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Abstract:

Outline:

PROPULSION AT HIGH SUFERSONIC SIFEDS

(TIT EFFTCIENCY OF CHOSK DIFFUSERS)™

By Kl. Oswatitsch

The problem of the intule of air is treated for
a missile flving at supcrsonic speeds, and of
changing the kinetlc energy of thc air into
pressure with the least possible logses. Then
calculations are carriczd cut concerning the
pesults which can be attained, After a dis-
cussion of several preliminary experiments,

the practical solution of the problem at hand
i3 indicated by model experiments. The results
proved very satisfactory in view of the results
which had been attained previously and the
values vhich were anticipated theoretically.

Introduction . . . & ¢« &+ « o &+ s o o
Theoretical Congidervations . . . « .+ &
. Results of the Freliminary Ixperiments
Mcdel and Iperimental Method . . . .
Fxperimental Results o o 0 ¢ ¢ ¢ o o &
Discussion of Some Additinnal Experi-
ments, Possibilities of Further
Increase of Performance . . « o+ « o o 39
SUMIATY v v v o v 4 e e o e e e e e . . H1
BibLiOETADNT & v v v v v e e e e e e . . M2

21
23
27

OV =0 v -

o~

Notations

Fe entrance ciross section

Fp minimum soction of diffucer (narrcwest cross

section behind the combustion chamber)
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cross section of stream tube that goes into
inlet in zone of undisturbed flow
"eritical" cross section behind a normal shock
throat opening (See fig, 6.)
Mach number ahead of free stream (w,/c,)
static pressure
pitot pressure
total pressure or pressure of tank for undisturbed
flow equivalent to pressure of zero velocity

for isentropic transformation

angle of shock with direction of flow

s W* are density and velocity in throat (= "eritical

density and "critical" veloclity for corre=
sponding values in combustion chamber)

velocity

velocity of sound
density

absolute temperature
ratio of specific heats
amount of through flow
amount due to suction

k -1

2
M&l

2

l + k 5 1 Maq singﬂ’i

The values with no index are always for the come

bustion chamber. The subscript o indicates the
initial region of flow; subscripts 1 and 2, etc,
indicate the values after the first, second, etc, shock.
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N

he static pressure in the Initial region of flow, behind
the first shock, etc., are not designated by pstor Psty»

but simnly by Py, Pqs etc. The upver index o indicates
the corresponding "total values' plo, pp®, and hence,

the total vressure behind the first, second shock. T°,
c® ape the total temperature and the speed of sound for
the alr brought to rest. These two values are the same
everywhere in the region of initial flow, behind the
rirst ard second shocks and in the combustion chamber,
The lower index can therefore always oe dropped in this
case.

I, INTRODUCLION

1f we wish to design misslles with rocket propulsion,
1t 1s a question of not carrying the oxygen which 1s
necessary for combustion along in the missiles, but of
taking it from the alr during flighte. In this regard we
must strive to get alr of maximua possible pressure for
use within tlie missile, As we shall see in the following,
however, thc recovery of pressure with minimum loss for
bodies flying at high supersonic speeds offers cons iderable
difficulties. We recelved the task of treating thils
nroblem of niessure recovery for missiles with reaction
propulsion from the OXH Wa F. After great initial dif-
ficulties the investigations led to success.

T™wo short works on various preliminary experiments
were reporled to the writer. In the followilng, the
important results of these first reports are briefly
recalled snd then the new, conclusive results are made
knowvin.

2. THICRETICAL CONSIDERATIONS

If we hold a simple static tube (pitot tube) 1in a
supersonic flow, 1t doss not show the so-called total
pressure of the initial reglon of flow poo which we
get by isentropic compression when the alr flow 1s
reduced to a velocity w = 03 we get a smaller pressure,
the pitot pressure pp. In contrast to subsonlc flow
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where pp/poo = 1, this value 1s always less than one

at suversonic speeds, The physical basis of this
phenomenon is due to the fact that a wave 1s set up
ahead of the pitot tube, and in this wave the changes

of conditlon are no longer isentroplc, and considerable
i1ncreases in entropy occur, e can also say that in the
wave at the pltot tube a drop in the total pressure from
the valre p,© to Pp takes place and Pp 1s nothing

but the total pressure behind the middle normal part of
the head wave. The value of the pltot pressure can be
calculated preclsely., A normal shock is set in front
of the pitot tube and behind it the ailr 1s compressed
l1sentropically. For low supersonic speeds the gréatest
part of the pressure rise takes place behind the shock,
but for high supersonic speeds it takes place in the
shock itself, In figure 1 (solid and dotted curves for
n = 1) we have the ratlo of pltot pressure to total
pressure in the Inltlal region of flow and the ratio of
pressure just behind the normal shock to the total pres-
sure in the inltlal region of flow for k = 1.400, In
the following, we shall first Le interested in the ratios
at high supersonic speeds,

The immediate investigation ~ to recover the pres-
sure at the head of a flying missile « is that of
introducing a reversed Laval nozzle into 1t and, with
a steady rise in pressure in it, of translating the
supersonic flow Into a subsonlc flow of small velocity,
This method faills, however, since 1t happens that
generally a normal comoressibility shock ls set up at
the entrance to the Laval nozzls just as in the case of
a pitot tube and thls leads to a relatively sharp increase
in entropy and to a loss in pressure recovery similar to
that for the pitot tube itself, We can now think of
the channel leading through the missile as expanded, and
1t 1s clear that the shock will wmove into the missile 1f
the dlameter of the Laval nozzle is above a certain
valuve an? as the opening of the Laval nozzle increases,
the shock finally becomes more conical in form. With
a sufflclently wide opening, supcrsonic veloclity will
prevall throughout the channel which leads through the
missile, The limits for which this occurs may be very
precisely stated, as has been proved by numerous experie
ments. The shock can no longer be maintained ahead of
the missile if more alr is suckecd away than enters the
chhannel through the shock, that is, if the narrowest
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nart of the Laval nozzle is wider than the smallest
permissible cross section of a Laval nozzle appropriate
to the 1ota1 pressure behind the shock (1), If we cal=-
culate the corresponding narrowest cross sectlon, we
find that for high Mach numbers too only relatively small
contractions of the Laval nozzle are permlssible if we
wish to avold the presence of a normal shock ahead of the
noce of the missile, (See fig. 2,)

It has not yet been determined whether this undesired
flow nhenomencn always occurs with ratiher sharp contrace
tions of the Laval nozzles or if It depends on the
sarlier history of the flow, It is entirely certaln
that the flow maintains this phenomenon once it has
started.

If we are satisfied with the pressure recovery of
the normal ahcek, then no converzont-divergent Laval nozzle
1s to be bullt in the head of the ::lssile, but rather a
subsconic diffuser with sharp leading edges, and hence
a dlvergent channel,

For all our investigaticns it 1s not only a matter
of attaining the maximum possible pressure recovery but
also, at the same time, of keepling the drag of the
missile as small as pousiblea Normal shocks which lie
ahead of the missile are therefore to he avoided in all
cases, In every cass, therefore, the amount of alr which
flows throuzh will be regulated so that the shock occurs
1n the Juosanic diffuser rather than ahead of it. This
Nas onlv a secondary effect on the recovered pressure,
but i1t can lower the drag of ihe misslle remarkably.
(This has already been shown by Dr, Ludwileg, AVA, in an
unpublished worlke)

According to ithe vresent state of our
¥nowledge andon the basie of our experimental
methods, we must cstabllsh the rule that the
channel hehin? the entrance into the missille
13 to o contracted at cost so that 1t corre=-

sponds to the ratio L“/W (fig, 2) for the
Mach number at the mlissile entrance.

Instead of scoopin: the air directly from the
undisturbed flow, we can now ~Hermlt compression on a
conical tip of the migssile and then have access to the
interior of the mlssile by neans of a clrcular slot,
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Taat thlis must lead to a better pressure recovery is
readlly arparent from the following considerations.

In Zsentroplcs rernression of air at cupersconic speed
can ve thhrught of as & compression by means of a large
number »f obligue shocks with small Increases of pres-
sure, which slow un the air to low supersonic spseds,
a noerral skock which leads to high subsonic velocities
and finally icentroric compression 1In an ideally
functioring subsonis diffuser. Ths pressure recoversd

by this arrangement must he equal to the presswre pOO.

Thae swaller the number of oblique compresslon shocks,
the worse will b2 the oressure recovery; but 1t does
ha»oen tact intreducing orie or two obllque compression
shoclize ahcad of the normal shockt can achleve very con-
sidereble increasss of tie pressurs within the missile.

L2t us eonsider a supersonic flow which 1Is transe-
formed intc a subtsonic [low by n-1 oblique aml cne
normel shock, hsnco, by n shocks in all. Between the
individusl shozks we assume that the condition of te
glr doss not chenges. It nelther expends nor contracts.
W2 ~en now ask row the individual shocks must be st up
in order tc obtaln a maximum value of pressure recoverys
It 18 clear that we shall not arrive at the sume result
1f wo tuke & number of wsak oblique shocks and one strong
normal shock sz 1f we tske several strong oblique shocks
snd then a single very weak normal one, In order to
solve thls problem we must now determine what we moan
by optimum pressurs recovery. There are two main
nosatbilities. Correcsponding to them, we shall solve
two vroblems 1n the fellowlng:

(1) How murt T set up n-l oblique and one normal
cymmresslon shock for & glven Mach nurber of the flow
in order thirt the total vpressure behind the last shock
1s a maxinum,

(2) I'ow must T set un n compression shocks behind
one another for a ziven Mach number of the flow in crdsr
that the pressure belilnd the last shock ls a maximum.

