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INVESTIGATION OF NEW M.E.I. NOZZLE CASCADES
FOR SUPERSONIC VELOCITIES
M. Ye. Deych, Doctor of Technical Sciences, A. V. (Gubarev,
Candlidate of Technical Sclences, L. Ya. Lazarev,
Engineer, and A. Dzhaganmakhan, Engineer

Moscow Energetics Institute
Recommendations are made for the design of nozzle
cascades which are distingulshed by high efficiency
over a wilde range of supersonic veloclties. Results

of 1nvestigations of new cascades are given for Mach
numbers from 0.6 to 1.8.

At the present time much attention is being given to the question
of the application, in turbines, of stages in which the developed heat
drops significantly exceed the critical drops. The application of suct
stages in vehlcle turbines, where welght and size characteristics -are oi
primary importance, holds particular promise., In addition, the ques-
tions of efficiency of turbines both under calculated and varylng con-
ditions play an essentlal role 1n the selection of stage types.

It 1s known that the effilclency of nozzle cascades under varying
conditions (with changing M number) depends mainly on the shape of
the vane channels, Thus, convergent cascades are usually character-

ized by small losses at subsonic speeds and the losses sharply increase
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for M > 1, while for divergent cascades the losses are small over a
sufficiently narrow range of supersonic velocities, but they reach
high values at transonic velocities and for M > M. Therefore, the
attempts of several authors to develop such cascades that would have
steady efficlency over a wide range of supersonic velocities seem
natural.

Let us consider some of the properties of gas flow in guide cas-
cades at swersmnic velocities., We will write equations of continuity
and energy for two control sections: a narrow one (cr-cr) and one at
an infinite distance behind the cascade (2~2) (Fig. 1). Here we will

assume that the flow parameters in these sections are constant:

Bpbp SN gn=p,,sina, (1)

;L’or..;__._ _nr_ P= +’.‘:'_§.f1, (2)

where aicp = arc sina,./t;

az' = a1 cr + 6,.;

6cr — flow-deviation angle.

Substituting (1) into (2) and
converting we obtain:
" Lh+1
&y =arc "“[%’,’"T,'_T X
(3)
)((1 T lz,)sina,,,]—a,,.,,
If, dwing the flow of gas
between the control sections the

losses are equal to zero, we obtain

the usual Baelr formula:

Fig. 1. ¥,p==arcsin (-,;,-.l'— sina, u-)-‘“u w (3Y)
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Taking into account losses Formula (3) may be written in the form:

+

S =arcsin [m-sln a,,.]—ax'. or (+)

where [(,s )=224-<10; and { is the coefficient of energy loss.

The subscript T refers to the flow parameters for { = 0. From
this it 1s apparent that for the given value of A,q (MaT) the flow-
deviation angle (6cr) is uniquely assoclated with energy losses in
the presence of flow expansion, 1.e., energy losses in a variable
regime for M > 1 are determined by the quantity Ad = bcr'b'cr'

It is known experimeﬂts [1] that in divergent cascades of the
usual type, for My < Mr’ the flow outlet angle az ~ az,r, while accord-
ing to Formula_(}') it should decrease., Such constancy of the angles
1s determined by the presence of a transverse cross section. Let us
dwell on this question in more detall. We will write the equations of .

continuity, energy, and momentum for three control sections (Fig. 1):

P

”cﬁ_sma

1,00 = P,C, 8in a,=p.c,sin a,, (5)

Pop f k=1 Cop py k=161 _py k=16
L e - i e o (6)

Porlop ! Sina, op—t- p”~t-sin % 0r +
Pt f . . .
+( s . ol!..) {(sina, — sin a,’.,,-)=p,c'ftsm 2, - (7)

+ pt-sine, = P:C3-t-Sin a, cos (a,—2,) -} p,t-sin a,.

