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Theory of Mutual Interference in Tandem

Compressor Cascade”

By Hideo Onasur**

Two adjacent rows of blades, which constitute a tandem compressor cascade, interfere aerody-
it the deflection angle 1k s are I o1 of a

system having no interference.

In order to calculate the interference effect on cascade performance, a method must be found

for calculating the change of flow field due to interference.
This paper presents a theoretical method for determining the two-dimensional incompressible

potential flow through an arbitrary tandem compressor cascade based on a singularity method.
This theory is especially suitable for the case in which the relative position between the two blade

rows varies, while the blade profiles and settings remain constant.

Results of sample calculation are shown and compared with the corresponding experimental

results.

1. Introduction

For the design of a compressor cascade, which
realizes a given velocity triangle with a large deflec-
tion angle, we must solve the problem, at first, as
to v is more preferable, a usual single row
cascade [Fig.1 (a)) or a tandem cascade [Fig. 1 (b)].

* Received 18th October, 1962.
**  Assistant Professor, Faculty of Engineering, Uni-
versity of Tokyo, Bunkyo-ku, Tokyo.

The author compared the losses of both cascade
systems to answer this problem, and found out that
a tandem compressor cascade had less losses within
the loading region of Cr o > 1.2,

Two adjacent rows of blades, which constitute
a tandem c ressor cascade, interfere aercdy-
namically with each other, so that the cascade perform-
ance such as deflection angle, losses etc., is different
from that of a system having no interference. In
order to calculate the interference effect on cascade
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selected to be equal, so that the relative position
between the two blade rows does not vary in the
cascade direction.

Here, we select a blade from each cascade and
locate origins Or and Oy at the center of the two
selected chord lines. Furthermore, x and y axes are
set parallel and normal, respectively, to the chord
lines. Hereafter, the first cascade (cascade I) is
indicated by the co-ordinate system with origin Or,
the second cascade (cascade IL) by the co-ordinate
system with origin Ox.

The complex co-ordinates of both systems

ZI =Ry coeeeeereererenenrene e (1)
ZESEE Gy ooreeereeerereererenennnnian ereeeas (2)
are correlated by the equation
2T =20 2g €710 cereerrrineiee et (3)

where §=A1— A1, and 2z, means the complex vector
of origin 01 indicated by Or-coordinate system; 2o
" has components # and b, normal and parallel to the
cascade axis, and & shows the relative shift in the
cascade direction between the two blade rows, while
the axial distance b may be related to the axial
gap a between the two blade rows according to the
equation

a:b—-—;—(lIcoslI-l-lncosln) .................. (4)

Distribution of camber y;(x) and thickness y;(z)
. are determined by the ordinates of the upper and
lower blade surface yo(x) and y.(x), acccrding to
the following equations;

ys(z) = % [90(&) Fyu()] corrrreremmreerneanns (5)

ya(x) = -;_ [h0(2) —yu ()] «eerererreemreesnnaians (6)

As illustrated in Fig. 3, the vector mean of the
inlet and outlet velocities of each blade row, is
denoted by W, and has components Uw and Ve
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Fig. 2 Co-ordinate system of both cascades

in £ and y direction.

4. Potential flow without mutual
interference

The influence of mutual interference on cascade
perfecrmance can be understecd most clearly, when
we compare the cascade performance under the influ-
ence of interference with one without interference.

Therefore, before we take up the interference
problem, it is necessary to solve the potential flow
through a tandem cascade without interference, and
to know its cascade performance. When there is no
interference, in other words when the two blade
rows are located with infinite distance, a tandem
cascade can be considered as a simple combination
of two independent blade rows, that is, cascade I
operates with inlet angle /1, while cascade II operates
with inlet angle [:0, which is identical to the outlet
angle of cascade I as shown in Fig.3. In this case
the flow through a tandem cascade can be obtained
by solving the flow through each blade row independ-
ently and superimposing the two flow fields.

Since it is necessary to solve the flow through
a single row cascade before we take up the inter-
ference problem, it is very desirable that the calcul-
ation procedure for a single row cascade is as closely
as possible connected with the calculation procedure
for interference effect, so that constants and coef-
ficients can be commonly utilized for the numerical
calculation of both procedures.

