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Abstract 

This program has the objective of 
developing an improved methodology for 
modeling turbomachinery flow fields, includ- 
ing the prediction of losses and efficiency. 
Specifically, the program addresses the 
treatment of the mixing stress tensor terms 
attributed to deterministic flow field mecha- 
nisms required in steady-state Computational 
Fluid Dynamic (CFD) models for turbo- 
machinery flow fields. These mixing stress 
tensors arise due to spatial and temporal 
fluctuations (in an absolute frame of reference) 
caused by rotor-stator interaction due to vari- 
ous blade rows and by blade-to-blade variation 
of flow properties. This will be accomplished 
in a cooperative program by Penn State Uni- 
versity and the Allison Engine Company. 
These tasks include the acquisition of pre- 
viously unavailable experimental data in a 
high-speed turbomachinery environment, 'the 

Research sponsored by the U.S. Department of Energy's 
Morgantown Energy Technology Center, under contract 
DE-FC21-92MC29061 with South Carolina Energy 
R&D Center, Clemson University, Clemson. This 
program was initiated in September 1995; hence, this 
paper represents a summary of the proposed program. 

use of advanced techniques to analyze the 
data, and the development of a methodology to 
treat the deterministic component of the mix- 
ing stress tensor. Penn State will lead the 
effort to make direct measurements of the 
momentum and thermal mixing stress tensors 
in high-speed multistage compressor flow field 
in the turbomachinery laboratory at Penn State. 
They will also process the data by both con- 
ventional and conditional spectrum analysis to 
derive momentum and thermal mixing stress 
tensors due to blade-to-blade periodic and 
aperiodic components, revolution periodic and 
aperiodic components arising from various 
blade rows and non-deterministic (which 
includes random components) correlations. 
Allison Engine Co. will lead the modeling 
effort to synthesize this data into improved 
flow field models. The modeling results from 
this program will be publicly available and 
generally applicable to steady-state Navier- 
Stokes solvers used for turbomachinery com- 
ponent (compressor or turbine) flow field 
predictions. These models will lead to 
improved methodology, including loss and 
eqciency prediction, for the design of high- 
efficiency turbomachinery and drastically 
reduce the time required for the design and 
development cycle of turbomachinery. 
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Introduction 

Until recent years, the aerodynamic 
modeling tools (including losses) used in 
turbomachinery component design systems 
were primarily based upon empirical correla- 
tions and had limited capability to model the 
actual flow field physics. With the develop- 
ment of adequate empirical databases, these 
models have served the gas turbine industry 
well, however, their limitations become evi- 
dent as the designer tries to develop a com- 
ponent with characteristics sufficiently 
different from the empirical design base. The 
other obvious limitation is the inability of 
these tools to model the detailed structure of 
the flow field and the' aerodynamic losses 
associated with viscous layers, secondary and 
leakage flow. The conflicting demands upon 
the gas turbine industry to drive to higher 
component performance while reducing the 
acquisition and operating cost to our customers 
through a more efficient design and develop- 
ment process required a new generation of 
aerodynamic modeling tools. 

There have been tremendous advances 
over the past decade in the capabilities of digi- 
tal computers together with parallel develop- 
ments in numerical algorithms to solve the 
steady-state Navier-Stokes (N-S) equations (the 
fundamental equations that govern viscous 
fluid flow) for subsonic and transonic flows. 
This gives the turbomachinery component 
designer new tools with the potential capability 
to accurately model the detailed structures of 
the flow field resulting in improved predictions 
of the component performance. More impor- 
tantly, these models are based upon funda- 
mental fluid mechanics allowing the designer 
to analytically investigate component design 
features outside his empirical database. As 
component design tools, these models have 
had a significant impact on the design of fan 

stages and the front stage of core compressors 
and turbines. However, they have had far less 
impact upon the design of embedded stages in 
compressors and turbines. This is primarily 
due to limitations in the treatment of the mix- 
ing stress tensors in these models. 

Solution of the steady-state N-S 
equations requires special treatment of stress 
tensor terms that are due to the turbulent 
(random) fluctuations of the flow field and are 
introduced during time-averaging of the 
instantaneous equations of motion (this is 
referred to as closure of Reynolds stress 
tensors). The additional mixing stress terms 
required for modeling steady-state turbo- 
machinery flow fields have identical structure 
to the Reynolds stress terms and have tradi- 
tionally been modeled using conventional 
turbulence models. However, the physics 
associated with these terms is fundamentally 
different than the turbulent fluctuations that 
result in the Reynolds stress terms. These 
terms result from deterministic features of the 
flow field such as blade wakes and shed 
vortices which are known to be dominant fea- 
tures in turbomachinery flow fields. It is not 
surprising that the treatment of the mixing 
stress tensor for turbomachinery flow fields 
based solely upon the random processes of 
turbulence is not adequate to accurately model 
turbomachinery component flow fields. 

