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Objective 

The object of the research funded under this grant is to study the unsteady 
aerodynamic forces and moments induced on cascade blades by a converted 
density gradient that is more or less normal to the flow path. Previous 
investigators have considered the effect of a variety of converted disturbances on 
cascade, compressor, and turbine performance. However, we believe this is the 
first investigation to focus on the production of unsteady loads associated with 
this process. 

The size and frequency content of these loads, when combined with other loads 
as fan, compressor and turbine blades have the potential to reduce the blade's 
high cycle fatigue life. 

Objectives Reached 

Since the basis for the research is to conduct a set of parametric experiments, the 
first essential factor is to validate CFD codes. This work was completed and we 
have used the following codes in operation: 

(1) Modified Valkowitz - incompressible invisdd code 

(2) Modified Hoying - compressible viscous code - both laminar and k-e 
turbulence 

With these two codes in operation we have studied the following cases. 

A. Incompressible - inviscid flow 

Nv p* w/c ^r 
-2/3 -1/3 -1/6 -1/9 1/9 1/6 1/ 

3 
0.1 xo xo X X X X 

0.2 xo X xo 
0.4 X X X X X X 

0.6 X 

Table 1: Calculation matrix for sinusoidal density wakes, x = NACA4F blade row calculations, o = 
EEE blade row calculations. 

Some additional cases have been run for a flat topped wake. 

B. Compressible - Turbulent Flow, M = 0.15 

C. Compressible - Turbulent Flow, M = 0.53 
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New Findings* 

Over the period of this grant a set of numerical results have been obtained for 
flow of a turbulent compressible fluid through a cascade. These results show 
the unsteady loads have the form for Mach numbers up to at least 0.53 and 
Reynolds numbers of 267,000. 

^L = (Kl(f)p*)^Mj   and    ^L = (K2(?)p*)Jl-Mj 

where 
CY = azimuthal force as a rotating blade 

Cu = torque about the midchord axis 

A()= peak unsteady loading with respect to mean 

M00= inlet Mach number 

— = width of disturbances normalized with respect to the chord 
c 

p*= 2IZPL 

P2 + P1 

= normalized density change 

pa = density before change 

p2 = peak value (of density change, may be maximum or minimum) 

Note: p* may be as large as 0.5 for cooled turbine blades and is of the order - 0.15 
for compressors with a blade at the adiabatic wall temperature. 

\|/ = pressure ratio 

Kj and K, are constants that depend upon blade geometry and loading, 
whose relation to \|/ and blade separation remains to be explored. 

We have also conducted calculations with the modified Hoying Navier-Stokes 
code. The results show that near the design point the results from the 
compressible calculations and the calculations with a turbulent boundary layer 

"See attached summary report for technical details. 
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agree very well with the incompressible, inviscid results if p*£ 0.20 for M = 0.53. 
w 

The difference between the two sets of calculations is larger as the product — p* 

is larger. In other words for larger disturbances, the process is increasingly non- 
linear, particularly as p*>0\ 

%ACy / Cy (mean) %ACm / [\|/ Cm (mean)] 
Wake Parameters Inviscid Viscous Inviscid Viscous 
w/c = 0.1 p* = -0.60 -14.0 -13.3 -77.4 -58.5 
w/c = 0.1 p* = -0.33 -7.8 -7.2 -43.0 -35.9 
w/c = 0.1 p* = -0.14 -3.3 -3.8 -18.4 -17.0 
w/c = 0.2 p* = -0.60 -25.2 -21.6 -120.5 -94.6 
w/c = 0.2 p* = -0.33 -14.0 -12.3 -66.9 -53.3 
w/c = 0.2 p* = -0.14 -6.0 -5.5 -28.7 -26.9 

Table 2: Comparison of inviscid and viscous results. Percentage changes in unsteady peak load and 
moment response is shown. 

In this calculation a minus sign implies the unsteady loading is in the opposite 
direction to mean load. 

Figure 1 shows the effect of the density gradient for p2<pv The perturbation 
velocity field is shown in Figure 2 and typical unsteady time-load curves are 
shown in Figure 3. 

The effect of the density wake is to generate a pair of vortices of opposite sign. 
They are located ahead and behind the wake. 

This picture suggests a model of a convected vortex pair. Such a model has been 
developed and is very useful. For example the small bump in Figure 3a and 3b is 
the consequence of the trailing vortex being formed at the leading edge. This 

bump is bigger as the wake is narrower, i.e. — is smaller. 

These findings show the objective of the research has been met. 
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Density Wake 

Figure 1: Density wake converting through a blade passage. 
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Figure 2: Perturbation velocity vectors for sinusoidal density wake with p* = -1/3 and w/c = 0.2. 
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Figure 3: (a) Tangential force Cy and (b) moment Cm variation on NACA4F blade during passage 
of a single sinusoidal density wake with p* = -1/3 and w/c= 0.2. 
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Further these findings would seem to have two practical consequences. The first 
is that the density wake can provide an additional unsteady force and moment 
on the blade. A second finding is that the density wake flow field suggests an 
altered heat transfer load on turbine blades. 

The potential application to the design of Air Force and civil gas turbine engines 
lies in the refinement of the unsteady loads, and their effect on the design 
margin. 

