
UNCLASSI FIED

A402427AD

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA, VIRGINIA

VWNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto..

i A



FTD-TT- 62-1785

TRANSLATION

REFLECTIOI( OF SUDDEN CHANGES IN DENSITY FROM THE
A71S OF SYETRT

BT

D. A. Msl'nikov

SI II I I I I I II

FOREIGN TECHNOLOGY

DIVISION

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE' BASE

C OHIO

S TIA

t.t '$ , .
TK(,



FTD-TT- 62-1785/1+2

UNEDITED ROUGH DRAFT TRANSLATION

REFLECTION OF SUDDEN CHANCES IN DENSITY FROM THE AXIS OF

SY1=TRY

BYs D. A. Mal'nikov

English Pages: 14

SOURCE: Russian Periodical, Izvestiya. Otdeleniye
Tekhnicheskikh Nauk-. !ekhanika i )Lashin-
ostroyeniye, Nr 3, 1962, pp 24-30

S/179-61-0-3

T- t MftS? L'AlOR IS A RENDITION OF TH9r0*1
N HAL FO0UUF611 TELr i T#TOII A." NAWRLY* 40
EDITORIAL COMMENT. STATEMENTS OR THIEIORIES PREPARED BY.
ADVOCATEDOR IMPLIED.ARE THOSE OFrTHE SOURCE
AND DO NOT NECESSARILY REFLECT THE POSITIOw TRANSLATION SERVICES BRANCH
OR OPINION OF THE FOREIGN TECHNOLOGY DI- FOREIGN TECHNOLOGY DIVISION
VISION. WP.AFB. OHIO.

FTD-TT- 62-1785/1+2 Date 29 March,19 63

B3



REhLCTXON OF SUDDEN CRANGS IN DENSITY 'TR. ;aIS OF S.TyRT

by

D. A. Mel'nikov

The flow of a supersonic axially ym•retrIcii1 stre m from a nozzle,

with pressure in the stream greater or les than the pressure in the

surrounding medium, is accomnanied by the formation of Jumps of con-

derasation,which are reflected from the axis of symmetry. The existing

methods enable one to compute the flow in such , streism, with the excep-

tion of the area of the reflection of the Jumps In condensation from the

axis. Below there is stated the problem with Its solution obt-ined for

the flow of a gas in the region of the reflectin of an incident jump

in condensation from the axis of symmetry and the formation of h.central

jump. in condensation converting a supersonic flow into s subWor.Lc one.

.he accepted system of flow has been confirmed by exp.erlrent. There is

shown the possibility of reflecting Hn incident jump In condensation

from the axis of symmetry without the formation of ft subsonic flow.

1. Let us take as one of the possible systems of flow of a gas in the

region of reflection from the axis of syn.etry of an incident Jump in con-

densation the following one. Close to the nozzle the incident Jump is

split into two Jumps in condensation (Pig. 1). The firpt reflected jump

in. condensation KR goes n direction from the axis of symmeit!7 ?Ae. aF;

cond, the central jump in condensation X. converts the supersonic flow near

the axis into a subsonic one. From the point of splitting (in Fig. 1,

voint point X) tl-ere goes the line of f)ow XL, which proves to be the sur-

face of a tangential brehk. The subsonic flow back of the central jump in

condencoition is rpmidly accelerated Find becomes supersonic, i. e.. the area
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of subsonic flow proves to be closed inside the supertonic flow. -he flow

behird the reflcte" junp in conden-

vation in the general case cnn be com-

0 l•'-letely supereonic or p:,rtil'ly sub-

conic.

Let us seek a boluticn deterrin-

inr the subsonic flow behind the cen-
.11g. 1

tral jump.

Let us introduce the direntionles p'.rý-rieters u, v, the components of

the vector of velocity V = V u2 + v2 referred to the maximum velocity in

the cylindrical system of coordinate-- z, r with the beginning of the coordin-

ites z = 0, which runs through (Fig. 1) the point !.. p and p hre the prersure

.,nd density, referred to the pressure and density of the retarded flow K be-

fore the Jumps in condensation. k Is the index of the adiabatic curve. Let

us use the basic equations of an ideo-l gas:

au a k -•-•, ,;. -t-• ••-0(1.1)

P"+p/p: (1.2)
a (rrpul !kupv 0

d " -O (1.O)

The pressure p -nd the angle e betwe..n the vector of velocity und the

roeitive direction of tYc axle z we will conaider as the unknown functions

of 7 and r. Let us introduce into the consideration also the entropy

func•ionp- p= pk. The equation-(1.1) we convert to the form

"Oz -[r + a ,i)]+ ru 2ko (1.4)

Let us solve th', problem by the method integral relationshbis (see, for

exi!Mule, i--). In the generhl cas- we divide the subsonic flow between

tht, ,,xis of symmetry an! the line of the fnow running through the point I

c:Ao the band N by equidistant linev. The first line coincides with the
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(Fig. 1) with the lin. of flow IL -proceeding from the point K. The zero

line is the axis of symmetry. Let us derive a formulK with N = 1.