We can treat the first task as the problem of the
optimum oressure recovery sassuming an ldeally functioning
subsocnlie diffuszer behind the last compression shock,

The second task ls the nroblasm ¢f the optimum vressure
recovery if I assume a very inefficlent subsonlc diffuser
behind toe last comnression shock.
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The curves in figure 1 give the results of the solu-
tions of these two problems for n =1, 2, 3, and
comnression shocks; the solid curves hold for the first
problem and the dotted curves for the second. As has
already been mentioned the curves for n = 1 are none
other than the curves for the pitot pressure (solid)
and for the pressure behind a normal compression shock
(dotted) in a supersonic flow, In thls case 1t 1s no
longer a question of a maxlmum problem,

In the following we shall reveat the calculations
for determining the curves, However, they have no sig=-
nificance for tre comprehension of our later derivations.,

‘je indicate the values in tae initial region of
flow by means of the subscript O, and the values
behind the first, second, and nth compression shock by
means of ti:e indices 1, 2 . . . n, py 1s the static
pressure behind the 1ith shock although we usually
indicate the static »~ressure by Dpgi, WO shall simply

write D, instead of psto and pq instead of pstl’

etc. in »rder to avoid the difficulty of writing double
subscrints; Ma is the Mach number; p, 1s the total

pressure and p,°, p°®, pp°, etc., are the total
pressures in the initial region sf flow and behind the

first, second, etc. shock; vy 1s the angle the shock
makes with the direction of flow before the shock.

The total-pressure ratio or the throat factor, as
this ratio is often called, of the (i + l)th shock is
then 3;iven by the following equation:j

p°, -k:l
i+l = (k -1 + 2 1 5 ) ( 2k Ma.i2 SinzYi
Y
i

p;° kK+1 X+1 Maia sin k+ 1
'k‘l"
=1
e 1) 1 =0, 1 e+ ¢ n=1 (1)
L+ 1

where k is the ratio of the specific heat. (See (2)4)
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mor ths sake of simplicity we introcduce the following
exrresslcns ©s neW LNKNOWNS instcad of the values Yy
A BUE RS R

bt

Nas© + 1 = Xq3 : £~£ Nai2 sinaY. + 1 =1y, (L)

-1
1 o+ 1Y

. - = ] L = f(Yi) - fi

-] + a 1 X -1 Vi

b1 X+ 1 iag® sinyvy

1 kK - 1 1 _ _

—_— = ‘ = = = gly1)=5;
B 2 g2y, odem o w1 Ml
o4l ot T k+d (x + 1)@ 1

We can then exoress egqnations (2) and (3) very simply
by the Tfunctlons (4 and gye 3ince the last compression

shock s to be a ncrmal shocl, sSin Y, < 1 and, hence,

Sisce (% = 1) 1n pno/poo mist have a naximum at the

gare moiunt as ?nO/DOO, we can now forriulate our problem
thus '

o
p. 0 asl Py
(I = 1) In 2o = (k- l)‘\ ln — ==
p.° e 1:4°
N =0
n-1

AN
v (kin £4 + In g1)
i=0

i
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iz to have a maximum under the conditions that

*1e1 T Ypa1
and

Xpe1 T %48y
for

1 =0, 1 4 . n=2
enes, we huve 2n-1 varlables, namely xq, X5 s s o X

n=-1
and Yo, Ty e e e Vn.1 &nd n awxlliary condltions,

To solve the rroblem we now introduce, using methods
wialch wure well known, 43 many new variables Ki(irl + « on)
ag there are auxlliary conditlions and we nostulate that
vhe function

n-l n-=2

N, .\

/ (u In fi + 1n &i> +‘£:_}i+1(xi+1 - xifigi)
1=0 i=

+ Kn Tnel ” Xn—l)

i otlie  Ane ariuble { :
oi the Jn-l variubles X1 to xp.1s Yo to Yha1?

Ki to Kn ghall have a maximum, Thit is, we must set
£l partial derivatives ol the function with respect to
11 Bl variables equal to zero, This pives as muany
equations ag unknowns, sc that we can determine their
values, The Cerivatlives with respect to x gives

My = hy 4 f42, =0; 1=0,1,,, n=2 (C)

and
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£ we d2signate the derivatives of the functions with
recpect Lo thelir ar_umsnt by fi' and g1, the dif-
fererntlatlions with respect to y  pive:
L't p‘_’
k’;m + A - hi+l Xi(fl'ti + gifi) = O fOP i = O ¢ e .n-2
i &1
(8)

n=20 (9)

The derivatives with resrect to AN asain glve the
anxiliary conditions

Xi+l = "{iflf:i

fOP j = O Y Y . n‘a (10)
and
xn-l - yn—l (11)

Vs csn now eacily expresa all A end x by vy and X,
W

anc witl the sid of equations (A) and (7) we get
N, = A = A -

i+l 142 T141 Fin 143 T34 €141 Tre2 B14o
- >\'n fl+1 & +] © ¢ na2 Inop

Al S ot _ -2
Z, = = =
L > o 0 o oo, f. T 3
B0 T8 inBia 12101418041 0 0 0 tn-2 B2
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5 7
N Tn-1"n
XiMi+1 ~
L1185
Substitatineg this In egaation (&) gives
f" ‘:_Y {fi' gi‘\\
1{_J;-+:_.J..__3rl l}\‘n-—__+-—.—.l‘—‘0 i:(J,l...;l-B (12)
s e5 f1 g/

s rmec nll thece vilnss mnst satisfs the same equation (12).
e tharceicre levs only two unimoewn ¥, namely Yo

s
el yoqe PO Drse we reallily set the formulas

o)

y = x (§ o )n—l
.\,n_l o) J—()\;no

bstituting (¢) n (11)

fo' gn' / £ 41 g, ! S g
o —— oy 1 (K otk 2ol + =0 (1)
fe & RTEf f g

n-1

wnece, Tor a itlven Xn, that 1Is, for a gilven Mach
numbor of ths inltial flow, we have two cguations for the
unnowis  y, and  y. 4, and the problem has thersiore
v O 'I’l—l ‘
really ween sclved., If we corry cut the differentiations

o o functlons T and 2 (S} and substitute ¥4

s We get the following

anl  y,.1 7 %9 from equation (L)
4 L S
W1 place of cqguations {(13) and (1)

~ 2
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T - o) ) J,},k Tn-1
1 ———= NMa _~ ‘ - ,CY - )
2 (L + 1)2\V° =
: = I Jo (15)
7 - )
]+ _ i S.n_l L Yo — 1 —J

Vo T D 1 + h V
\
whers

(16)

Tn carrving out the calculation 1t 1s »nractlcal to

atart with

T
L E'lﬂ__ 1

the ald of =nusticn (10) to determine
ecuation (15) the appropriate

Prom fhe equallt;
of eguation (5) it follows

~
332

and hecau

hhd o —_
mna o 3 =

in Yo Maq sin

Tt folliows Jurther
(cquaticn(l)) as woll

Tor all ohlicus compression shocks are equal.

tL.',& t

ratler than with Ila, and then with
¥y and then using
I‘.’{ao »
y of all y. Ttor 1i=0 ¢to n-2

thats

n-n (17)

“‘/'1 = e s » Ml

Sin’ vy o

the total-prossure 1ratlos
43 the rressure ratios thumsslves

-

From (16)

it follows, mereover, that Ma, o # Va, sin vy, but

that .lmyoy  has a very Jelinits ~clutlonship with

Mo, sfroy, ond Lhds pelatiorchis 78 Indenendent of the
pros e of coemrression shoclrs n ond is also ladependont
AF e lach oumoper of tro Inibilnl flow Mag; 1t depends
selelt on kirg sin v, itselfs The numbor of compression
skocizs firoet cowers into conslideration when we wish to
Aovermine Nag  rom y,  ant iupoye The coordination
of Tue valnoe of  Nag, Yoo da, sin Vo and Man_l

is siven 111 twhle 1 sor kT 14300
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TARLE 1.« WAXTHMIL FOSSIBLE TOTAL PRESSURES AFTER n

CO¥TRESSI™: 3HOCKS
n =1 n =z
Ma0 !
s W ' X .
Py /e v, Me, sin vy, ey pno/poo
1.0 1,000 1.200 1,000 1,320 1,000
1.5 23 1,205 1.215 1.1€8 Q80
240 721 1l.132 1.470 1.2¢83 «CO
Z,0 28 1.773 1,966 1.85)4 S
) se1R RRISE 2.1,8 2,073 35
lied 127 Culen 20 2.uEn 31
e i T N
’ n = 3 Y = )_,.
Vo t-— LT cnlmn, — .
- : 3 /. s . LY o)
Vo |Ma, sin yjua, 4 pno’noq Y, |ha, sin vy |May_y pno/po
1,211,200 1,000 100D 1 1,700 {1,200 1.200C l1.0n2 1 1,000
1,511,782 1.1726 1,095 2090 11,223 1.080 1.0%6 <096
D0 1.207 1.27G 1,222 Ohg [1.0E6] 1,106 1.108 68
Zeilend6 ) 1443 1,365 BE63 11,20 1.311 1.250 013
2014512 60 1.508 L 11,0405 1.2k 1.350 +373
2.,5i1.61 1,752 1.8 615 {1,473 1.538 1,450 .78
10214716 02 1,742 D168 11.527 1.629 1,545 L6
!
- | — e 1L |
T2 Shird nlace after the decimal peint is nct necas-
serily valid.