The U.S. Air Force has and continues to encounter serious problems with high 
cycle fatigue in components of gas turbine engines. High cycle fatigue failures 
occur after a part is subjected to many, perhaps a million per flight hour (or 
more), cycles of unsteady loads. These cyclic loads interact with the blade 
dynamics and change the load profile under some circumstances. A change in 
the material properties, can lead to formation of cracks, and ultimately failure of 
a part. This problem is commonly encountered in Gas Turbine engines. 

As a consequence the number of engines needed to insure a mission ready 
squadron is larger than would be needed if high cycle fatigue failures could be 
avoided. In addition to the difficulties faced in maintaining a mission ready 
force, additional resources, both in labor hours and spare parts, are needed. 
Clearly, high cycle fatigue failures in gas turbine engines place an extra burden 
on the Air Force at a time when resources are limited. 

Hence understanding and reducing the severity of this burden through 
understanding the broad phenomena of unsteady loads, blade dynamics and 
material properties, and their coupling is of value to the Air Force. 
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Nomenclature 

Variables 

c Blade chord length 
h Blade spacing 
p Static pressure 
t Time 
u, U Axial velocity 
w Width of wake 
x Axial direction coordinate 
y Azimuthal direction coordinate 
Cm Moment coefficient about midchord 
Cx Axial force coefficient 
Cy Azimuthal force coefficient 
M Mach number 
Re Reynolds number based on chord c and inlet total velocity 
a Angle of attack, angle between flow and axial direction 
A Position of density jump 
p Density 
\& Blade loading parameter 
Tj Coordinate normal to flat plate 
ui Vorticity 

Subscripts 

1 Freestream or initial value 
2 Perturbation value, inside of density wake 

After density change for Marble's analysis 
oo Freestream value 

Operators and Modifiers 

() Non-dimensionalized quantity 



1    Introduction 

High cycle fatigue (HCF) failure continues to be a serious problem in com- 
ponents of modern military gas turbine engines. The U.S. Air Force claims 
that 50% of their total irrecoverable in-flight engine shutdowns are related 
to high cycle fatigue. HCF failure clearly places a huge burden on maintain- 
ing a mission ready force. 

Increased operational requirements and increased thrust to weight ra- 
tios have led to higher mean stress in turbine, compressor and fan blades 
which in turn have increased the likelihood of encountering high cycle fa- 
tigue failure. At the same time it is not clear that sources of all the unsteady 
aerodynamic loads have been properly studied. The purpose of the research 
funded under this grant is to study the unsteady aerodynamic forces and 
moments induced in compressor cascade blades by convected density gradi- 
ents. 

The effects of viscous wakes (Kemp [4]) and Kerrebrock [5] and poten- 
tial flow interactions (Manwaring [6]) on compressor performance have been 
studied however convecting wakes and density gradients have not been con- 
sidered previously as a source of unsteady loads. 

While turbine blades are subjected to larger density non-uniformities 
(due to hot-streaks from the combustor and from blade cooling), compres- 
sor blades are considered in this study since they are more susceptible to 
high cycle fatigue failure. 

The purpose of this research is to clarify density wake induced load 
phenomena. Ultimately the aeroelastic effects must be computed, but this 
aspect of the high cycle fatigue problem is not studied here. 

In the material to follow a physical description of the origin of density 
wake induced forces is given. This is followed by a theoretical background 
which includes the derivation of non-dimensional scaling relationships for 
blade load fluctuations. The subsequent sections outline the inviscid and 
viscous results for the unsteady force and moment response. 
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Figure 1: Density wake convecting through a blade passage. 

2    Physical Origin of Unsteadiness 

An analogy to the passage of a density wake through a compressor blade 
row can be found in the atmosphere; low density (high temperature) air rises 
to higher altitudes where the pressure is lower and remains there because 
of force equilibrium. Similarly, high density (low temperature) air sinks to 
regions of high pressure nearer to the earth. 

Now consider the passage of a density wake through a cascade blade row 
as illustrated in Figure 1. Assume the wake has a lower density than the 
freestream density. As the wake moves through the blade passage, the low 
density fluid migrates towards the low pressure, suction side of the blade. 
To satisfy continuity across the wake the surrounding higher density fluid is 
subsequently displaced towards the pressure side of the blade. The relative 
motion of the low and high density fluids produce a pair of counterrotat- 
ing vortices in the passage which results in a flux of material pi directed 
toward the suction side of the blade. The counterrotating vortices therefore 
influence the elemental vortices which define the potential flow field around 
the airfoil. Hence as the density wake convects through the blade row the 
vorticity associated with the blade and consequently the blade loading will 
change with time. 
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Figure 2: Lift coefficient fluctuation during passage of a density discontinuity 
over a flat plate. A is the position of the density change as it convects along 
the flat plate. 

3    Theoretical Background 

Vorticity is generated by the interaction of the wake density gradient with 
the pressure field of the blade row. For a continuous density distribution in 
two-dimensional flow this vorticity satisfies the linearized relation 

{ti+ui)^ = 7^p^p (i) 

If the density gradient (Vp) is large (zeroth order), the convected vorticity 
w is of the same mathematical order as the pressure field of the airfoil [7]. 