Let r] -- rl(z) be the equation of the line of the flow KL. Let us In-

tegrhte the equations (1.ý) and (1.4) by r from r = 0 to r x rj~z). In the

integrals obtained we viii approximate the subinteor.!1 functions a9cordirg

to r through their values with r = 0 and r = rl(z). After the converbions

to the variables i., . and Q, taking into consideration that

dT.&= dq,
a-sZT = w,- o. 0 (1.4a)

from the integrated equations (1.3) and (1.4) we will get
4J!,,, {2rpVi sin O, (2 cosO, _~4 v.. , 2t0,- [_)d--• = j, V1,iO 2cos - j• + 2tg0l (P, --P.)+

+ Coso, ( 0- oso,)],2r t3 Coso , (Cos - .• +

+ k 2- 2coso01 + V, oCo.)]}-' (1.)

dp. fcoO(k-.V. I, .V V dp d,d'--7- ~ ~ " =.) op ki -t-• 2r pVIVo sini 01' -

- tgo, (p 0 2o' + 2p,vV V •Qo. ,)} {ri ( - k- 1)11 (1.6)

We will make use also of the equation of the line of flow passing through

the point t:
dr,/dz = tg O1

• (1.7)

The eubecripto 1 nind 0 refer to the parameters on the first and zero

lines of flow.

Still one more equation c~in be obtained from the boundary conditions on

the line of flow .assing through the .ooint X and forming the surface cf the

tangential break. Let ua consider that with r > rl(z) the flow is complete-

ly su,,ersoalc. !.et us write the equation which connects p and 0 along the

ch-tracterietic II of the family:

d+ 'A' e04PE ---- -F- d In nc 0 (1.8)

Here p in Mach's angle. The subacriot c relates to the sinoersonic

flow with r rl(z).



The system of equations (1.5)-(1.U) determines the unknown .unctions

POW(Z), (), 01(2), snd rj(z). The Initial parze~terp with th.e rubmcrlpt

1 with z 0 for integrating the system of equationo are determined if one

knows the point of splitting T on tl•e incident jump in Intensity. From the

condition of symmetry the centrý,l jumr on thf- axle at the point P will be a

straight jump in intensity. 7herefore the inltiI p rameters with the 6ub-

ccr.ibt 0 are known if one knows the coordinate z 3f the point P. The val-

ue dOl/dz which enters into the equations (1.5) and (1.6) remain*, unknown

with z 0 0. Let us write the equations (1.3) and (1.3) in the system of

curved-line coordinate& s. n (Fig. 1)-.

80 p k-1 a1np

r- , -- -- (1.9)

Here., s is taken to be along and in the direction of the lines of flow,

an.• n ,icng thr normal to them. The direction of tht coordinate n is chosen

in ,uch a why that the mutually perpendicular directions n and s coincide with

the direction r and z, res-ectively, with a turn at the angle 0. The differ-

entials dn and ds can be connected with the element dl of the central jump

(Fig. 1): dn =dlco-,(--O)--=-Rcos(y-O)dr
d.s=- di sin (-- 0) R -- An; (T -- 0) dT 1.1

Here R is the radius of the curvature of the central jump in density and

in the angle between the normal to the centr3l Jump and the positive di-

rection of the axis z.

Let us introduce into the consideration the obvious relationships

Ida M 08. dlnp a Inp do ]nIp In
w-= • + w. % T ,- dy as, + Ond. (1.12)

F~rom the system of equations (1.9)-(1.32) let us establish the deipen-

dence between a ln p / as and M / as and we will definitely get the sup-

<1 eme.ntary equation for determining do 1 /dg with z 0:
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dmna. . 2
di InPado

7S- ~ ~ sin(,Oj+!"n ( t=-' OJF

The i'•roducts de/dr &and d in p/dy are determined from the rel•'ion*~h.ts

for the oblique Jump in density taking into ccnsideration the variability

of the gas-dyTnuaic parameters before the central' Jump in density. The .qua..

tioni. (1.5) .ind (1.33) determine thE' ,alue.• •j/Dz dfld d01 /dz with s 0 .

