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Turbomachinery Unsteady Load Predictions with
Nonuniform Inflow

Shih H. Chen*
Rockwell International Corporation, Canoga Park, California 91303

A two-dimensional frequency domain source-doublet based potential paneling formulation is developed to
predict steady and unsteady turbomachinery blade loadings. The method employed blade-to-blade periodic
boundary condition and interblade phase angles to simulate the complex blade-wake interactions in turboma-
chinery stages. The method is used in the present paper to simulate the unsteady response on Space Shuttle
main engine high-pressure oxidizer turbopump diffuser blades. The amplitude of unsteady pressure and the
wave propagation characteristics are discussed by comparing similar studies.

Nomenclature

= blade source influence coefficient

blade doublet influence coefficient

= pressure coefficient

= QGreen’s function

= wake element index

= blade index

harmonics index

current time step

= surface outward unit normal

= npumber of blade on 1st row

= number of blade on 2nd row

= pressure

= distance between any two points in space
surface of body

= period of disturbing wave

= reference time

= velocity

= far upstream mean x-component velocity
= far upstream mean y-component velocity
= surface normal velocity

= wake doublet influence coefficient

x coordinate

= y coordinate

= time step

Au, = x-component unsteady velocity

Au, = y-component unsteady velocity

Ay, = pitch of 1st row

Ay, = pitch of 2nd row

A@, = phase angle of Au,

Af, = phase angle of Au,
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A¢ = inter-wake element phase lag
p = density

o = interblade phase angles

T = retarded time

¢ = perturbation velocity potential
w = excitation frequency

o, = fundamental excitation frequency
Subscripts

0 = reference blade

% = property at infinity

j = panel index
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[ = lower surface
m = mean value
st = steady state
TE = trailing edge
u = upper surface
un = unsteady part
w = wake

X = x-component
y = y-component
— = mean value

~ = unsteady fluctuation amplitude

Introduction

T is well known that the flow structure in a turbomachinery

passage is extremely complex, especially in the compressor
or turbine stages. For-this reason, the majority of turboma-
chinery blade aerodynamic analysis is steady state. This is
based on the assumption that the rotor and stator are far
apart, that the flow in each is steady, and that interactions
between blade rows are negligible. In reality, the gaps be-
tween blade rows are generally 20—50% of a chord length
and the interactions between blade rows are generally not
small. The wakes shed by the upstream blade or vane rows
are not uniform, due to viscous effects and interactions with
the downstream blades (Fig. 1). The unsteady wake is con-
sidered to be the most common aerodynamic excitation source
to the downstream blades. The unsteady force produced by
the wake can cause turbomachinery blade high-cycle fatigue
failures. Specific components that had encountered unex- -
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Fig. 1 Gust and unsteady wake model.
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pected blade cracking are certain turbomachinery blades in
the Space Shuttle main engine (SSME) turbopumps.

Frequently, the structural dynamic analysis of turboma-
chinery blading consists of simply calculating the natural fre-
quencies and avoiding known forcing functions. Forced re-
sponse calculations are not attempted. Due to the increasing
concern about turbomachine blade cracks during develop-
ment or operation, the understanding of the blade response
to nonuniform upstream disturbances becomes very impor-
tant. Smith! developed a linear analysis for thin turboma-
chinery blades by assuming a sinusoidal upstream disturbance
that is perpendicular to the blade chord. He modeled the
cascade blades with a finite number of fixed vortices. Instead
of applying vortex methods to the modeling of cascade blades,
Fleeter? solved the two-dimensional partial differential equa-
tion that describes the perturbation velocity potential through
the application of Fourier transform theory. Henderson’s work3
is based on a similar approach but includes small camber,
thickness, and incidence to the cascade with the assumption
that the wavelength of the distorted inflow is much larger than
blade spacing. These approaches are not suitable for cascades
with large camber, thickness, and incidence in a high-fre-
quency disturbance flowfield. With the advent of high-speed
computers and progress in calculating differential equations,
the simulation of unsteady flow on real turbomachinery con-
figurations is possible. Notable efforts to develop computa-
tional methods to describe adequately the complicated flow
around interacting blade rows include solving a coupled rotor-
stator in an unsteady frame,*-¢ and solving a circumferential
averaged multistage turbomachinery passage flow.” However,
all of the attempts require tremendous amounts of computer
time and are not efficient for design purposes.