Pron the vilues givea wbove we can easily get all
the other llach nunbers with the ald el equation (2).

T eonclusicn it 1s to be noted that tlie first
provlen toses il mouring If we drop the cssumption
troat “le tatt compre=zslion shoc’s 18 w nermal shoclr,
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eaual Lo zere w2 rgala get the necessnry equutlons for
cur unkrowns. The derivatives with respect to A and x
wowdn lve the sane equetious (H), (7), (19), and (11)

e be auxiliary conditlors have not changed and
1n hu/ﬁp does not depend o>n x. The cderivatives with

segpret bo vy glves

—— e A, x (fve 4o tE) =0 1= 0 -2 (1c
}\i_+1".1_ (fj_ by + by fj_ 5oL 0, L. o W n=2 (19)

'
+

g
-1 -
——— 7\,n = 0

L
“r-1

Aoonmin form the rroduct Xikjﬂ and svbatitute it
in (19)., This sives
Gqt 3t Gyt

Peenc whdien Lt oazain follows that

e

TT(. = ;‘71 = a4 e e TV

.y - * . 2 . . K -
From o auiliary conditiont we ogaln get
AR
u-1

~ bR e -[i‘.t." ) 2

Y- L TN Crny (13)
w3 o feoond o oetion Coo the wanlinowns v and ¥y

- n-1 o
Terogen’ tie 0 D o s sunahitubinge Ny Trom cgua-
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g o 1 t £ o1 R

2y, o ) =0 (22)
I - 0

‘t}o LJi»l_l o &‘O

snd an we hove again arrived al our system of equations,

1 we uoain substltute the funetions f and g and
thatly derivabives and go buek as far as possible to the
criziral veriables, we get

1+ : L2 Lo 2 4 -~
ST = \\1 + T Mapg 4 K ko1 5 (23)
- 1 4+ = Ma

sive v firs ca lat b
o zive y irst, Iculate 1 8h-1
from (2iL) and I?.nall,r Mag, fLeom (25).

in any caso there is scmething we must conslder in
cur culculation. In our mathe: Lwlcgl approach 1t 1s
not tmrosslile that Mexwnansion shocks" may also occur
whichh are of course 'n]“v.)lcql] y teaningless since they
cerntroatict the sccont law of thernodynamics, Hence, in
411 ovr caleulabions, we must require that WNMaj,, be

anller thian

8®

¥4 < %y (25)

fecanse of equ atiton (10), which 1s wvalid for both problems,
~

a11d T TV T e e e Tyel ? ¢hia has tlhe following as a

cornsagrrence
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If we Fi-vre 1t cut we get

D
ot
M

B

Or =rese two counlitlicens only the First has meaning as
calcéulation vesdily shows, It stutes that the anile of
her shoezls naat wars e greater than thie Mach angle
whiclh is nothing new., A consecuence of this condltlon
is the fact that we do not ~et a »hysic a]lv meaningful
solution fer the second problen cetween fao = 1 and

[ {

ahout Mao = 1.5, howsver, wo cax consider that in this

rangee tioe sointi-cu tor n = 2, 3, L etc., must coincide

itk Bhe solution for n = 1.

In the seceon »roblem teo, the connection batween
Iaq_l anad 7o Is independ=nt of the number of com-
presalon shoclts n end the Mach nurker of the initial
flow la_ . The results are siven in the folleowing tavle,

Qo <& 2
R 2 C als o) At - /-
Ve have given A/ 1N n rat: L
have rive: p,/Ty nd pn/&O ather than p/p,
for k = 1..00, 1.6 last pressure ratin 1s shiown in
f slone offers a ccuparisén with the

L-ure 1 since thi
51

3
sm¢utL0“o of nroplenm 1.



TARLE 2.- HITHEST ATTAINARLE TRESSURE AFTER n

COMFRESSTON SHOCKS

- i
tn = 1 n=2
Veo | “—'T' —
"o/ pn/%oo Yo Fa  sin v, Man-l pn/ﬁoo

1.0 | 2.528 0,528 1.220 1.020 1.000 | 0.528

1.5 1 Le7e 670 1..200 1,015 1.183 670
2.0 ! .128 576 1.34,2 1,208 1.591 . 650
2.5 1 L0805 L6 1,800 1.531 1.78L 573
Z,5 ) W0272 279 1. 675 1,827 1.99¢ WRde
7.5 | .01%2 L1361 1,859 2,071 2.211 GALT
Lo 1u00€6 | w12 | 2,008 2.209 2.L12 | .2€0
| n =% wo=l

Mﬂof*- _— _

y, (la_ sin vy jMa, 3 wn/pc“ Y, |be, ein v, |Ma, pn/poo
L.otie200) oo 1,070 2.52 1.000 1.000]0.523
.ebvenal 1,002 1,183, 670 1.002 1.48% | . 670
2,007 1,170 1.5200 JEEA 1.115 1.5031 668
2.501.2601  1.742 1,611} .62 1.226 5501 JEL3
%,00 141550 1.5070 1.7231 555 1.25% 1.6201 .59k
%,5] 1,850 1.665 1.8511 .71 1.1,66 1.697) 542
u.:il.égg 1.810 1.975} <295 1.573 1.778] .L95

T8 we de succesd in sotting up the compression
3 ip the manner gilven in tanle 1, then the values

e shovn by the s0lld curves (fig. 1) are still
mrletely actalnabls  a/ocs the subsonle diffuser
“Fo last norimal shochr Imy?ies still other losses.

count on 10 peicont oif tne total prossure  being

lost bhere sc that 00 cerceant ~f the Indlcated values
are abttuinable.
Gonvarsely we can gonzially attain much higher values
thet those siven by the cobted curves gsince the pressure
recovery in the subsonic Aiffuser has net yet been figured
ine
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While the subsonic diffuser plays a very minor rols
at len koch muaonrs and with onlyv one compression shock,
its effoctiveiness will Increase as the number of shocks
increuse. Tials can be seen from figure 1, For irf I
finally have a large nurmoer of conpression shocks, then
the 1last onz leads to very high subsonic sreeds, and
nore I could nras flcally double the pressure LY means
o1’ an ideal subsonic diffuser, Hence, swhile the subsonic
diffuser ls of rather subordinate sigaificance for
seooring up che alr at high Mach numbers with the aid
of a single norsmal compressicn shock, this is no longer
true in the presznce of several compression shocks.

Here the proper design of the subsonic diffuser is very
imrortant.

Our calcvlations show that we can attaln very con-
wderable Improvements Ly adding one or two obligue
QHTP@JQ¢LH sirocks ahead of the normal shock., The idea
b LuuUA“liskinl this by scooping ur the air in a circular
1ot at the nese of an ordinary missile was pursued
several weaks btefore [ began my experiments and wlthout
my movledrse by Dre, Lndeev, 4AVA. The experiments were
luterrurted Iin the early stages, however, due to the
lossof interest of the authoritics,

'u D0 (u

Trie possible arrangements aie sketched In Figure 3,
{n) slious the arrancemsnt with oue obligue and one normal
shocks  For two ohlique shocks two arrangem(nts are
pessible In ths main (b) and (c). It is a questicn how
cornlotnly these can ve realized, In the case of (b),
ws we shall sse, the second oblique shock carnot be set
up directly by a notch in the shell, Moreover, this
arrange"wnt msy ~ive greatoer drag than (c¢). For (c),
cn the other hand, 1t must still be made clear whether

weocan wermlt the prescribed obligue shock to enter the
Literior of the missile from the edge of the scoop
without having the chiannel contract bevond the 1limlt

T )
Ve in f.}_“”"/ i e

In our exrverimsanits I
find sultisble means of acsurics a maxinum possiblo pres
sune recovery,  Primarlly wo wished to peot a pressurc
recovery which wac 2a3sentially higher than that of the
normal uhoum, and inoaddltlon the function of the device
was to be always reproduclble without excoption., Ve
sihall call this o shock dififuser since it makes the pres-
sure recovery taize pluce In severgl shocls rather than
ol fiﬂUﬂuslv.

