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Abstract

High-Cycle Fatigue is a major problem facing the gas turbine industry today. It
has been investigated by many researchers, using many different methods. Due to its
highly complex nature, designers still do not have adequate tools to accurately predict the
onset of high-cycle fatigue.

A three-dimensional Navier-Stokes program was used to perform a study of the
unsteady aerodynamics on a compressor rotor. The effect of aecrodynamic detuning on
the forced response of a rotor blade was compared to a baseline tuned rotor case.
Detuning consisted of a ten percent decrease in circumferential spacing between alternate
pairs of blades. The high-cycle fatigue effects of this detuning were investigated by
examining the unsteady forces and moments on the rotor blades and inlet guide vanes.

Computations were performed using a three-dimensional NASA research code
(ADPAC) on a cluster of five desktop PCs. Computational times were on the order of
several days for a grid of approximately 500,000 cells. These computations showed that
detuning of the rotor blade could result in a reduction in the forced response of the IGV
and rotor blades. This reduction came without much loss in overall performance (less

than ten percent) and therefore may be a viable option to reduce high-cycle fatigue.
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COMPUTATIONAL INVESTIGATION OF AEROMECHANICAL HCF

EFFECTS IN A COMPRESSOR ROTOR

I. Introduction

HCF Problem

High-cycle fatigue (HCF) of turbomachinery components is a serious problem in
the gas-turbine industry. It results from blade cracking or fracture due to a large number
of cycles at stresses well below the yield strength of the material [1]. Although more
than 90% of potential HCF problems are discovered during engine developmental testing,
the remaining 10% account for nearly 30% of the total development cost [1]. HCF
research is focused on the need for increased durability and reliability of turbomachinery
components, since those characteristics impact operational and maintenance costs and
flying safety. Still lacking though is a complete understanding of the flow physics within
turbomachinery components.

HCF typically describes failure associated with vibratory stress cycles resulting
from resonant vibrations combined with moderate levels of steady stresses. The
frequencies of interest usually range from 100 Hz to 20 kHz. Conceptually, this is a
simple definition. However, turbomachinery designers still do not have robust methods

to predict future HCF failures. This is due to the nature of the highly complex




interactions in turbomachinery components. AThese include, but are not limited to,
unsteady aerodynamics, material capability and vibratory stresses.

Current engine design requirements demand a higher thrust-to-weight ratio and
reduced specific fuel consumption. These requirements necessitate significant changes
from previously successful design practices. Engines today have fewer compressor and
turbine stages with higher stage pressure ratios, low aspect ratio blades and minimal axial
spacing between stages. These factors result in blade designs that are highly stressed and
that are subjected to increased levels of aerodynamic excitation with reduced overall
damping. These factors are the primary drivers of HCF failures.

As mentioned before, one of the driving factors behind HCF failures is the
unsteady aerodynamics produced by blade row interactions. In a transonic compressor,
the rotor blade operates with a supersonic relative velocity that has a subsonic axial
component. Shocks form near the rotor blade leading edges and propagate upstream into
the neighboring vane row. Wi'th closely spaced blade rows, these upstream-propagating
shocks generate a strong forcing function to the upstream vane row. This generates a
potential for HCF failures [2].

Upstream blade rows can also cause excitation of downstream blade rows. This
‘excitation is caused by the passage of an upstream blade, which generates a wake. This
wake travels downstream and excites the downstream blade. Each time an upstream
blade passes, its wake produces unsteady loading, thereby exciting the downstream blade.
In current engine design, the upstream blades are typically tuned (blade-to-blade spacing

uniformity), and as a result, the excitation of the downstream row is periodic. This




periodicity results in the downstream blade being excited at fixed frequencies. This
fixed-frequency excitation is also a major driver of HCF failures.

The unsteady aerodynamics that cause HCF failures are generated by strong blade
row interactions due to the highly unsteady nature of the flow. This unsteady flow field
is inherently three-dimensional. Therefore, to accurately predict HCF failures (and as a
result, design blades for longer life), a three-dimensional Navier-Stokes solver should be
employed. Current computer advances allow such codes to generate results in a time

frame that is compatible with the early part of the design process.

Computational Fluid Dynamics

Recently, it has become practical to use Computational Fluid Dynamics (CFD) to
solve turbomachinery problems using Euler solvers for inviscid or ideal flows or Navier-
Stokes solvers for viscous flows. This is due to advancements in computer technology
such as parallel processing, as well as developments in efficient numerical techniques.
These advances allow for the solution of single or multiple blade rows to be generated in
a reasonable amount of time.

Given a proper computational mesh, current CFD codes do an adequate job of
predicting unsteady aerodynamic loading trends on turbomachinery components [3].
This includes loading due to various factors such as potential interactions, waves, shocks,
and flutter.

Current engine design trends include uniformly spaced, highly loaded and fewer
compressor and turbine blades. The uniformly spaced vanes or blades produce uniform

and periodic wakes that excite downstream blade rows. These continuous excitations are




at fixed high frequencies correlated with the engine rotation speed and are thought to be
the leading cause of fatiguing and cracking of the blade.

The uniformity of blade passages is exploited in most current CFD analyses, since
the computational domain can be reduced by assuming that a single passage represents
the blade row. This uniformity is not entirely realistic, however, since as-built
components always experience some random blade-to-blade variability due to
manufacturing tolerances and surface irregularities [4]. Intentional blade-to-blade
variability, however, may present an opportunity to shift the stress-inducing frequencies
to a lower level. Blade spacing variability would result in several different low-
frequency modes being excited with each rotation of the rotor and may reduce fatigue
cycles by an order of magnitude.

The unsteady aerodynamic flow field generates two separate HCF effects [5,6] on
blade rows. Flutter is defined as an individual blade oscillating in the presence of a
uniform free stream flow. Flutter develops abruptly and grows until the blade fails. A
second effect is called the forced response problem. The forced response problem is
caused by a blade row generating an aerodynamic forcing function for the oscillation of
neighboring blade rows. In a tuned rotor, this forcing function excites the neighboring
blade row (upstream or downstream) in a periodic fashion. This periodic excitation can

also cause HCF failures.

Detuning
Operating a compressor rotor in the transonic or supersonic regime produces both

flutter and forced response HCF effects. These factors must be addressed in the design of




a transonic axial flow compressor. One approach to control both the flutter and forced
response problems is called detuning. Detuning is defined as a prescribed non-uniformity
of some type in the design of the rotor.

Detuning can be classified as either structural detuning or aerodynamic detuning.
Structural detuning is defined as blade-to-blade differences in the natural frequencies of a
blade row resulting from variations in blade structural properties {7]. Mathematical
models have been developed that demonstrate even small amounts of variability (and
hence, structural detuning) that occur in the manufacturing process can have an effect on
the both the flutter and forced response of rotors [7]. Structural detuning has been
investigated and its effects quantified by several investigators [8,9]. These effects show
that structural detuning can eliminate the flutter problem, but can either alleviate or
magnify the forced response problem, depending on the level of detuning and the specific
geometry being investigated. Structural detuning is not universally accepted in the
aerospace community as a means to eliminate or control vibrational forced response in
the operation of a compressor [7]. This is because of the associated manufacturing,
material, maintenance and cost problems, just to name a few.

The other type of detuning is aerodynamic detuning. Aerodynamic detuning is
defined as passage-to-passage differences in the aerodynamic flow field across a blade
row. Aerodynamic detuning causes blade-to-blade differences in the unsteady forces and
moments acting on a blade row. These blade-to-blade differences result in a blade
response that is unlike the classical traveling wave typical of the vibrational forced

response of an aerodynamically tuned rotor. Therefore, aerodynamic detuning affects the




driving characteristics of vibrational forced response, the unsteady aerodynamic forces
and moments on a blade row.

In a classically tuned rotor, the downstream blade row responds at integral
multiples of the rotor blade pass frequency. Aerodynamic detuning functions by
breaking up the fundamental periodicity of the blade row forced response. This results in -
the downstream blade row responding not only at integral multiples of the blade pass
frequency, but also at other integral multiples of the rotor shaft pass frequency [10]. This
will affect the HCF problem, as the blade row will be excited at various frequencies, not
just at the rotor blade pass frequency. This has the effect of spreading oﬁt the vibrational
forced response over several frequencies, which should result in less fatiguing of the
-blade.

Hoyniak and Fleeter performed a two-dimensional analysis of a flat-plate airfoil
cascade embedded in a supersonic inlet flow field [7]. Using an influence coefficient
technique, the effects of alternate blade-to-blade circumferential spacing on an unstalled
supersonic turbofan cascade were investigated. Alternate blade-to-blade spacing
effectively creates small changes in the blade solidity. Small changes in blade row
solidity typically do not have a significant effect on overall performance. In their study,
it was determined that aerodynamic detuning has a stabilizing effect on the flutter
stability of a blade row. Therefore, it was determined that this type of detuning could
potentially be beneficial with regard to the flutter of a blade row at a variety of rotor
operating conditions.

Chiang and Fleeter [5] also carried out a flutter analysis of aerodynamic detuning

using an influence coefficient technique. Their analysis also suggested that aerodynamic




detuning produces enhanced rotor flutter stability. An examination of the phase and
magnitude of the steady and unsteady pressure differences showed that enhanced stability
of the detuned rotor is associated with the effect of the aerodynamic detuning on the
phase of the unsteady pressure difference.

Another investigation of aerodynamic detuning was conducted by Spara and
Fleeter [6]. This investigation used an influence coefficient method applied to three rotor
geometries with a supersonic axial component. Each rotor geometry was investigated in
three different configurations. One configuration was tuned, and the other two
incorporated different levels of aerodynamic detuning. For each geometry, the forced
response of the two detuned (10% and 20% detuning) cases was compared to the baseline
tuned case for three gust modes.

