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I. INTRODUCTION

The development of nozzles for hypersonic aircraft requires

~ the ability to analyze the behayior of -high tempera}urewgases,
often chemically reédfive,‘f1owin§ through ducts o%-compli-
cated geometry. For this purpose, ana]yseg such as those
pre;ented'in the preceeding volumes of thfs report have been
and will continue to be developed. However, the extremely
complicated nature of these flow fields neces§itates the a-
doption of certain simplifying assumptions in the construction
of the anaiytica] mode]s.. It is therefore both necessary and
desirab]e_to "carry out the para]]e]_deve]opment of an experi-
‘mental program aimed at assessiﬁg the accuracy and area§ of
applicability of the analytical results as well as at the *
acquisition of data fdr thdse physica]ly interesfing configura-
tions for which suitable analytical tools may not yet be avail-

able.

Since the exact duplication of all gas conditions at the nozzle
entrance station, especially the extremely high temperature
levels, makes expériments both difficult and expensive, it is
logical to invegtigate the possﬁbility of simulating the actual
nozzle flows witﬁ Tow temberature nonreactive gases. To pursue
this goal, it is necessary to develop the similarity laws for
nozzle flows and determine the parameters which must be aupli-

cated. This effort has been carried out and the results of the
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analysis are presentedlhere. In addition to the development
of these similarity.rules, a number of cool gas flows have
been considered to determine their suitability as substitutes

for actual high tgmperapufe gases in an ekpgrjmentgl'pkogramn
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II. SIMILARITY REQUIREMENTS

The proper simu]atioh of a flow field requires. that at any
géometrica]ly similar point the Mach number and flow direction
be Ehe same as those which exist at the corrésponding point in- °
thé alternate flow and that the ratio of static pressure from
one point to another in each of the flows be identical. The
necessity to match the variation 6f p with o requires that tne
value of T used in the characteristics equations and defined

for equilibrium chemistry as

Qo
B>
~—

r = £.
o (

(34
©
(7]

be dup]icafed at corresponding points. The requirement that
the Mach number and filow deflection be identical at correspond-
ing poihts requires that the initial conditions be similar in
p and identical in M and 6. 1In addition, the variation of V/Vy
ana a/aj with p must be the same, where V; and aj are the gas

velocity ana speed of sound at the reference initial conditions.

It should be noted that although the ratio Vi/aj must be the

same for the nozzle and the model, the actual values V; and aj

can be different since only the local Mach number must be the

same.
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The assumption is made that the chemistry is in equilibrium.
Therefore, the conditions of similarity require that the varia-

tion of pressure ratio (p/pi), I and ¢ with temperature ratio

P
(T/T3) be the same at geometrically similar points. This will
assure thaf the Jariati&n.of vé]ocit§ ratiol MachanumbErﬁaﬁd“f\
pressure ratio, as functions of temperature ratio are also the
same. These conditions imply that the variation of three
thgrmodynamic parameters with temperature must be closely simu-

lated in the model, within the range of temperature ratio exist-

ing from the throat to the nozzle exit.
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ITI. THERMODYNAMIC RELATIONS

Consider a vo]umé containing a unit weight of gas in thermo-
dynamic equilibrium consisting of n moles and with a static
entha]py H per mole. - In-this case, tﬁe following thermod}nam$c
relations are Vdiid if the gas is a mixture of species i and nj

is the number of moles of each specie:

Zn1 = n ‘ (1)
GH, = nep =T (3P, (2)

where'cp is the specific heat per mole at constant pressure.

The flow is isentropic between discontinuities and is in chemi-

cal equilibrium. Therefore,

35S 35S ) : . | _

(ET)P dT + (SE)T dp = 0 (isentropic f}ow) (3)
(éﬂ) dT + (iﬂ) dp = 0 (equf]ibrium chemfstry) (4)
3T'Pp op’ T

The Gibbs free energy is given by

G = H - TS _ x4)
and

di = T dS - Vdp - (

(821
~—
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Then
(§¥)b = (gg)ii
%3¢, »
becayse :
(§2)° =, (), =is

) T
AN IR (53
Therefore,
| 3
T(a—¥)P
(§1)5~ ) c
P "
The €quation of stat¢~gives
RoT an nRo
= — + [
($3P)p B, o
Thererore
:"E“" i ' .
(2 InT) | Ro (3 7””) + 1
9 Tnp- s' -E;‘ 3 TnT'p

Page ¢

(6)

(7).