C)
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. AESULTS 07 ThE PRELTMTINARY EXTERIMENTS

oM

$ince our Irstitute has ouly a rather small tunnel
available (j2t cross secticn 5 X 3 cm) only exneriments
with small models conld be carried out., The first iedel
nus a caliber of 2 centiweters, Tue arrangement at the

head of the uls:il was sometiing like thut of fig. 3(a),
though tie oponing was rather large comnured with the

caliiter, It amounted to 3? nercent of the cross section
of tie nilcsile Tiie static vressure was measured several

millimetiars ochwnJ uhe opening. The results were con-
stsbently bad and the nmewcursd pressure was a'ways [a
leas than the pitct proessure Tho reasons for this
faitlnre are still ant en L}elv clsar, For thilis reascon
tha fnvestigaticns had to be repeat o@ using all our
previouwsly ﬂai”“’ sxnerisnce In any casc we could
alreuly Aetirmine Tron our IL;.Fu exreriments thiat the
2suits for suc’ suall models derond to a large extent
on the size of Lhe necdel wnd hernce on feynolds number,
This 1s not romarizaliie since in a supersonic injection
tuanel of thz tvre we used a transition of the laminar
into trhe turvulent Loundury laver 1s to be exnected after
atout 2 to % centimeters., Dut sucih lengtlis occur

esnecially in the misslle ncses we USEC o

f=9
S0

In order to study Uthe phiznomena in the simplest
ases w2 gave ap the ldea of havin: the alr flow through
L ﬁluoll?. Twe oodinary cwchL r cvlincders of 1-und
-coutinnter dliamster waee manufa wred yrich had u

essurs oriflilce in the [forward Surfwcg. The fOPqud
ace 2lso had = »nrolscitivng vrime. Tips of various
shiapms wibh 2 ase aves locas Hhen Lhwe area of hhe
cyliscier could be szrewed on in front of “he cylinder,
(Sze Pige »(a).) with tie tip sereusd orff, we got the
ritot nroscurs, ws wus to Lo expmected., Vith the tip
scrovwed nn tho nmressure wos sorewhat lower as a rule,
tat in e “umia caszs 1t oxeceded 1t conslideraoly. But
theae exoelitents proved Lo o3 ronreproducible in general.
Sehlieren ckbsorvations alooved ctheat the flow pnenomena
were vVery unstouly. e sivell veturn to tlese phenomena
i the discuss.on of our firnal results.

il o v ey ot . A : R -
T gt t%v“=0 rcanirle cnuses for the dilfercnce
3 sl

bebtwoon Shoe 2xmerimeats o’ Bhe rosulog wiich were
exnpgcted ﬁ*gngLLzaL)' flrab hovnadalvy-Tleyor _PgAOﬂvra

R4 p Ay~ N d PR ~ P HERES - e

in sunsrsonle 2hows commnlately wlicr the flow pleture
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by nresswe Increase. Secord, unstationary, nerilodically
vavying, {low conditlons can anpear, Third, the fact
vhat the f'ree jet extends a finite distance 1s important
for larze models, As we shall see, this can completely
alter ths results for supersonic flows,

Tater the possibllity arose ol carrying out the
exnerizents in 2 larger supersonlc wind tunnel (cross
saction 13 X 15 cm) which has an arrangemnent for dArying
the alir. Also we had the use of a moedel which had been
construzted hy Dr. Ludwicg for his experiments, and we
did use it after some changes were made. (See fig. L.)
A suetion line was bLuilt in, A-L. The disturbing
boundary=>ayer effacts were suppesed to be avolded Ly
sucticn through a suection slot A. The entrancs cross
gaction F, emounted to only a fraction of the cross
section o the missile, The static rressure and the
pitot pressure somevhalb behind the entrunce were measured,
The niasas flow conld ve wvaried vy adiustument of the
throat D, The tip of the missile could be screwed off
Ia order to pornit a slicht chenge in thoe shape of the
tip and the »osition of the suction slot.

rerformes best. T[he turoat opening Fp, which was made

In fisare 5 the results are shown for the tip which

dimenslionless by the eatrunce opening Fe’ was chosen

as the abacissa. The pltot pressure and static pressure,
whrleh are made dimensionless »y the total pressure of

the Treo stroarm  p.% are shown witl. suctlon on and off.

Ho oo
Toe Mach numhar «f the [ree stream was Ma, = 249 The
aclhh rwther at the roint of measurenent can e determined
frov the plftol rressure »1nd the svatic nressure. 1If the
b ) : - o~ :
ratio Psp/Pp 18 @veater than 0,528 (r,y static pres-
Y] ) - - Rl

e

surse, n pitot oressure) wo have subsonic [low, but if

e T

pst/pp 5 lecs than G.528, then supersonic flow vrevalls,
In order wctually vo receover the pressure, in the first
case a Jlizatly divergent chounel (subsonic diffuser)

hal e ve attached behina the rolnt of measurement, and

ia the seccnd cazse thersy came ‘nto conslderatlon a super-
sonic aiffuser wnich was uctually a somewhat convergent=-
divergent or a ratiner long norallel channel with a sub-
sonite diffuser agttached. T2 cither casc the comhbustion
chanbor wuas then anlacned onto  the subsonic dilfuser,

and Troa 1t fhe olr flowed through a Laval noszle whose
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narrowest woint would serve {or our throat., How the

flew would act if we had a st1ll pgreater contraction

behind the entrance crogs secticn F, 1s hard to nredict,
L)

Buft we could vredict it with certainty if pst/po = 0.528,

For in this case we know that about 90 percent of the
total —=ressure a’t the beginning of a subsonic diffuser
is resoversd by the diffwser, Siuce, in our experiments
py/P,° was sbout 0.60 ier bop/Dn = 04528, 1t could be
predicted that in the ~urbastion chamoor a static pres-
sure of 0,90 » 0,60p,° = O.Shpoﬁ must be obtainable.

T experiments discua above aloo showed that
the sucticn offersd no practical clanse In the pitot
pressure, Only n the stutic oressvre dld occasional
conzslidorebls changses occur, ho nrocurement of which was
not to he expscted with ths
shoelk diffuscr with a subso

:LyucLLon o’ a proper
nic dif'fuszr.

experiments and » new knowladge in the field of
) a wodel was buillt concerning
rt will bz clven in the followinge

On the basis of ‘e results of the preliminary
O
i

1t
subsonic wiffusers (
which a detailed rep

Hoe NODEL AW EXPIIVEHTAL LETHCODS

fig. &) chovs in peneral the same arrange-
lreasdy bomn nired in the prelininary
Iy An Lamertsant dlfference lies in

g

ment which nhus
exneriments (flzg.
the fant that a subsonic 4Ll fuser U-D now is attached
directly on 1o the entrancs and then the combustion
chinmirer B-X o 2bout the same 1~n -the Tn it there are
long struts which comnect the ‘anet and core of the
micsile, The sniziez ab the tip o the mi sg1V>"”rﬂ
chosen a0 that the unele helween the conlcal tip of the
mi“”lln and the hend wavte should be s large as nossible
ratrher than on the basic of our thecretical wnowledge
concerning cne arransencnt o0 the whoclis for attaining
maxivaan presiuraes.  (32e tables 1 oad Je) This 1is
suppcassd Lo persilt us to introouze the ontrunce croses
section ¢ i1, the beast rossiple nanner within the
shocis wiiia cmanate from the bips of the missile =nd
the n~uction glot.  how uniflaultics wihichi arise nust be
elinminated Lirrt A7 211l.  In fhe new model the throat

>

consliste of o Laval nozsle whose smallest cross section FD

”D
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has the lform of a cylinder of diameter hj; the axls of
the cyllncder coincides with that of the missile.
Naturslly this arrangemont is completely unsuitable for
practical apolication, In cur experiments it was
important to Le able to set up the cross section Fry

as exactly as possible and thus to assure no% only a
precise evalaation of the experiments but also thelir
renrocucibility.  Since a micrometer scale was put on
the rart o~f the thrcat which ccnld e screwed cn, the
value of h  coull he read to 1/20 millimeter without
difficulty, On the otlier hand there is no doubt that
sonic velocity prevulls In the cross sectlion Fp in
tne reglon whiech is5 r % importoant Zor us. The pres-
sure 1in uvhe free sitroe.m was ahout 25 millimeters of
mercury. in bhie measuring ciruiccr the pressure was
always somevwiat hisher, bnt 1% iz scertaln that the
rressuvre in the vizinity ~f the throat was not greater
than in the suction reservoir of the apparatus. It was
never moire than 100 nillimctbers of mercury. Since the
pressurs in the combustlon chamber was always over

270 nillimeters of uercury, the nressurc ratic was
certainly always supercritical. The hipgh acceleratlons,
vhich the gas experliencoss on leavin~ the combustion
chamber through the narrowest vart of the throat, assure
a flow in the entire region of the Laval nczzle to
beyona the narrow2st cross section, Hence, the functilon
of the throat wus a Laval nczzle with sonic speed in the
narrowest cross sccticn cannot be doubted.

The suctlion line A-T was cherefore chosen this
large 50 that the conre of the mnilssile should not be
unuecessarily heavy. Suction into the measuring chamber
takes wlace thicugh a calibrated adivstable valve, The
volume which was suclked off conld alwavs ve determined
witihh sufficlent pracision from the pressure measurcd in
the suction line and the valve opening. VWhen the suction
was turned of a nlate was clamred 1nte the suaction slot.
As a result the suction slot itsgell is never visible in
tlie schlicron photographs,.