For the first blade geometry, detuning decreased the response amplitude for both
detuning levels, and it was observed that a higher level of detuning resulted in a larger
decrease in the response amplitude. For the second geometry tested, the 10% detuned
case decreased the response for the two largest gust modes, but increased it for the
smallest. The 20% detuning resulted in a decrease in the response amplitude for all gust
modes. The final geometry tested showed that both levels of aerodynamic detuning
increased the response amplitude for all gust modes. These results show that
aerodynamic detuning may or may not alleviate forced response of a rotor blade. This
depends on the specific level of detuning and the blade geometry under investigation.
Spara and Fleeter’s results will be somewhat different than results obtained from our
effort, due to their supersonic axial velocity component compared with the subsonic axial

component for this research.




Research Proposal and Approach

The purpose of this research was to utilize state-of-the-art CFD principles to
perform a high-fidelity analysis of the potential HCF effects of aerodynamic detuning on
the forced response of a compressor rotor. To this end, an experimental compressor
called TESCOM was computationally investigated. TESCOM is a research compressor
rig designed at the Air Force Research Laboratory (AFRL), and its first stage (inlet guide
vane and rotor only) was the subject of this research. TESCOM Stage 1 has
configurations designated 1A and 1B, and configuration 1A will be investigated in this
research. TESCOM represents several aspects of modern compressor design in that each
stage is highly loaded, and the blades are of low aspect ratio. A further description of this
compressor rig and its associate blade geometry can be found in Chapter 2.

The flow field over the TESCOM geometry was calculated using a three-
dimensional Navier-Stokes program called ADPAC (Advanced Ducted Propfan Analysis
Codes). ADPAC is a research code developed by Allison Engine Co. in cooperation with
NASA Lewis Research Center. A detailed discussion of ADPAC can be found in
Chapter 3.

To generate ADPAC solutions, a computational mesh was generated using the
TIGER™ (Turbomachinery Interactive Grid generation) grid generator developed by
Catalpa Research, Inc. TIGER™ is designed for generating H-type and C-type
turbomachinery grids, including grids with sufficient resolution to adequatelyl model
viscous effects. A detailed description of the TIGER™ software follows in Chapter 4.

Using a computational mesh that has appropriate resolution for a viscous solution,

a steady state solution was generated. This steady-state solution was input as a starting




solution for the unsteady calculations. Once the tuned case was investigated in both the
steady state and unsteady analyses, a detuned rotor was analyzed. In order to accurately
model a detimed rotor, a new computational mesh will be generated. This computational
mesh models an alternately spaced ten percent detuned rotor geometry. The results from
the unsteady calculations for the detuned rotor were then compared to the baseline tuned
case. ADPAC generates output that describes the unsteady forces and moments on the
blade. These unsteady forces and moments were analyzed to determine the potential

HCEF effects of aerodynamic detuning on a compressor rotor.




II. TESCOM

HSL Program

TESCOM is a low aspect ratio,v 3.5 stage axial flow compressor designed at the
Air Force Research Laboratory (AFRL), Wright-Patterson AFB, Ohio. This rotor design
was part of what is now called the High Stage Loading (HSL) project. The goal of the
HSL program was to generate an 8:1 pressure ratio in three stages. Currently, two of
these stages have been manufactured and tested. This compressor is to have an inlet
corrected tip speed of 1250 ft/s, and a mass flow rate of 24.5 Iby/s (other performance
data is given in Table 2, below). The HSL program took a stage-by-stage approach, in
which one stage was designed, built and tested before the next stage design was
undertaken [11]. To achieve the desired compression ratio, counterswirl was to be
employed in each stage. This approach resulted in rotor sections with a combination of
significant camber and high inlet relative Mach numbers. An axial view of the TESCOM

rig is show in Figure 1, pg. 52.

TESCOM Design

The first stage (configuration 1A) was developed in 1979 [12]. This first stage
includes an inlet guide vane, rotor and stator, and was designed for high stage loading.
The performance objectives of the compressbr were selected to reduce the required
number of stages to generate a certain pressure ratio without compromising stage

efficiency. A preliminary study was conducted, and it was determined that maximum
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compressor efficiency would occur with an optimum balance of diffusion losses and
shock losses. This condition determined the velocity diagrams at the rotor leading edge.
For this research, an IGV blade row was included in the analysis in order to generate
upstream wakes that would provide a forcing function to the downstream rotor blade row.

The first stage (configuration 1A) was designed using a well-known streamline
curvature through flow program, UD0O300M [13]. An initial estimate of the blade
geometry was known from the preliminary study, and was used as the starting point for
UDO0O300M. This program utilizes the method of streamline curvature for aerodynamic
analysis and analyzes compressor performance for a given blade geometry.

UDO0300M is divided into an aerodynamic analysis section and a blade geometry
definition section. Using the initial estimate of the blade geometry from the preliminary
study, the aerodynamic analysis was completed. The calculated relative flow angles are
used to generate the resulting blade geometry. This blade geometry was input into the
aerodynamic section to generate new flow angles. The program was iterated in this
fashion a number of times to optimize the aerodynamic behavior and blade geometry.
The geometry that results from this iteration is the “hot” geometry, i.e., a geometry that is
untwisted with rotation. A correction for the rotation and blade untwist is applied to
generate the “cold” geometry used for manufacturing. The resulting “hot” geometry of
the TESCOM IGV rotor 1A can be seen in Figure 2. Other performance data of the

TESCOM rig is given in the following table.
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Table 1. TESCOM performance
Rotor tip speed (corrected): 1250 ft/s
Rotor hub speed (corrected): 803.62 ft/s
Rotor mean speed (corrected): | 1026.69 ft/s

IGV Inlet Mach Number 0.2224
Rotor Inlet Mach Number 0.5204
Rotor total pressure ratio: 2.2631
Rotor isentropic efficiency: 0.8893

Previous TESCOM Research

The one-stage TESCOM configuration 1A was tested in the Compressor Aero
Research Lab (CARL) facility in 1983 [14]. It was tested at various equivalent speeds
and flow rates to generate a detailed compressor map. This compressor map can be seen
in Figure 3. This compressor map (at 100% speed) shows a very narrow operating region -
(where the curve begins to flatten out) before reaching the stall line. This is characteristic
of this configuration of high stage loading and a low aspect ratio.

More recently, a CFD analysis of the TESCOM rig was conducted in the CARL . -
facility [11]. In this analysis, two different first stage rotors were tested, rotors R1A and
R1B. Rotor R1A was designed by Air Force personnel, while Garrett Turbine Engine
Company (currently Honeywell Corp.) designed R1B. In their work, Car and Puterbaugh
[11] tested both configurations in the CARL facility. The experimental results showed
that both configurations had acceptable performance, but 1A showed a slight shortfall in
design-point mass flow and pressure ratio. Configuration 1B achieved the design points
in all aspects. Therefore, configuration R1B was selected for further CFD analysis by
Car and Puterbaugh [11]. No further analysis has been conducted on the TESCOM

(configuration 1A) compressor rig.
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III. ADPAC

General Concepts

ADPAC (Advanced Ducted Propfan Analysis Codes) was developed by the
Allison Engine Company under NASA sponsorship. It is a three-dimensional time-
marching Navier-Stokes solver for the aerodynamic analysis of modern turbomachinery
components. These components can have single or multiple blade rows. It is capable of
generating either steady state or time-dependent solutions, and it can be executed in either
serial or in parallel.

ADPAC utilizes a multiple-block solution concept. This means that the solution
domain is divided into logical blocks that can be solved simultaneously. An example of
using multiple solution blocks would be dividing compressor or turbine stage geometry
into two blocks, one block containing the rotor blade and one block containing the stator
blade. ADPAC allows for an arbitrary number of solution blocks, which alloWs the user
a lot of flexibility in specifying the solution domain.

To generate a solution for multiple blade rows, there must be some method for
predicting the interaction of relatively rotating blade rows. ADPAC offers two methods.
For steady-state solutions, a mixing plane (an arbitrarily imposed boundary) is defined in
the region between the two blade rows. In the mixing plane, the flow is circumferentially
averaged. This mixing is designed to approximate the time-averaged conditions at the
mixing plane and allows the for a steady-state solution for each blade passage to be
performed. The flow variables on either side of tlhe mixing plane are averaged

circumferentially and passed to neighboring blade rows. This averaging smears out
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circumferential non-uniformities, and because of this is only suitable for steady-state
flows.

For unsteady solutions, predicting the interaction of neighboring blade rows is
much more involved and computationally expensive. To do this, multiple blade passages
per blade row may need to be modeled. Multiple blade passages would be necessary in
many unsteady situations, such as differing blade counts in neighboring blade rows, or in
the case of non-uniform spacing of the blades in a blade row. If the blade counts for both
blade rows are identical and the spacing between blades is uniform, then only one blade

passage per blade row need be modeled.

Numerical Algorithm

The numerical algorithm employed by ADPAC is based on an integral
representation of the strong conservation law form of the 3-D Reynolds-Averaged
Navier-Stokes equations. It is a finite-volume technique, and the solution can be applied
in either a cylindrical or Cartesian coordinate system [3]. ADPAC contains four different
turbulence models that the user can select from. The Baldwin-Lomax algebraic
turbulence model and a mixing-length turbulence model are the simplest and least
computationally expensive. ADPAC can also employ the one-equation Spalart-Allmaras
turbulence model or the two-equation k-R turbulence model, which are more accurate,
but also more computationally expen_sive.