where

.y
a, = arcsin -—"~ .
Solution of this system of equations makes 1t possible to deter-

mine the flow outlet angle for a divergent cascade:
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=\, — TR T
]/C—f-.-x P) {m'-.u-u'—l>}+2f}[k-_ (k= DK P£)+1 plk JT)]

ta (3, —a) = ST -
g2 7 Voot tor =0 1)
- X ' (8)
and also wave losges:
z=1—' (K—{——;T)' ’
N 2

where . ' P -
Rkt 1oy (142 (= 1)
. or

o . Pa . [)I! .o
)—' T ‘ » ‘ = » A4
g Iop 1P I=

For T = 1.0, these formulas convert to the well-known Stepanov
formulas,

Flgure 2a shows a comparison of computational and experimental
results for flow outlet angles and Fig. 2b shows the computed curve
for wave losses. It is apparent that there 1s satisfactory coincidence
between experimental data and calculation according to Formula (8)
for Mz < Mr‘ It should also be noted that for M; < Mr’ wave losses
are very high, Thus, theoretical anélysis shows that the flow out-
let angle for a divergent cascade in the transonic region is greater
than indicated by Formula (3t). This explains the sharp rise in
losses 1in divergent cascades for Mz < Mr' Consequently, divergent
cascades cannot in principle operate effectively in transonic regimes.

0. the other hand, in convergent cascades there 1s observed, in
supersonic regimes, considerable flow overexpansion at the back of the
airfoll, and an edge shock, as a rule, leads to boundary layer separa-

tion. Therefore, in convergent cascades operating at transonic and
T



low supersonic velocities, it 1s necessary to give the back of the
airfoill a small curvature, and for M > 1.2 1t is'expedient to make

the back concave [2, 3]. This leads to the fact that losses are small
not only at subsonic velocities but also at low supersonic velocities
because in the latter case the degree of overexpansion of flow on the
back is reduced. In this connection, the greater the concavity of the
back of the airfoll, the greater the Mach numbers at which the con-
vergent cascade will operate at high efficiency.

This method of designing the cascade 1s possible only to a Mach
number of 1.4 since with an increase in concavity of the back, the
rigidity of the airfoll over the transverse cross section is reduced
and undercutting of the =dge might occur.

Therefore, for cascades desligned for Mach numbers greater than
1.4 the following solution suggests itself, The expansion ratio of
the vane channel 1s selected somewhat lower than follows from the well-
known dependence I = 1/q(M,) and the back of the airfoll in the trans-
verse cross sectlion 1s made concave. Thls method of desligning the
cascade makes it possible to reduce losses at transonlc velocitles
since their magnitude is mainly determined by the parameter T. It is
possible to determine two calculated Mach values for the cascade: one
1s determined according to the expansion ratio and the other with
regard for the concavity of the back in the transverse cross section.
The efficlency of the cascade 1s sufficlently high over a wlde range
of Mach numbers greater than 1.0.

The table shows the fundamental geometrlic characteristics of the
cascades studied., Here M; was determlned according to the parameter
T, and M, was determined with regard to the curvature of the back in

the transverse cross section.
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Fig. 2. &) variation of flow outlet angle

for divergent cascades; b) wave losses in
cascade for T = 1.28.

Figure 3b shows the results of an investigation of the influence
of the shape of the back of the airfoil on the characteristics of the
cascades. The airfoils of these cascades differed only in the curva-
ture of the back by-passes at the outlet section (Fig. 3a). The dis-
tribution of pressures along the airfoils in the cascades indicates
that with an increase in M overexpansion of flow increases in cascade
No. 9 with a straight back and the overexpansion of flow decreases
in cascade No. 11 with a concave back in the transverse cross section.
As a consequence, there is a variation in the losses in these cascades.
Actually, for cascade No. 9 when M > 1.2 the losses rise sharply,
while for cascade No. 11 a loss peak 1s observed in the range M=~ 1.2
and for M > 1.2 losses decrease and a minimum is reached near M~ 1.5,

Also of great interest 1s the dependence of loasses on Mach number
for divergent. cascades No. 10 and 12. As can be seen, losses for

these cascades are the same over the entire range of Mach numbers

“investigated. Consequently, for M~ 1.0, losses 1n the cascade are

practically 1ndependent of the shape of the channel and are determined
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by the parameter T. .In addition, no influence of the concavity of the
back for M > 1,0 was discovered., This is explained by the fact that
the reverse curvature of cascade No, 12 is conceﬁtrated mainly in the
divergent part of the channel while in the transverse cross section
the back 1s straight (Fig. 3a).