From tIne system of equations (l.9)-(1.12) let us ep.reoe hiso the r1.-

dii o1 the curvature of the centra1 jump:

~at the point K with s - 0

CEIM 0~ - - k ( Is p,) c--_ (T. s 0,) d".'4

at th.e point P withs : -p.. .

In , .o

d- Sill (TPi k-7 O j \-

The equations (1.5) and (1.6) determine the values d.l/dz wni zpo/d.

by expressions which reoresent a fraction. The denominator ol the expres-

sion (1.6) becomes a zero at the specitl point where the velorat T- is

dquil to the velocity of sound. The denoultator of the .rpTelliom (l.5).aluo

becomes soer at a special point close t6 the velocity V1 , equa1 to the' •e-

locity of sound. Consequently in order that there be a continuous section

cdote to the sonic line it is necessary that the numerators of the equations

(1.5) ind (1.6) become zero where the denominators are equal to sero. From

these two conditions at the special points of the equations (1.5) and (1.6)

it is necessary to determine the positions 1t•Zhe points K and P. 1. *.,

with s . o 0 nd P• with r = O.

2. The exqeriment s were aerformed o- four axially symmetrical nozdles.

Two nozzles with a radius of the exhaust rT h e0 mm had a uniform field er ves-

locit e. at the exhsust with the fiures o i n.t and 3.2. Two other norI -

equal-tothe-v7elocit of 2 ond Th5eoiao fte xrsin(.)A



zies had a nonuniform field of velocities at the exhaust. The contours of

the latter nozzles were obtained by trimring the equalizing area of the

no zzles which have a uniform field at. the exhioast with the figures M - 2.67

and 3.37, in such a war that .the field of velocities was uniform cutoff.

not on the whole exhaust radius, but on the area 0.51 r 8 with the value N: 2.67

and on the area 0.46 ra with M : 3.37. r : 30.57 --nd 41.55 mm with the

values M = 2.67 and 3.37, respectively.

. ..... ., •There were obtained shadow -oho-

" . - tograohs of the flow into the atmos-

-l "" .here of the sumersonic axial~y sym-

metrical air streams. Investigation

was made of the reflection from the
Fig. 2, a and b

axis of symmetry of the incident jump
ORAFHIC E2 ~ERPRDUflAWL

passing from the exhaust of the nozzle with a. pressure in thf- stream of less

than the atmospheric. The region of the reflection from the axis of this in-

cident jump turned out to be in all the investigated nozzles in the rhombus

of uniform velocity. Therefore from here on we will characterize the in-

vestigated nozzles by the figures of M in the uniform velocity. The pres-

sure of the retardation Pc before the nozzle changed within a broad range.'

As an exarple there are oresented in Fig. 2 shadow photographs of the

reflection of the incident jump in density from the axis of symmetry, (a)

with M= 2.67 and po = 1 0 .9C pO* and (b) with M= 3.2 andpo :35.1 0.

On the -ohotographs of the reflectio61if the Ancident jumpn in the noz-

zles with uniform and nonuniform fields of velocities at the exhaust one

does not see the central Jump in density in some range of pressure pc < PP.

(Fig. 2 b). The computed pressure u0 was determined from the condition

that the pressure on the surface of the nozzle in the exhaust section was

equal to the atmospheric. Let us designate the minimum pressure Pc at

FD-TT-62-1785/1 6



v.ich tVere occurr the reflection of the Jump from the axis without the form-

ation of a central jump through po. a'e ex-T•eriment;.l vadue of the ores-

sures p1)° and p~ referred to the atmospher1c for the tested nozzlec are given

in Taibe 1.
a T bble 1

"H num-- O p o* 0 0 Remarks
ber 

Pm

Nozzles witr. uniform field of velocities

Nozzles with nonuniform field of velocities

On the shadow photogr:lnhs with p* p< po it is seen that the Inuident

and reflected jur•.s close to the %xis have a form near to the rectilln!-.-r.

With a decrease in the oresEure m.< pc < px there occurs a reflection of

.he incident jump from the axis of symmetry without the formation of the

visible centrit jump and the zone of subsonic flow behind it (see diagram in

rig. 3, where AO is the incident nnd OB the reflected jump in density).

Let uE investigate the flow in the case of such a reflection of the in-

cident jump AO in the region around the point of reflection 0 on the axis.

Let us make use of the polar system of coordinates R, -f with the pole in

the Doint of reflection 0.