The need for an efficient method to predict the forced
response of turbomachinery blades to a time-dependent ex-
citation has led to the development of the unsteady analysis
for a turbomachinery blade cascade with thickness and camber
in a high-frequency environment. A theory similar to Mori-
no’s, Green’s function paneling method,? is used. A code for
frequency domain analysis is also developed. A Fourier anal-
ysis is incorporated with the frequency domain analysis to
model better the incoming distorted flow. An unsteady wake
model with phase difference between wake segments is adopted.
In addition, interblade phase angles, which depend on the
number of blades and disturbing wave length between blades
and wakes, are used. This method had been applied to various
turbomachinery cascade flows with good agreement with
measurements in both steady and unsteady calculations.®*° In
the present paper, this method is used to simulate the un-
steady loads on SSME High Pressure Oxidizer Turbopump
(HPOTP) diffuser blades where both upstream velocity'! and
limited surface dynamic pressure measurements'? are avail-
able for comparison. The amplitude of pressure fluctuations
and wave propagation characteristics are discussed.

Theory

Assuming the flow past a body in space is incompressible,
irrotational, and inviscid, the governing equation is Laplace’s
equation

Vg =0 1

where ¢ is perturbation velocity potential. Using Green’s
theorem, the potential field at any instant in time, and any
field point x, can be expressed as a distribution of source and
doublet over the boundary surface S, which includes all the
blades and their wakes

E¢(x,t)=f%des—f%’C1—;¢ds @)

where

4R . . .
G = ; = Green’s function in two dimensions
T

R = |x — x,| = distance between any two points.
Eq. (2) can then be expressed as

2aEd(x, 1) = f % 4R ds — J ¢%(4,.R) s 3

where

E = 0O inside §
=12o0n S
= 1 outside S

The first term on the right-hand side of Eq. (3) represents
the source distribution, which is known from the flow tan-
gency boundary condition on solid surfaces. The second term
on the right-hand side represents the unknown doublet dis-
tribution. When specialized to the blade surfaces, Eq. (3)
amounts to a Fredholm integral equation of the second kind,
which must be solved for the potential distribution on the
surface.

Discretization

In order to obtain a numerical solution for the integral Eq.
(3), it is necessary to approximate the curved body and wake
surfaces by a large number of small elements, Fig. 2. Each
element is a linear line segment with the surface normal »
pointing outward from the surface to the fluid.

If the body in consideration is a blade row and the blades
are assumed to be identical to each other within each row,
only one blade (the reference blade) geometry need be spec-
ified. The other blade coordinates are decided by the refer-
ence blade with relative x and y spacings. Ax, and Ay,

P, =P, + A - 1) @
Pyi = Pyai * Ayd(l - 1)

The + sign is decided by the relative position of blades to
the reference blade. .

" One control point for each surface panelis used. The choice
of the panel centroid as the control point is believed to give
the most satisfactory results. Piecewise constant singularity
distribution over each panel surface is assumed, that is ¢,
(8¢/on); = constant. Eq. (3) can be represented by

¢i:%;gi@§ﬁ_ﬂj&ms—igg¢a,n

d 1 a
'f; &Rds—;}l:;mbw(l,k)f% 4Rds, (5)
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Fig. 2 Blade and wake surface paneling.
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The n,, directs to the wake upper surface with »,, = n,, =
—n,, and wake doublet A¢, = ¢,, — ¢,,. Note that the
source term disappeared for the wake integral because the
wake is of infinitesimal thickness.

Wake Modeling

The wake is assumed to be infinitesimally thin, emanating
from the blade trailing edge and convected downstream with
the axial velocity component equal to the mean freestream
axial velocity. The wake strength is a function of vorticity and
is varying periodically with the same frequency as the up-
stream disturbance (see Fig. 1). There is a phase lag A¢ be-
tween neighboring wake panels. The phase is decided by the
disturbing wavelength and the time step used to describe wake
elements, i.e. ‘

Ao = 277% = w,mAt (6)

We can then express the entire unsteady wake doublet strength
in terms of wake doublet strength on the wake panel next to
the trailing edge

' AJ’W(I’ k) = (A&WTE(I))e_i(NT"")A&v (7)

where NT denotes current time step and & denotes any time
step at which the wake elements were generated.

The wake doublet strength near the trailing edge is deter-
mined by the blade doublet strength at the trailing edge from
the numerical Kutta condition. The Kutta condition is satis-
fied by assuming equal pressure across the trailing edge of
the blade. This is represented numerically from the unsteady
Bernoulli’s equation by

AJ’WTE (I) = (&um(l) - (:r;)wl(l)) = (1 - imwoAt)(A‘z)TE) (8)
for unsteady conditions, and
A‘Iz’w = Aq—STE = ‘i’TE., - <i>m | ©)

for steady state conditions.