From the above consideration, this theory is
developed in close connection with the singularity
methed of H. Schlichting for a single row cascade.
It seems, therefore, necessary to describe hereafter
some fundamentals of Schlichting’s theory, which
will be used directly in the following sections of
this paper:

According to the singularity method, a given
blade profile is generated by a closed stream line,
which is obtained by superimposing the induced

Fig. 3 Velocity triangle for both cascades
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velocity field u,v on the translation flow of We.
The induced velocities u, v are caused by the
vorticity and source/sink distribution on all the blade
chords, and should satisfy the following two blade
boundary conditions at every point on the blade
chord.
Condition to produce given camber distribution;

The complex induced velocity w=u—iv at a
point on the blade chord is divided into three terms,
that is

W= WEF WG Wy  vorerrrrerersrrrriniiiieeeenannenes (9)
where

we is induced by the singularity distribution on

a blade chord, on which that point is located,

Ve T v ,<1 T u > L (7 we is induced by the singularity distribution on
U Us =l U the remainder blade chords of the cascade,
where ,_ dys to which that point belongs, and
VT wy is induced by the singularity distribution on
Condition to produce given thickness distribution; all the blade chords of the other cascade.
lM ot N When there is no interference, ws disappears every-
Sy (14 =) e, (8) =
2 Us U where, namely wy = 0.
dyq Using the fundamental relation in the classical
where yg'=—— . s .
dz . thin airfoil theory, we may write
. 1 i/2 ’ ; !
wWE = (uET_'_qu)—"l(vEr_'_vK) = — M);(x—)-dx/ ...................................................... (10)
27 J-12 T—x
1 172 .
WG=(uGr+qu)—i(vGr+qu)=7[1 [q(a") Fir (2 ) F(e—a')dn’ «eeeevreremmmemmmmermie an
—i/2
where
P , . x—a 1 t .
F\x—x ):ell coth({ 5T ell —_— ; SR I ettt st (12)
t T r—x

With the intention of simplifying the integration of Egs.(10) and (11), the vorticity and source/sink
distribution y(x), g(z) are represented in the form of Fourler expansion

7‘(x)=2U°° <A0 Cot% + A, sin §0+A2 sin 2§p> .............................................................................. (13)
g(z)=2Uc |:Bo <cot % —2sin go) =+ B; sin 2¢p+4 B, sin 359} ............................................................ (19

where 90=cos"<— -2795-> (-

If we insert above two equations into Egs. (10) and (11), and integrate them, we may obtain all the
components of induced velocity in terms of Fourier coefficients.

The total induced velocities » and v to satisfy the conditions of Egs. (7) and (8), are calculated by sum-
ming up all these components of induced velocity. It must be noticed here, however, that the components ug,
and vg; have opposite sign on the upper and lower side of the blade chord, and therefore they are equal to
zero just on the blade chord.

From the above consideration u and v are written

w=usq+ucr+uce=Us[(Aogro+ Argn+ Asgrs) + (Bogao*+Bagee® +Bagaa*)] «roveerevervessveenieniininiins (15)
v=vsr+v07+ch — er[(Aofro*+A1f71*+A2f72*)+(Bofq0+B2fq2+Bafq3)] .................................... (16)
where
JE— _1.. ﬂ ’ k— i s’_i./ r—
gro= ; fcot 2 Idx’, Fro¥= : fcot 2 Rdx'—1,
1 . .
gn=_7fsm50’ldx’, fn*:—-:—fsmgo’Rd:v’+cosso,
gre=— % f sin 2¢’ Idx’, Sre¥=— % f sin 2¢" Rdx’+ cos 2¢,
l l
<region for the above integrals is — > L2 £ ?>

gqo*=—fro*+2fn*, ng*=—f72*, gqa*=—fra*y Sro=9r0—2gn1, Je2=Ggre, Sfaa=grs
These functions are called down-wash function and specified by three parameters [, ¢/l and z/l. The values
of these functions are already tabulated in the Appendix of Reference (7), and can be easily read out.