A multistage Runge-Kutta integration technique is used to step the solution in
time. For simplicity, viscous flux contributions to the discretized equations are only

calculated for the first stage (at each time level) of the Runge-Kutta integration, and the
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values are frozen for the remaining stages. This reduces the overall computational effort,
and does not significantly alter the solution. ADPAC offers the user three different
Runge-Kutta schemes (two four-stage methods, and one five-stage method).

For steady flow calculations, a local time-stepping method is employed. Local
time-stepping allows for the maximum allowable time step to be utilized at each solution
point. This greatly enhances convergence for steady-state problems. Global time-

stepping is used for time-dependent calculations.

Convergence Acceleration Techniques

To improve solution quality, and to accelerate convergence, artificial dissipation
terms must be added to the discretized form of the governing equations. A blend of
fourth and second differences is used to pfovide a third order background dissipation in
smooth flow regions and first order dissipation near discontinuities. The dissipation
coefficients are pressure-based, and therefore can “sense” discontinuities such as shock
waves. This allows the dissipation model to prevent non-physical oscillations that can
occur near shock waves. The discrete dissipation function is given as follows:

D,,,(Q)=(D}-D}+D?-D}+D;-D;)Q, , (1)

The second and fourth order dissipation operators are determined by:
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where A¢ and V¢ are forward and backward difference operators in the & direction. To
maintain the damping properties of the scheme, a variable scaling is employed. This
scaling is given by the following:

), =0, @ @

1
i+—, ik i+—,jk
2 J 2 I

The function @ controls the relative importance of dissipation in the three coordinate

directions as:
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The directional eigenvalue scaling functions are defined by:
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For three-dimensional grids, a value of a=0.5 was found to generate a robust scheme [3].
This is because three-dimensional grids generally have large variations in cell aspect
ratio, which reduces the freedom in choosing a value of o.

The coefficients in the dissipation operator use the solution pressure as a sensor

for the presence of shock waves in the solution and are defined as:
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g, =max(0,x,—¢&* ) (11)
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K= (12)
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The dissipation operators in the 1} and { directions are defined in a similar manner.

ADPAC also uses an implicit residual smoothing method to accelerate
convergence of the Runge-Kutta integration scheme. Jameson et al. [15] first applied this
method to the Runge-Kutta scheme. This technique can be incorporz;ted into a time-
accurate explicit method without adversely affecting the unsteady results [16]. Residual
smo‘othing is applied at each time step of the Run gé-Kutta integration, and permits the
use of larger time increments.

The standard implicit residual smoothing operator can be written as:

(1-£AV)R, =R, (14)

To simplify the numerical implementation, this standard operator is traditionally

approximately factored into the following coordinate specific form:

(1-&:A,V,)1~€,A,V,) 1~ A,V )Rn =R, (15)

where the residual R, is defined as:

R, =, %t-(Qm -D,), m=1, m stages (16)
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for each of the m stages in the Runge-Kutta multistage scheme. Here Qy, is the sum of
the convective and diffusive terms, D, the total dissipation at stage m, and Ry, the final
(smoothed) residual at stage m.

The smoothing reduction is applied sequentially in each coordinate direction as:

R,=(1-¢A,V,)"R, (17)
R, =(1-¢,A,V,)"R, (18)
R =(1-¢A V)R, (19)
Rn=R) , (20)

The coefficients (€) are allowed to vary in this scheme. This method was described for
three-dimensional flows by Radespiel et al. [17] .

To accelerate convergence, a multi-grid technique is incorporated into ADPAC.
A multi-gtid appfoach generates a coarser mesh from an initial, fine mesh by removing
every other mesh line in each coordinate direction. This multi-grid method calculates the
solution on the fine mesh, and copies it to the next coarser mesh. The appropriate forcing
functions are calculated from the differences between the coarse mesh residual and the
residual that results from a summation of the fine mesh residuals for the coarse mesh cell.
The solution is then advanced on the coarse mesh. This sequence is repeated until the
coarsest mesh is reached. A correction to the solution is then interpolated to the next
finer mesh, and a new solution is defined for that mesh. This interpolation is repeated
until the finest mesh is reached.

For starting a solution, a different multi-grid technique is employed. Once a

coarser mesh is generated, the solution is generated on the coarse mesh, and then that
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solution is applied to the next finer mesh by interpolation. The solution procedure is then
iterated on the finer mesh. Since a good approximation to the solution now exists on the
finer mesh, convergence of the solution is more rapid. This multi-grid technique can be
applied repetitively, resulting in coarser and coarser meshes. The solution procedure
starts on the coarsest mesh, and the solution for one grid level is applied to the next finer
one. Starting on the coarse mesh and applying the solution to successively finer meshes
is called a “full” multi-grid startup procedure. This applies to starting a solution only,
and is different from a typical multi-grid technique.

In steady-state flow calculations, the solution algorithm is an explicit method. In
time-dependent calculations, ADPAC utilizes an implicit time-marching procedure. This
algorithm can utilize all the convergence acceleration methods given above for the
explicit time-marching procedure. For a further discussion of this implicit method see the

ADPAC documentation [3].

Boundary Conditions

Inlet and exit boundary conditions are applied using characteristic theory. This
method is essentially a reference plane method of characteristics based on Reimann
invariants. This method uses a local rotated coordinate system, which is normal to the
bounding cell face. Solid surface boundary conditions have either a no-slip condition
applied (viscous flow) or a no flow-through condition (inviscid flow). Values of the
variables in the phantom cells are calculated so as to satisfy these conditions. ADPAC

can utilize both standard reflecting boundary conditions and non-reflecting boundary
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conditions. The non-reflecting boundary condition method follows the method described
by Giles [18] and Saxer [19].

To communicate results between blocks in a multiple-block solution, the
boundary data from one block is simply copied to the phantom cells of the neighboring
block. This method works for adjoining blocks that have coincident points along the
block-to-block interface. Communicating data in this way uniformly enforces the

conservation principles present in the governing equations.

Turbulence Modeling

The algebraic turbulence model used by ADPAC is a relatively standard version
of the.Baldwin-Lomax turbulence model. This model is computatibnally efficient and
has been successfully applied to a wide range of geometries and flow conditions. For
more details on this model, see the ADPAC documentation [3].. This turbulence model is
valid provided that there is adequate grid density near solid surfaces to capture the
viscous flow behavior. Typically, this implies that the first point off the wall should have
ay" value of one or less. ADPAC is very sensitive to mesh expansion ratios (basically
the ratio of the lengths of two adjacent grid cells in any coordinate direction), and in
order to keep mesh expansion ratios below a certain limit (around 1.3 for ADPAC), it
may not be possible to comply with the y* value of 1.0 without using an inordinately
large number of grid points. As a result, the wall function method is used to empirically
specify the wall shear stress. This method results in a large savings in computational

time with only a minor sacrifice in accuracy.
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The wall function method used in ADPAC involves manipulation of the near-wall
eddy viscosity. Normally, the no-slip condition is relaxed in the wall function method.
However, in this implementation, the no-slip condition was preserved. An overview of

the development of this method follows. A shear stress at the wall such as:

ou
o =M % 2y
is calculated numerically as:
Au
Ty = Huan *Z; (22)

where, in this case, Y represents the combined turbulent and laminar viscosities:

(/‘i,z - lui,l)
)T 23)

Myar = %(:ui,Z T Uiy
The subscript i,j indicates a mesh oriented cell-centered flow value, where 1,1 is the value
in the phantom cell, and 1,2 is the value at the first interior cell near the wall. The
ADPAC implementation instead modifies the wall turbulent viscosity boundary condition
through manipulation of the single term Wi ;. This implies that the turbulent viscosity at
the wall is non-zero, which violates the normal specification. However, since the
turbulent viscosity is used exclusively in the calculation of the wall shear stress and heat
conduction terms, the resulting calculations are consistent with the desired shear stress
specification. This formulation, in effect, also implies a wall function based on heat flux.
For calculations in which heat transfer is unimportant, this effect is negligible.

The shear stress specification used by ADPAC is based on the following formula

for the wall shear stress coefficient:

¢, =—0.001767 +0.03177/Re,, +0.25614/Re’ (24)
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The term Re, is the Reynolds number based on near-wall velocity, density, and viscosity,
where the length scale is the normal distance from the wall to the first interior domain

calculation cell. The wall shear stress may then be calculated from:

1
Toart = ‘2‘ Cs eriz (25)

where V¢ is the near-wall relative flow total velocity.
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IV. TIGER

General Concepts

To successfully generate an ADPAC solution, a mesh for the solution domain
must be generated. ADPAC does not generate its own mesh, so the grid must be

generated by another method. For this research, the TIGER™ (Turbomachinery

Interactive Grid generation) grid generator was used. TIGER™ is a commercial software
package developed by Catalpa Research, Inc. It was designed specifically for
turbomachinery applications, and has been used successfully for both internal and
external flow fields.

TIGER™ employs a graphical user interface (GUI) that allows the user to easily
input geometry and generate a mesh [20]. It includes options that allow the user to
specify the distribution of points (i.e. clustering near solid surfaces for a viscous grid).
TIGER™ also includes options to allow the user to select from various grid solution
techniques (elliptic, Laplace, TIGER, etc.). It can be run either interactively or in batch
mode. Batch mode allows the user to specify the various input parameters in two input
files. These files are then read and the input parameters are placed in the appropriate
fields in the GUL. Executing TIGER™ in batch mode is the fastest way to get a grid

generated, as the user can quickly step through the various input panels.
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Grid Generation

To generate grids in TIGER™, the points that define the geometry are input into a
TIGER™ format geometry input file. The first part of this geometry file contains two
axial-radial curves that define the flow path geometry. The second part of the geometry
file reads in the coordinates that define the blade geometry. For a cylindrical coordinate
system, the geometry file contains axial, radial and meridional coordinates for the suction
and pressure surfaces.