(8)

(9)

(10)

(11)
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~ : T¥ig
E ~ay must be the same at corresponding points or at the same
; ivaslue of temperature ratio (%;). In addition, since
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: o . pH.
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4 K

nH = Eni Hj ' (14)
whoes W 44 the motecular weight and.onk. = 1.
then '

: P6oaddition, . ,
: o i
s 3y (;i:i}‘
) {sz}& VL ,
| -where D7; is defined as
a s -
- (16)
pody 9Ky {a2?
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‘where’
Eni 01y = on by

L

The relation between p and b js given by

: (5%)5 == ?2 - 3T S
| (28),

-

But

,v= w
P %;T

where h‘is thgjmo}eﬁafé; wejghf;and ;ﬁf= 1.
In addition, . |
'(%%)5 =§%T :(g;%)s * b GPs '_R‘E‘?’Z

( )S = (37 ) + (E (3P

coefficient Zefiney in-Favation {18} v
- Then, if we define )

D =
P 3Tnp 71

-

~Page 18

(18)

(19)

(20)

(22)

g

(23)

(24)
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Then if T jsiakfihéd‘as,}' P A A T T R A

<, Ro

(1-0p) _-(1401) 2R,

(25)

Gooa ’ : - o s o v b ey T e B e oa m o m
v svtyoana ey, g JEATES gpar s ps tea R FZieg U7 Ly wu R aaa.

If'we-transform'cp'ihtb specific- heat per-unit mass Chm a
then & - 7 e oi C e e ﬂuét'f S el

T =%":'=¢Pmt':
» 2Ra -
Cpm(1-Dp)-(14D7) 28

(27)

T S S-S e e S T R a7 T litasi,

- °pm 1 ' ' .
ot Row (moy) : | (29)

where a; is the mass fraction of species i and Dy is the
i .

coefficient defined in Equation (16).
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_From the preceding we conclude that the three thermodynamic
parameteré nnitn:nuéf Bedddnficated are. T, ag and Cp or
_equivalently Dp, Dp and cp.

Wk m o g av e w A ER

Ao . P T RSP S w b R wE

Unfortunately, the gases.entering tbeenozalgcofnéhlactgal,7

'veniele undergo a substantial change in chemical compo;it}on

as tney ffow through the duct and this’chenge has‘a pronounced
_effect on the values of DT and Op. . S1nce any cold gas s1mu-
]atlon w1]T,‘of neccess1ty, prec]ude these chem1ca] react1ons,
v1t does. not appear p0551b1e to obtain perfect s1mu1at10n over
.the entlre range of temperatures existing in the nozz]e How-
:ever, geses are avallab]e whwch permit c]ose s1mu{atjqn"of r,
cp and at fqrdeome conditions of interest. Some of these gases
.arevfnvestigated end defined in tne next section where their
‘Verieefon of critical tnerquynamic properties with temperature

ratio'is presented within the tempenature range: of interest.

-
o . A -
e e £
g -
. o i
w = -
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Iv. COLD FLOW SIMULATION

e orderwto assessgthe«relativermervtseof varvouswgasesmwwth

% ;
regard to their ab111ty to slnu1ate the hot exhaust flow ;

i ;
through a hypersonlc nozz1e, it is f1rst necessary to def1ne

[ w

v~the properties of a typ1ca1 hot f]ow uTo~do th1sﬁ we- select .

the case of a scramJet prope]led veh1c1e flying at a Mach .num-
ber of 8xat an a1t1tuoe of 100,000 feet The scramJet eng1ne

operat1on 1s cnaracter1zed by an inlet static pressure raxwo

of 140 w1th-a total pressure ‘recovery of 60% and*constant-pres-fﬁ

sure combustiOn For hydrogen air combust1on at. equ14a1ence

ratios of 0.6 and 1.0 these 0peratlona1 assumpt1ons resu]t

the following set,of gas stream characteristics at the.nozz]e

entrance.
- ¢ : p(pa) -~ -h (.,J-/k.gzﬁ .9-§._k~g/m32ﬂ T gOKz .
0.6  1.56x10°  .6x10° 0.162 2821
1.0 1.56x10°  4.2x10% - o0.204 - 2381

Assumlng equ111br1um chemlstry, the temperature pressure h1story
through an 1sentrop1c expansgon from tne nozzle entrance con—
d1t1ons to a stat1; pressure 200 t1mes 1ower than the 1nrtna]
value 1s obtained from the tab]es of Reference (1) and is shown

5
in F1gure (1). It should be noted tnat the actua1 degree of ex-
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1.6
. " $=0.6 (T,=2381°K)
14 - T
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L2 \> B
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Teq :
. 08 ;
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- 04
0.2 i '

0 o2 0.4 06 08 = 10

_ L Ti

:

FIGURE 2. VARIATION OF EQUILIBRIUM TI' THROUGH NOZZLE EXPANSION.