By substituting Eqs. (15) and (16) into the boundary conditions (7) and (8), we obtain the following
linear equations
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AoPo+ AP+ A Py+BoyRy+ B3Ry +BsRy= — K+-y,'

where parameter K= Va/U~ indicates the direction
of translation flow Wo to the blade chord, and
coefficients :

Pi=fr*—usgri, Ri=rfoi—vs'00:%, Si=wd g
o=cot% ~—2s8in Y—ya'ge0*

Q2= sin 2¢0—yd’ ggo*

Qs = sin 3¢—ya'ges*
can be computed from the geometry of a given
cascade.

Strictly speaking, Eqs. (17-a) and (17-b) must
be satisfied at every point on the blade chord.
However, since we represent 7 and ¢ distribution
simply using only three Fourier coefficients as in
Eqs. (13) and (14), the above equations can be
satisfied at three of the chord positions, which are

{A00P0+A10P1 4+ Ay P2+ BooRo+ BaogRe+Ba Re =y’
AgoSo+ A10S1+ A20S:— ByaQo—B2oQz— Bso®@3 = —va’

and

{A09P0+A18P1 + AsgPr+ BogRo+BepRo+BapRy=—1
AoBSo +A1951 +A2ﬁ32—BoBQo—BzﬁQz—BaBQa =0

located preferably according to the three-quarter
chord method. By substituting Egs. (13) and (14)
into Egs. (17-a) and (17-b) at these three positions,
we obtain six linear simultaneous equations, and can
determine from them six unknown Fourier coeffi-
cients A, ++e-- , Bs.

The above procedure for the determination of
Fourier coefficients is, however, still not satisfactory
for our purpose, because the simultaneous equations
must be newly solved each time for every change
of attack angle @w =tan !(Ve/Ue)=tan'K. In
order to eliminate this defect we divide Fourier
coefficients into two parts and define by the equations

Ai=An+KAyp, Bi=Bu+KBip

If the above is inserted into Eqs. (17-a) and
(17-b), we obtain two systems of simultaneous
equations, which are free from K, and the divided
Fourier coefficients can be determined commonly for
every attack angle.

Namely,

Finally, inlet angle (8, outlet angle 8: and circulation /' about a blade are calculated according to the

equations
__tan+ K+ (dW./Us)sec A _ tan 4+ K—(4W./U=)seck 20). (21
tanB]_— 1—Ktan2 S , ta-nB2— l—Ktanl ( )’ ( )
O S AR 1 1 ﬂ ...................................................
AW Um= 2 = Z LAt - o) + K Ang T A (22)

The method explained in this Section can be applied independently for each blade row: We calculate, at
first, the flow through cascade I with a given inlet angle f; and determine the intermediate outlet angle [x.
Successively, we calculate the flow through cascade IL with inlet angle [0 and determine the final outlet
angle 3. If we combine both flow fields, we get the potential flow through the given tandem cascade without.

mutual interference.

5. Induced velocity from the other blade row

When the distance between the two blade rows of a tandem cascade is finite, we must take account of-
the induced velocity ws from the other blade row as well as wg+we given by Egs. (10) and (11). In this.
case the 7 and ¢ distribution vary from the values 7, and ¢, without mutual interference, so that the total.
induced velocity w=wg4we+w,; satisfies the blade boundary conditions of Egs. (7) and (8).

It is, therefore, seen that the first step for the evaluation of interference effect is to determine the induced

velocity ws from the other blade row.

Now, the induced velocity at a point z2=2x-44y from the singularity distribution of a blade row with a.
stagger angle of 1, may be related according to the following equation;

Z 172
w(z)=u(z)—iv(z)= :—;‘ﬁl; [g(x")+ir(x")] coth (n’

z2—z'

e”) Qo eeereeeeie ettt e e (23)

On the plane up- and downstream infinitely, i.e. at 2= oo, the induced velocity may be written

ei,{ i/2 . ieil
w(too)=—F+ f Lgo(a’) +iyo(a’)] coth (£ oo)da' =+ — T
2t J-ine 2t

If we subtract above equation from Eq. (23), we obtain the change of induced velocity resulted from the.

existence of the other blade row, that is, ws.

Consequently, the induced velocity wsr on the blade chord of cascade II caused by the singularity-
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Since these influence functions Ry and I contain six variables, it is almost impossible to tabulate these
function values as it was done for a single row cascade.