Let us form a basic system of equations of an ideal gas (1.l)-•(1.13)

and the condition of adiabaticity to the coordinates R. . After the

conversion from this system we obtain the following equations:

j7- _ Isin 0sin (T -- 0)_n [? +- - ctg (T -- 0) PT

12 2 *nV (2.1)
X inr L- sin2 (T III..lf+ Ctg (r.-.O)J R~

p

alnv' 00 k I +np

+ aInV (Y G) -o W -)

Cutside o- the bp.ic noint '.,ih R = 0 in the field between the incident

and- reflected ji-mus In densiiy the change in the gns dymn"ic parnmeters ac-

zIP.~-2 7d5/i~ 2 7



cording to the coorainmtes R and prove* to be continuous. The brackets,

" ' in the denominator of the first member-''

.'of tne equation (2.1)*enclose a quantity

_1, equal to zero, while the projection of "

"I'- the vector of velocity In the direction
Fig. 3

of y is equal to the velocity of sound.

On the iffcident and reflected jumps in density if one considers them as

rectilinear, the projection of the vector of velocity in the direction of

coincides with the velocity vector normal to the surface of the jump.

as The normal component of the vector

of velocity behind the incident jump Is

r less than the velocity-of sound, and in

2S' front of the reflected Jump it is great-
35°. ..

(71eor than the velocity of sound. Conte-

1.5 ' 75 i •. quently the square-bracket quantity of

Fig. 4
the equation (2.1) is negative near the

incident jump, positive near the reflected jump, and equal to zero somewhere

between them. When the bracket quantity in the denominator of the first mem-

ber of the equation (2.1) is equal to zero, from the condition of the contin-

uity of flow, also the numerator should be equal to zero. From the latter

condition it follows that either each of the values be/aR and bln.o/fR is

the o 4&-Vt#.-Awhere the value A is of an order equal or greater than 1,

or one of the indicated products is of the order of 1/R.

In all these cases the equation (2.2) shows that in the area where the

bracket quantity in the denominator of the first member of the equation (2.1).

is-equal to zero, the derivative 4lnV/BR is of the order of 1/R. Conse-

quently in this area with the decrease in R there is an increase in the de-

.D-TT-62-1785/1 . 2 8



rivatives InV/R nd bo/?R. Vith small values of R. when the derivatives

aY/aaR %nd b0/aR are very great. in the equations of motion it is necessary

to take Into considerntion the forces of viscous flow. Consequently, in

the case of the reflection of the Jump In density from the axis without the

formation of a centrhl jump in density, the equations of an Ideal gas in the

region of R = 0 are not valid.

In accordance with the shadow photogrtihhs there was meassured the angle W

between the direction of the incidentiump in denbity in the point K and the

axis of symmetry (Pigs. 1 and 3). In the case where the centrhl Pftp in

absent the angle c was measured on the axis of symmetry. The results of the

measurements at different pressures of retardation pc 0 ' referred to the at-

mospheric, are presented in 7ig. 4, vhere by a little circle there are out-

lined the computation points with pc 0 = p, Mach's angles, corresponding

to the number M in the rhombus of uniform velocity.

In the case of the formation of a central Jump in density there were

z-oited at the point K the maximum and minimum angles of devietion (of the vec-

tor) of velocity behind the incident jump in density esnax and Osmin

and the anglesWasax a d~amin corresponding to them, which characterise

the direction of the incident jump, from the condition that,ýbehind the re-

flected jump in density the velocity is equal to the sonic (the values which

correspond to the velocity of sound are marked by the subscript *). In ac-

cordance with the experiment it was considered that in the reflected jump in

denuity the angle 0 increases.

The velocity of the flow behind the reflected jump can be subsonic if

the intensity of the incident Jump is very great (9C < .min andW >0.min)

or very small (0e. 0oyx and o <a (max). There were determined also the

angle of deviation of the vector of velocity behind the incident Jump % and

YMýr-TT-62-17851/4L 2 9



the angle W.. corresponding to it. from the condition that behind the centra3l

jump at the point K the vector of velocity Is parallel to the axis of syxmetry.

* In Fig. 5 with k1= LI. as demends on

*- the K number there are vresented the vsa-

S•us* Owmax. o*Min, e6.1 (Zua, DJ.in* (00

and the limiting angle of the turn of the

40 - oflow in the oblique Jump O

From the results of the computation,

- one should note that at the point K be-

7ig. 3
fore the JuMps in density, with the val-

ues of M less than the critical values of M# (o = 2.4 for k : 1.4), behind

the reflected Jumpo. there is always a subsonic flow. Consequently, with the

number M< N, the scheme of the computation of the flow considered in the

foregoing section is not accomplished. In Table 2 there are mresented the

comm-ted values fl)max,, Wmin. and u)OL
T•able 2

and the ex-erimental values for the cen-

2.80 25°00' 52o30' 1,38o00,127o0 tral jumpW= W* with pc0 = pO* for the
3.20 2100 5630 13630 27302.67, 2730 5000 13830 2600 numbers M In the rhombus of the uniform3.37 2000 5800 135 30 |2130

velocity of 'the tested neksles.

