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CALCULATION OF FLAT A SYM ~ ET FICAL NOZZLES WIT H A SUPERSONIC INLET

VELOCITY

V. V. Zatoloka, V. N. Zudov , and V. V. Shu .skiy

Flat asymnetrica l nozzles with a supersonic inlet veloc it y can

be used in hypersonic ram jet engines (GPYRD) wi th the com b ustion of

• 1 the fuel in a supe rsonic flow. Unlike round axisy .etricai and flat

symietrica l nozzles, asy.ie trica l nozzles create lift and a moment

rela tive to the nozzle inlet , as veil as thrust. It is of

considerable interest to explain the ptoperties of these nozzles and

deteriine their conto urs.

Noz~ies desi;ned for GPV R D must provide high thrust values. This

report considers the properties of fla t tsy .metrical nozzl es which

~
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provide the maxi mum thrust at a given length. Ibis problem was solved

in (1] for axisymmetrical nozzles with a sonic inlet veloc ity .

shovin g that flat supersonic nozzles with the •aiimua thrust at a

give n length shoul d be selected from the class of nozzles calculated

for unif or m flow parallel to the axis. Therefore , this repor t

considers nozzles obtained from flat expansion flows with a

rectilinear outlet characteristic. These expansio n flow s also have a

turning point and a rectilinear lowe r contour. figure 1 shows the

flow diagram.

The calculation of expans ion flow is the oppos ite pro blem: the

flow and shape of the upper contour are found  at give n inlet  and

outlet conditions. The inlet condition is given in the for m of N 5 of

un i fo rm f low.  The outlet condition (at the end of the expa nsio n flow)

is the  rectilinearity of the outlet characteristic. The t u r n i n g  angle

of the f low ~~ at point ~ is assigned w hen the flow is calcula ted and

subsequently serves as one of the parameters by which the  properties

of the f lows and n ozzles are analyzed.

The f low is calculated by the characteristics method give n in

(2) .  The values of the forces acting on t he  inner  surfaces of the

upper and lover contours and the  values of the mouent~ of thes e

forces relat ive to point 0 wer e found s imul t aneou sly to the

ca lcula tion of the flow field and the computat .o. of the coordinates

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~
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of the upper contour.  The relative force acting in the direct ion of

the x axis :

The relati ve force act ing in the direc t ion of the  y axis, equa l to

the  di f ference in the forces acting on the upper and lover contours:

Y • Y H~~~~~~~~~~~~~~”

The relative momen t  around point 0 f rom forces ~ and ~:

~~~~~~~~~~~~~~~~~~ PYdY +I P X d X PXdX i.

Here I and V are t h e  forces acting on the nozzle in the directions of

the x and y axes; p is pressure; p~ is the pressure at the nozzle

inlet; h 5 is the height of the nozzle inlet; X~ is the coordinate of

the point on the lower contour corresponding to point x on the upper:

the characteristic from the point on the  lower contour at coordinate

X~. meets the point on the  upper contour  at coordinate x.

Series of expansion flows d i f f e r i n g  f rom eac h other by the N 5

numbe r at the in le t  (N 5 1.05— 3.36) w ere calculated. The f lows we re

calculated f or ea:h value of N 1 at d i f f e ren t  valu es of angle 
~~~~
. The

________ J
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va lue of t he  adiabatic index x = 1. 26 used in the calcula tion s

approx im ate ly  corresponded to the mean value of x for the products

of the  combustion of hydrogen  with air ( t h e  coefficient of excess air

a = 1) dur in g the i r  f low in a GPVRD nozzle.