TIGER™ expects these points to be divided into several “slices” (at least five).
These slices should stack up from hub to tip in the radial direction, but each slice need
not be at a constant radial coordinate. Also, TIGER™ expects the points to be ordered
from leading edge to trailing edge for both the pressure and suction surfaces. After much
trial and error, it was determined that for best performance of the mesh generator, the first -
point in the file for both the pressure and suction surfaces should be; the point which is
farthest upstream in the axial direction, and the last point should be ithe point whichis
farthest downstream in the axial direction. These two points may or may not correspond
to the actual leadirig and trailing edges of the blade geometry. Since TIGER™ requires
the same number of points along both the pressure and suction surfaces, some reordering
and interpolation of points along the blade may be required.

The second input file required by TIGER™ supplies various input parameters for
the generation of the grid. These parameters can also be input into the GUI. This history
file defines the total number of points in each coordinate direction, the number of grid

blocks represented by the associated geometry file (usually one for one), the number of
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blades around the hub and what type of flow field (intemal or external). This file also
contains a flag that controls whether or not the blade needs to be cut or extended to the
boundaries defined by the flow path, and the indices for the blade leading and trailing
edges, the blade hub and tip, etc.

From the input geometry, TIGER™ fits a spline to generate its grid boundaries. If
there are not enough points present in regions of curvature (or in linear regions as well),
the spline will produce oscillations that are not present in the actual geometry. To solve
this problem, a few points can be linearly interpolated into the region of oscillations, and
once there are enough points (this typically required around five new points to be
interpolated), the oscillations in the spline fit will disappear. At this point, TIGER™ also
determines if the blade geometry spans the entire flow path. If not, the program extends
the blade geometry to the radial limits of the flow path through interpolation. If the blade
geometry extends beyond the radial limits of the flow path, TIGER™ cuts the geometry

to the exact radial dimensions required by the flow path.

Grid Modification

As stated earlier, TIGER™ allows the user to specify spacing along grid
boundaries. For blade boundaries, a packing file is generated that contains the spacing
coefficients along the blade leading and trailing edges, and along the blade hub and tip
boundaries. To specify spacing along flow path boundaries (inlet, exit, hub, case), the
spacing coefficients are input into TIGER™ interactively. In both the packing file and

the GUI, the user can select a spacing method as well. The available methods are even
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spacing, exponential clustering, or hyperbolic tangent clustering. The exponential and
hyperbolic tangent methods can be selected to cluster toward the lower index, the upper
index, or both.

Once the spacing methods and coefficients are input, TIGER™ allows the user to
view the proposed mesh before it is actually written to an output file. This view also
allows the user to switch between various grid generation methods such as Laplace,
elliptic, TIGER, etc. By inspecting the grid in a cascade view, the user can see where
potential problem areas (such as highly skewed cells, or cells with negative volumes) in
the grid might be. TIGER™ allows the user to shift major grid linés (such as the line
connecting adjacent leading or trailing edges in a cascade view) to “fix” problem areas in
the grid. These problem areas often occur near blade leading or trailing edges, where the -
geometry has a high degree of curvature.

Once manual inspection and adjustment of the grid is done, TIGER™ can then
actually generate the grid. During this process, all cell volumes are calculated, and if
there are negative volumes, their locations are reported in an output file. TIGER™

outputs grids in PLOT3D format.
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V. Grid Generation

Geometry Modifications

To generate a grid for this research, the TESCOM 1A configuraﬁon (IGV and
rotor) geometry (blade and flow path geometry) was acquired from the CARL facility.
This geometry was given in streamline curvature format (Figure 2). This format is
Cartesian (X,Y,Z} points separated into pressure surface, suction surface, and leading
edge points. These points were given along eleven different streamlines in a left-handed
coordinate system. To prepare this geometry for use in TIGER™, several FORTRAN
programs were written to read in the points and then output them in the proper format.

Tﬁc/e given flow path geometry inciuded the entire length used in actual testing of
the TESCOM} rig. Since this research only involves the IGV and rotor blades, the flow
path was cut off approxirhately sixty percent chord downstream of the rotor trailing edge.
Upstream, the flow path was cut off apprc;ximately one chord upstream of the IGV
leading edge. In order to accurately model the boundary layer growth in the bell mouth
of the inlet, a grid was generated for this upstream region as well. Since this region
contains no blade geometry, it could be modeled as a two-dimensional region that is
symmetric around the centerline of the flow path (Figure 4). For clarity, this figure only
includes the lines of constant radial location and not the lines of constant axial location.

The blade geometry was converted to a right-handed coordinate system for use in
TIGER™. An axial shift was applied so that the IGV and rotor would be in their proper

locations relative to one another along the TESCOM flow path. To insure that the blade
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geometry spanned the entire radial height of the flow path, the inner and outer blade
streamlines were copied and shifted in the radial direction. This generated two new
streamlines that were outside the radial limits of the flow path.

As the blade geometry was given, the trailing edge of the IGV and rotor was a
“block” trailing edge. TIGER™ requires a closed surface around the blade geometry.
Using a three-dimensional vector approach, three trailing edge points were generated and
appended to the pressure and suction surfaces. This created a closed trailing edge on the
blade geometry.

TIGER™ is very sensitive to abrupt changes in cell aspect ratio. This means that
the spacing between one pair of points cannot differ greatly from the spacing between the
next pair of points. Due to the nature of the given points, there was a lérge. difference in
spacing where the leading edge points joined the pressure and suction surfaces. To
correct this problem, approximately ten points were interpolated using a three-
dimensional vector approach between the last point of the leading edge and the first point
of the pressure and suction surfaces. To gently smooth out the spacing across these ten
points, the interpolated points were clustered slightly toward the leading edge.

The original TESCOM geometry contains 36 IGV blades and 34 first stage rotor
blades. A limitation of ADPAC is that it does not employ phase-lagged boundary
conditions. Therefore, to model blade rows with dissimilar blade counts, it is necessary
to modeI' enough blade passages so that the entire circumferential span of the modeled
portion of both blade rows is identical. In this case, that would require modeling 18 IGV
passages and 17 rotor passages. This would result in a very large computational mesh,

and the time required to generate a solution would be inordinately large. For this
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research, it was assumed that both blade rows had 34 blades so that one IGV passage and
one rotor passage could be modeled for a tuned geometry.

These changes were applied to the TESCOM IGV and rotor geometry. Through
trial and error, it was determined that the points describing the rotor blade needed to be
modified. As mentioned in the previous section, it was found that for best performance
of the mesh generator, the first point in the file for both the pressure and suction surfaces
should be the point which is farthest upstream in the axial direction, and the last point
should be the point which is farthest downstream in the axial direction. Since these
points do not correspond to the actual leading and trailing edges of the rotor blade, a
cubic spline interpolation routine was used to generate points along the suction and
pressure surfaces of the rotor blade. These interpolated points weré based on the given
rotor geometry once the various modifications described above had been applied. Tb
adequately resolve the curvature at the leading and trailing edges, these points were.
distributed in the axial direction using a cosine function. This cosine function clustered
points to both the leading and trailing edges.

To make the geometry compatible with TIGER™ format, the meridional

coordinate was calculated using the formula:

6= arctan(—;-) (26)

The coordinates for both the flow path (axial, radial) and the blade geometry (axial,

radial, meridional) were input into a TIGER™ input file.
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Tuned Grid Generation

As stated earlier, ADPAC uses a multi-grid technique to accelerate solution
cénvergence. This means that any interval in the grid (inlet to blade leading edge, hub to
case, etc.) needs to have an appropriate number of cells so that it can be divided into
smaller pieces by removing every other mesh line. Typically, three levels of multi-grid
are desired. This means that in any interval, the number of cells must be a number that
can be divided in half at least twice and still remain an integer value. Typically integers
that are a power of two are best at this, as they can be divided in half several times before
becoming non-integer. TIGER™ allows the user to specify the indices for the various
boundaries (blade leading edge, hub, case, etc.). This allows the user to set up the
intervals so that the multi-grid technique can be used. These indices are specified in the
history file.

As mentioned before, TIGER™ accepts a packing file that indicates how the grid
points are to be distributed along the blade surfaces, and it also accepts GUI input to
apply point distribution to any other surface (inlet, hub, case, etc.). To generate a grid
suitable for viscous calculations, a y* value of 1.0 was assumed. Using standard day
conditions and experimental data from the TESCOM data report [14], an actual y
coordinate based on this y* value could be calculated. This technique is outlined in
Appendix A.

TIGER™ expects a non-dimensional spacing coefficient in the packing file and in
the GUI. This spacing coefficient is determined by dividing this actual y coordinate by
the y value necessary to produce even spacing across the region of interest. Using a

spreadsheet, this value could be computed for various locations, such as the inlet, the
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IGV trailing edge, the rotor leading edge, etc. Applying these spacing coefficients at the
proper locations in the packing file and in the GUI generated a grid that accurately
represents the hub and case boundary layers. The chosen clustering method was a
hyperbolic tangent function. This approach was also used for the blade-to-blade
boundary layer in the circumferential direction. In this case, the Reynolds number was
based on one-half chord length for the blade of interest.

To accurately resolve flow properties near the leading and trailing edges of the
blade, it is necessary to cluster points in the axial direction toward the leading and trailing
edges of both blades. For the blade hub and case surfaces, this is accomplished by
specifying a clustering method and spacing coefficient in the packing file. For the flow
path surfaces, this is accomplished by inputting the desired clustering method and
spacing coefficients into the GUL In all cases, the clustering method used was a
hyperbolic tangent method. To generate a smooth mesh, an appropriate spacing
coefficient across the blade was assumed, and the coefficients for the neighboring
sections of the flow path were determined by trial and error so that the spacing to the first
point on either side of the blade edges would be identical.