The first study of density gradients as a source of flow unsteadiness was 
conducted by Marble [7]. He performed a linearized potential flow anal- 
ysis for a flat plate at angle of attack encountering a sharp density jump 
(discontinuity). If the fluid is treated as incompressible and the velocity dis- 
turbances caused by the airfoil are small compared to freestream velocity, 
the density field can be expressed as p(x - Ut,y) (Marble [7]). The results 
of Marble's analysis are shown in Figure 2 and Figure 3. In these Figures A 
is the position of the density change as it convects along the flat plate which 
lies between |A| < 1. 
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Figure 3: Moment coefficient fluctuation during passage of a density discon- 
tinuity over a flat plate. A = position of density discontinuity as it convects 
along the flat plate. 

The dotted lines correspond to the quasi-steady results while the solid 
lines correspond to the unsteady results. Initially the effect of the density 
change is to reduce the local lift. This is a consequence of a downwash field 
which precedes the arrival of the density jump [7]. This is followed by a 
rapid rise in lift as the density jump convects across the leading edge. This 
is caused by an upwash field behind the density jump. A gradual relaxation 
of the perturbation occurs as the density change convects further aft. The 
final steady lift scales with the ratio of density across the jump. The mo- 
ment coefficient, Figure 3, also reflects these events in local loading. 

Marble's linearized analysis provided a basic understanding of the pa- 
rameters involved in this problem. In particular, the density parameter p*, 

Pi- P\ 
P2 + Pi 

(2) 

was shown to be a key parameter in this flow field. Since scaling parameters 
are important and useful in engineering and scientific evaluations, a dimen- 
sional analysis of new problems is essential. Hence re-writing Equation 1 
using the non-dimensional vorticity Co = IMW/U^, 



Du _ c2   , 

where, 

Lp' 
(Vwp x Vfcp) (3) 

P 
p 

(P2-PI)UI 

i = Ucot 

c 

= p 
P 

P\ + P2 
vw = toV 

vfc = KV 

suggests parameters vj/c and h/c (non-dimensional wake width and blade 
spacing) as additional key variables. 

4    Technical Approach 

Two-dimensional, inviscid numerical simulations of the flow through a cas- 
cade were conducted initially to gain a basic understanding of the flow 
physics in the absence of boundary layer interactions. The temporal varia- 
tions in force and moment caused by passage of a single density wake were 
quantified and the dimensionless parameters which govern the loading vari- 
ations were determined. Viscous simulations were then performed at both 
incompressible (M«, = 0.15) and compressible (M^ = 0.53) speeds to as- 
sess the impact of the boundary layer and compressibility on the force and 
moment coefficients. The non-dimensional wake width and density param- 
eter were used as parametric variables for all tests. The non-dimensional 
cascade blade spacing however was kept constant for all tests in this study. 
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Figure 4: Wake density distributions, (a) Sinusoidal and (b) flat top dis- 
tributions starting from freestream density p\ to peak density p2 and back 
again to freestream density p\. 

5    Inviscid Results 

An incompressible two-dimensional, spectral element solver written and uti- 
lized by Valkov [12] was used for the inviscid calculations. The spectral ele- 
ment solver computes the flow through the blade passages governed by the 
Navier Stokes equations. In order to obtain inviscid solutions the viscosity 
was set to zero and a slip boundary condition was prescribed on the blade 
surface. This boundary condition removes the blade surface boundary layer 
and effectively simulates inviscid flow conditions. A detail description of the 
numerical method is provided by Valkov and is not reproduced here. Ad- 
ditional description of the computational domain is provided by Ramer [8]. 
The inviscid flow results presented below are taken from Ramer, et.al. [10] 

5.1    Wake Model 

The density wake used for this study is a planar disturbance normal to 
the blade. Two different distributions of density are studied. The first 
distribution shown in Figure 4b will be referred to as a "flat top" wake. The 
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Figure 5: Compressor blade geometries: (a) NACA4F blade with loading 
* = 0.31 and (b) EEE blade with loading * = 0.50. 

flat top wake has a sinusoidal density change from p\ to pi then remains at 
the peak density p2 for a specified distance and finally returns sinusoidally to 
the freestream density py. The second distribution shown in Figure 4a has 
a sinusoidal density variation from freestream density p\ to a peak density 
P2 and then back to freestream density p\. 

5.2    Calculation Matrix 

Inviscid tests were conducted on the two blade geometries shown in Figure 5; 
a low loaded NACA4F blade and a higher loaded EEE blade (Wisler [13]). 
The blade chord/spacing ratio and inlet flow angle were held constant at 
1.66 and 45 degrees respectively in all tests. 

Each test is characterized by a single wake convecting normal to the 
blade row. The combination of wake widths and density parameters used 
for the sinusoidal wake calculations are tabulated in Table 1. 

Calculations with flat top wakes were run only for the NACA4F blade 
row.  These wakes have p* = 1/9 and w/c = 0, 0.2, 0.6, 0.8, 1.3 and 1.6. 



w/c 

p* 

-2/3 -1/3 -1/6 -1/9 1/9 1/6 1/3 

0.1 XO XO X X X X 
0.2 XO X XO 
0.4 X X X X X X 
0.6 X 

Table 1:  Calculation matrix for sinusoidal density wakes.   X = NACA4F 
blade row calculations, 0 = EEE blade row calculations. 

1.20 

.80 

.40 

y/c 
.00 

.40 . 

-.80 
-.40 2.80 

Figure 6: Plot of constant density contours showing position of the density 
wake at t = 0.15 (p* = -1/3 and w/c = 0.2). 