~
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FIGURE 4.
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]

COMPARISON OF T VARIATION FOR ACTUAL NOZZLE

GAS AND TWO COOL HYDROCARBONS.
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FIGURE 5. COMPARISON OF Cp VARIATION FOR ACTUAL NOZZLE GAS
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Fdinally, -the value of or: is:zero -for the nonreactive substi-

tute gases while it varies from zero to a small negative number

for the high_temperatyre gases. Although a quantitative evalu- ‘3.

ation of the small but finite value of ag for the real gas can-
VWQ¢aQez%age'h£Vehhit_f$"Oﬂfiﬂtﬁresteio:mo¢ezihat;ﬁ&s:maximummv-

magnitude for ¢=0.6 is.an order of magnitude smaller:then jt.¢:

i§’ fo{r ¢=1..‘ 0‘ e "‘.’»J vl O S ‘ R ’ e N

R 424 oo

Summarizing, excellant duplication of I' can be obtained using

a cool gas for any, vlaue of ¢. Good cﬁ and a; matching can be

(o

obtained for modérate values of ¢, but a quantitative defini-

tion of. the error associated with small mismatches of thekthree
where & 15 Lhe- angle defyning tis wau2 cryavtziior fromltiie”
thermodynamic funct1ons is certa1n1y requ1red To -do this, we

4 < P by 5wy -
conto weiooiiy, g """i'a/ulz,.,.,imr;i'?{}'f

wBPRVE SNt g the Jovad

1 1ntegrate the equat1ons of motion used in an equ111br1um
135 Tegm the definifian of ouroceandidabe tsystam ] weshdved
characteristics analy51s to ana]yze a one wave expans1on of

g‘«:
-lc

both rea] gases and subst1tute hydrocarbons The results of

i\f cn S B ‘ N

this s1mp1e ana]ys1s can then be used as a good 1nd1cator of

the error wh1ch is associated with the use of a cool subst1tute
Cinagnentnn (30 asad (311 owern s rands ooag - iavappt "%*‘{ Gl e .
gas. . '

T S pressamod censtant, seaduata

The momentum equat1on cgn be wr1§ten as

ngmj B w2 -

& “'

!
O

gg + X dy?

P B Ly ks L > -
. . e eed ¥ ¢ ¥z
(R
3 *

(30)
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“and the isentropic law in the form

, dp - T, dp e
iP e - T R R

For a one wave flow, a convehient coordinate system can be de-

fined by the local Mach line and a normal to it. Defining the
velocity component along the characteristic as Vi, we have for

one wave flow

d V¢
ds

where § is the angle defining the wave orientation from the

y-axis and a is the‘]OCBJ'SOMﬁéfVETOCity, given by Equation

(26). From the definition of our coordinate system, we have
2 . 2 2
Ve = Vg v am

I may\bq\assumed constant, we obta1n
4 “ y
v :" '{!. {:‘A . - J)J
,(P+1) a2 + v ERN.
BTGy Emned "”CE’.‘Ii?‘-f& caibsolui oy u B BRI WA ¢
Token) oand 07 p 4 ihe G Ve hy esori
. Substituting ;into (32); we-have » -, AEEEaia TR neeacan
- s UG 2 ¥ B :
dv -
t = »P'l c2-Vt2
§ r+1

through which

(32)

- (33)

(34)

-
S s

-
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or , |
Vi : K ‘ |
TR _ . | -
. dvy e 4 s
‘VJ' i 8 ’ 1 : . S :
Tt ) \ |
which yields
where
k = tan! Vt/c |
1-(Ve/<) @ | . (38)
- and -

B = 86+ yuy = u/2 - 86 A ~ (39)