Interblade Phase Angle

The blades are assumed rigid and identical. The loading on
blades is periodic with a phase angle o between neighboring
blades at identical chordwise location. If nb is the number of
blades in a row and N is the number of gust periodic distortions
per revolution, then the magnitude of the interblade phase
angle in radians is the circumferential arc divided by the num-
ber of blades per wave:

_ 2aN
7= nb

If we express the phase angle in terms of pitches Ay, and Ay,,
Eq. (10) can be written as

Ay,
o = 27 —= (1)
Ay,
or
nb,
o=2x nb, (12)

where nb, is a fictitious upstream blade number and nb, is a
downstream blade number. For higher frequencies based on

(10)

a given fictitious blade number, we may also write Eq. (12)
in a more general form

= om0
o = 2mm b, (13)

where m = 1 — M = harmonic index. Thus, the second term
on the right-hand side of Eq. (5) can be written in terms of
the interblade phase angle as

183 o0 | L@Ra

23a3(zens)]
gimwot 2 {éﬁﬂ, Z I:(e:i(l—l)tr) J'(’;?h' (&R)ds:l} (14)

i

+

where subscript o of ¢ denotes the reference blade.
Because the wake doublet strength depends on the blade
surface doublet strength, and the blade surface doublet is
blade-to-blade periodic with a phase angle o, the wake doub-
let is also blade-to-blade periodic with the same phase angle
o. Thus, the last term on the right hand side of Eq. (5) yields

1 3 1.
;ZEA%@@fﬁﬁ%mmWZZM“ZZ

9 eimwat . )
’ f — (#R) ds, + — Adwry, 2 exit=ne
on,, T 7

b
an,, Rds., (15)
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Blade Boundary Condition

As we assume the blades are rigid, the self-induced un-
steady aerodynamic forces generated when the blade row re-
sponds to the aerodynamic forcing function are not considered
here. The boundary condition on the blade surfaces is the
standard solid wall nonpenetrating condition. The normal ve-

-locity on the surface is

vil,j) = -U-n (16)

where n is the surface outward unit normal points to the fluid,
and U is the time dependent freestream velocity.

In the frequency domain unsteady analysis, we do not trace
the in-passage deformed vortical flow in a time marching man-
ner. Instead, we adopted a linear gust convection model sim-
ilar to the one used by Fleeter,? in which the unsteady dis-
turbances travel with the flow at a speed equaling the axial
mean flow. This assumption should be good'® as long as there
is no significant flow distortion or flow separation on the blade
surface. Thus, the flow felt by a point x on the blade surface
at time ¢ is as if the flow was generated at the inlet of the
cascade at an earlier time 7

U(x’ t) = [Um + Auxei(A8x+mm01:(l—l)w]i
+ [Vm + Auyei(Aey+mwoft(l—1)cr)]j (17)

where Tequals ¢ — x;/U,, and o is the interblade phase angle.
The normal velocity in Eq. (16) can be expressed as

vl )= = [Up + Bugiossmar=t-09ln, — [V,
+ Auyei(A9y+mm0-rt(l—1)0‘)]nyj = l_)n(]) + “'}n(l, j)eimwot (18)
where ¥, is the steady normal velocity

By = (i) = ~Upity — Vo (19)

metyj
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and v, is the unsteady normal velocity
f’n(l’ ]) - f)njoeti(l-l)a- — Auxei(Aex—mwox,'/Umi(l—l)o’)nx}_
+ Auyei(AOy—mcuoxj/Um:(l—l)o')nyj (20)

The source term in Eq. (5) can, thus, be written as

22&#(11)[ sRas =13 [2[ ”Rds]

gt . .
+ 2,: [vn,.o > e='<’—1>fff 4R ds} o
Solution for Velocity Potential
Combining Egs. (5), (14), (15), and (21) yields
[6, — Cil{d} — [WLAd) + [8; — &ul{dt
= [P {Aduo} = [Byl{wn} + (B} 22)
where

8; = Kronecker Delta function

C, = 2 f—— 4R ds

g, = "e'mﬁE (e=it-10) f 2 LR ds
W= 233 [ iR,

Wy, = “’""‘""tz D T f o R,
B,=15 [ ar

etmwo!

y E *i(l— l)af 4R ds

!

