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Abstract

In this paper, unsteady force and pressure
on air-foil in the turbomachinery are studied
At first, the causes of unsteady force are
amined by using a single stage axial-flow
It is shown that for a proper axial-distance
between moving and stationary blade rows the
unsteady phenmena arise only from the effect af
viscous effects. Unsteady pressure and forces
acting on a blade passing through an oblique
sinusoidal wake are calculated. Effeects of
angle of attack, camber and both longitudinal
and transverse gust wake are discussed. Divid-
ing wakes by h-sheets of thin wakes with small

ex-
fan.

width and summing them wup, unsteady pressure

due to wake are calculated and compared with

experimental results

Notations

c 5 chord

Cu = 1ift coefficient

L 4 axial distance between moving and
stationary rows

| chord length

U veloeity of steady [low

@ angle of attack

7 vorticity

w nondimensional frequency

Suffixes

f 3 camber

g gust

h small width of wake

L time or unsteady

u perturbation velocily in x-direction

v perturbation velocily in y-direcetion

X x-direction

¥ y-direclion

A diffTercnce or unsteady

Introduction

there are guide vanes,
stationary blade rows and moving blade rows
making relalive movement in a confined area
surrounded by a casing and a hub. Flows in
these machinery, Lherefore, beccome unsteady and
dependent also on places. These [lucluations

In turbomachinery

become Lhe cause of vibralions or breakdown of

blades, arise in noise and accompany energy
losses. From demands for higher efficiency
to prevent vibration or fatigue failure of
blades and to decrease noise, much research has
been published on the basic problems on the
unsteady performance of cascade [low

The main causes of these interactions are

between the moving and
and the viscous effects
blades of the preceding

flow effects
blade Trows
from the

potential
stationary
of shedding
stages.

In this paper, at first the causes of flu-
ctuation in the turbomachinery are classified
Then calculations of unsteady pressure are made
and compared with experiments and discussions
are also made

INTERFERACTION BETWEEN MOVING AND STATIONARY

BLADE ROWS
The authors (1874) investigated the un-
steady forces acting on the stationary blades

in anaxial-Tlow blower with a
behind a moving blade row to make an attempt to
clarify the causes of these interactions. Ve
made measurements of the unsteady forces on the
stationary blades for various axial-distances
between moving and stationary blade rows

stationary row

Thin airfoil + no of blades §
1800 rpm
Fig. 1 Fluetuating Phenomena relative to
moving blade row
Figure 1 shows fluctuating phenomena relative

to the moving blade row.
distances between moving
rows are shown(@,.®@,®).
and measured values (points) of fluctuatingf
orces are laken from the refercnce lines with
lines and peints respectively. The direction of

Three sorls of axial-
and stationary blade
The caleculated (lines)

force upward corresponds Lo the fluctuating
force Irom the pressure side to the suction
side. For example, al a time t the relative




position of the measured stationary blade is as
shown by the broken 1line and the chords of
other blades are shown by the chain lines (for
1/D=0.016). In this case, the vertical dis-
tances from the line to the reference line
shows the magnitude of the fluctuating force
and those from the point to the reference
line also show that measured. As it is clear
from the figure, maximum and minimum point of
the fluctuating force arising from potential
interaction vary in the direction perpendicular
to the cascade of the moving blade. On the
other hand, the effect of wake shifts in the

direction of the relative stream. If we change
the axial-distance, the phase of these two
effects also shifts. As it is also clear from
these figures, the effect of potential inter-
action shows a remarkable decrease, on the
other hand, that of viscous wake shows a slight

decrease with an increase in the axial-distance.

For the axial-distance @ the effect ofp
otential interaction disappear and only thato
f viscous wake effect can be seen

UNSTEADY PRESSURE ON A CAMBERED BLADE PASSING
THROUGH AN OBLIQUE WAKE

a) Equation of unsteady pressure

The x, y-components of the flow perturba-
tion ug, v,y can be represented by a sinusoidal

wave travelling with the main stream velocity
U. Thus,

Ui (R b=l () e, Bp [leidt -¥")3

vel(x, )=V, (x) '™ =¥, exp [iow (t'-x")] ---(1)

where w is the nondimensional frequency({w=v C
/2). Also the nondimensional time t° and the
nondimensional distance x' are

t"=20t/C , x =2x/C oo (2)

where C denotes the chord length. For the case
of a blade that has both camber line

y=f [ (-2x%3/C} +(C/2)] )

and the angle of attack a, under u, and v,, as
shown in Fig.2, Nauman and Yeh(1978) have shown
the unsteady Lift.