Figur e 2 show s the coordinates of the up pe r contours of the

f lows in question at N 1 = 2.55. Point W designates the end of the

uppe r contour  of the  expansion flow when expansio n occurs up to  the

rectilinear output  characteristic GW (see Fig. 1). The table sho ws

the coordinates of point W for d i f ferent  v alues of N 5 and 
~~~~~
. As ~~

increa ses, the va l ue of coordinates X v i  increases , and at large ~~
the value of X W-  becomes very larg e. Th refor e, the  contours in Fig.

2 at which x~~> 12O are not plotted to the  end , since these

sections of the up per contour are not of interest for use in GPVRD

engines.

Figure 3 shows forces X depending on the length of the  uppe r

contour. Lines X (x) - have a ge ner atrix. For th i s  class of nozz les,

the values of ~ ~~ rresponding to the generatrix are the max imum

values of force l at a given nozzle length 1.

Figure 14 shows the dependence of relative thrust ~ on l eng th  i~
for nozzles corresponding to the generatrix at different values of

N1. Each point of the generatrix has its own nozzle contour with its

_ _ _ _ _ _ _ _ _ _  _ _ _ _  --



--~~~ -~- ,

DOC = 154 14 5

own values of ~~I . ~ a. Y. Xn • Figures 5—7 show the  valu es of

~t.~~.1. Y. X ii for  nozzles corresponding to the generatrix. Angle ~~

depends little on nozzle  length i, increas ing ins igni f icant ly  with

th e increa se in f. The value of N 1 at the nozzle inlet has the main

effect on ~~i : the values of 
~ 

decrease appreciably with the increase

in N 1. The tendencies  of the  change in t~a are opposite of tha t of

the change in ang le  $~ : the value of ~ relatively s l ight ly  depends

on N 1.

Figur es 8 and 9 show tra nsverse force ! and the momen t rela tive

to point 0 depe nd i ng on the length of the upper contour.

The total force Y is a combinat ion of two forces: t he  forces

acting on the u ppsr contour Y, • and those act ing on the  lover

cont our Y . At s.all x the force acting on t h e  lower contour is

greater than that  ac t ing  on the upper contour . At a cer ta in  va lue of

x which depends only on ~~ at constant I~, , these forces are equalized

and become greater than Y wi th  th. fu r th e r  increase in x Y1 .

The calculations showed that tra nsverse force ~ in the ran ge i =

40—120 is 3— 20O/ ~ of the  value of x f o r  nozzles corresponding to the

generatrix, and it increases with the increase in x. It must  be

poin ted ou t tha t  the negat ive componen t o f the transv erse force can

be increas ed by increasing the length of the  lowe r contour wi thout

increasing the nozzle ’s thrust.
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If th e  l eng th  cit the  nozzle  i is assigned , the  dotted line

corr esponding to t h e  genera t r ix  (see Fig. 2, 8, 9) makes i t  possible

to f ind  the values of y , V . a for  nczzles wit h the m a x i m u m  t h rus t  X

at a given length x. Throughout  the  range N 1 = 1.05—3. 36, the na ture

of the  change in X , Y , ii is analogous to that given for N 1 = 2.55.

At a given va lue  of y ,  the m a x i m u m  th rus t  will  be in the nozzles

wi th  a rect i l inear  out let characterist ic, not in those cor responding

to the generatrix. In this case, the nozzle turns out to be extremely
xw _ x

long (see the table). The value of - (Pig. 10) shows the
xw

decrease in nozzle length  correspondin g to the generatrix compared to

a nozzle wi t h a rect i l inear outlet characterist ic. The t h ru s t  of

these nozzle s was compared (Fig.. JO) .. At ident ica l  values of y for

both nozzles , the length  of the  nozzle decreases by 49_ 57O,~~

depend ing on y ,  w hi l e  its thrust  decreases by 2—7 O/~ , i.e. , the

transition to a nozz le  half  as lon g is accompanied by an

insignif icant  decr ease in thrust.  This is valid for  all t h e  va lues of

N a = 1.05—3.36 in question.

This result was obtained for cases w h en the d rag alon g the

contour is not taken into consideration and losses are only related

to the nonalignment of the velocity vector at the nozzle outlet and

L . 

~ ~
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the nonuniformity of the pressure in the exit section. If we also

consider the drag losses, the decrease in thrust will not be as

great, since the losses related to drag are decreased by cutting the

length of the nozzle in half.

The a bove depen dences are related to the cas e when the ex ternal
pr essure PH =0 • For GPVR D nozzles, the externa l pressure is not

zero; therefore, it is necessary to estimate th€ effect of the

pressure of the surrounding environment on the force characteristics

of the nozzles. At PH# the thrust of the nozzle is expressed by

the re la tionship

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1),

where PH =
~~~~~~~~

. At ~~ = const , curves R~(-~) will also h ave a
genera tr ix  which results in the m a x i m u m  va lue  of R~ at a given

length x. The value of Pn is within 0.002—0.005 !or G P V R D .  At these

va lues of p , ,  the difference in R~ and I t a k e n  from the

correspond ing generatr ices  at the same nozzle length ~ does not

exceed 2°/ a in the range of ~ from 30 to 100 and N1 f r o m  1 .05— 3.36.

Here the values 13i, ~ o, j also chan ge ins ign i f ican t ly .  The refore ,

we can use the geometric data on the nozzles obtained for a

generatr ix plot ted by the th rus t  of the nozzle X to es t imate  them.

When necessary, these data can be refined later.
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The nozzle selected according to the generatrix will only have

the optimum thrust at that value of N 1 for which the generatrix is

plotted . If N 1 ch a nges during the operation of the GPVRD , the method

used to select th~ nozzle must consider its operation in diffe rent

modes.

Institute of Theoretical and Applied Nechanic.~ of the Siberian Branch

of the Academy of Sciences USS R , Novosibi rsk

Received 25 Nay  1972
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Fig.. t. Flow diagram.

Fig. 2. Up per contours of expansion flow.
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Fig. 3. Dependence of thrust I on nozzle length.
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rig. l$• Thrust I of nozzles correspond ing to the generatrix at

different N 1.

Pig.. 5. Angle of deviation of contour 
~ 

at the beginning of the

nozzle. KEY : (1) deq .
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Fig. 6. Angle of contour ~ a at nozzle outlet .

K!!: (1) leg .

rig. 7. Le ngth of lover wal l of nozzle x ,~~
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Pig. 9. De pendence of moment i on nozzle length.

4
~~~~~~~~~~W

_
1

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

J

~~~~~~

Pig. 10. Com pariso n of length and thrust of nozzles corres ponding to
the generatrices and nozzles calculated for  parallel flow.

Table.
M ,—1. 05 M =2,55 11—3 ,36

I ______ 
w 

_______ 

x u~ I w~ I ________

37° 64 ,84 14 ,02 17~ 36,4 6,56 14°5’ 48,51 7,09
3919’ 88,31 18 ,29 20° 55,09 9,54 17°07’ 86,88 12,12
40° 98,2 20 ,05 23’22’ 98,8 16,11 18° 130 ,5 17 ,56
41° 122 ,1 24,2 25’ 134,2 21 ,18 20’15’ 172,4 22.61
43°20’ 171 ,5 32,51 27’55’ 234,9 36,08 22° 265,1 33,3
46’03’ 276,3 49,23 30°42’ 458,33 63,2 2313’ 356 43,47
49~20’ 522,8 85,9 33’55’ 1022 128 ,8 25° 560,6 65,33
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