N The gquantitisz v ich wore mest important Sor
pract.cal purposcs v measured, nuamely, tle static

pras mrs and the pitot preessurs ot che end of the

cer atlon chwiber, but sulricisntly far ahcad of the
trroom 2o that 30 conld net have any jmportant effect

cn the voleclty distributicon at e »eint of measurement.
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Naturallr care was tak'n that the measurcment should not
be carried out in ihe vake o & strut, If the setup
functionas well, and there i1s o guooth [low through the
combustlion chwrbe“, then thore are ne impertant
veleocity compenents peseperdicnlar Lo the axls of the
mfasile in tio vicinltv of £e ~weasuring point, and
hence, e 3butic pressure directlr ovaer the rieasuring
cliansars rust be constant. The pliot nrressure cculd be
measvred at all voints In th
svure orifice for sbatic pressura. hirst, the piltot
tuve could he shifted | ileular to the ax*° of the
modely second, 1t covld ne moved ot will to ether with
e orifice for atutic wressurc avornd tie dle of the
citic nressare was measured with
fovoniens baetween the static
e oo measured with water

a
£
i

<

3 cross gootlca of tie pres-

mocel, The acsolais 3
mercury U=-tubes, and the
pressure and the pltot
manouneters.,

“nerinents . corriaed ocut in the
“ter surersonic bonnel of the Institute

Pov Fiol Valocity Problewms -~ the Jevodynamic Zesearch
Laboratory Gobttinzen s, vV (Professor Wuichner), This

i3 a lew-nrossure tunnel of e ususl type wherein the
air is sueked {fron the labosabory through a drying
filter, throuzh o Laval noz-'= a7l & maacuring chamber
and into & Low=pressure vs3srvoelr,

The ciPoo3 adectio Mustion chanber in our

on ol tie o
mndel was chosen 30 that the flom there can ve conslidered
incomprecsiblo. el oily fhils perrits as complate
coyibustion us is nossible wi

shout hinviign toco long o come
wustion ebamer. for the velncliby in che combustion
cheanbor o o oan vac the Peroo 211 cnguatien.,  IF we thinh
of tha velosity as nede Qiwmenslionloss by the velocity of
sound b th: ctasnatlon polnt ¢, we arrive at {ormula 25,
For our exporiments we can ©ot b creod of )L““d at

the stwonablon notndn of egusl teo the gpoed of “nu

in tr: ~orbuation chamber ¢ i ; o) m/c- is,

in our oxperiments, noae otiws bhwn the lech numoer in

the cornstlon charter.  (Bat ve must note that £his no
lon,-2v olds it i irice combustion
canaes ¢ 50 risa.)

[y
o
[y
-
[
ct

P
o3
cr

J

>
6]

> oy -
W o b - —{—‘

UL Qi S (25)
ol g g
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ere pgp and b, are the stutic pressure and pltot
N I
prosasvre in the combucstlon chasbor.

Under ordinary metzorologlical condifticns the

sta nution temrneratire for a Ifree-stream Mncn mimber
Mu, 7 2.3 is approximately 23ual to TO = c00°
absolute s thc corregoonding veloslty of sound is
alout 27 = 570 w/s. A8 Is knoun this is Inderendent
of w?ﬁt“er LHG LOuD“U”"lOH shiocls wie ghend of the
oatlon polat or not, only acsuming that we are
Yo owlth oan id2al gas. I woe oare inferested in the

in trhsz combustion chawmber, we can easlly calcu-
_t from the tempervatures ond sbutlc prossurce, where

:

-

we can sut the coxbustlom-cliameer tempsrature equal to
the stoonation tempcraturs wich sufllclont exactness

sluation all prussuraes are mads ulm;n310nlcss

wtul neeseure po P of the fres flow, that ls,
gure which ls ashievod bty Loentropic couprecsion
diroat oovelocity w = 0. For our

n © 15 that vresonve which prevatls behiind

chuanalddifsing Cllbsry Leoanss of the pressure drop
in T Pilbew 10 13 wlways corowhah smaller than the
? N

s model in CﬂdePlSOH to
it wes noet pessiols to set
sasuriiag chamber of the tunnel
oo tiumel nozgzle sut

=

H . » v 1

- - - .4 - - . .
the c2ross se=obion ol
up thie soame poreasars

28 In Phoe oexib sress

¥ Feen tiw [low churapter—
istics clonn In tre vicialty of tre wead ~f the missile,
it wos awcesgsary only ave Ll ncsa of the
r sile was moved sul ‘ sts fc; hﬂ nowclsa

]
rosaibly even somowh b
ey a0 Lhat Lro o owosle obliguw CJ@UIGSSLOH shocks
ermans bl 1 i

i ¢ ezoic, bacause of the
hich rrosovrs in the _  chinboer, firest it
the wmeael 2 PLE S LBy oenorsnce oross secetlion Foe
3
If e-ia wlo ot oons, then Lo ol mot Liapron that there
woere doviabions oo Lo wmezachreonents of ths ordeor of
moomibudey o e diffcronce Lotwoeens Lie chiunber and the
rozole rrossure, bab eatooe the low was complutely
Sdtore s and the stablce orossucsas iy che cormbustion chamber

P R VoL VS .
foll e wbhoul LU pereent of Lo veliaeos which welu

—_— PR T - . iR gl BN
mEas e Wity Ty o Qrra AT TICENT @ w2 Db L roosarn

ko baporhbant vhion Slscussion of the

-
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The ma jority of the measurements were made for a
J J

free-stream Mach number of Maj = 2.9, in particular,

the experiments with suction ant the pitot-pressure
measurements cver the section of the combustion chamber,
The .0st important experiments were repeated for

Magy = 3,16 and Mag = 2,02, Tue Mach number in the jet
was determined simply from the nozzle pressure, which
cen be done without compllications for dry alr,

5, EXPERIVENTAL RESULTS

In ganeral our experiments were carried cut so that
g p

8
e pressure F - sre measured for
the pressures Doy and Py Dyy VW re measured fo

increasing throat cpening Fpe For this we had expected
something like the following. -hen the throat 1s closed
there will be no f{lcw chrough tihe missile, There is an
oblinue coumpression shock starting from the tip of the
mlssile and ons from the suction slos. Ahead of the
opening Fg, Just as ahzad cf a pltot tube, there ls

a noimal shock behind which the air Ilows off to the silde
without enterin; the missile, Under thesc conditions
there must be a pressure within the misslle which 1s
significantly higber than the olict pressure in the

free stream (cf. provlem 1), Uow if the throat is opened
somewhat, then nart of the alr hebhind the ncrmal shock
can [low intc the interior of thwe missile, and the rest
must atill flow off to the side., As the throat orening
incraasss, notliing changes gnalitatively up to that
opening f»or wihich tho riass flow is exactly equal to the
mass which would flow through the cross gsection Fg even
1f the entirc jacket of the misslle wore removed., At
this point thie Jackei of the mlssile is no longer a
disturting influcnce upstrean. Indead, oblique compresalon
shocks o downstieam from the leading cdga of the jacket,
but otherwise the rlow enters the +1ssile at supersonic
veloclity. ' thie subsonic dlffuser it then falls
abruntly to subsonlc velocity in & practlcally normal
shock%, a8 hags been Known for o long time frow experliments
on Liaval nozzles, (Sze L, Prandtl, Fuhrer durch dle
Stromungslelire, p. 219, figs.22l to 226.) If the throat
is now opened stlll further, the mass flow rcmalns

unchangcd Zor upstreun I'rom the ¢ress sectlon F, the
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flow is always the same, Opening the throat still
further only causes the normal shock in the subsonic
diffuser to move furtiher downstream, and the combustion
chamber pressurs falls correspondingly. (See fig. 7.)

Accord’ngly we hac two flow conditions which were
fundamsntally differerits one with a normal shock ahead
of the cross section Fe and with increasing mass flow

as the throat is opened, and one with constant flow

ahead of %ie scotion Fy and, hence, with constant mass

flow und a normal shoclk in the subsonic diffuser. Here
the pressure falls in the combustion chamber as the throat
1s opened. The position of the throut for which a normsal
shock occurs in the subsonic diffuser near the cross

section Py can be rather accurately determined without

knowing the exact flow data. If we assume that on entering
the misslile and ahead of tle normal shock the flow has

a iMacih: nunber of sbout 1a = 1,5 to 2,0, then the ilach
numver behind the snock amounts to avout Ma = 0,7

te 0458, Trom this the cross section at ka = 1 can be
calculated for isentropic cornression, It is about O.BBFe

to 0.,91F,. HNow In any case, the compression in the sub-
sonic di%fuser 1s not purely isentropnic, and about

10 vercent of the total vressure is lost, sc that the
throat opening Pp must be obout 0.91F, to 1.00F, 1if

the normal shock 1is in the veginning of the subsonle
diffuser, This can ve predicted so well without flow
data because the Mach number behind the normal shock
does not depend very much on the Mach number shead of
the shock and the flow cross section changes very little
for Mach numbers near 1.

Tre optimum point at which ths compression shock
enters the missile we shall call rhe critical Ilow.
(There is hardly any danger of confusion although the
conditions in the narrovest part of a Laval nozzle at a
Mech number Ma = 1 are also called "critical condi-
tions.") Suberitical flows =re characterized by the fact
that the mass flow increascs as the throat is opened.

The drag of the missile is ratler high in this case since
a compression shock 1s situzted -head of Fge Surer-

critical flow has constant mass rlow, and combustion
chamber mressure falls as the throat is opened., The
drag ol the misslle is to be usswaed to be smaller than
in the subcritical range.
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Coriespondingly =1l crosa-sactional arcas ups tre&m
froil the conoustion must bs mede Largssr than thosc glven
for our model. If the combustica was mot yut stQLtod,
then the intcerior of tue com™ustlon chamber is well
within the snpercoitical condition of flow, Vhon the
combustion sturts, it ncts lilie a contraction of the
throat, 4nd, hence, the pr2scur> in the combustlon
chambsr must rise, which causcs tho combustion to Increa
and brings sboub a furthoer rise In pressurs. We must
only bo caratul that She wnonnt of fuel vhich 1s injected
13 such trhat we nsver sxceod wle sritical point. If thils
happens, it 2uvses o drop In She combustion chamber
pressurc with inereasing oras anid, Lenez, a sherp decrease
in velocitr. Qur nonsideratiors sbow h”ﬂt the subceritical
paston of flow is of little ‘utoesst Do us. Teve :rtheless,
we shali try to sxn»loln erbeasively Ihg relationships
whlch ocecur tlerc.