On the blade(-1=x"=1), the total vortic-
ity consists of the steady vorticily 7 ,{(x),the
bound vorticity # »(x,t). For inviscid flows
v o is related to 7 ¢ by the differential equa-
tion

.B(TD*‘?’I)/-&’-"' U 5 /3 x =0 v oo (4)
The solution is
% —
Tolx)= —lwe™X [y (x ™ ydx* i ]
=

Applying Euler's equation of motion in the x-
direction to a point on the blade, the unsteady
pressure on the blade can be expressed as

AP()=5 (o /DUT o (x) F (p /U (x) 7 o (x)
=l /Oy YT s lx)=Co /A)y 2 (2) 7 o (%)
e (8)

¥

=15+ Yooy

Ug
:1? ~cl2 2

T's : Steady vorticity
T'5 : Bound vorticity
¥r : Free vorticity

Cambered blade with
angle of attack.

Fig. 2

where the upper and lower siogns refer to the
suction and pressure sides of the blade, re-
spectively.

Substituting bound vorticity # o(x,t) and
free vorticity 7 ((x,t), and using for steady
vorticity 7 .(x) by the well known result from
steady airfoil theory, i.e.

7 .(8)= 20 {acot(0 /2)+2fsind@} , s ST

the final result for AP is
AT(O8)=Fp UfT, M. (0 . 0)F o UaT M. (0, w)
F oIV M (0, 0) + pUfaTMi(0,w)
+ 2p UT*T,Ms (0, 0) + plUaTMe(8, )
+ 2p UfTM (8, w)- p UTMe(6 , ).
» m i)

In the above equation, Mi(8@ , w)~Ms(0 , @)
are nondimensional unsteady pressure functions,
which are defined as

Mi(0,w) = 2 sin@ expliwcos8 Y)+¢ (8, w),
M2(6 ,w) = cot(8 /2) exp{iwcos@ )
MalB ,w) = cot(8/2) $(w)
MalO,w) = cot(8/2) [iw expliwcosd)
% f, exp(iwcosB *)k¢g (€ *, w)sind *d@ *

¢ (0, w)]

Ms(8 , @) = sinf [iw expliwcosf)
*ff exp(-iwcosO *)x¥¢p (0 * w)sin€ *da *
~¢p (8 ,w)]

Me(8,w) = cot(8/2) S{w) [iw exp(iwcosd)
¥¢ (8, w)-cot(8 /2)]
Mi{8,w) = sinf S(w) [iw expliwcosd)
¥¢ (6, w)-cot(0 /2)]
Mu(@._ﬂ)) = {2 Bo [Jn(w)
+§_E“Jn(m) [sin n@+ sin(n+t1)8 ] / sin 0}
2 Br {cosm@ [Jo(w)+ expliweost )]
+(1/2) 2 1"Jalw) 12 cos(mntn) @
+ [sinl| (m-n+1)0 | -sin| (m-n-1)8 | ] /sin® }
+2(1-x )exp(iwcos@ )} /&
¢ (0,.w) = Flw) cot(8 /2)
+ (Ww)Ei " J.(w)sin no
$ (0, w) =£3 (1+cos@ *)exp(-iwcosd *)do *
= ()

and @ is related to x° by x' =cos @

Thus, we see that the wunsteady pressure

AP can be considered as sum of seven terms.

b) Effect of Camber f and angle of attack @ on
unsteady pressure distribution AP

[f Re and Im represent the real and imagi-
nary parts of Eqg. (8), i.e.