6. Change of vorticity and source/sink distribution due
to mutual interference

The vorticity and source/sink distribution, 7 and ¢, under the influence of mutual interference are, of
course, different from the value without interference, 7o and go. If we denote the difference by 7’ and ¢', 7
and ¢ distribution can be expressed in the form of Fourier expansion in the same way as single row cascade

- =7’o+7"=2U°°[(Ao+Ao') cot% +(A1+A1') Sin59+(Az+A2') sin Zsp:l ....................................... (31)
q=q0+q'=sz[(30+30') (cot% —2sin 50> 4 (Ba+B") sin 20+ (Ba+By') sin 350] ------------------------ (32)

The Fourier coefficients without prime in the above equations correspond to the value without interference,
and can be determined by the method described in Section 4. On the other hand, the Fourier coefficients
with prime correspond to the difference due to mutual interference, and will be determined in this Section.

Under the influence of mutual interference, the total induced velocities # and v, which should satisfy the
blade boundary conditions (7) and (8), are written

U=ur,+ucr+uce+uss+ur,, D=VEr UGy T06,F 0 rH0rg oerrrrereeseeee st R TRPPPRRRRES (33)
If we substitute Egs. (15) and (16) into the above equaticns, we obtain

‘U_ =[(4A+ A ) grot+ A1+ A4 )gn+(As+A:)gse

+ (Bo+Bo') ggo*+ (Ba+ By )gez*+ (Bs+Bs ) ggs*1+ _[’}‘i .................................... (34)

U_ [(A0+Ao')fro*+(z‘11+A1')frl*+(A2+A2 )fr-

+(Bo+Bo)f o+ (BatBe') f o+ (Bs+By ) f sl + [’}—J .......................................... (35)

By setting these expressions in the condition of Eq. (7) and rearranging in terms of Fourier coefficients, we
obtain
(Ao+A") (fro*—vs'gr0) +(A1+A)) (fr*—ys'gr1) +(Ast+AY) (fros*—~ys'g72)
=D, =P =P
+(Bo+Bo') (feo—ys’ gqo*) +(B:+B,") (fqz_(‘lsl 942*) =+ (Bs+Bs") (fes—¥s' ges™®)
=R, =R, =R,

=—K+y,/+ _‘[} (ys'us—ovs)

Since Fourier coefficients without prime Ao, Ay, A2, By, Bz, By in the above relation satisfy Eq.(17-a), we can
subtract both sides of Eq.(17-a) from both sides of the above relation. Consequently, we get a linear equation
in terms of unknown Fourier coefficients with prime

where P, -+« , R, eveee have been defined for a single row cascade in Section 4, and can be used again for
this calculation.

In the same way, by setting Eqgs. (34) and (35) in the condition of Eq. (8) and rearranging, we obtain

(Aot Ad) 0 g0 + (A A 3203 + (At A 34 gos — (Bort B (cot £ —2 sin p—yurgeet)
=S, =35 =3,

=&
—(B2+B:") (sin 20—yd'gge*) —(Bs+By') (sin 3¢—ya'ges™) = —ya'—yd’ UJ
=Q: =Qs -
By subtracting both sides of Eq. (17-b) from both sides of the above relation, we get the other linear equation
Ay’ So+ A1’ Si+ Ar’ Se— By’ Qo— B2’ Q2 — By Qs = —y 4’ U ............................................................... 37D

Here, we select three points on the blade chord of cascade I and IT accordmg to the three-quarter chord
method, and indicate these points with ¢#=1,2,3 and v=1,2,3, respectively. If the induced velocities from
the other blade row, us and vy, are supposed to be known at these selected points, Fourier coefficients with
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CL=PP Wm/'g' Woo2l= 27T|i<A00+% .Am) + <A0’ + %‘ All> +K<A0ﬁ+% .A]ﬁ)] COS (Yoo

1 1
=2 {[(Aoo'i‘ ‘Z—Am) + <A0/+ EA1/>:| COS Qoo+ (Aoﬁ+ %Aw> sin am} .................................... (42)
w. 1 I’ l 1 1 1
A;Jm =? Ut =-72£7|:<A°°+?A1°>+<A°I+?All> +K<AOB+?AIE>] ................................. (43)