Final adjustments to the grid were made by using TIGER™ to curve some of the
major gridlines (i.e. the line connecting the leading edges of neighboring blades in a
cascade view). These lines were bowed in order to avoid the possibility of negative
volumes, and to reduce the mesh expansion ratios. These modifications served to
effectively “relax” the grid, so as to create a smoother mesh. Also, it was here that the

grid generation solver (elliptic, Laplace, etc.) could be selected. For this grid, the TIGER
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generation method was chosen. The TIGER method is a combination of algebraic and
elliptic grid generation methods.

After inputting this grid to the ADPAC solver, it was found that the ADPAC
solution diverged once the multi-grid procedure reached the finest mesh level. After
much trial and error, it was determined that ADPAC is extremely sensitive to mesh
expansion ratios. It was found that the only way to prevent this from happening was to
relax the viscous spacing present in the grid.

TIGER™ only allows for two different clustering methods (exponential and
hyperbolic tangent). In order to keep computational time down, only a certain number of
points in each coordinate direction could be used. With a relatively small number of
- points and a very small spacing coefficient near solid boundaries, the mesh expansion
ratios became too large for ADPAC to handle. To keep these ratios down, a compromise -
was reached by utilizing a larger spacing coefficient. This was chosen based on an
approximate y* value of ten instead of one. This value was chosen to agree with the
empirical wall function implementation described in the ADPAC documentation [3]. In
order to adequately model the boundary layer effects, wall functions were then set to
always be on in the ADPAC solution routine, since a y* value of ten does not produce
adequate grid resolution near solid boundaries.

With an estimated y* value of ten, the mesh expansion ratios were reduced to less
than 1.35 in each coordinate direction. ADPAC generates a warning message when the
expansion ratios are greater than 1.3, but after much experimentation, it seems that the
solution will converge with expansion ratios less than 1.35. The IGV and rotor grid were

then converted to a left-handed coordinate system for use in ADPAC. These
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modifications completed our mesh for the TESCOM first stage IGV and rotor. The IGV
and rotor grid can be seen in Figure 5. Again, for clarity, only the lines of constant radial

location are shown.

Detuned Grid Generation

Solving the detuned problem required a new mesh to be generated. ADPAC does
not employ phase-lagged boundary conditions. Therefore, in order to model a detuned
rotor blade, it was necessary to generate a computational mesh thaf modeled multiple
blade passages. In the specific case of 10% alternate detuning, the circumferential span
of two rotor passages (one narrow, one wide) exactly matches the circumferential span of
two IGV passages. Therefore, two IGV passages were modeled as well as one narrow
and one wide rotor passage.

To create.the two different IGV péssages, two identical grids wereA generated (the
same as the one for the tuned case). One of these grids was shifted in the negative
circumferential direction by one IGV blade passage (360°/34 blades = 10.588°). To
generate a mesh for the narrow rotor passage, the inputs to TIGER™ were modified from
the tuned rotor geometry by applying a 90% scaling factor in the circumferential
direction. The geometry in the axial and radial directions was unchanged. For the wide
rotor passage, a 110% scaling factor was applied in the circumferential direction to the
tuned rotor geometry. Once again, the axial and radial geometry was unchanged. The

wide passage was shifted in the negative circumferential direction by an amount equal to
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one circumferential span of the narrow rotor passage (0.9*360°/34 blades = 9.529°).
These four grids were converted to a left-handed coordinate system for use in ADPAC.
The two IGV passages together with the wide and narrow rotor passages describe
a solution domain that repeats seventeen times around the circumference of the
compressor geometry. This repeating geometry can be used by ADPAC to generate
results for an alternately detuned rotor geometry. This computational mesh can be seen

in Figure 6. Again, for clarity, only the lines of constant radial location are shown.
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VIi. Methodology

Tuned Rotor Case

The overall computational procedure consisted of preparing boundary condition
and input files for a given mesh for a steady-state solution. The steady-state option is
used to generate a first approximation to the solution. This steady-state solution is
actually a quasi-steady solution that time-averages flow variable between the blade rows. .
The unsteady solution can then be started using the steady-state solution as an initial
condition. The unsteady solution is then iterated until convergence is obtained. Overall
convergence is determined by comparison of the inlet and outlet mass flow values.

The full geometry consists of three sections, the upstream inlet, the IGV, and the
first rotor. The upstream inlet section of the flow path does not contain any blade
geométry, therefore it is symmetric around the centerline of the flow path. This
symmetry enabled the solution for the upstream inlet to be run in two dimensions, which
greatly improved the computational time. The solution was started using standard day
stagnation conditions at the inlet (for both the tuned and detuned cases), and all walls
were considered no-slip boundary conditions in order to generate the proper boundary
layer growth. This two-dimensional solution produced a pressure and temperature profile -
at the exit of the upstream inlet. This profile could be used as the inlet condition for the
IGV and rotor grid. This upstream inlet produced an inlet Mach number to the IGV of
approximately 0.224. This solution of the upstream inlet was used for both the tuned and

detuned cases.
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For the tuned rotor case, the original computational mesh contained two blocks,
one for the IGV passage and one for the rotor passage. To generate the appropriate
boundary conditions, a utility called PATCHFINDER (included with ADPAC) was run
and a boundary data file was generated. This file was modified to fit our problem
precisely. An input file was also created that dictated the rotational speed of the rotor, the
number of iterations to perform, the CFL number, etc. These two files were specific to a
steady-state calculation.

To determine the operating condition, the rotor rotational speed was obtained
from TESCOM experimental data [14]. The point selected was one of maximum stage
efficiency at 100% corrected speed. This data also included a mass flow rate, which was -
used for later comparisons. ADPAC requires an exit static pressure ratio to be specified -
for a steady-state solution. To determine what pressure ratio should be used, a
compressor map was generated for the tuned geometry. This compressor map and
efficiency plot can be seen in Figures 7 and 8.

It was decided that the operating point would be located near the peak efficiency
point. As can be seen from Figures 7 and 8, this point is located at an exit static pressure .
ratio of 1.35. However, in order to allow for some stall margin, the operating point was
chosen to be at an exit pressure ratio of 1.3. This choice allowed for some stall margin,
as points past 1.35 were in the stall region (the steady-state solution diverged). This
choice does not reduc.e the efficiency very much. The mass flow rate for this point is
30.522 Ibyy/s. This value is not equal to the mass flow rate given in the TESCOM data

report (24.5 lby/s), but it is of a similar magnitude.
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The steady-state solution was set up to use three levels of multi-grid. A solution
is first obtained on the coarsest level. This coarse solution is then interpolated to the next
finest mesh level and a solution is obtained there. This solution is then interpolated to the
finest mesh level and the final steady-state solution is obtained. For the tuned case, each
of the coarser mesh Ievels was run for 1000 iterations, and the fine mesh for
approximately 400 iterations. At this point the root mean square of the residuals had
decreased by about six orders of magnitude. This convergence plot can be seen in Figure
9.

An oddity of ADPAC is that if a converged solution is continually iterated, then
instabilities will develop and the solution will diverge. This divergence happens in an
abrupt fashion, and that is why the fine mesh steady-state solution was not iterated for
any longer than it was. This behavior has been observed and was documented in initial
ADPAC testing.

At the completion of a run, ADPAC generates a restart file that can be used to
start a solution again at a later time. The restart file generated by the steady-state solution
was used to start an unsteady solution. An unsteady boundary data file and input file
were generated and the restart file from the steady-state solution was used as the initial
condition for the unsteady solution.

The unsteady solution algorithm used in ADPAC is an implicit procedure. This
means that the solution is obtained for all points in the solution domain simultaneously at
each global (physical) time step before moving on to the next global time step. The time-
marching algorithm is comprised of computational time steps that are embedded in each

global (physical) time step. The user sets the maximum number of computational time
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steps that are taken inside each global time step. For our calculations this value was set
to 20 iterations. Also, the user can also specify a residual convergence level for each
global time step. If the base ten logarithm of the root mean square of the residuals
becomes less than this value before the maximum number of inner iterations is reached,
then the solution is deemed to be converged at that global time step and the solution
advances to the next global time step. For our calculations, this value was set to —6.5.
Setting the maximum number of iterations and the convergence level to appropriate
values can significantly improve computational time, especially on the coarser mesh
levels.

The unsteady solution does not use a full multi-grid startup routine as the steady-
state solution did, since a solution already exists on the finest mesh level from the steady-
state restart file. However, it has been shown [3] that by interpolating the steady-state
fine mesh solution back to the next coarsest mesh level and iterating on that mesh level
first, convergence can be significantly accelerated. Therefore, this procedure was
followed for the unsteady solution.

From prior research with ADPAC, it was known that a typical unsteady solution
generally takes about one rotor revolution in time to converge. In the global sense,
solution convergence is determined when the inlet mass flow value approaches the same
value as the outlet mass flow (at least in a periodic sense), and the residuals have been
reduced by approximately five orders of magnitude. Mass flow values are output by
ADPAC, and the user can exafnine these values to determine whether convergence has

been achieved.
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A convergence plot of the tuned unsteady solution can be seen in Figure 10. The
inlet mass flow rate has approached asymptotically the mean of the outlet mass flow rate,
which exhibits periodic behavior. The mass flow rate at this point is approximately
25.792 Iby/s, which compares favorably with the value of 24.554 Iby/s given in the

TESCOM data report.