Equations (33), (34), (37) and (38) can be used to evaluate
the expansion of a gas through a series of steps in Ap, the
value of T being aAconstant in each step. This analysis was
progr?ﬁmed for numerical -solution using the curvefits for |
h(T,p,¢) and I'(T,p,$) described in Volume I of this report.
The progfam listing is presented in the Appendix. “The program
was used to compute the Qariation of pressure and impulse
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function*wwifh"fTowmturnﬁng*angTE'through“amone %%ve expansion
for the ¢ 0.6 and 1. 0 nozz]e entrance cond1tLons described
ear11er The prbgram vias also used wmth the»carvef1ts of Ref- -
erence%&T) ﬁoYmthe“funct1ohs hcﬁ)mand”[c§VRj(Tq4ﬁor the gases
CH4 and C2H4 S1nce the temperature range’ fof “the hydrocarnons
was fairly low, the equilibrium 1sentr0pic expgnent was defined

¢

by the expression

;icB/R o : ,H
(cp/R;-1 SR , (40)

The resu]ts of these calcu]at1ons are presented in F1gures (6)
and (7) ‘where it is clear that fairly good representat1on of
preésure d1str1but1on and jmpu1se can be ach1eved with the use

of cooi substitute gases.

*Impu]se igne}jgn_1s def1neg~n§(§wgs-
%f*‘ s “e P : : !
onts {-5 F / F*é = . {z}‘l + Pm 2 c: ™ e ) ’ ;:./”

”~x N

RN < i»).;

"o(re1) (1+(52)m?] |

following the notation of Reference (3).

r
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S PROGRAM LISTING IN BASIC LANGUAGE
. . N . )]
- i 4 P )
- . .AI.
e LD RUER G R N e f T
f - - RTINS - y . ECR ;("
: ~ - * e P el e 07

. e ‘
"x.}_;“'- A -
At A S PR
o 1 L. S . P NS .
11 oo
N



U‘J’ s

250

. 280

L‘,PRI\)T",I" np'r IITII "RHQ" "Hl - ' o - " I ‘
,'qx}#HVT‘"CA%MA" »"MACH', "THETA" ' ' Pige AT - -
7, PRINT ~_ | ' oo : - IR _ -
10, pIM .001ddd1,Kr10003 SRR A e
: ﬁ‘f BIM B:IGOOJ,zclooon A S AR
ZOA.COTQ 512, . e . _ L
30 LET T=TO= 1500 S e T - s
a 40 GOSUB 180 . . A o '
.- 80 LET EO=(H- HIO)/H - © 7 e L
60, }LET HO=H1 ) RSN C
70, LET TI=TO#Tw1 '~ U e
80 'LEI.T‘TI e Lo e I
39 edsuB.f8O T B
_'LQO LET" El (H H1Y/H ' T P S
- 110 IT AB SUE1Y<.0001 THEN 390
'120 LET T9=TO-EO#(Ti- TO)/(EI-E0) . _
130 'LET EO=El . . o L N
140 LET TO=Tl e T e L
160 LET TI=T9 Lo S
£70 €0T2.80 . - - T
180 " LET A&=1. E-O?P(--IOL?*Ft2+ 82424F+-987)
.190 LET B=.001%(. 01167+F12++1503%F+.938)
200 LET, C"7.0284+F72+-6731*F+-4293
. 210 IF F <= 1 THEN 250 o
820 LET A=1. ,E=07% (1«78 7%Ft2~5. 48*F+5 4)
230 LET B=+001*#(-¢186T#F12+1+11%F+.176)
240 LET C=5.0933%F12+3+9754F-2.808 . L
IF T = 2000 THEN 330, Neos
260 LET A=.000001%(1. 792*Ff2+.3983*F+-31) .
270 LET B=.001%(-9:05%Ft2-.07917%F+.245) R
LET C=10+86%Ft12-,1183%F+.97 - S -
.290 IF-F <=.1 THEN 330 . ‘ o -
300 LET A=.000001%(4.81%F12~13. 9*F+ll-59)
310 'LET B=«001%(-23.08%Ft2+66+.524F~-52461)
320 LET C=27.05%F12-73«73%F+58.39 °
330 LLT Hl1=A*Tt2+B*T+C )
340 IF T <= 2000 THEN 370
350 LET 29=.125%(LOG(P>/2.3~ 5)12--275*(LOG(P)/2 3- 5)
360 LET HI=H1*(1+(1+F)%(T/2000-1)%Z9)
370 LET H1l=H1%1.E+06 e
380 RETUR A o
390 LET M=0.
200 IF T <= 1000 THEN 420 ,
410 LET M-2¢15E-08%Tt2+.000091%T~+0695
420 LET N=4. E-O9*Tt2-.00002*T--019
430 1F.F <= 1 THEV 450 ’
. 440 LET N= ,0339*soRcT>-.000391*T-.681
450 LET C=<1, »833E-07+T12+.000075%T+1» 367
. 460" LF. T<500. THEN 500 =
470 LET C=2. E-OB*TcQ-.OOOlSB*;#} 423
4860 IF T<2000 THEN SO0  °  ~
490 LET CG=7.267E~08%Tt2-.000457%T+1.85.
500 LET C= G+M¥ CLOG(PIZ24 3~ 5)+N*¥(F~1),
510 RETURY.
512 READ P:ngﬂl: Dl:H: U F
514 DATA 1.56E+0651560051. 62:5000;6ob+06,4075:1
516 CGOTJ 600
. 520 PRINT "IVITIAL PRESSURE"; ' |,
530 INPUT P '
540 PRINT "FINAL PRESSURE"3 C
550 INPUT P9 R