Note, w/c for the flat top wakes correspond to the width of the flat top 
region only. Hence a flat top wake width w/c = 0.0 corresponds to a sinu- 
soidal wake width of w/c = 0.1. 

Before examining the results of induced loading, the general physics of 
the flow field will be reviewed by examining the evolution of a density wake 
as it convects through a blade passage. 

5.3    Evolution Of The Density Wake In Inviscid Flow 

Figure 6 through Figure 8 show the evolution of a sinusoidal density wake 
(w/c = 0.2 and p* = -1/3) as it convects through a blade passage. Time 
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Figure 7: Plot of constant density contours showing position of the density 
wake at t = 0.65 (p* = -1/3 and w/c = 0.2). 

2.80 

Figure 8: Plot of constant density contours showing position of the density 
wake at t = 1.15 (p* = -1/3 and w/c = 0.2). 
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for these inviscid tests are normalized so that t = 0.0 corresponds to the 
wake encountering the leading edge of the blade row. The density wake is 
introduced at the inlet to the computational domain at x/c = —0.35 (where 
x/c = 0.0 corresponds to the leading edge of the blade). To first order the 
wake convects at freestream velocity. 

As the density wake encounters the blade row it interacts with the blade 
pressure gradient and causes a local change in vorticity according to Equa- 
tion 1. The resultant perturbation velocity alters the shape of the density 
wake as it flows through the blade passage. Figure 6 shows the density wake 
at a time t = 0.15. Here the density wake has been cut by the blade row, 
but still retains its planar shape. Figure 7 shows the wake at a later time 
t = 0.65. At this point the density wake shape has been altered due to 
equilibrium conditions in the passage. The low density fluid in the wake 
has traveled toward the suction side of the blade. In Figure 8 the wake has 
left the blade trailing edge at a time t = 1.15. The planar wake has clearly 
distorted during its passage through the blade row. The basic convection 
process causes the velocity near the suction surface to be higher than at the 
pressure surface. This effect combined with the natural velocity gradient 
across the blade row skews the wake counterclockwise as it traverses the 
passage. Due to convection of the less dense fluid material toward the blade 
suction surface, the wake has a greater width at the suction side of the blade 
row than at the pressure side. Ultimately the density wake changes from a 
planar shape to a "blob" of non-uniform density. 

Wakes with larger density gradients (smaller width for given p*) deform 
more quickly since the stronger vorticity field increases the vertical convec- 
tion of the wake material. 

The response for a wake with a density increase, p* > 0 is similar except 
the wake migrates toward the pressure side of the blade row instead of the 
suction side. For p* > 0 wake skewness and wake distortion are also reduced 
since the induced velocities are directed opposite to the natural velocity gra- 
dients in the flow field. 

The flow behavior during the passage of the density wake can be further 
visualized with the aid of the perturbation velocity field. The velocity vec- 
tors shown in Figure 9 clearly indicate the pair of counterrotating vortices 
formed along either side of the density wake at time t = 0.65. 

11 
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Figure 9:  Perturbation velocity vectors for sinusoidal density wake (p* 
-1/3 and w/c = 0.2) at time t = 0.G5. 
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Figure 10: Perturbation velocity vectors for sinusoidal density wake (p* 
1/6 and w/c = 0.6) at time t = 2.00. 
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Figure 11: Perturbation velocity vectors for flat top density wake (p* = 1/G 
and w/c = 0.G) at time t = 2.00. 

An anticlockwise vortex is formed at the leading edge of the wake and 
a clockwise vortex at the trailing edge of the wake. This results in a flux of 
fluid towards the blade suction surface. 

The magnitude and rotational direction of the vortex pair depends upon 
the magnitude and direction of both the density gradient and the pressure 
gradient (Equation 1). A density wake with p* > 0 (internal density higher 
than freestream density) generates vorticies which rotate in opposite direc- 
tion to vorticies generated by wakes with p* < 0. This is illustrated in 
Figure 10 which shows perturbation velocity vectors generated by a very 
wide wake with p* = 1/6 at time t = 2.00. In this case the fluid flux is 
directed towards the blade pressure surface instead of the blade suction sur- 
face. 

Higher density gradients create stronger vortex pairs. A wide flat top 
wake with the same p* and w/c as a sinusoidal wake generates a stronger 
vortex pair on account of the higher density gradient along the wake lead- 
ing and trailing edges as shown in Figure 11. The relative strength of the 
vortices can be observed by comparing the relative sizes of the perturbation 
velocity vectors. 

13 



TIME 

Figure 12: Difference in static pressure between suction and pressure sur- 
faces (Delta Cp) during passage of a density wake (w/c = 0.2, p* = —1/3). 
X corresponds to distance along the blade and TIME is the convective time 
scale. 

In addition to the strength and orientation of the vortices, the relative 
position of the vortex centers is also an important variable. The separation 
of the vortex centers is dependent on the width of the density gradient. This 
is illustrated by comparing Figure 9 (w/c = 0.2) and Figure 10 (w/c = 0.6) 
For a prescribed density distribution, larger wake widths will cause larger 
separation between the vortex centers. 

The passage of the counterrotating vortex pair through the blade row 
gives rise to an unsteady pressure distribution on the blade surfaces. The 
unsteady blade loads generated by this unsteady pressure distribution are 
significant and will be discussed in the following sections. 