Detuned Rotor Case

Fér the detuned rotor geometry, the procedure was similar to the tuned case.
Once again, an operating point had to be determined by using the steady-state solution.
A compressor map was not generated, as the exit static pressure ratio was altered until the
mass ﬂo§v rate at convergence of the steady-state solution was the same as the mass flow
rate at convergeﬁce for the steady-state tuned case (the mass flow rates matched within
1.5%). This equality of mass flow rates insured that we were operating at approximately -
the same Reynolds number. An exit pressure ratio of 1.2 (as compared to 1.3) was .
needed to match these mass flow rates. A convergence plot of the steady-state detuned
case can be see in Figure 11. This steady-state solution was used to start an unsteady
calculation on the detuned geometry. The detuned case was run until convergence was
achievgd, the same as for the tuned case.

All computations were performed on a cluster of five desktop PCs running under
the Linux operating system. Parallel capability was obtained by using the MPI message-
passing interface. The various machines were either Pentium II or Pentium III
architecture, ranging in clock speed from 350 MHz to 1 GHz. Each machine contained at
least 256 MB of RAM. These machines communicated with one another through a 100-

Mbit Ethernet connection.
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VII. Results

The goal of this research was to determine the effects of detuning on high-cycle
fatigue in turbomachinery blades. This requires an accurate analysis of the loading on the
blades to be performed. The loading on the blade is due to a pressure distribution and
viscous forces acting on the surface of the blades that gives rise to the six forces and
moments contained in a 3-D solution. In order to facilitate this discussion of a detuned
case versus a tuned case, Fi guré 12 shows a schematic of the method of detuning that was

used, where the spacing differences are exaggerated for the sake of emphasis. Figure 12

only shows the relative positioning of each blade in the computational mesh so the reader -

can identify where the various blades are located. It is not representative of the actual
blade shapes used. Also, each IGV and rotor blade is labeled either A or B. These blades

are referred to as such throughout this analysis.

Grid Sensitivity

In any CFD calculation, it is important to verify the sensitivity of the solution to
different grid sizes. For this research a grid-sensitivity study was performed by using the
multi-grid meshes generated by ADPAC and examining the forces and moments on the
blades in a steady-state calculation. This technique is similar to a grid-independence
study. Figure 13 shows a portion of the study, as the results for the other blades are
essentially identical. The tuned case shows that at the finest mesh level, there is little or
no sensitivity to gﬁd size, which adds confidence to the results at the finest mesh level.

Unfortunately, the detuned geometry shows that grid independence may not be
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established, although only one force and one moment show this, so it may still be an

acceptable mesh to use.

Steady-State Results

In order to generate an accurate unsteady solution, it is beneficial in terms of
computational time to generate a converged steady-state solution to be used as a starting
point for future unsteady calculations. The steady-state C, distribution shows the average
pressure distribution across the surface of the IGV. Figure 14 shows this distribution
over the IGV for the tuned case at three radial locations. The jagged quality of the plot at

the leading and trailing edge is due to poor grid resolution in that region. The mean
appears to be around zero (as we would expect for a symmetric IGV), but the C;, profile
at the tip is very strange, most likely due to boundary layer effects. Figures 15 and 16
show the same steady-state profile for the detuned case. These figures are practically
identical to that for the tuned case, indicating that detuning had little effeqt on the steady-
state performance of the IGV (see Table 2, later).

Figure 17 shows the steady-state C, profile over the tuned rotor at three radial
locations. There is also a jagged quality at the edges of the profile, once again due to
poor grid resolution at the leading and trailing edges. The highly curved nature of these
profiles is due to the presence of a shock located at about 30 percent chord. This shock is
not being accurately defined in this region (it is “smeared out”), due to poor grid
resolution in the axial direction. Figures 18 and 19 show the C,, profile for the two

detuned rotor blades. For rotor A at the mean radius the shock has shifted slightly
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towards the mid-chord of the rotor blade, and for rotor B, it has shifted slightly upstream
to about 20 percent chord. From Figure 19 it can also be seen that rotor B may be
operating off-design. This can be seen due to the crossing of the pressure and suction
surface traces at the mean radius. This is reasonable to expect, as this IGV and rotor
geometry was not desi gned for detuning. This moving of the shock should be expected in
the detuned case as detuning creates passages of unequal width. In a narrow passage the
point where the shock from a neighboring blade impinges on another blade will be farther
upstream, and for a wider passage it will be farther downstream.

Figure 20 shows the steady-state Mach number contours for both the tuned and
detuned cases. There is a discontinuity between the IGV and rotor regions because at that
interface, the referénce frame shifts from the absolute frame to the relafive frame. }Also,

zlthe rotor blade can still be seen in the contour plot, because in the relative frame, the

observer is effectively “sitting” on the rotor blade, and therefore éppears not to have
moved. The flow reaccelerates after it passes through the shock attached to the leading
edge of the rotor, and that there is another shock further down in the passage. This two-
shock system was also shown by Car and Puterbaugh [11]. Figure 20 indicates the source
of the highly curved nature of the steady-state rotor C, profiles.

It can also be seen from the contour legend in Figure 20 (both tuned and detuned
cases) that there may be a region of flow that is trying to separate near the trailing edge of
the blade. At that point, the Mach number is very low, and therefore some separation
would be expected to occur near this point somewhere in the flow field. Upon
investi gati.on of a contour plot of axial velocity (Figure 21), this region of separation was

found to be near the hub at the trailing edge of the rotor. Figure 21 shows this aspect of

42




the flow field for both the tuned and detuned cases. The separation occurs (in both the
tuned and detuned cases) very near the hub at the trailing edge of the rotor (where axial
velocity becomes negative). Modern blade designs that have a low aspect ratio and high

loading typically exhibit some small regions of separation, especially near the hub.

Unsteady Results

The unsteady C,, profiles for the IGV are shown for the tuned and detuned cases
in Figures 22 and 23 respectively. The time levels shown represent one blade passage for
the tuned case (ensuring that periodicity has been achieved), and two full blade passages
in the detuned case (also ensuring periodicity). For the tuned case, the first time level
(/T=0) is defined as when the trailing edge of the IGV and the leading edge of the rotor
ére aligned in the axial direction. For the detuned case, the first time level (t/T=0) is
defined as when the outer blades (IGV B and rotor B) are perfectly aligned (see Figure
12). Only IGV A is included for the detuned case, as IGV B has a profile identical to
IGV A (as expected). These plots show that the pressures over the IGV surfaces fluctuate
in time. Also, there is a region of maximum pressure on either surface at about 96
percent chord. The pressure fluctuation shown is caused by the shock attached to the
leading edge of the rotor blade passing the trailing edge of the IGV. When this shock
passes, it generates a weak pressure fluctuation (much weaker than a shock) that passes
upstrearh and impinges on the suction surface of the IGV. The suction surface of the
IGV is defined as the side of first approach of the rotor. This pressure fluctuation then

“releases” from the pressure surface of the IGV and moves on towards the next IGV.
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Since this pressure fluctuation first impinges on the suction surface, the fluctuations
should larger on that surface, and that is exactly what Figures 22 and 23 show.

From Figures 22 and 23, it can also be seen that the pressure fluctuation travels
from the trailing edge of the IGV towards the leading edge. Using the flow condition in
this region, the distance between two peaks of the pressure wave and the rotational speed
of the rotor, it was determined that this wave is an acoustic wave, traveling upstream.
The point of maximum pressure is not exactly the same for the pressure and suction
surfaces. The traveling waves along each surface are therefore slightly out of phase,
owing to the difference in time necessary for the pressure fluctuation to move from one
side of the IGV to the other.

Figures 22 and 23 also show that the pressure fluctuations seem to attenuate as
they travel upstream. This should be expected since a small pressure fluctuation will do a
small amount of work on the IGV (some small amount of energy will be generated). As
the fluctuation travels upstream, the energy is acting over a larger and larger area and
therefore as it moves toward the leading edge of the IGV there will be less and less
energy to act over the surface of the IGV. The pressure surface shows a region (Figure
22) where the C, profiles appear to “cross,” and then expand slightly again as they travel
downstream. This crossing occurs around 50 percent chord, and it may be caused by the
fact that the 50 percent chord point is very near the point of maximum thickness on the
blade, and the flow is accelerating élightly again around the IGV curvature toward the
leading edge, causing the pressure fluctuations to be reduced.

Figure 23 shows the unsteady C, profiles for the detuned case. They are very

similar to the tuned case profiles, although the fluctuations are larger on both surfaces.
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This owes to the fact that there is some non-uniformity already present in the geometry
due to the detuning. The only real effect that detuning has had for these plots is that it
has increased the magnitude of the pressure fluctuation on the IGV.

The pressure fluctuation on the IGV caused by the passing of the shock attached
to the leading edge of the rotor can be seen in five time “snapshots” in Figure 24. This
contour plot shows pressure contours at five time levels (normalized by the tuned one-
blade-passage period). The pressure fluctuation can be seen traveling away from the
rotor leading edge and moving upstream and impinging on the surface of the IGV. This
pressure fluctuation is a very weak one, as can be seen from the contour legend.

The rotor unsteady C, profiles are shown for the tuned and detuned cases in
Figures 25-27. The first thing to note here is that there is very little fluctuation of the
rotor pressures with time (more fluctuation on the pressure surface than the suction
surface). This is due to the fact that there is no forcing function for the rotor coming
from downstream blades as there is for the IGV. There is a forcing function for the rotor
coming from the upstream IGV wake, but it obviously has only a very small effect on the
surface pressures on the rotor blade. The similarity of the detuned pressure profiles to the
tuned pressure profile over the rotor blade indicates that there is probably only a very
small overall performance change across the rotor blade due to the aerodynamic detuning
(more discussion on this follows).