O C‘(‘

C?'

TABLE 34- DIDCT P00l ol 21410 Prilsidim AS A
FUSCTLON OF 3L TaloaD OFoMilG  Ma, = 2.9
I T T T . h
™ /e . - ’ ) ' ) -3 1 ! 9] } )
KRSV [ ¢ LT n » - i mn 1) T
1 y ; 38 o ; ’p/ 0 )_‘/ e Ast/lo ' p/)o
P —— . — “ i e = _I
0o 3.“1) Coiyl 0 e383 L 0W57E 0580
155 T B RYE R N $H30
W70 i ad 1,035 0 @ 5ok
- - . . e - o
055 1 LT RITRe 1,110 NINES Sl
A1 . R - i
L0 219 o500 Lee0% 1103 Ji1l
¢ e [ - 0
Lty eyl DT I SV B S 4 568
!

Tuols 3 groest the best rozalite of o sinslo saries of
moasuremcnuts,.,  From it ow. 2oh > »evarizable pleture,
that the pitof rronsure ZL o'l suheritizal rangs 1s often

logs than the statile rroacurs,  This was obscrved for
417 tsats o ith cloazed or :]igh#lv nnon throat., The
reason Tar the ot oo ot cgor o przaonrss than

tht octatio o
the nitolb tuzoe
19

1o

~nls T thoe fach that
flow or elss the

. 1 L Sray
S S0 VTS vy

v 0l sunoritlies) connitieon of flow 1n
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the test chamber chere was alwavs a very characteristic
bu“*in; sound while in the supecreritical range nothing
similar could be heard. From thils 1t could bhe concluded
Ehuat there were some perlodiczl or nearly periodical
procssses, moreover, in the svhisonic runge the mercury
and water columns In the manoneters were always subject
variations, The vibrations of ihe compression
alsc already been rlsarved In many prelimlnary
ve sade sclhilieren phetesraphs, therefore,
i-ut source Iin oclvr Lo get the Clow
fferent Instants. DIoure $ shows nine

s. Protorraps 1 to 3 were mace with
weritical range, and

T ecngitleons In fthe super-
Loz the photographs In

shoecks ha
experincnts,.
U3:n, a4 8nark
condition g
such ;JLOichjaajq‘
tne saae throat vosition in ohe su
I to 6 with twe d iffersnt thrn:
critical Panbe. I
the supercritical rur =, we ~lwsrss see cpe and the
3ame nicture n the vicinity of Lhe nose of the miszile.,
1

ELI PN \ ; B <
e TLOW 2o LS L

)
I come out cof the undisturvbed
clear in ohetor .Lplhll». T to ("‘),
o antos from thoe edges

of ihe nozn. caool e noorle 1s visible

as the ed-xa on oreo left, The rﬁse of the
model is thr some vy ntn e nezzle in order that

} ' of the rnooole sh01l neet
sscible lence, e cannot

1 ov LoLn ool By ‘ itsel;, but thiis

e seen vory clearly
tle suction slot

of Jirectlion, out
cyoa boundary laver,

e Lwo orlsnt ut”e(f“ whi 1

are The coliags

%

see the
is of 1
that no
C
1

}—h

ot b
ct

]-_J

W

o

an sngular
concave snpgle 1s nridee :

But for thils reason very clear oblique alrocks start

from € teglaning und end 0 this s:all dead area, and
this can wid the effect of the nsle since boeoruse of it
the lcas of tetsal oressure ls only lowsred withy thils
increase In pressure., It zvvears oa if g normal 370
stands ahcad of the entrancz T, Lubt this is cert:

whers
thiat th

e v
dae to « faule in three=adimensional nicture, The

cemorassion shock which we 3en oeiting fron the ont-

sile LLlT(? of the onvroncs masns chirasht o0 - rotat
stovn tho exla of tle miseile, The stralsht :
raralilel teo the entironces s torelforc tho

ring-tvns commresslon shock i ic

forward, I ‘ c.xl

missile. Tovr shape wo

cara, In any ,/ATICUTLOH

O J“hc deimns hct o nonginle
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the outer edge of the openingz rather than arch ocutward,
This 1is imporusnt In order to cecrease the drag,

If we
suwocritical c¢o

consider the three photographs 1 to 3 of the
>ondition, we find different flow plctures
cn each of thom, Uhcto"raph L is not essentially dif-
ferent from a picture of lbe supercritical condition of
flow. For photograph 2 the .ir ooviously flows osuc of

the intsricr of the missile wiils in nhotﬁwraoh 5 ahove

we huave supersonic flow like that of figure 1 und as

can be scen from the bright line emrnating from the suctlon
slot, subisonle velocit: prevails bslow, Thus, with sub-
critical flow we are :alin. with o very compLLcatvd
unstatlionary flow for wnich ths infericer of the missile

Is alternatelv £1l1led with al» up Lo o certaln pressure

and then part of thias alr is .;w'n forced out arains

tae genevral directlon of flow. Dueln~ thils process part

~
[®)
¢
¢

m
b
t

O

Ci [47]

b

of the air always flows throuwir the misslle, the amount
rending on the tarcet openin,, Tader these condiftions
we chould not wonder 12 we “eb bhuadly rencaducible
meaniraaents for wnleh the nerative pits>t pressures are
also ohgorvsd,

1"1

These aroe the conditlons thans tle we invariably
przdictac ihs rrocosses corrsatle n tha surercritical
flow cur exnactations are net realized uat gll Ter
suhcr dleddl flow, iere an Stttlﬁnlfj conditlion is set
vp and our neasvrem-nts ure ronorits of o serles of dif-
fcrﬁ T conditions, Tho reveoris whilch ars made of the
pitet pressure wnd by the orifice For stutic prescure,
are ndturally very much differcnt and formula (25) is in
no way anplicavle to thils mzan value,.

In sddition we nact alee expoct a 31ir-ht variation
In the vilues instide tro combhustion chamber with the

supercritical rcordition, Trilooc the flow remains come-
rletely suationary right un tn i shock In tlie

te cur osxperilonce, 1t
menr: rositlion, and this
rrosoure within the

o ecxpooted that
walid In tre surer-

svesonic diffuser ba*,JC“hr
will wvary back and iorth -(b‘*;‘
nusST 1881 o 3mall variqg

comons bion chamuel {
foraela (26) will bo com

critlic 1 Trrze elincr,

-

Q1IN D

Yoroovar S1 fer this Pormala,
Snca ve keow e llaohn numeer Lo Lhe ngrraowost soctlon
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of the thircat - it 1s always la 1 - and, since, we
also know the ratio of che combustion chumber cross
seztion I'p to the throat cross scction, the lach
nuher in the comoustion chamber can be calculated,
Herc =cain we take tie velocity w divided by the
velocit of sovnd in the stasnation peint c® instead
of tre llach mmber, The ccndition of continmmity is

CT‘ il

2

Pwp = W

But beewnse oF fre low velccity 4o density ‘n the com-
pustion chamber can be set ce7nl Lo Lhe density for w = 0.
Hence o3, ¢ s %o be concidered a5 the critical density
ratio oife = G,0%; wi/cC = (0,91 (£or = 1.400) and,
consequantly,
VA Y ;_TI FT‘
oo EE LR D s 0,173 — (26)
cY o} o I P

Thus, we see ¢t
denends only <
(becuause ¢f ¢

o)
straight line (26) is ﬁhmwn in firure 3(b). The velocity
calcuvlated from formula {(25) with the ald of the pitot
and the static rrassures r“eu@r 11y lies scmewhat below
the valuss oi (26) in the supercritical runzs. But

! t;
i

¢ the velccity in the combustion chamber
the Townbr'?~ve in the combustion chamber
. Fp/Fge The

CQHUJJ““LUT He precicion wiaich was established for
deter..ining #lie velocitys in che combustion chamber, the
variztionus are entirely meaninglzsss, On the other hand
the varlations in the SLuOPLtLCd] rangs are very large.,
Here the values walch formula (29) gives ars certainly
false. “hile in the subcritice 1 ronge the varliatlon
op the nressure in the conbustion chamher i3 certalinly
reaponsiivle fer the deviatlon o the nmeasured points
frem % straisht line ol equ¢ ion (26}, in the super-
critical wvanze there 13 also the q”ebtlon of whetihier the
asawnrtion, that oxactl:s the bfﬁﬁ of sound rrevails in
the narcovest nart of tlhie throut, ig complately satisfied.
A3 1s novmn, hls Lwelds only 1F tne radli of curvaturs
o ihe morzle walls ars larme comrared to the nozzle
opoening,

T volwe © 0 0 flowlng throveh the missile is
of very great intsrect Trom the oolnt of view of
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combustion, The tmportant factors for the amount of
mass flow arc the density of tle a'r and the veleclty
of the =ir in the free stream. Now these are very much
differsant in an exrerluent from what they really are,
and so trers s not much sense in giving the mass flcws
wiiich oecur in the experiments, It 1s better to choose
a value which is Incdependent cf the particular density
and velnsclty in the free-flow recion - a value which
therefore depends cnl, on thoe shap of the rilssile and
on the Iree-stresn kath numoor, For lt, we choose the

kil >

ratio of th: cress sectlon U , which includes the air

in the free-stream regsion wiiicelh lova throush the
missile, to the onliraac: crost socilon g It we
q

ate all valwues in fio frec=-3hiean fegion Ly the
abacrint o wnd the musc fLovw by 4, then the following
onGitlon of contimmlity rust be satisflied:

The donsity in Hhe
equal to Lo ecrlt
the froc-sircam o

throat 2% 1L now not anoroxlmately
‘ G ) - arnuropriabe to
1t is smuller by

tie loss of total « ce ohe total tern-
neratuie " 5 oa the ratio of total
A=ns Loy In the aorby to tin total denslty

e cerresponding pressure

i - Ty g VT Y oes g
In the froo stroaa

. " - S - - .7,_ . o | . - . . . _ X
ratio pr/p“u. Sutbsonic valocity wrevalls in th com=-
= [

. e s h P o - -~ N T Sty a
Nustbion ehiamber st a0 twha tatal »recoure 1toel 18
mogsursd by Lue prtob tntic.  Lonce, we can wrltle
¥ I'-. o JRNCTRPIT
Py M R"PirD
0. _..:). il —— (3'?\
: 27)
}‘1 "Av‘ e ‘W -y *.‘J
& S0 Yoo

rotio of Lhe 100 erosa 3ection in the

to the {lovw croocs 3echi-n fer o = 1
Y o o . .. - N - . - 1,
ditions corrange Iosnteovicallye This
- b . R
oo b Loy
)
- -
s 7T I
a
it 1s
now
e ™
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In crder to get the true mass flow, we need only to
multiplv the {low crces secction F by the free-stream

5)
denzity and the free-stream velocliy.
In fizure &(e) the cross-caction ratios FO/Fe

are shown zs functlons of FD/FQ' In the supercritical
range FO/_F'e rust alse be constant because of the con=

stant masa flow. 48 we see bhls alse {its in wells. The
small increase of our valuves Lor the mass flow In the
supercrlitical rangs should ve due, just as the deviations
in the vcelecity va'ues wnder bOLu_t ons whiich have already
been menticned, to the fact Lt is net entirely
correct to assume cmnstamt crnagition tn the narrowest

part of the throat for wicde openings, and that tle pres-
sure measurenent 1s not comnletelv exact due te the small
variaticns wi:ich occur., Thz nwnerical values show that
anvproxinatelr twice the gsurface of trz clrcular opening

Fg 18 scooped up Irom fne Iree-strecum air, KHence, this
is just twice ns much as we could expect to attaln with
a simple hcle of size Fg in the nose of the missile.
While tre alr ex: es no change of cordition ahead
of the sntr 1 > missile in the latter case, in
the case of S 1faser he cross cechticn of the
flow is zlready decreased by nresslon shocks aheead

of F_. (Sc¢ fige Ta)

We can %150 make use of the [act that the mass

flow is Indepen 'ent of at ovening in order,

with the aid of formala (27), te < lve (€ plitot pressure
in the cou uoflcn chiamber as a function of the ratio
FD/FQ, if we xknow the npresanre Ior only ons throat
opening,., 4s the curve showing thhis relatlonship, we
obvicusly et a hynerbola, nls peraics ue teo extrgpolate
the pltot pressure 111 tie ul,,autVﬂn chaniber somewhat
Leord the meusursd ranie.

We could now guestion w“ct%cw «L} values, which
wo have measuared, occur only at the measured hownL
i1t8elf and nerhans differe ¢ sldorahly from 1t st other
pvints. In order to go on WLth BRI sureness, the
velocity vrofile at cno station of the cormbustion chamber
was firsh measurcd. This was readlly po SQ1b1e since
the pitet tuwe could be shifted in a radial direction.
Table 4} rives the results for two Lthrcat pesltions., In
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e see the results

ed if we
on charbe

me ‘cl s5ure

For we caunot ussuune that the morﬂdl shock is in Lhe
sane position everywhere in Ui subsonic diffuser.
Tnese weusvre.snts were curried out frr four vesitlions
In £3 vwee 10 e cross section of the comtustion chamber
1s 1ndisated o7 the four measuccd Sluaces. Here too we
gee no subatuntlial devialions.,  (3lrce tre values fre-
guertle 1ie ratker closa to yie muorier, it is not
always uirectly obvicas wh.ich wos;ticr i glven by g
cercailn (oint.,  Dat since for «:on /W all four
positiona wore glwavs meacur-d, 1H ey q1vaxo be readlily
stalud, ‘ow the irliviiual roinns nrae covered,)
Lorecver cevarsl msasnreonts were made with an
ansle o attae’s of the missile to ske Alrection of flow
ot rtvongs L, In these ﬂG&Sd?,”&ﬂtf pitet rressure and
staTlc Tregssuave were measured in the four rositions of
the tosts just deszribed., T thpe nosition was’ near
toy eritical nesition, opo +o : wers ne real
deviatlons, The hishest vitol ¢ n o Lhie comous-
tion eharbor scens to anrenr o ~n the lee side.,
Moo owvair, rbreen the cother “\Jguﬁk‘ants tin nmodel has
offter: heon talen ot ol oo 2bn ool o9m® when Ct is nut
in s paln is a1 ways adinsted viil the ng'oed eyec alole.
Nevertiiolesa, '‘n L.e supercrl: Lchon cnly slipght
devictiong annear in the res- uts. This too indi-
cates 1 ocortain losensitivie: soe dovice toward small

angles of atiack,

Besides the measurcrmonts Do La

S

. . ..
also maasursm nts ot Magy = Jelo and 2,
The exast saie ~ravihc aproars .o Ty the
meuts,  Thus, with o hister Duell mameer
lﬂ‘?*S are wmturally larcser,  Tuab LD ows
;mtustiwn—“humhﬁr prasaure L. uultiplg
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TABLE lLo- VELOCITY PROFPILE Ib 777% COMDUSTION CHAMEER FOR

Frn/d, = 0.92 270 1.L5

Cuter wall et = Q.15
Onoc=Touvrch of tre waw in Calg3
Middle S
Throe=Ffarths of the way in O.1iile
Inner wall : [a131 0.2

?kﬂ missile io
rent from the one
Ve DS e o
ralues of pst/pO

wnei FD/F = 0,59 and thev a2 2lettsd in figure 1,

cone Into the subcritlceul
flyirg 2t o Mach nwiier s.mew
provided, Now we nuve sing

"l"V

so close tc curve 2
shows thuoireticalily, worn , mt we rocover the pres-
surc in at leust twc Cbl*ivJ and one normal shocks,as
we have alrecad; zooc od [eow the celhillieren photos.
Now if only one obligus swonlt wore  nragnt
then cn account of tre losses in tie sunsoric aiffuser
cnly sheout 90 percount »f the valuss of curve 2 could be
gached. Several 0601 ol re odded te this effec
and thev would be of lesser wai hte, 4 favoranle sifect
Is contalued ta tho fa L 1sentrenlce zomprzssion
(comvare, for cxmamnle, R. a4, Gan £meaigs) olwnys
ccours Ly L e Thius, Sle varts which are
nearly conlcal give a Aot ke tter recovery tbhan the
calenlation shows, LI we mste  shosl: slons
} )
+

Tne Yecet tlat ~Huar

i
5]

(€]

G oot
"
\J
B

"3

=

{
sy

n tn

regaonsible o roosors rice, ot Looeontroot

to tids ts trn factht that certain swall losses waust Le
seeanted on sccount of the tounoary-layer flowe IH 1s
rotuvcrth" nertover that Zer our mod2l the ungies ars

in an even so that th2 sieet favorntle corhinu-
tion oi &' ‘s riven directlr.  dut tiils assump-
tion wnd=r Lenlaticn of vhe curves of figure 1.
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In env event it 1s such that 7or not too great deviations
from the regnired optimum shock=wuyve anrles, ne real
deviaticns from the thooreticdl curves are to be cxpected.
Now we are at a maxisun here, and the values near a
maximum are, os 1s known, 1n;~n itive toward slight
deviations of the argumcnts.,

The inlluence of these Icur effeats can be arranged
sormeviial in the followlng order: First, losses In the
subssnic diffuser; secundly, gafng in ‘he conlcal flowg
thirdl;, losses due to aeviations Zrcm the optimum shock-

Wi Ve dm“lu, and fourthly, boundar,-laver losses in the
recsion cof supersonilc {flow, Th2 JXILLLQ really depend
upcen the shape of the model., I7 trho twe effects mentioned
in the widdle are more cars{vllyr econsidered, 1t would
svwrelys Le Dm081b1c to sven Inopzase the e f“ ts with
esprct to cur model. On bhe other Mand the losces
11 the subsonic diffu. r and in tle beoundary laver could
even now e reduced to a minireua Ly omeans of the tests
2,

’

deacrin

We will not go far wroug 1f woe z2ssume that in a
broad range tro four i Toachs 1ﬂu1‘0n‘d are Lworae or legs
independent of the ilach musbvr, Vers 1izely this is
also the reason why the me%ﬁurud voints are relatively
well srransed in Lhe curve systern of Slgure 1,

Dur nrocezdings shoow that ncar the critical point
and In the supsreritbicsal roplon no vottar valucss fer our
mcedel are to oo expocted than those 2cached in tle tests,
Thus, at leagst in tne regon whoere thoe nissile functions
well, we cunnob expesct much in e way of suction, We
have careicd out tesis with four diffcrent orsnings
of the suction valv:. Bas the differences ave slight,
so tiwt w2 show in fisure 12 onlv the exporiments with
half orencd or fullropencd sustion valve in contrast to
thooo without bnctlow. along wethe She pibtet prossure and
the zteooile vrreogourz "u bt fist chianber She volwwie of
suction whas also Gobtermined Iop coen easurousnt,  The
resulve o ovot scem Import.nt cncocn fer us to roproduce
thom 317 7. ns e tilrc, b owendng increouscs the
suctlion volume “ccoriases SfJLan‘at u-oil the critical
point a2 rcoached, A3 would cortoinly ke exrectod 1t
remalns constunt in the suncroritical regione  in Fig-
urce Ld toe ratio of svebtlon volwuwe to volure of flow

Gap /% Is alwars 270 t2¢ for the suncresltlcal resion.