AP(O)/(p U¥,) = Re + i Inm

ACp = ¢ Re*+Im*, ¢ =tan '{In/Re) eae (10)
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Figs. 4~6 show the calculated results for
the basic cases of blade under a sinusoidal
traveling gust as shown in Fig.3. For a flat-
plate airfoil at zero angle of attack (a =f=0)
the unsteady pressure distributions are shown
in Fig.4. The value of ACp on both sides of
airfoil have the same value at each position
along the blade <c¢hord, and their chordwise
distribution is proportional to cot(@ /2).
There is no phase lag along the blade chord and
the phase difference between the suction and

pressure sides is z . Fig.5 shows the calecu-
lated results for the case of the flat-plate
airfoil with angle of attack moving through a

longitudinal gust. In this case, also, ACp on
both sides are the same value. Their chordwise
distribution is proportional to cot(®@ /2). The
phase difference between both sides is # . Mean
while, A Cp does not decay as w increases.
Fig.6 shows the results for a =10° f=0.2 and
B =45° , i.e., the cambered blade at angle of
attack moving through a longitudinal and trans-
verse gust. In this case, the distributions of
values of ACp and ¢ vary significantly with
B and o.

As stated above, the unsteady pressure on
the cambered blade with angle of attack is
very different from that on the flat-plate. It
is evident that both the amplitude and the
phase vary considerably due to the effects of
angle of attack and camber

c) Extension to arbitrary wake

Consider a blade passing through the wake
at an angle A to the x-axis, in Fig. 7. It 1is
assumed that the wake axis passes through the
origin of the x,y-coordinate system at the time
t=0. Similary to previous studies by Lefcort(19

65) and Murakami et al.(1980), it is considered

that the wake is devided by h sheets of thin
wake with small width A y.. Representing the x,
y-components of the velocity defect in the wake
as a complex Fourier integral, the results are

3

ug=—(cot B /= (‘.)hﬁmw{y..)ki“_lcxp =4 @ G =500

*A&Jgtﬁyn "'(11)
w————— 40
a=0 =10
f= f=
s 4=90° s A4=180°
~ =
— Suction side
----- Pressure side
20 -

ot ] . bl .
ve=-(1/=n C)bg_g_(y..)k}:m exp [-iw«(x =ta")]
¥ AwAys cee(12)
where ., ta=(2U/C)(t-y»/UsinB) cee(13)
Substituting Egqs. (11), (12) for ue., vy into Eg

(8), the unsteady pressure AP is calculated
In order to reduce the amount of calculation
ta' in these equations are replaced with x¢",
which are fixed points on the x-axis downstrean

from the leading edge of the blade(see Fig.9)
Then the unsteady pressure on the blade

under the periodic gust are given by

AP(6)=(pU/z C)F yixe t")
¥cos B {+fA. (0 o ah(0,x.")
+fa A (0, x: )+2T%A: (8, x " )-Aa(0 , x:7))
+sinf (FA« (0 ,x )+aAs(8 . x )
+2fA:(6 ,x ")) 1 Axe o= (L4)
where A,~As are response functions and are

written in the forms

A|(3.Xt')=25iﬂ3 F4(9.X:l)+Fa(9.xt’).
Az(e.Xt')=00t(9/2)F4(9.Xxl)
Aa(e.X|')=C0t(9/2)Fa(Xt.) .
Ao( O LXxd )=cot (8 £ [PB(9|XI..)_FB(9 o fet B
As(B ,x. }=sin@ [Fe(O X )-Fe( 0 X ]
As (0, x. Y=cot(8 /2) [F.(0,xc")
—cot (0 /2)Fs(x." )]
Ar (6. % )=sin@ [F.(8 x: Y-cot(8 /2)Fal{x:")]
Aa(e.X:l)iﬂi‘P(A xl.|wh)M8(G.wk)
¥ expliw X )A

+ s (LB

In the above equations, Equs, Fa~F. denote

Falxa )28 p(Ax:, @S (@a)explinax’) Ao

Fig. 3 Cambered blade under
a sinusoidal travelling
gust Wg.
40— —
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Unsteady pressure distribution