Let us note that with large values of M equaling 2.8. 3.2, and 3.37 the

angles (*)4) "max, but -with the number N4 equalling 2.67 where LJT< 03 .max in

a small range of pressures of retardation (Pc 0 = 13•.6-4.4) the angle a) is less

-than W•max. The experimental angles W0 presented in Fig. 4 In the presence

of a central jump for all the tested nozzles M is considerably less than (La)•min.

Consequently, as was assumed in the preceding section, In the tests

behind the reflected Jump in density there occurred sunersonic flow, with

the -exception of a little range of pressures of retardation at N 2.67.

ITD-TT-62-1?85/1 +i 2 10



In this way the incident Jump in density Is reflected from the axis of

symetry at little intensity (W We) vithout the formation of a central jump

and at great intensity (Womin >.j>UtY) with the formation of a central jump

and supersonic flow (w5 w..-x) behind the reflected jump, and with very

great Intensity (W>.Ui6min) vith the formation of a central jump and subsonic

flow behind the reflected jum near the point K. In the last case the scheme

of computing the flow considered in the foregoing section is not accomplished.

With the numbers X> 3 this occurs when behind the incident jump in density

the angle 0 at the point K Is close to the liti Olin (Yig. 5).

The experimental angleesje are less than U. Consequently. witL swall

radii of the central jump the angle .f deviation of the vector of velocity

behind it 01> 0 and the curvature of the central jump is directed to the side

opposite the direction of the flow. Proportionally as the intensity of the

incident jump increases the radius of the central jump and the angle 01 de-

crease, nnd with 0l1- 0 the curvature of the central jump is alrekAy direct-

ed in the direction of the flow.

Let us determinethe maximum ratio of the pressures p; in the incident

jump on the axis of symetry at Pc0 = poe in accordance with the measured

size of the angle W = W. The values p&* are given in Table 1.

The flow in the region of reflection from the axis of the incident jump

in density is determined by the whole flow up to the incident jump and the

conditions on the boundary of the stream behind it. In this connection it

is interesting to note that the values pN for the nozsles with a uniform

field porove to be noticeably greater than pff of the nozzels with nonunifom

field with identical numhere of N in the rhombus of the uniform velocity.

In accordance with experimental values there were computed at the point

K the angles of inclination to the axis of symetry of the central jump&),

1YTi-TT-62-1785/1 2 1



and of the vector of velocity behind It 01. For all the tested cases

changes frbm 87 to 90, and. 1 from 0 to Z 60. Consequently. the central

uasp a form close' to' the rectilinear, which Is quite apparent also on the :.

shadow photographs.- We approxii.ate the..form of the central jump by the

.polyncmiialtz=:.r~b~Vr zi "P •+0 + Wr cr' . (2.3)

The coefficients of the polynomial we will express by the known angles

of inclination to the axis of the central Jump at the points K and P, the

radii of curvature Ro and R1 , and the condition with r = rl, s 0. By

considering the value r. as small, with the aid of the equations (1.5), (1.6).

(1.13), (1.14), (1.15), and (2.3) it in possible to compute the value zp

and all the parameters at z 0 needed for the beginning of the integration

of the equation (1.5)--(1.8). In this way, with small values of ZP where

the value z, is unilaterally connected with the value r 1 with z = 0 by the

equation (2.3) the general solution of the problem is simplified-out of two.

boundary conditions at special points of the equations (1.5 and (1.6).one

can make use only of one for determining the position of the point K on the

incident jump in density' (r1 at z = 0).

For the tested cases of the reflection of the incident Jump in density

there were computed the parameters of the subsonic flow with z = 0. These

computations showed that the gas-dynamic parameters change very little (by

1-2%) in accordance with r. The maximum change in the values eu which

characterize the masi • discharge amounted to 25*. , T#AaM into consldera-

tion this fact, as a first approximation one should consider the subsonic

flow as uniform (number of lines N 0). In this case instead of the equa-

t ions, (1.5) and (1.6) one writes a single equation of discharge

.. 1 -- = const (2.4)

The subsonic flow is determined in this'case by a system of equations

PTD-TT-62-178511 4 2 12
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F-

(1.7), (1.8), Kad (2.4). The position of the point X on the incident jup

(r 1 with s 0) Is determined by the condition In the critical section of

the uniform flows

1 0, r a r.

Entered 2-16-1962
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