Adequate data to support this modeling 
effort is not available, and the acquisition and 
analysis of unsteady temperature, pressure, and 
velocity measurements in a high-speed multi- 
stage compressor constitute a significant part 
of this program. Advanced data analysis tech- 
niques will be used to resolve the mixing 
stress tensor into the random and deterministic 
components. Important questions that need to 
be addressed include what is the relative con- 
tribution to the total mixing stress tensor of 
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the random and the deterministic components 
and how do the deterministic features of the 
flow field in the rotor frame of reference affect 
the mixing processes in the stationary frame 
and vice-versa. 

Minimal effort has been made to 
address closure of the deterministic terms in 
the mixing stress tensor. Adamczyk, Mulac, 
and Celestina (1986) proposed a model for the 
inviscid form of the average passage equation 
system, but it has not been extended to the 
viscous form of the equations. Currently, 
traditional turbulence models are used to 
address these terms, and this program will 
develop and evaluate alternatives for modeling 
the deterministic terms in the mixing stress 
tensor. Since this unsteadiness is associated 
with deterministic mechanisms observed in a 
different frame of reference, the primary 
approach will be to develop a model with the 
governing equations with an appropriate 
change in the frame of reference. The model 
equations can be formulated in physical space, 
with the stress terms expressed as convolution 
of Fourier or wavelet components. Analysis 
of the experimental data will be used to guide 
this or identify another modeling approach. 
The results of this modeling effort will be 
directly applicable and easily integrated into 
steady 3-D Navier-Stokes solvers which are 
used throughout the industry for component 
design. 

' 0 b jec tives 

The objective of the program is to 
develop improved methodology for modeling 
turbomachinery flow fields. Specifically, it 
will address the deficiencies of the stress 
tensor models in steady-state 3-D Navier- 
Stokes models used for the design of turbo- 
machinery components. Since the derivation 
of the average-passage equations (Adamczyk, 

1985) clearly show that the deterministic fea- 
tures of the turbomachinery flow contribute to 
the mixing stress tensor and stress tensor 
modeling does not address these contributions, 
the approach is to directly measure the mixing 
stress tensor in a high-speed turbomachinery 
component. Advanced analysis tools will be 
used to resolve the random and the determin- 
istic components of the mixing stress tensor 
and a model will be developed from the gov- 
erning equations with an appropriate change in 
the frame of reference. These models will be 
tested in Navier-Stokes solvers available at 
Allison and Penn State. 

The results of this program will be of 
broad interest to the gas turbine industry and 
has potential benefit in several manners. The 
experimental data which will include measure- 
ment of the momentum and thermal mixing 
stress tensors in a realistic turbomachinery 
environment is not previous available. This 
data will be valuable to the industry for the 
insight it will provide on the fundamental 
physics and can be used in the development of 
proprietary mixing stress tensor models. In 
wavelet processing, this program will intro- 
duce and exercise a new tool which has prom- 
ise in significantly impacting analysis and 
modeling of turbomachinery flow fields. The 
results of this modeling effort will be directly 
applicable and easily integrated into the 
fundamental tools used throughout the industry 
for the design of compressors and turbines. 

The overall objective is to provide 
models and tools for improved methodology 
for the design of high efficiency turbo- 
machinery and drastically reduce the time 
required for the design and development cycle. 
This methodology will replace present day 
approach based on empiricism and extensive 
testing . 
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Benefits of the proposed program are 
(1) enhanced fuel economy and performance 
of turbomachinery in gas turbine systems, 
(2) drastic reduction of the time required for 
the design and development cycle of turbo- 
machinery, and (3) improved and systematic 
methodology for modelling and prediction of 
the flow field, including losses and efficiency, 
and design techniques based on computational 
fluid dynamics. 

Method of Approach 

The proposed research consists of three tasks: 

(1) Experimental investigation of three- 
dimensional steady and unsteady flow field in 
multistage turbomachinery, including analysis 
and processing the data required for modelling 
multi-stage turbomachinery flows. Statistical 
analysis of the data acquired will be carried 
out to identify flow events at various scales 
using conventional and wavelet technique. 
The wavelet analysis should lead to identifi- 
cation of sources not associated with blade or 
shaft frequency and involves decomposition of 
"unresolved unsteadiness" to derive random 
fluctuations and other sources of unsteadiness. 