(a=0°, f=0, B=90° ). (a=10°, f=0,

Unsteady pressure distribution

B =180° ).
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Unsteady pressure distribution
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Velocity defect w(x..t)
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Fig.
Unsteady pressure coefficient
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FOmParlsons of exper- Comparisons of exper-
imental and measured imental and measured
of unsteady pressure of unsteady pressure
coefficient A, coefficient A C,

(NACAB5(0) 10,

Jxc =02V 2 SA X))
*¥exp [-2(x. +cos8 )2/A x. 2]
Fe(O ,x: )=2p(Ax: . 0x)¢ (0, @)
fexp(iw X' ) A
Fel@ , 3" )= iwp(Ax, ®)
#exp [ 1@ «(x: -cos8 )]
#% ¢ (0 *, w)exp(-iwcos@ *)

xsinf *A 8 "A w
F.(0 .Xt')i:_‘,;iw PlAX, w)S(w )
¥exp [iww(x: +cos8 )] ¢ (wk, 0 )A 0w«
Ap{Ax:, wx)=exp(-Ax. % «*/8) i )

Eifl.6

Calculated values of Ay~As for the fixed point
¥. are used by changing forms of gust w(x.,,t")
to get Ap. In this «case, calculations are
reduced to that of real values. Calculated
values of Ay~As are available repeatedly. To
show the variation of AC, with time for the
representative four points on the airfoil sur-
face, calculated values of the flat plate with
no incidence are shown in Fig.8. For a flat
plate with no incidence placed in the stream,
Ap [in equation (14)] is expressed by only the
term As(8, x."}. Then the variation of AC,
with time show the same form the leading Lo the
trailing edge. Figures 9 and 10 show the com-
parisons of the calculated results and experi-
mental ones. In these figures, L indicates Lhe
time when the center of the wake reaches the
leading edge of the blade and T indicates that
of the trailing edge of the blade. In the
theoretical caleculations Ap can be expresssed
by the sum of As and As in Eq.(14) for flat
plate a =0. For a airfoil with camber placed
with the angle of attack all terms from A,to A,
are related. These results of calculations,
which take into account of the blade thickness
and the angle of attack, represent the varija-
tions of unsteady pressure fairly well.

CONCLUSIONS

These researches are summarised as follows
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& =-4% ) (NACA6S5(7.5)10, & =-4°

)

1) Interaction effects arise mainly from poten-
tial flow effects due to neighboring blades row
and from viscous wakes arising from blades up-
stream. For various axial-distances between
the moving and stationary blade rows, the phase
difference arising from the above two influ-
ences change. The unsteady forces arising from
potential flow effects decrease very aquickly
and those from viscous flow effects decrease
slowly with an increase in axial distance.

2) Calculations of unsteady pressure through an
oblique sinusoidal wake are calculated. Effects
of camber, thickness and angle of attack are
shown.

3) Dividing wakes by h sheets of thin wake with

small width and adding up
are calculated and compared
results. Unsteady pressure
longitudinal and transverse directions, and
effects on the cambered, wilh thickness and
also with angle of attack are shown and compar-
ed with experiment.

unsteady
with experimental
due to wake of

pressure

REFERENCES

ADACHI, T, FUKUSADA,Y, TAKAHASHI,N, and NAKA
MOTO, Y(1974)Sutdy on the Interference between M
oving and Stationary Blade Rows in Axial-Flow B
lower. Bullelin of the JSME, 17-109, 904-911.

LEFCORT, M. D, (1965)An Investigation into Uns
teady Blade Forces in Turbomachinery.Trans. ASM
E. J. of Engng. for Power, 87-4,345-354

MURAKAMI, Y, HOROSE, T, and ADACHI.T, {1980)Uns
teady Force on Blades in a Cascade Due to an Up
streamMoving Cylinder(lst Report) Theoretical C
alculation, J. of the Japan Society for Aeronau
ticaland Space Sciences, 28-322,546-554(in Japa
nese).

NAUMANN, H, YEH,H, (1973)Lift and Pressure Fl
uctuations of a Cambered Airfoil under Periodic

Gusts and Applications in Turbomachinery. Tran
s. ASME, J.of Engng. for Power, 35-1,1-10.