!

R

560
.570

580
/590

600

- 610
620.

622

630

640
650
660
670
680

- 690

. 700
710
720
722
724

" 726

728
730

740

144
T46

" 150 |

760
' 765~
766

770

780
"790
- 800
810
820
‘830
835
840
850
860
870

880

890
900 -
910
920
925
930
940
950
990
1000
1010
1020

- do24
1025

1030
1990
2000
2010
2020
2030
2040

3000

PRINT "FUEL TO AIR RATIO"" A

"LET H2=H+.5%U%V

LET J{11=0(I-11-Dl

PHINT “kiHY"; , e - S S .
INPUT R1 F L
PRINT '"DELTA PRBSSURE",_; S A T

CINPUT.D1 T : o . Page A2

LET 11=1000

LET J[13=P

LET K{1J)=R1 . o

GOTO 690 : : - -
PRINT '"ENTHALPY'; . C o
INPUT H R T
PRINT "VELOCITY"'» e o
INPUT V : o

INPUT F . S ey

™~

COSUB 30 L
LET C8=P/R1tG . - ==

LET R=RI1 s e T

GOSUB 2000

"LET ZL{1J=ATN(V1/C1/SQR(1~ (Vl/Cl)t2))

LET BL11= ATV(I/S”R((U/Al)t2 l))

"LET T1=0

FOR I=2 TO 11

LET C8=P/RtC

1F I<2 THEN 750 . . : :

S BETACH#S##I=#E#EFH MU=##48%4¢ THETA=# #4464
IF INTCI/Z20)%20 <> 1 THEN 770, )
PRINT I,P»TsRs>H i

PRINT Gs»V/A1,57.3%Tl

PRINT

LET KC13=(JCL11/C8>1C1/G) - s '
LET V=SQR(U%U+2%G/C(G-1)%CJL I~ IJ/KEI-IJ JEIJ/K[IB))'

LET H=H2-.5%U%V - .

LET P=JC1]

LET R=K[1)

COSUB 30 o S L S

GOSUB 950 A S . ,
LET 12=1 T ' ' : S S
IF JL11 <= P9 “THEN 890

IF J{I1-DI>P9 THEN 880

LET Di=JCL131-P9 ; :
NEXT I .

 LET I=KC(I2)%V%V+JLI2] SR
'LET R=K[I2] T .

LET P=u(12) , _ o _
GOSUB 30 - 4 s o J
GOSUB 950 : : : a
PRINT IQ:J(I?]:T:K[I2];H:C:V:I
STOP .-
GOSUB 2000 ‘
LET ZLIJ=ATN(V1/C1/SQR(1- (v1/01)12>>
LET BL{IJ=BLI-11-SQR(GI)I%(Z(I13~-ZLI-11)
LET U= ATN(I/SQR((V/Al)te 1)
LET T1=B[131-U
GOTO 1030
PRINT USING 746:1:8[1]:57 3*0,57 3*?1 :
RETURN . i . -
STOP . : : . . A R o ‘
LET A1=SQR(G*P/R) o N '
LET Cl1=C(C+1)/C¢C-1) " oo
LET C1=SOQR(C1*A1t2+Y12-A112)
LET V1=S0R(Vt2-A112)
RETURN . o : ;
END L e S ' : |