Substituting Eq. (43) into Eq. (20), K1 of cascade I for a given inlet angle 8, may be related according
to the equation
i1 1 1
tan 31—' tan 1 —sec s ;T[(AOO'F ’_Z‘Am) + <Ao'+?A1'>:| .
K= — e e (44)

Tl 1
14+ tan A tan B+ secd: 1—1(A09+—A19>
2 t\ 2 I

Using K1 determined by the above equation, singularity distribution, circulation, lift coefficient and down-wash
velocity of cascade I can be calculated by Egs. (40) to (43), where the normalizing velocity U1 is written
Um:[:Wasec (21+tan‘1 KI)COS (tan‘lKI) ........................................................................... (45)
The outlet angle 3; of cascade I, which does not indicate the actual local flow angle between the two
blade rows, but indicates the mean flow angle, is calculated by the equation
tand1 + K1 —sec A1 (dWur/Us1) .
tanfB.= I Ratan . s (46)

With the understanding that this 8: becomes the inlet angle of cascade I, we can write further equations

U 1 / 1
tan B:— tan Ax —sec Ax ?%[(Aoo'l‘ ?Am> + (Ao'+ ?A1’>]

Kr= o n L 47
1+ tanAg tan [F.+ sec A1 ?TI<A°B+7A1G>I
Uorr = Wasee (A1 +1an"t K1) Cos (a0 1 Kg)  «eeeereereresseemmeimioreessaseeiensaeenseneeeeiesesesns e (48)
_ tandxtKu—see Ax(dWun /U)o,
tan B;= I RKatanle s (49)

8. Change of pressure distribution and losses due to
mutual interference

From the obtained singularity distribution the velccity distribution along the blade surface can be calculated.
For this purpose the method for a single row cascade(™® can be applied only with the modification that the
contribution of the induced velccity us, vs from the other blade row is also taken into account.

We consider the flow velocity at point A on the camber line as illustrated in Fig.5. From the blade
boundary condition of Eq.(7) the resultant velccity W; of Ustu=Ue~+ur,+uc+us and Veotv=Vetve,+
ve+uvy, is parallel to the tangent of the camber line, and the magnitude is

Wi=(Ueoturs+uctus) cos f+(Vetve+vetos) sin
: 1
= \TTME_-[(Um+qu+uG+u.r)+y,’(Vm+vET+yG+vJ)] .......................................... (50)
In order to calculate the velocity on the upper and lower side of the camber line, we must also consider
the contributions of ue, and ve,, which disappear just on the blade chord.

In this paper it has been previously assumed

that vorticity and sourcefsink may be distributed . “‘Qe‘\)".
with sufficient accuracy on the blade chord (x-axis) z

instead of on the camber line (s-axis), so long as i W S
we limit our problém to a weakly cambered blade E; -

profile. However, this assumption becomes incon- g § Uorliggtlisrty

sistent only for the calculation of ugr and vg,, and in
this case we need to put the vorticity and source/
sink distribution exactly on the camber line.

The singularity distributions on the camber line
7(s), q(s) are related to 7(x), ¢(x) on the blade
chord according to the assumption that the singularity X
included in dx is equal to that included in ds, that is Fig. 5 Velocity distribution along camber line

tan B =5;
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cascade I is explained essentially by means of the
change of potential flow resulting from the existence
of cascade II.

On the other hand, the agreement between
theory and experiment about cascade IL is very poor.

It is found, therefore, that the mechanism of
the interference effect in cascade II might be quite
different from that in cascade I. The greater part
of the change of losses in cascade I might be
attributable to the mutual interference between the
wake from cascade I and the boundary layer of
cascade II, as explained in Reference (1).

10. Conclusion

In order to explain the influence of mutual
interference in a tandem compressor cascade theore-
tically, a theory for the two-dimensional incompres-
sible potential flow through a tandem cascade based
on a singularity method has been developed.

As the result of sample calculations, it has
become clear that regarding the first cascade the
change of cascade performance due to interference
effect can be predicted by this theory with satisfac-
tory agreement, while the change of cascade perform-

ance about the second cascade can not be estimated
by this potential theory. Because, in the second
cascade the viscous effect such as the interference
between the wake and the boundary layer becomes
predominant.
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