Another important factor to consider when investigating unsteadiness is the
amplitude of the fluctuations in any given property. The pressure fluctuations on the
blades have some amplitude, and this amplitude was estimated (Figure 28) by taking half

of the difference in the minimum and maximum pressures for the each surface at any
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given point along the blades. This calculation generates an estimate for the amplitude of
the fluctuation (the differencing removes the mean value). This calculation was
conducted for both blade rows for the tuned and detuned cases. It is immediately
apparent (Figure 28) that the magnitude of the fluctuations on the IGV is much greater
than those on the rotor (this has already been shown with the C;, profiles). Also, there is a
peak in the amplitude of the fluctuations near the trailing edge of the IGV at about 90
percent chord, and a much smaller peak on the rotor at about 95 percent chord. These
peaks are also present when the detuned case is run. Once again, for the rotor, there
appears to be very little difference between the tuned and detuned cases, and for the IGV,
the magnitude of the fluctuations are increased slightly from about 50 percent chord on
downstream to the trailing edge.

A final factor to consider regarding the unsteady pressures on the blades is the
loading profile. The loading is defined as the difference in the pressures on the suction
surface and the pressure surface at any given time level. Plotting the loading value over
the surface of the blade (Figures 29-31) can show where the location of maximum
loading is. The loading for the IGV and rotor at the mean radius for both the tuned and
detuned cases are shown in Figures 29-31. In all three cases the location of maximum
loading on the IGV is not constant. It moves in time from about 65 percent chord to near
fhe trailing edge and then back upstream until it repeats. If the point of maximum
loading on Figure 29 (tuned case) is marked at each time step, the path traced is a singlé
loop. This is due to the fact that the peak pressure point for the suction and pressure
surfaces is not exactly at the same axial location along the blade surface (see Figures 22

and 23). This means that the pressure fluctuations along each surface are slightly out of
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phase and therefore the location of maximum loading is a traveling wave along the
surface of the IGV.

In the detuned case, IGV A and B have a nearly identical loading profile (as
should be expected), and the location of maximum loading travels along the surface of
the blade from about 50 percent chord to out near the trailing edge and then back
upstream until it becomes periodic (see Figure 30). If the location of maximum loading
in Figure 30 is marked at each time step, the path traced appears to be a smaller loop

-folded inside of a larger loop. These two loops are periodic. The smaller loop inside of
the larger loop is most likely due to the fact that we have a narrow blade passage and a
‘wide blade passage. Each of them form a single loop (just as in the tuned case) and they
are linked when periodicity is achieved.

Figures 29 and 31 also include the unsteady loading on the rotor. As was seen in
the rotor C, profiles (Figures 25-27), there is very little variation in time of the loading on
the rotor. The location of maximum pressure is approximately constant at about 10
percent chord (the spike near the leading edge is probably due to poor grid density and
should not be considered). Detuning the rotor does shift the loading profile (Figure 31)
toward the trailing edge, although the loading profile still has very little time dependency.
Detuning does appear to influence the magnitude of the fluctuations, as they appear to be
slightly larger than for the tuned case. This should be expected, as detuning has

introduced some non-uniformity into the solution domain.
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Force and Moment Analysis

In determining what effect detuning has on the high-cycle fatigue problerh, itis
also necessary to examine the unsteady forces and moments on the blades. ADPAC
generates a time history of the axial, radial and tangential forces and moments on each
blade. These values represent the net force or moment on the blade in each direction,
where the moment is calculated about the quarter-chord point.

The time histories of the blade forces and moments and their associated Fourier
transforms are shown in Figures 32-35. For each of these plots, the tuned case time
history and Fourier analysis are the upper two plots, blade A’s time history and Fourier
analysis are in the middle two plots, and blade B’s time history and Fourier analysis are
in the lower two plots. From the time histories, it is obvious that the tangential force
varies much more than any other force, and the radial moment varies much more than any
other moment. The tangential force is the force that deflects the blade around the -
compressor hub, and the radial moment is the moment that causes blades to twist. It can
also be seen that when the rotor is detuned (Figures 34 and 35), the axial and radial forces
do not change by any significant amount, and that the axial and tangential moments do
not change very much either. Therefore the tangential force and radial moment are the
two quantities that will be most useful.in this analysis.

The time histories shown represent two full blade passages in both the tuned and
detuned cases: This ensures that the entire solution domain has been swept through in
time and periodicity has been achieved. Therefore, it is acceptable to take the discrete

Fourier transform of these time histories to perform a frequency analysis.
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From the time histories (Figures 32 and 34), detuning seems to reduce the mean
of the tangential force on both the rotor and the IGV. It does not seem to have any effect
on the mean of the radial moment (Figures 33 and 35). Upon examination of the Fourier
transforms, it can be seen that in the tuned case the IGV exhibits the fundamental
frequency that corresponds to the blade passing frequency. Detuning generates frequency
energy in both the plus and minus half-harmonic side bands on the IGV. The 0.5
harmonic is due to the fact that the geometry now consists of a pair of 17-blade sets (one
with wide spacing and one with narrow spacing), and the half-harmonic is at the
frequency that would correspond to one blade passage of a 17-bladed geometry. The 1.5
harmonic could be due to the fact that detuning generates some of the frequency energy
that would result from a rotor that had blades with spacing equal to the narrow passage
spacing. This would effectively create a larger number of blades around the
circumference, and hence a higher blade pass frequency. Since the level of detuning was
fairly small, a lot of energy in the 1.5 harmonic side-band would not be expected.

In the Fourier analysis (Figures 34 and 35), the tuned rotor exhibits the
fundamental frequency that corresponds to the blade pass frequency, and it also exhibits a
second-order harmonic (of a smaller magnitude). Detuning seems to shift some of the
frequency energy into the neighboring half-harmonic side-bands, both around the
fundamental and around the second harmonic. It seems that there is less energy in the
half-harmonic side-bands for the rotor than for the IGV (Figures 32 and 33), and this
could be due to the fact that there is no downstream forcing function on the rotor as there

is for the IGV.
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Figures 36 and 37 present a summary of the Fourier analysis for both the IGV and
the rotor, and the effects of detuning on the tangential force and radial moment. These
~ charts plot the amplitude in the frequency domain of the first (fundamental) harmonic. It
is clear from the charts that the fundamental of tangential forces on the IGV are reduced,
but the fundamental of the radial moment has increased. Conversely, for the rotor,
detuning has increased the fundamental of the tangential forces, and reduced the

fundamental of the radial moment.

QOverall Performance Analysis

From the C, profiles, it was hypothesized that detuning had little effect on the
overall performance of the IGV and first rotor. This was due to the fact that the C, plots
- for the rotor changed very little from the tuned case to the detuned case. Table 2

.summarizes the overall performance data along with the data given in the TESCOM data

report [14].
Table 2. Overall Performance Comparison
TESCOM Tuned | % Diff. | Detuned | % Diff.
Mass Flow Rate (Ib,/s) 24.5 25.7 4.90 26.5 8.16
Rotor total pressure ratio 2.2631 2.199 2.83 2.159 4.60
Rotor isentropic efficiency 0.8893 0.875 1.61| 0.8518 4.22
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VIII. Conclusions and Recommendations

The goal of this research was to investigate high-cycle fatigue effects in a detuned
compressor rotor. It was hypothesized that detuning could result in a compressor that
would maintain the overall performance of a tuned configuration while reducing high-
cycle fatigue effects on the blades. Detuning effects have been investigated by many
other researchers, but the author could not find any published papers where a three-
dimensional computational model was used. The three-dimensional computation
undertaken in this research provided an accurate prediction of the overall performance
characteristics of a tuned compressor geometry as compared to experimental data..

The detuned geometry showed very similar performance characteristics to the
tuned case (see Table 2) and to the experimental data. This provides reassurance that
detuning has had very little effect on the overall performance of the compressor. The
force and moment analysis of the detuned case showed that detuning could change the
unsteady aerodynamic forces on the blades. On the IGV the tangential force was
decreased while the radial moment was increased, and for the rotor, the tangential force
was increased while the radial moment was decreased. This implies that detuning affects
each problem differently, depending on the specific blade geometry and the flow regime
under investigation. The frequency analysis also showed that there were some higher
harmonics generated on the blades, which may or may not be beneficial to the high-cycle
fatigue problem.

In conclusion, this research has shown that detuning has had very little overall

effect on the performance characteristics of a compressor. It has also shown that
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detuning could result in some reduction in the forced response of the blades. This
reduction is a trade-off though, as decreasing a force or moment in one direction may
increase one in another direction. This means that detuning should be applied to each
problem individually, and a determination must be made about which force or moment
should be reduced, and would it be acceptable for another to be increased as a resulit.

This research has also shown that further investigations of detuning are needed, as
only one level of detuning was investigated here. Also, the grid independence study
suggested that some of the forces and moments could be very sensitive to the mesh size,
and therefore a more dense computational mesh should be applied to the problem to

generate a potentially more accurate solution.
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Figure 1. CARL TESCOM Three-Stage Compressor Rig (Meridional View)
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Figure 4. Upstream Inlet Computational Mesh (two-dimensional)
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57




-0.05

ll‘l'llll'll‘\

025I|Il]l||Illllllllll||lII|II|l|llIllllll|llllll i\§=.P—=='—-—-—-—

03 -025 -02 -0.15 -0.1 -0.05 )% 005 01 0145 02 025 03

Radial Plane

0.65

0'25 lJlIIIlI!IllIll[III'lIllllIllllllllllll'llllllllIlllll'lllll

-0.3 -025 -02 -0.15 -0.1 -0.05 )(% 005 01 0145 02 025 03

Meridional Plane

Figure 6. Detuned Computational Mesh

58




1.4
1.35 -
1.3
1.25
1.2 1
1.15 4
1.1
1.05 -

Exit Static Pressure Ratio

1 T i 1 T 1 hd

29.6 29.8 30 30.2 30.4 30.6 30.8 31
Mass Flow Rate (Ibm/s)

Figure 7. Tuned Compressor Map (Steady-State)

0.875

0.87

0.865 -

0.86 -

Isentropic Efficiency

0.855

0-85 ¥ ¥ i ¥ T T
20.6 29.8 30 30.2 30.4 30.6 30.8 31

Mass Flow Rate (Ilbm/s)

Figure 8. Tuned Efficiency Map (Steady-State)

59




log,,(rms residuals)

IIII'llll'llll'lllI'IllllllllllllIl

1 L 1 L 1

A - L
1200 1600 2000
Iteration Count

|
800

Mass Flow Rate (Ib_/s)

12

|1

- |

|

v' Inlet Mass Flow

-/ — — — — Outlet Mass Flow
i

3 NN DS WUNT NN N YU T SN T NN TS YOUN AN T NS TN TR SR WO N MO T N N |

0 400 800 1200 1600 2000

2400
Iteration Count

Figure 9. Tuned Steady-State Convergence Plot

60




Mass Flow Rate (lb,_/s)

32

31

30

29

28

27

26

25

24

LR LA |

PGaad inAliauntin SUELELALES IRELELELES BUELELAL

llllll!