S
Il

The steady part and unsteady part in Eq. (22) can be con-
sidered separately, that is

[ i 11]{¢} [wa]{Aa’w} = [B,]]{]_/m} (23)
[ T l[]{¢]0} [wiw]{A(—bwo} = [Eii]{i}njo} (24)

For the steady part, Eq. (23) gives the steady solution, b
and for the unsteady part, Eq. (24) gives the unsteady solution

¢]a

Pressure Calculation

The: pressure is calculated using the unsteady Bernoulli’s
equation once the velocity potential is obtained

!’ a 1
%: _aif—U-V¢—-2-IV¢|2 (25)

and the pressure coefficient is the pressure normalized by the
inlet mean dynamic head

c, - L - L 26)

The fluctuating part of the unsteady pressure is obtained by
subtracting the steady state solution,i.e.

dC,(m) =

Counlm) — G, @n

Opverall pressure is a summation of all steady and unsteady
pressures

C,, = C,, + >, dC,(m)er™ (28)

High-Pressure Oxidizer Turbopump (HPOTP)
Diffuser Blade

The steady and unsteady pressure on a modified high-pres-
sure oxidizer turbopump (HPOTP) diffuser configuration of
the Space Shuttle main Engine (SSME) was studied experi-
mentally in a water test by Arndt et al.”® In their study, the
vane pressure fluctuation characteristics were found to be
somewhat different from those of typical axial flow thin trail-
ing edge cascades. The interactions between impeller and
diffuser blades are characterized by the flow coefficients and
the gap between two blade rows.

The current analysis on HPOTP diffuser blades utilizes a
velocity measurement in an air test (see Ref. 11). Hot wire
anemometer measurements were made of the radial and tan-
gential velocity components U, and U, between the impeller
exit and diffuser inlet. The HPOTP centrifugal impeller con-
sists of four full blades and four partial blades. The four full
blades are assumed identical and the four partial blades are
identical. Thus, the fundamental blade passing period is de-
fined as the time for the impeller to rotate 90 degs. Fig. 3
shows the measured velocities for one 360 deg of blade ro-
tation at a rotating speed of 14,500 rpm. The diffuser blades
are composed of 15 equally spaced identical blades with high
stagger angle. The coordinate of the diffuser blades and meas-
ured velocities were log-spiral transformed to a Cartesian co-
ordinate. The radial velocity U, becomes axial velocity U, and
the tangential velocity U, becomes U,

The transformed velocity fields are Fourier decomposed
into many harmonics with magnitudes Au,, Au, and phases
A6, A§,. The discrete frequencies correspond to the blade
passing frequency and its multiples. The first four frequencies
were picked for the present calculation.

With the unsteady velocities and their phase angles, the
surface normal velocity can be calculated from Eq. (18). The
steady and unsteady solution for velocity potential are ob-
tained from Egs. (23) and (24). The pressure distributions for
each individual frequency are calculated and the summation
over the four harmonics is shown in the next section.

Results and Discussion
In this section both the results for HPOTP: diffuser blades
in the frequency frame and time dependent frame are pre-
sented. Figure 4 shows the mean (the solid line), and the
maximum/minimum pressures (the dashed line) along the sus-
face throughout the entire history. The mean loading decays
along the chord while the unsteady part variation does not
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Fig. 3 Unsteady wake velocity.
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Fig. 4 “Steady and unsteady loading.
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Fig. 6 Suction surface loading history.

decay monotonically along the chord. Wavy forms of unsteady
pressure fluctuations were observed on both surfaces. This
type of response resemble those obtained by Rai,* Chen,® and
Dring et al.’* for stator-rotor interaction studies. The largest
peak-to-peak pressure fluctuation was observed near the lead-
ing edge on the suction surface, Fig. 5, with an amplitude
larger than the mean inlet velocity head. It implies that this
region near the leading edge on the suction surface suffers
mostly due to the nonuniformity of the flowfield. This ex-
cessive dynamic loading at the leading edge is a possible cause

-CP
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Fig. 7 Pressure surface loading history.
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Fig. 8 Comparison of predicted and measured diffuser blade un-
steady pressure (suction side).
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Fig. 9 Comparison of predicted and measured diffuser blade un-
steady pressure (pressure side).

of most turbomachinery blade leading edge cracks. Moreover,
the response near the trailing edge is also found to be large,
which agrees with the observation shown by Arndt et al.??
The not so small unsteady pressure at the trailing edge differs
from those of typical compressor cascades. This could be due
both to the thick trailing edge and high loading on the blades.
Generally speaking, the pressure fluctuations on the suction
side are larger than those on the pressure side.