5.4    Blade Force And Moment Variations Caused By Con- 
vecting Density Wakes 

The pressure fluctuations generated by passage of a single sinusoidal density 
wake can be seen clearly in the Delta Cp (Cp suction surface - Cp pressure 
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Figure 13: (a) Azimuthal force coefficient Cy and (b) moment coefficient 
Cm (about mid-chord) fluctuation on NACA4F blade during passage of a 
single sinusoidal density wake, p* = —1/3 and w/c = 0.2. 

surface) vs. time distribution plotted in Figure 12. The local reduction in 
Delta Cp convects along the blade following the density wake. As the density 
wake leaves the blade trailing edge the steady state Delta Cp distribution is 
recovered. 

The corresponding fluctuation in (a) azimuthal force coefficient Cy and 
(b) moment coefficient Cm is plotted in Figure 13a and Figure 13b respec- 
tively. Counterclockwise moments are positive and are calculated about 
the blade midchord. The wake leading edge encounters the blade row lead- 
ing edge at Time = 0.0 and leaves the trailing edge of the blade row at 
Time = 1.15. 

Figure 13a shows a reduction in Cy as the wake travels over the front 
of the blade and a subsequent return to steady state as the wake leaves the 
blade trailing edge. Figure 13b shows an increase in the counterclockwise 
moment as the wake passes over the front half of the blade. As the wake 
reaches the blade midchord the moment reverses and decreases back again 
towards the steady state value. 
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The counterrotating vortex pair generated across the density wake pro- 
duce a flux of concentrated fluid which impinges on the blade suction surface. 
This locally increases the static pressure on the blade suction surface. The 
corresponding effect on the blade pressure surface is a reduction in static 
pressure. These two effects combine to reduce the net azimuthal blade force. 

A discontinuity, or "bump" occurs on both the Cy and Cm curves at 
Time = 0.1. This bump occurs as the clockwise vortex at the wake trailing 
edge passes the leading edge of the blade. The clockwise vortex induces an 
upwash at the blade leading edge which increase the blade inlet flow angle. 
This results in an increase in Cy and a corresponding reduction in Cm. The 
magnitude of the upwash diminishes as the clockwise vortex convects past 
the blade leading edge hence the "bump" is short lived. The size of the 
discontinuity increases with increasing |p*| and decreasing w/c, i.e. with 
increasing magnitude of the wake density gradient. 

The physical nature of the response for wakes with p* > 0 is similar 
however the fluid flux is now directed toward the blade pressure surface. 
This results in an initial increase in Cy and initial decrease in Cm. 

The remaining sections discuss the change in ACy (Cy(max)—Cy(steady)) 
and ACm (Cm(max) - Cm(steady)) for different blade geometries and pas- 
sage of different density wake distributions. 

5.4.1    Flat Top Wakes 

The flat top wake tests were conducted to isolate the change in ACy and 
ACm caused by changes in wake width. Calculations with the flat top wake 
were conducted for the NACA4F blade row only. Figure 14 shows the time 
variation in Cy and Cm resulting from the passage of a single flat top den- 
sity wake with p* = 1/9. Results for wake widths ranging from w/c = 0.0 
to w/c = 1.6 are shown superimposed. 

ACy and ACm increases with increasing wake width until a critical 
width w/c « 1.3 (not shown) is reached. Wake widths greater than w/c = 
1.3 do not increase the force and moment magnitudes further. An increase 
in flat top wake width has the effect of moving the counterrotating vortices 
further apart. For a wake width greater than w/c « 1.1, only one vortex 
will be contained within the blade row at any given time.  The maximum 
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Figure 14: (a) Azimuthal force coefficient Cy and (b) moment coefficient Cm 
(about mid-chord) fluctuation caused by a flat top density wake convecting 
over the NACA4F blade row. 

values of Cy and Cm reached at these widths would correspond with Mar- 
ble's results as applied to a cascade. For wakes with vi/c > 1.1, ACy and 
ACm scale with pz/pi times Cy(steady) and Cm(steady). 

5.4.2    Sinusoidal Wakes 

Sinusoidal wake tests were conducted to ascertain the fluctuations in blade 
Cy and Cm during passage of a representative density wake. Calculations 
were conducted for wake widths w/c = 0.1, 0.2 and 0.4 and density changes 
in the range -2/3 < p* < 1/3 (Table 1). 

Figure 15 shows the change in ACy and ACm during passage of a single 
sinusoidal wake past the NACA4F blade row. The sinusoidal wake response 
is similar to the flat top wake response however the rate of change of ACy 
and ACm is now dependent upon the wake width. For a given p*, smaller 
wake widths imply larger density gradients and hence greater rates of change 
of ACy and ACm. The opposite is true for larger wake widths. In addition, 
the plateau region observed in the flat top wake response (Figure 14) is not 
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Figure 15: The fluctuation in (a) azimuthal force coefficient ACy and (b) 
moment coefficient ACm (about mid-chord) plotted against the convective 
time scale. 

reached. This is because the sinusoidal wake density changes continuously 
and does not achieve a constant value. 

Figure 16 shows ACy and ACm scaled using w/c and p* during pas- 
sage of several wakes. For small w/c the curves collapse onto one another 
(approximately) and confirm use of w/c and p* as the relevant scaling pa- 
rameters. 