— — — — Inlet Mass Flow
Outlet Mass Flow

]
20000
Iteration Count

Figure 10. Tuned Unsteady Convergence Plot

61




log,,(rms residuals)

(3;} (=2 [&;] 3] [3,} £ [5,}
o ARENRANSE REREE ERREE RERNE RERRN LENEN EREY

U
~

LN LI |

2000
Iteratation Count

Mass Flow Rate (lb_/s)

35

30

25

20

15

10

— — —— Inlet Mass Flow
Outlet Mass Flow

2!1 LI ' LR AL ' YJF‘I_I—'—H'O-I_""T“I—\'T_‘Trl l'l

1 1 ] L L [}

1 1
1000 2000 3000

Iteration Count

Figure 11. Detuned Steady-State Convergence Plot

62




e <
Rotor B
IGVB
Gva —
«
Rotor A
IGVB !
~— Rotor B
— "
——p
circumferential axial
v

Figure 12. Schematic of the Detuned Geometry

63




Tuned IGV

2.00E-04
0.00E+00 * , = = ——9
1000 »——10000 3% 100000 e 1000p00
-2.00E-04 - —e—Fx
a o —— Ft
= -4.00E-04 - -— ¢ . o
6.00E-04 —— Mx
T ol A A —%— Mt
-8.00E-04 | — ——Mr
-1.00E-03
Log(Grid Size)
Detuned IGV A
1.00E-04
0.00E+00 — g———9¢
-1.00E-04 %0 10000 % 1000000
-2.00E-04 | —e—Fx
= _3.00E-04 - —mFt
* * ¢ * —&—Fr
-4.00E-04 | "
-5.00E-04 - Mt
-6.00E-04 -“.\' ——Mr
-7.00E-04

Log(Grid Size)

Figure 13. Grid Independence Study




0.1

0.156

025

0.3

L L 1 1 1 I L 1 L 1 L L 1 L 1 1 TUNS |
0.25 0.5 0.75 1
xXic
Hub

0.5
X/C

Tip

Figure 14. Tuned IGV C, Steady-State Profiles

65




015

02
025
[ . ; . 1 . A . N B . ; . Lo A a1
035 0.25 0.5 075 1
X/C
Hub

0.5
X/C

Tip
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78




-1.2

- —o— ¥T=0

3 — o— - YT=0.1

y E — o= UT=0.2

5 g YT=0.3

- 3 —_——e— YT=0.4

08 g —o—— YT=0.5

g — o— - UT=0.6

06 F — - YT=0.7

5 @ YT=0.8

04 :- —-----— YT=0.9
02 F
. of
02
0.4 f

Pressure Surface, Mean

0.5
X/C
Suction Surface, Mean

Figure 27. Detuned Rotor B Unsteady C, Profiles

79




Tuned IGV Tuned Rotor
2 0.50 2 050
o ]
E 040 £ 040
bt o
e 0.30 A —4A— Pressure 8 0.30 —a&— Pressure
2 0.0 - —@— Suction £ 0.20 —@— Suction
3 | 3
£ o010 E o0
& 0.00 & 0.00
0 0.5 1 0 0.5 1
X/c X/C
Detuned IGV A Detuned Rotor A
@ 0.50 @ 050
] w
E 0401 £ 040
] o
8 0.30 —A— Pressure e 0.30 —aA— Pressure
2 0.20 - —@— Suction 2 020 —@— Suction
[N 3
< 0.10 < 0.10
o o.
© 000 , | O 0.00
0 05 1 0 0.5 1
X/C X/C
Detuned, IGV B Detuned Rotor B
0.50 0.50
[ Q
© ©
E 0.40 - E 0.40
] @
W 0.30 - W 530
e —aA— Pressure g —A— Pressure
2 020 —@— Suction 2 0.20 - —@— Suction
- B
£ E
< 0.10 < 0.10
o o
o [$)
0.00 + T 0.00 T 1
0 0.5 1 0 0.5 1
X/C X/C

Figure 28. Unsteady C, Amplitude Estimates, Tuned and Detuned Cases

80




| ——— vr=0
05| — —— - tT=0.2 PN

| —-——-— ¥T=0.4 S

I - SRR vT=0.6 / F
04 F Ve
o3k [ VA
0.3 : | i

X P
-0.2 ~ °\\ ’ #
-0.1

'

otlE TN XY s

: 1 1 1 l L 1 1 1 ' 1 1 1 L l ] L 1 1 l
024 0.25 0.5 0.75 1

X/C
IGV, Mean

Loading

L ] 1 1 l L 1 L 1 I 1 1 1 ]

o HT=0

— —a— — tT=0.2
——r—-— tT=0.4
............ o YT=0.6
——o—— HT=0.8

I 1 1 1 1 I

0.5
X/C
Rotor, Mean

0.75 1

Figure 29. Unsteady Loading, Tuned Case

81




1]

F L L ' L ' LI B | '
’ /"L' :

——— tT=0
— o~ ¥T=0.1
— - UT=0.2

X/C
IGV A, Mean

Loading

-0.8

-0.4

-0.2

I!llllll
3581

T

o
3
n
o
]

IGVY B, Mean

Figure 30. Unsteady IGV Loading, Detuned Case

82




e -
- -
o o
< L
o m o

. S .

41 0 M ]

4 % ]

<«
- Bt .
J= 8 Jd=
o M o
N N
o o
| 1N FEUYY FWUW1 PEWEY FUVEY PRV PO | $rorredrr N uxs axauy fTaWE (AN o TTURY FRRTY FUNRY FWUTY P S | Lo bbb o
N O NTO®R~-NTO®NNTT O NONTO®-NTO®NNTQ
0. o O O O - - o - N NN 0- o O O O - - - - N N N
Buipeo] Buipeon

C
Rotor B, Mean

/
83

X
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Figure 33. IGV Moment Time History and Fourier Analysis; Tuned, IGV A, IGV B

85




3l N
2 - A
1 ! L L 1 L L
° 002 0.04 0.08 o.08 0.1 0.12 X3
|)l 10

T T T T T
T r T a  Axial Force
© Tangetial Force
osl 0 Padial Force

osl 4

ol .

(XIS ° 4

Q
o P S S
° oS t s 2 25 3 as q 45

s 4
E1S 4
L1 U e e — = — e — . — = —]
y L L 1 L s ! 1

ot 0.12 014 016 018 ©2 0.22
x 10°
! T T 1 T T T T T

o8l

o6l 4

ol 4

02| ° 4

-]
e ¢ [ ] ] ' r'y P Py PY
° 08 1 Ry 2 25 3 35 4 a5
x 167
® T T T
= - Al Force
7 — Tangetial Force
- £ e =TT . e == = = T T 1 4 Radial Force
sl .
sp .
s 4
3 4
2 HHHHN - NVIIUIIPN §
' ' 1 1 L 1 i 1
0. 0.12 0.14 018 o.te 02 0.22
'xm"
T T T T T ¥ T T
x_ Axal Force
O Tangetial Force

ol o Aadual Force

o6 4

osf 4

o2} Q p

©
N . 4 Y e PY ® . . »
o 05 1 5 2 25 3 3s q 45

Figure 34. Rotor Forces Time History and Fourier Analysis; Tuned, Rotor A, Rotor B
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Figure 35. Rotor Moment Time History and Fourier Analysis; Tuned, Rotor A, Rotor
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Appendix A: Y* Calculation for Viscous Grids

To determine the spacing necessary to resolve the boundary layer, the wall
coordinate y” is calculated using the procedure outlined below.

To determine the Reynolds number, the local flow velocity must be calculated.
From the given conditions (standard-day) of total pressure, total temperature and the
mass flow rate from the TESCOM data report, the mass flow parameter ¢ can be

calculated using:

Ty
p= AP, (A.1)

where A is the local annulus area. To find the Mach number, another definition of the -

mass flow parameter is:

y+1

e 8c%-M -(1+L;-1M2J2("” (A2)

where g. is the gravitational constant and R is the gas constant. Using a solver routine on

a spreadsheet, the local Mach number can be calculated. Using standard-day conditions,

we can calculate the local flow velocity from:
U=M-JRT (A.3)
The Reynolds number is then calculated from:

Re, =LY (A4)

Toou

If we assume a Blasius flat-plate solution, the skin friction coefficient is given by:
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C, =— (A.5)

Assuming a y* value of one, the local y value can be calculated from the following

definitions:

q=1:ﬁ (A.6)
5,0

y=£ (A7)
yo)

+ . Tw

yr=2 | (A.8)
vip
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