Figure 4 shows the curves of losses in cascades designed with
small flow outlet angles (cascades Nos. 1-8). In addition, for air-
foils TS-1VR-1 (cascade No. 1) and TS-1VR-3 (cascades Nos. 5-8) the
concavity of the backs reaches 1% and for airfoil TS-1VR-2 (cascades
Nos. 2-4) the concavity 1s small. From the curves considered 1t 1s
apparent that the losses for all divergent cascades zttaln large
values at transonlc velocitles and then sharply drop. The loss level
at transonic velocities 1s determined mainly by the parameter T.
However, for cascade No. 1 (T = 1.13) at M~ 10, smaller losses are
obtained than in cascade No. 3 (for T = 1.042). The reason for this
1s that the length of the divergent sectlon of the vane channel in
cascade No. 1 1s significantly smaller than in the other. It 1is
very interesting to compare the curves for losses in cascades No, 2
and 5 for T = 1.0, Thus, in cascade No. 2 (Fig. 4a) the losses are
almost constant ({ = 6%) in the range of Mach numbers from 0.8 to
1.5, and increase for M > 1.5, while in cascade No. 5 the losses
increase at the outset, reach a maximum at M = 1.2, and then decrease.
Minimum loss ({ = 6%) 1s attained at M=~ 1.5.. This characteristic
loss variation for cascade No., 5 as well as for cascade No. 11 (Fig.
3b) 1is caused by the relatively great concavity of the back of the
airfoll in the transverse cross section. It should be noted that the
maximum loss for cascade No. 5 shifts somewhat toward high Mach

numbers as compared with cascades of the divergent type.
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Geometric Characteristics of Cascades
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Fig. 3. a) comparison of airfoils
TS-2PR-4 and Ts-2VR-5; b) influence
of back shape of the airfoll in trans-
verse cross section on the character-
1stics of the cascades. 1) cascade
No. 9T =1.0; 2) No. 11, T = 1.0; 3)
No. 10, T = 1.1; 4) No. 12, T = 1.09.

Analysis of the curves shows that minimum loss in the cascades
occurs at Mr determined taking into account the concavity of the back

of the airfoll in the transverse cross section, while losses at n; are

It must be pointed out that over the entire range of
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regimes the efficlency of the cascades developed was significantly
greater than for those used previously in turbine construction [4].

Figure 5 shows the characteristics of cascades with large flow
outlet angles. The above-mentlioned character of the varlation of
losses 1s preserved for these cascades as well. It should be noted
that the length of the divergent section of the vane channel for these
cascades 1s significantly smaller than for the cascades whose charac-
teristics are represented in Fig. 4. As a result, the level of losses
for the same T in transonic regimes are smaller., It is very interest-
ing to compare the loss curves for T = 1,0 and T = 1.055 in Fig. Sa.
As 1s apparent, losses in cascade No. 15 are greater than in No. 16
over the entire range of Mach numbers investigated., In this connection
the losses for cascade No. 15 are practically constant and amount to
T-8%. It 1s interesting to compare loss curves for cascades 21 and 22,
It 1s apparent that minimum loss for these cascades 18 attalned at
the same Mach numbers (M = 1.6-1.7), despite a significant difference
in the T parameters.

Figures 3-5 also show curves of the variation of flow outlet angle
for certain cascades. For cascades with T = 1.0 (Fig. 3) the flow
outlet angle begins to increase at M > 1.0 whereupon, if for m = 1,0,
az = 129, then for M = 1.7 the flow outlet angle reaches 18°, Such
a variation in flow outlet angle may serlously impalr the operation
of the stage in variable regimes, For diverging cascades the flow
outlet angles are practically constant for M < M; and begin to increase
only for M > M;. As & result, the variation of the flow outlet angles
is significantly smaller over the range M = 1,.0-1.7.

Figure 6 shows the variation of the loss differences Al = Cmax -

- cmin for the divergent cascades investigated with respect to the

~Q-



parameter T. Also shown (dashed line) is the function Aé = ¢({¥F) for
cascades used earlier, It is apparent that the cascades studiesd are
distinguished from those used earlier by the smaller variations of
efficiency in variable regimes. Analysis of the results irdicates that
the scatter of points i1s due to the difference of the relative length
of the divergent portion of the vane channel of the cascade: In this
connection, a large A{ is observed for cascades with & smaller exposure

angle of the divergent portion of the channel.

degrees o, [ LT z
mr—_ ' ?-
{ / 1
'F - /l ~ &
; e
Z
%l €
15
2 ‘_'( i / .
—-J‘g-iv___k
¢ S =~ L5
“ A o \" -
0 J Lol
46 47 @8 29 (0 4f 47 13 44 15 (5 (7
a)
Segry <% | } A
7 Py Z
J
/] ¢ I~ ~ :
P \-}‘__—QA'
%l ¢ -
o Bl e .
2| ..——j—-—-si—l'—ﬁ R
gl L N EQ :
‘ o \ zh\_‘ e “)
0 . / < M
46 47 48 49 40 1 (2 13 W 15 (547
b)

