' :00"': • . , •.. ' .... 
•• 'LL<n '~\1 • I ", .. , '." <~,., .... 'll~.~' tll ,c I ; 'dild.<, 

. ''''' 1(, '~"' 1 "~'U;~' ,~_ '. 'Lo.rtt~; J' .. ·'cW~"".· "" y 
....... Lb l . 1y - ~r~.y"'p· .. I~lln .. rt.1 ~""Y. ,,,,1l10 11~''''1,1, 
doubl ~ ;!> • M'.'l:~v'll~"""I,~,,,u~1 ~" ",y'.,,,,.,tlcl""" I~'''''''ll ; 

II '"!,,'"''' • "'·'''.'Y; 
'.' ur .. ~"" It><r" 1t....,.1 ~b ' tl ~ 'T""" '''I ,c'r'" I~I ;~';u '" ~ 1 ; ·~.,v . 

• 10. I ".'.'",,:4:. "'. '''''''''' 
... . ,~L . d. ~, "' f'''I'''' l~' a, HI I~I .n,,"-; "1"'" ;~""" J I'J ; 
_L~ ~'l ~ .. ".~'!', "V" I ~' ~<" J : ~"':" J ~''''' ' ''Port I..,..id I"{"WYJ, 
)u."".;CI """', 
.. ,~. n ~" 'Ol '~/>L I· .... '" J I~,....... • , , ',--. ,TT,';'; "PL' ;'.Lut 'I I~I J '''t l''" , 

-."_I~' .• '-" .... , 
)""'0"., ,I .... <tty 
, .,~." ~"'1 "1"". I ",., 1 C J ;' '''''Y) , 
'""]><<1 10 .• ":.id 
" ' M"':" iel - .'"","y, 
"'~m ~"'.Y'~P'" I .n~ I I ~,"'d:'l , 

i~C ""'""" ~-.b·.' (I'''~' '' ~':.CM' ,s, ,,.,. ,yol , ""n. ' ~"""'1o ;"V~ " , 
j m, ,.<yoU, 
i mt ,,· .... _1. 

" "I><o."~ ", .~~ .r . ~. "A,,,j ",.l,·~ A"" " ",_ ,..","'. "'-"'=;"." ,~ t .... 
:.o"J. ;, • ..s.:. ::~:" ,110< < .... ".'>P"': '~f, ""'; h '''-'' ' '"' ,,,Co,"~ ,d~ 
""". """ <·.~.'":r ~ '~"i .. """.<!.~~, .. -, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1<"v~1I • .. ,.~U !n~'~",<~yi",,-f '11,1' : I '''''~l'~'''n'T.'''' :rO--,,-Il (~I) I. 
'YV~ ,"' ~~1 i&,,-, :c I (t) I ; I ''f\'~''~'Y47'''''''_<: c I :"',u .. ,~ 11) 

~o~.14 "",~ ""T .". \.' ,~., W ..... " (vo id: , 
,.tu ... ~"'"Y"'''-' 1.-0.-, IJ I~J, 

E.23 Header File: Lookup4D.h 

" . "/.-'/' ./ , / 'N 

.It 'd~'''~1".~K """,,-,'on ~ 8~'H.~2_,,:.toO_II)I_."""_CC'C.'C"~<'~ " " ",""" 
'~~~''''' ., .~_",x,,,,,,,."_,,_"," ,,,.t>2 ~;~3 1I~I_n):'_CCIC3CC'O'OC 'Ht"fC .... ..,_ 

"'''' -,;s:,_,,,~ ...• l,',;·:' 

pubh~ 

_ .~ ,~" : crrllOH&. crr~" • ."O,,'O.."". 0 ,,;.,''', ... ......:><. ...-TO'.,,,,,,,,,,,:;Z:. u~"OOI>".. ~";"""""""'''''''', ~",1OO:';",-~n1'Mv:"'c. ." '."'U:~"-~'-"J"" 
~",I>:QIOW!: 1: 

Oft .. • ;ucr;. ( __ N"-"'. --"'>1:>. UPFn ., 

public 
I~t o..'b"",,!eo~.< doubl. """,.:. eo ... , do"'''. ,'<>Ivd); 
,~. ',"l~' " ,,·'.old), 
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E,2,4 Implementation Fi le: L.ookup4D .cpp 
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E.3.4 Implementation File: IdealGasStream.cpp 
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Appendix E·4 Oara I"put File System 

E 4 1 Header File: Oatahlolnput.hpp 
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