~
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Weo see that In the rpg on which concerns us, the
suctlen 15 detriamental and, indenrd, in oplte of trhe small
volwny of suetion an irpcr,“nt drop in the statlic pres-
sure within the comnustion chamber results. Only in the
suber tical range does 1t hurren that the suction
occasicnally causes & rise in the static pressure. hils
effect was often rrescent in th»? tests in the subcritical
renoe wWithout belryz rveproducible with any complote
certuinty.

After all Ethet 1. besu SLid, i% is not remsrkable
that vle suction ctffers ne advasbare In the super-
critlical rangce.  Bub In the ;u»ertlcul ranse 1t Joss
not arpear to o2 ﬁtianieqLIy eff\c:Lvo a3 orposed to

the streag prlsa

ot
Coe 1
>
—~

-

(&} ;
<

[
-

(]

L

L ]

cor ) trtefls vhobtosraphs 7
to 9, (S8ze iz, G.) heece 1o riussile is nob Shiust
sufficientl, fur @ .t the nocole so Whab the coligus
comprsosrion shosis @qantinJ from o the edze of e nozole
meelt the nood a ‘ 115 in th> vicinity of
the crosa aection DL IuE hocks srrnating fron the
nozzle and . 1 SRt in bogl the curpsr-
critical and subzcriblcsd roare s n anoroxilmately the suame
vay Into an arrrngzasnt of cooomscsaion shocks which
Giffers from S rast of “he rhetos-arhs,  Ihe prossure
ICRIRCN RN AT ¢6E mts show Fhot this vosnlhts 1o sxtracrdinary poor
ssure recovery [opr cny throut oroning, Tt is there-
fore very irnort-nt Pop correct veluos to set un oo
medsl correctly witl respect Lo the nozzle of e tunnel.

! Nal R ST 3N SN T T NS AR RIRS foavy
{'o l)IEJv[ SST0M oF S A TTTONAT RYPLRT :nTS
FOSSTEILTYINS o AL 72l THORLLSE
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ter
obvi.mm to
s
oY

ol th Ly T
cnmhuﬂt Cotes slsslle wan altored
as 1s shown Jdliare 17 T elhnto o was prioaurlly
comsidered ] a¥ : Pivr bl drses.  hore-
ovar, thors wus ciovive s Lhis bin into

. N

tha thﬁFlOP ol Lnils osoaries of
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tests are shown in fisure 1. It is evident that, when

the tip 1s not moved vack, fthe values with the new form
become somzwhat worse, Put meoving the tio back agailn
causes an imrroverient, When the tip 1is moved back

1,5 millimeters we get a maximuwa value of pst/poO = 0.62l.

This Zs not a single point, as might be suprosed from

the fisure; other values avproximately as great were

measured, but they are not shown here, We should note
Ani

tiat tlie value of Fgy iIncreases somewhat as the tip 1s
moved baci. DBy F, In the frastion Fp/F, we under-

stand tle entrance arca approprlate to the pesition of
the tip at that tilre, The wvelocity, which was measured
but is not shown here and, also, ilie mass flow do not
differ ruch from the valuve wrrived at in the earlier
tests.,

It is tlereforz o cwn that the value when the tip
is meoved 145 milliuctours bank reviresents the experlmentally
determired mox imum. Sinca the drag ol the wmissile could
be sven smaller here than o the orisinal medel, this
form wnuld une preferabhle to the orizinal form, There
can he no doubt th.at the values at the various points of
tiie coibustion chawber do not vary here any more than
fer the nose of Lhe mlsgile whichi was tested first and,
also, that “he othsr characteristics have undergone no
real change.,

Bt from the last ¢xperiments we cun sce that the
nerformance possibilities > the shozik diffuser can
surely e increas~d still move, “huz, thesc tests
appsar to he Important primarily as an indicatlen of
this »nossibility of inereasing tle canbusticon-chamber

pressuresd rather than as an improvemsnt In the diffuser,

Henen, we sihould strive priasasrily to construct a
new shock Alffuscr with the oid of the axlally syrmetrical
chharacterlstics mothod on tlo Lusis of the knowlodge
cderivsd in the thcoroticsl section concerning the optimum
arranrement of oblique shockse In this, the angls In
the cone can e Jispensad with 1n uny casey Lt would be
more portinent to tryv to huve an obligue compresslion shock
emanate Tron tns Llp of the cons and also from the outer
rim of the cntrance area P, and we must be carcful
that the tunael behind B¢ ontraice avea F o is not

~1

constricted beyons tL permiscsivle limit, If ws succecd
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in constructing an arrengoment while lreeping the optimum
shezk anzle - which, in any case, 13 not diffi
Ny

matihe Jatlcdllv - then for a Mach number of Mag = 249,

a0 nmercent of the value given mmder n = 3 (solic curve)
in fijure 1, that is, p, t/n © = 0,90 X 0,78 = 2,70, must

be attainahle. At the same tims we should talze care to
keep the drag of the uodel as omall as nossgitle.

Q
o
—
o

The problem ¢ having oxyoen avatlable at rmaxinum
possible pressure o © rceclict nropuelsion of a miscile
flving at high speed was sclved In this way; the atmospheric
air is first comrressed «t thz nosz of the missils In a
conoresalon shock cone and is tien intvoduced inte iLhe
ior of the ulsaile threuzh o circular opening.

~

Interi
After still wmore commresslion clis, “re alr is slowed

up until it finully reachoes sscaic velec’ty., Purtler
insrease in wressurse is 2 feched o o sueconlc diffuser

L (
throush which the sir reaches the combustlon chanber
Theoretical cons Liurations show Tt Thils metnud leads
to significuntly Fijlher pressuves than scooping up the
» pltoc tube in the nose of thw

NS
If certaln rules are followed, the method which

alr LY a hiele olleq to
misslile

~-

L)
1s descrived cail be reuslized very well in rractlce. While
the naximum prossure of bhe cir o In tie corbustion chanhber
which 1¢ theorctically attalnasle out cannot be reuched

in hrﬂ?t;oe aaounts Lo )l abuosnhares sbsolutq for a
missile flyiny In the free atin L\H““e at 2.9 timas the
peud of sound, a coumrustion=chicuner nrossurs of only
11 atmesvherss abacol u1m car oo wttaivad using o simrle
duct inn the nnze of ths missile, un the nflxr hand the
best resulits ovtainced In cur exrerinents corrsgpond to a
combuction-chaunter presaare o' L9 aticspheres ubsclute.
The exporirents in the ronse which 1s of practical
interest rrovesd to be co pletely reproducitls)y wlso,
tr: Jevice proved 1t to Yo insonsibive Soward dlsturbing
influences. A cer rJJJ atdd ] fJ)Wul toorcase in the nor-
formunce seens podsibls, 1 covico was called w shiock
diffucer dus to bty L IHSUTL IPECOVEIY .
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Figure 1.-

Maximum possible pressure recover with n shocks,

maximum possible total pressure after n shocks.

maximum possible static pressure after n shocks.



Fig. 2 NACA TM No. 1140
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Figure 2. Theoretically permissible
contraction, while avoiding normal
compressibility shocks, as a function
of mach number.
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Fig. 4
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NACA TM No. 1140 Fig. 5
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Figure 5. Experimental results for the model of
Fig. 4. (Pitot rressure and static pressure
directly behind the entrance cross section as
a function of throat opening.)
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Fig. 7
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Fig. 8a NACA TM No. 1140
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Figure 8a. Static pressure in the combustion chamber as a
function of the throat opening.
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Figure 8b. Velocity in the combustion chamber as a function
of the throat opening.




Fig. 8¢ NACA TM No. 1140
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Figure 8c. Mass flow as a function of the throat opening.
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Figure 9. Schlieren photograpns with spark light source
at sub and supercritical flow and with poor position
of the model.



Fig. 10 NACA TM No. 1140
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Figure 10. Pressure as a function of the throat opening
at four different positions of the combustion chamber.
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Figure 11. Pressure in the combustion chamber as a function
of the throat opening for three different mach numbers.



Fig. 12 NACA TM No. 1140
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Figure 12. Pressure in the combustion chamber as a function
of the throat opening with suction (GAb/G volume of
suction in the supercritical range.



NACA TM No. 1140 Fig. 13

Figure 13. Altered form of the nose of the missile.



Fig. 14 NACA TM No. 1140
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Fi,ure 14. Pressure in the combustion chamber as a function
cf thiroat opening for the altered form Jf the nose of the
missile, as in Fig. 13,
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