An alternative view of the pressure fluctuations is to expand
the loading into a time frame for one 360-deg impeller rev-
olution. The suction side loading histery (four harmonics)
from the leading edge to the trailing edge is shown in Fig. 6.
The pressure side loading history is shown in Fig. 7. One
significant feature of these data is that there is an obvious
phase shift in the unsteady pressure on the suction surface,
whereas the phase angle is nearly constant on the pressure
side. This behavior is similar to that of a compressor observed
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Fig. 11 Harmonic content of unsteady pressure on pressure side.

by Henderson and Franke.'> The phase shifts indicate that
the second harmonic (8 per rev) disturbance dominates the
unsteady fluctuations. That is, the first order wake effect from
the upstream impeller is the dominant excitation force to
diffuser blades. The phase angle on suction and pressure sur-
faces are found to be in phase near the trailing edge. Thus,
for a loaded trailing edge, the pressure difference across the
blade trailing edge is zero.

Figures 8 and 9 show the comparison between calculated
and measured time-dependent unsteady pressure variations
at about 10% chord on suction and pressure surfaces for a
360-deg impeller revolution. The periodic nature of this re-
sponse, 8 per revolution response to the wakeflow, is clear.
In addition, the amplitude of pressure fluctuation is in good
agreement. The Fourier components of the response are shown
in Figs. 10 and 11 for suction and pressure surfaces respec-
tively. The dominant frequency is the 8 per revolition im-
peller blade passing fréquency. The multiples of the blade
passing frequency decay rapidly. The second largest ampli-
tude is the 4 per revolution. This indicates the loading on the
full impelier biade is not quite the same as that on the partial
blade. The decay characteristics of the unsteady response cor-
relate well with the measurement despite the much higher 8
per revolution amplitude on the suction surface indicated by
the predicted results. This may be attributed to the larger
curvature and phase shift on the suction side compared with
those on the pressure side, that a slight change on the phase
of boundary condition may affect the prediction significantly.

The computation was performed on a DN4000  Apollo
workstation, which is slower than niost mainframe computers.
However, as the analysis is performed in the frequency do-
main and interblade phase angles are used for periodic re-
sponses, only one blade (the reference blade) information is
required for an unsteady cascade analysis, and the calculation
is more efficient compared to other similar calculations. For
a typical example shown in the paper (80 panels on each blade,

15 blades in cascade, and 100 wake panels), approximately
10 min of CPU is used for each individual frequency.

Conclusion

The purpose of this paper is to provide an improved and
computationally efficient technique for investigating the dy-
namic loads caused by the interaction of a turbomactiinery
stage with the wakes of an upstream blade row. The method
of analysis is basically for two-dimensional, inviscid, and in-
compressible flow. The method is incorporated with a Fourier
analysis for nonsimple-harmonic unsteady flow. The appli-
cation to the SSME HPOTP diffuser demonstrates the cal-
culation. Because of the lack of experimental data, the present
study can be viewed only as a simulation of the unsteady
pressure fluctuation due to a blade-wake interaction. Never-
theless, the comparison between the predicted and several
other measurements'?~*> does show that the amplitude of
pressure fluctuation, wave propagation characteristics and
frequency contents can be simulated well by using the present
frequency domain method.

In general, the high frequerncy, as well as low frequency
can be valid for the analysis, though the accuracy is limited
to the grid size used. In addition, the use of interblade phase
angles in frequency domain calculation, arbitrary wavelength
excitation can be simulated.

In the present frequency domain method, a linear gust con-
vection model is used. Although this model may not be able
to trace the vortical flow exactly, the impact on the solution
should be small as long as there is no significant in-passage
vortical flow distortion or surface separation.

It should be noted that by using input velocities measured
during turbopump operation, the velocities include any in-
teraction effects between the rotating and stationary com-
ponents. As seen from the example, with this velocity as an
input, the resulting unsteady pressures on the downstream
blade row do match the measured unsteady pressures very
well, thus, any interactions are apparently accounted for, at
least in their first order effects. Of course, during the design
process, these measured velocities are not available. Any rea-
sonable wake model given by Lakshminarayana and Davino,'
Lefcort!” or other gust velocity fields, can be used as stated
in Chen.10
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