Fig. 4. Characteristics of supersonic guide
cascades with small flow outlet angles, a)

1 — cascade No. 1, T = 1.13, concave airfoil
back; 2 — No. 3, F = 1.042;3 — No, 2, T = ~
= 1.0; b) 1 — cascade No, 5, £ = 1,0; 2 ~ No. -
6, T = 1-06; 3 - NO. 7’ T - 1.10; 4 had No. 8’

T = 1,28,
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Fig. 5. Characteristics of supersonic direct-
ing cascades with large flow outlet angles.

&) 1 — cascade No, 15, f = 1.0, concave airfoil
back; 2 — No. 16, T = 1,055, concave airfoll
back; E-— No. lg, T = 1.13, concave airfoil
back; 4 — No. 18, T = 1.24, concave airfoll
back; b) 1 — cascade No, 19, T = 1.0, concave
airfoll back; 2 — cascade No. 20, T = 1.02,
concave airfoll back; E —No., 21, T = 1,07,
concave airfoil back; % — No. 22, T = 1,20,
concave alrfoll back,

Figure 6 shows the varlation of losses in cascades versus Qi cp *
= arc sin “_miﬁ_n_ for the calculated Mr value, . It 1s apparent that all
of the experimental points lie quite close to a single curve. In
addition, losses at the calculated M, for ai cor ~ 8° amount to 7# and
decrease with an increase in aj ¢r and for a; ¢p = 14° they amount to
4.5%. It should be noted that in cascades which are in use at the

present time, losses-reach 6-T% for a; op = 12-14° for the calculated

Mach value Mr .
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Conclusions

Theoretical analysis and test results indicate that divergent
cascades cannot in principle operate efficliently in transonic regimes. .
In addition, the loss in transonic regimes is clearly def:lne(i.by the
difference ag - Oy ere . I

Convergent cascades, from the point of view of operation at "mi-
‘able regimes both at transonic and supersonic velocities up to M = 1,4,
in principle prove to be much befter that divergent cascades, In thil
.connection, it is necessary to make the back concave since such a :
shape of the back reduces the probability of flow breakaway behind ,
the compression shock which arises as the result of the oversxpansion

of the flow on the back of the profile., As is known, the flow behind.
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the shock 1s deflected from the wall and 1f the wall is deflected in
the same direction, the probﬁbility of breakaway is reduced,

Por N > 1.4-1,5, convergent cascades cannot be nnde(with a con-
cave back due to undercutting of the edge. Tests have shown that for
M > 1,5 the use of divergent cascades i1s expedient. However, the
'expanaioh ratio must be considerﬁbly smaller than calculated and it is
expedient to make the back of the profile concave. ‘s a result, such
}9ascades yield relatively small losses in the calculated regimes (for
Mw» 1,0) and are distinguished by high efficiency over a relatively
wide range of supersonic regimes,

Losses in divergent cascades under transonic conditions are
determined both by the expansion ratio of the vane channel and by the
angle of exposure of the divergent portion of the channel, Losses

decrease with an increase in the angle of exposure,

REFERENCES

1, M. Ye, Dezch5 A, N. Sherstyuk, and A, Ye. Zaryankin., "Teplo-
energetika™ No. 11, .

2. M, Ye. Deych, Technical Gasdynamlcs, Gosenergolzdat, 1961.

3. Von W, Gretler. "Osterreischische Ingenieur Zeitschrift,”
Awt 9 . 2 . ‘ ’

4, M, Ye, Deych and A. Ye.‘Zaryankin. *Teploenergetika” No. 10,

1955.

FID-IT~63-99/1+2+4 -13-



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE Nr. Copies  MAJOR AIR COMMANDS Nr. Coples

Arsc

SCFDD 1

' ASTIA 25

aJADQUARTERS USAF TDBIL 5

TDBDP 5

AFCIN-3D2 : 1 AEDC (ABY) 1

ARL (ARB) ' 1 8SD ssr; 2

BSD (BSF 1

. AFPIC (FTY 1

OTHER AGENCIES AFSWC (Swr 1
CIA 1l
NSA 6
DIA 9
AID 2
0TS 2
AEC 2
PWS 1
NASA 1
ARMY 3
. NAVY 3
RAND 1
IGE 12
NAFEC 1

PID-1T=. §3.99/14244 14