The change in ACy and ACm for different values of w/c and p* can be 
more conveniently visualized using the plots in Figure 17 and Figure 18. Re- 
sults shown here are for wakes convecting past the NACA4F blade row. The 
curves represent second order polynomial fits to the data. For w/c < 0.2, 
ACy and ACm scale linearly with p*. For larger w/c, ACy and ACm de- 
viate gradually from linearity at larger \p*\. 

In the region of interest for a compressor the ACy scaling is fairly linear 
and is given by 
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Figure 18: Maximum change in Cm during passage of a sinusoidal density 
wake through the NACA4F blade row. 

Cysteady \ C 
(4) 

Similarly the ACm scaling is given by 

ACm 
Cm steady 

3.05 ( Vj ) P* (5) 

The change in ACy and ACm for the EEE blade calculations are shown 
in Figure 19 and Figure 20. Calculations for two different p* values were 
conducted for each wake width, w/c = 0.1 and w/c = 0.2. 

The ACy scaling for w/c = 0.1 and w/c = 0.2 are respectively, 

Cy steady '      \ C J P ^  ' 

Cy steady '       \c)P ^   ' 

The constants in the above scaling for ACy differ by w 5% from the constant 
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in the ACy expression obtained for the NACA4F blade row. 

The moment relations for the EEE blade row for w/c = 0.1 and w/c = 
0.2 are respectively, 

ACm fw\   , 
 = 6.45   -   p* (8) 
Crnsteady \cj r K i 

ACm        r.nnfw\   , 
= 5.02   -   p* (9) 

Cm steady \ C 

The constant in the above scalings for ACm differ significantly from the 
constant in the ACm expression obtained for the NACA4F blade row. Bet- 
ter comparison is found if the blade row pressure rise * is also included in 
the scaling relations (EEE * = 0.5, and NACA4F * = 0.31), i.e. 

ACm fw\ 
5c^ = tM (7JP-NACA4F blade (10) 

ACm fw\ 
jg--^ - 12.90 (-)„• EEE Hade, „/c = 0.1 (11) 

10.04 ( — Jp* EEE blade, w/c = 0.2 (12) ^Cmsteady 

5.5    Conclusions Based On Inviscid Results 

1. The passage of a density wake through a cascade blade row results in 
the formation of a pair of convecting counterrotating vortices in the 
blade passage. For a density wake with density lower than freestream, 
the counterrotating vortices generate a flux of low density fluid di- 
rected towards the blade suction surface. This fluid flux affects the 
blade pressure distribution and subsequently the force and moment 
coefficients. 

2. The fluctuation in azimuthal force coefficient and moment coefficient 
during passage of a sinusoidal density wake takes the profile shown in 
Figure 13. The general shape of this profile is common over the range 
of wake widths, 0.1 < w/c < 0.4, and density parameters, (-2/3 < 
P* < 1/3). 
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3. Parametric studies show the maximum fluctuation in blade azimuthal 
force and moment coefficients are given by: 
ACy = f{w/c, p*, Cy(steady)) 
ACm = f{w/c,p*,Cm(steady),<&) 
The effect of blade spacing h/c (obtained from Equation 3) is believed 
to be included in the terms Cy(steady) and ^Cm(steady). 

4. For w/c < 0.2 and -0.2 < p* < 0.2, ACy and ACm scale linearly. 
Increasing non-linearity is observed for larger w/c and \p*\. 

5. Factors such as pressure gradient distribution and buoyancy effects 
may explain differences between the blade loading relations as well as 
account for the non-linearity in ACy and ACm at higher w/c and 
\P*\- 
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6    Viscous Flow Results 

The effect of viscosity on density wake induced blade force and moment 
fluctuations was determined for freestream Mach numbers M^ = 0.15 and 
MQO = 0.53. The maximum changes in blade force and moment coefficients 
are compared for different wake w/c and p* just as in the inviscid case. The 
shapes of the inviscid and viscous blade force and moment profiles is also 
compared. A physical argument based on flow field features is presented to 
explain the observed differences. 

Before continuing with the viscous results, a brief description of the 
viscous flow solver and computational grid is presented. 

6.1    Viscous Flow Solver 

An unsteady two-dimensional viscous flow solver written by Hoying [3] is 
used to solve the Navier Stokes flow equations. Primary features of this 
solver are, 

1. Finite difference discretization. 

2. Fourth-order spatial accuracy and third-order temporal accuracy. 

3. Dispersion Relation Preserving (DRP) scheme (Tam and Web [11]). 

4. K - e turbulence model with wall functions (Chieng and Launder [1]). 

5. Non-reflecting inlet and exit boundary conditions (Giles [2]). 

The merit of an unsteady flow solver lies in its ability to capture and 
propagate high wave numbers at the correct speeds. The Dispersion Rela- 
tion Preserving scheme used in this solver has the advantage of optimizing 
the dissipation and dispersion characteristics of the finite difference method 
over a large number of wavelengths than say a four-stage Runga-Kutta 
scheme [3]. The resulting high-order scheme reduces the computational 
cost by requiring fewer grid points. 

Additional computational savings are achieved by using wall functions 
to model the inner portion of the blade boundary layers. This allows con- 
siderable reduction of the number of near wall grid points. 
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Figure 21:  Overlapping H grid (along the duct) and O grids (around the 
blades) used for the viscous calculation. 

;:,^<5^^^i7^gs^^^ 

Figure 22: Grid detail near the blade leading edge and blade trailing edge 
regions. 
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Property Inviscid Viscous 
-Reoo - 623217 
Mach No. 0 0.15 
Blade row pressure rise ty 0.50 0.46 
Blade stagger (degrees) 45 24 
Blade profile EEE EEE 

Table 2: Comparison of inviscid and viscous flow conditions (Re 
on blade chord and inlet total velocity). 

oo is based 

Convective time scale 
0.0 
0.1 
1.3 

Location of density wake 
wake I.e. intercepts blade I.e. 
wake t.e. intercepts blade I.e. 
wake t.e. passes blade t.e. 

Table 3: Location of density wake at different times for M^ = 0.15 calcula- 
tion. 

The computational grid used in this study consists of overlapping H- 
grids and O-grids as show in Figure 21 and Figure 22. Subsonic inflow and 
outflow boundary conditions are imposed at the inlet and exit planes of the 
computational domain while periodic boundary conditions are used along 
the duct edges. 

The flow in the ducts is assumed to be governed almost exclusively by 
inviscid relations hence the H-grid region is computed solely by the Euler 
equation. The Navier-Stokes equations are solved in the O-grid region sur- 
rounding the blades. An elliptic partial differential equation method was 
used to generate the O-grid using methods presented by Steger and Soren- 
son [9]. 

For a detail description of the numerical discretization and grid genera- 
tion procedures refer to Hoying [3]. 

6.2    Comparison of Inviscid and Viscous Results 

A comparison of the flow and geometry features of the inviscid and viscous 
calculation is listed in Table 2. 
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Figure 23: Force and moment coefficient fluctuation during passage of a wake 
width w/c = 0.2 and p* = -1/3, M^, = 0.15. Convective time scale=0.0 
corresponds to the wake I.e. intercepting the blade I.e. 

The viscous results for blade force and moment fluctuation during pas- 
sage of a density wake of width w/c = 0.2 and p* = —1/3 is shown in 
Figure 23. Counterclockwise moments are defined negative in the viscous 
solver and are calculated about the blade midchord. Table 3 lists the ap- 
proximate location of the density wake at different times. 

The force and moment coefficients respond before the density wake in- 
tercepts the blade leading edge. This feature is also observed in the inviscid 
results and is a consequence of the downwash field associated with the coun- 
terrotating vortices. The slight jump in the force and moment coefficients 
as the wake trailing edge passes over the blade leading edge is also another 
common feature. 

The shape of the viscous force and moment profiles are similar to the in- 
viscid profiles for Time < 1.3. Unlike the inviscid results however the viscous 
results show continued blade force and moment fluctuation for Time > 1.3 
after the density wake leaves the blade row trailing edge. The additional un- 
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Figure 24:   Density contours indicating location of trapped wake fluid at 
Time = 1.54. 

Figure 25: Perturbation static pressure contours showing location of local- 
ized low pressure region at Time = 1.05. 
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Figure 26: Perturbation static pressure contours showing location of local- 
ized low pressure region at Time = 1.54. 

Figure 27: Perturbation static pressure contours showing location of local- 
ized low pressure region at Time = 1.76. 
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Figure 28: Comparison of inviscid and viscous results (M^ = 0.15) for 
maximum change in blade azimuthal force coefficient. 

steadiness is a result of a low pressure recirculating region which consists of 
low density wake fluid. This low density fluid is trapped in the trailing edge 
region of the suction surface boundary layer behind the convecting density 
wake (see Figure 24). The development of the low pressure region can be 
seen from the perturbation pressure contour plots of Figure 25 through Fig- 
ure 27. The recirculating region first appears at Time « 0.7 and is formed 
as the blade boundary layer deforms under the perturbation velocity field of 
the counterrotating vortex pairs. As the density wake leaves the blade row 
the recirculating region convects towards the blade trailing edge. 

The localized low pressure region decays as the density wake convects 
downstream and the blade boundary layer re-develops. The time required 
for force fluctuations to diminish could not be determined from this calcu- 
lation because of numerical instability caused as the density wake passed 
through the exit plane of the computational domain. Blade force fluctua- 
tions were observed even after the density wake had passed 3 chord lengths 
(= 1 computational domain length) downstream. 

The maximum change in the blade force and moment coefficients {ACy, 
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Steady Cy = 0.44 Cm = 0.08 Cx = 0.23 
Uncertainty ±1% ±2% ±1% 
VJ/C P2/P1 % ACy % ACm % ACx 
0.1 0.25 -13 -27 -18 

0.50 -7 -15 -10 
0.75 -4 -7 -4 
2.00 +8 + 13 +9 

0.2 0.25 -22 -44 -30 
0.50 -12 -25 -17 
0.75 -6 -12 -8 
2.00 + 15 +25 + 19 

0.4 0.25 -34 -64 -46 
0.50 -21 -38 -27 
0.75 -10 -19 -14 
2.00 +28 +56 +40 

1.0 0.25 -55 -84 -71 
0.50 -36 -55 -46 
0.75 -19 -27 -23 
2.00 +62       1 +95 +80 

Table 4: Maximum change in azimuthal force coefficient and moment coef- 
ficient for MQO = 0.15 viscous calculation. 
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Figure 29:   Comparison of inviscid and viscous results (M^  = 0.15) for 
maximum change in blade moment coefficient about mid-chord. 
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Convective time scale Location of density wake 
0.0 
0.2 
1.4 

wake I.e. intercepts blade I.e. 
wake t.e. intercepts blade I.e. 

wake t.e. passes blade t.e. 

Table 5: Location of density wake at different times for M0 

tion. 
0.53 calcula- 

ACm, ACx) for the M^ = 0.15 calculation are listed in Table 4 for a range 
of wake properties. A comparison of these maximum changes with the cor- 
responding inviscid results is shown in Figure 28 and Figure 29. These plots 
show the change in force and moment coefficients normalized by the steady 
force and moment coefficient and the blade row pressure rise coefficient \P. 
In addition Figure 30 shows the maximum change in the viscous axial force 
coefficient. 

The inviscid and viscous results for ACy compare well for wake widths 
w/c — 0.1 and w/c = 0.2. The inviscid ACm > viscous ACm over the com- 
plete range of p*. The difference between the inviscid and viscous values 
is also seen to increase with \p*\. In particular the moment coefficients are 
seen to differ greatly at large \p*\. These differences are still under investi- 
gation. The influence of boundary layer parameters (momentum thickness, 
boundary layer thickness, Reynolds number) on these differences is also be- 
ing addressed. 

6.3    Comparison of Incompressible and Compressible Results 

The force and moment coefficient profiles during passage of a density wake 
of width w/c = 0.2 and p* = —1/3 at freestream M^ = 0.53 (compressible 
but no shock waves) is shown in Figure 31. Table 5 lists the location of the 
density wake at different times. 

ACy, ACm and ACx for the compressible calculation is listed in Table 6 
and compared with the viscous results in Figure 32 through Figure 34. 

The compressible results show greater unsteadiness than the correspond- 
ing incompressible results. Note the effects of compressibility are much 
greater for p* > 0 compared with p* < 0.  The unsteadiness in force and 
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Figure 31:   Force and moment coefficient fluctuation during passage of a 
wake width w/c = 0.2 and p* = -1/3, M^ = 0.53. 

Steady Cy = 0.38 Cm = 0.07 Cx = 0.24 
Uncertainty ±3% ±7% ±3% 
w/c P2/P1 % ACy % ACm % ACx 
0.1 0.25 -14 -29 -14 

0.50 -8 -IG -7 
0.75 -3 -13 -4 
2.00 + 11 +29 + 16 

0.2 0.25 -24 -40 -24 
0.50 -15 -27 -13 
0.75 -8 -17 -7 
2.00 +20 +55 +26 

0.4 0.25 -34 -64 -38 
0.50 -21 -38 -22 
0.75 -11 -24 -11 
2.00 +36 +63 +41 

Table 6:   Results for M^ = 0.53 viscous calculation.   Percentage change 
from mean of maximum blade force and moment coefficients. 
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Figure 32: Comparison of the incompressible (Mx = 0.15) and compressible 
(Moo = 0.53) maximum change in blade azimuthal force coefficient. 

Figure 33: Comparison of the incompressible (M» = 0.15) and compressible 
(Moo = 0.53) maximum change in blade moment coefficients. 
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Figure 34: Comparison of the incompressible (M^ = 0.15) and compressible 
(Moo = 0.53) maximum change in blade axial force coefficients. 

moment coefficients after the density wake leaves the blade trailing edge is 
also greatly enhanced. While the source of this increased unsteadiness is still 
under investigation, the effect of compressibility to increase the fluctuating 
loads is clear. The implication of this is important to the larger problem of 
coupled aeroelastic motion and induced strain. 

6.4    Conclusions Based On Viscous Results 

1. The inviscid and viscous force and moment fluctuation profiles are 
comparable for times prior to the density wake leaving the blade row 
trailing edge. The profiles share similar qualitative features, i.e. the 
response begins before the density wake intercepts the blade leading 
edge and the "bump" in the profiles occur as the wake trailing edge 
passes the blade leading edge. 

2. The viscous results show continued blade force and moment fluctua- 
tions after the density wake leaves the blade row trailing edge. These 
fluctuations are attributed to the development of a low pressure re- 
gion which consists of density wake fluid trapped in the suction surface 
boundary layer. Calculations at M = 0.53 show increased amplitude of 
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these fluctuations (sometimes greater than the initial response) com- 
pared to M = 0.15. In addition this trapped wake fluid seems to 
interfere with the formation of trailing edge vortices. 

3. Parametric results show good comparison between the inviscid and vis- 
cous maximum change in force and moment coefficients for the ranges 
w/c < 0.2 and —0.2 < p* < 0.2. Larger deviations are seen with 
increasing \p*\. In particular the results for p* > 0 show significant 
deviations. Additional scaling terms for this region are under investi- 
gation. 

7 Further Work 

The following research objectives are expected to be reached during the nine 
month interval from January 1, 1998 to September 30, 1998. 

1. Clarification of the physics and quantitative assessment of the blade 
force and moment fluctuations after the density wake leaves the blade 
row trailing edge. 

2. Determine additional scaling parameters for maximum blade force and 
moment fluctuations at larger \p*\. 

3. Perform calculations at higher Mach Nos.(> 1.0) to determine shock 
wave - density wake interaction. 

4. Perform laminar flow calculation at lower Reynolds number. 
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