(2) Modelling of multistage flow field 
using the data acquired. The modelling will 
involve order-of-magnitude analysis of various 
sources associated with unsteady flow and its 
importance in the performance and design of 
turbomachinery. 

(3) Incorporation of the model in 
Navier-Stokes code to predict flow field in 
multistage and single stage turbomachinery, 
including aerodynamic losses. Allison per- 
sonnel will incorporate this in their proprietary 
code and Penn State will incorporate this in 
their three-dimensional Navier-Stokes Code. 

The background material and the 
method of approach used in accomplishing 
these tasks are given below. 

Experimental Investigation 

The experimental investigation will be 
conducted in the multistage axial flow com- 
pressor available at Penn State. It should be 
emphasized here that the research proposed 
here is generic, even though the experimental 
program is carried out in a multistage com- 
pressor. The phenomena is similar in both 
compressors and turbines. 

The test compressor is a three-stage 
axial flow compressor consisting of an inlet 
guide vane row and three stages of rotor and 
cantilevered stator blading with a rotating hub. 
The general specifications of the compressor 
are listed in Table 1. The compressor was 
donated to Penn State University by Pratt and 
Whitney Aircraft of United Technologies Cor- 
poration. The compressor located on the test 
stand consists of the following major com- 
ponents: drive assembly, compressor, inlet 
and exhaust ducting, and the control and data 
acquisition system. The drive assembly com- 
prises of the 372 KW induction motor (with a 
frequency controlled inverter) coupled to the 
compressor via a 1:1.67 ratio speed increaser 
gear box and torque-meter. Filtered ambient 
air is ducted into the compressor inlet plenum 
via a silencer unit to reduce noise levels. The 
plenum (in the shape of a scroll) provides 
axisymmetric uniform flow and temperature 
distributions at the inlet to the compressor. 
The flow path consists of a honeycomb section 
with screens to assure a uniform flow distri- 
bution at inlet. A contraction section is also 
provided to accelerate the flow smoothly into 
the IGV section of the compressor. A throttle 
located downstream of the compressor is used 
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to control the mass flow through the com- 
pressor. The throttle system includes a surge 
control device, which activates a quick release 
feature of the discharge throttle, for rapid stall 
recovery in the event of surge. The surge 
control system features a differential pressure 
transducer which senses the pressure difference 
between the exit of the compressor and the 

Number of Stages 

exit plenum. If this pressure difference is 
higher than a previously set set-point, the 
throttle is opened for rapid recovery. The 
flow is exhausted through a duct into an 
exhaust anechoic chamber to reduce noise 
levels. Details of the compressor and prelimi- 
nary data can be found in Lakshminarayana et 
al. (1994). 

3 

Table 1 
General Specifications of Pratt and Whitney Compressor 4N 

Design Corrected Mass Flow 

Design Overall Total Pressure Ratio 

8.61 kg/s 

1.354 

11 Design Corrected Rotor Speed 

~ ~~~ 

Peak Efficiency at 100% Speed (torque based) 

Blade Tip Mach Number 

Average Reynolds Number (based on Stator 3 chord and axial velocity) 

Average Hub-Tip Ratio 

Diffusion Factor (avg.) 

90.65% 

0.5 

2.45 x lo5 

0.843 

0.438 

Aspect Ratio (avg.) 

Average Rotor Tip Clearance (static) 

Average Flow Coefficient (VJUJ (Average for a stage) 

Reaction (avg.) 

Space-chord Ratio (avg.) 

1.5 

1.328 mm 

~~ 

0.509 

0.570 

0.780 

Average Rotor Tip Clearance (dynamic) 

Average Stator Hub Clearance (2) 

0.667 mm 

0.686 mm 
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The overall measurement and data 
analysis program proposed consists of the 
following: 

(1) Unsteady stagnation temperature 
and pressure measurement 
(Aspirating Probe). 

(2) Instantaneous velocity mea- 
surement (Hot Film). 

(3) Data analysis for mixing 
coefficients. 

(4) Data analysis to understand the 
unsteady effects. 

In order to accomplish the objectives 
outlined in the previous section, an experi- 
mental investigation of the steady and 
unsteady flow in the embedded rotor and stator 
stage of a three-stage axial flow compressor 
will be undertaken. Two types of slow 
response probes and two types of fast response 
probes will be used in this investigation. The 
slow response probes used are the pneumatic 
five hole probe (pressure and velocity) and a 
thermocouple probe (temperature). The high 
response probes are a slanted single sensor 
hot-film probe (three dimensional time 
resolved velocity field) and an aspirating probe 
(time resolved total temperature and total pres- 
sure field). The principle of operation of the 
aspirating probe involves operating 2 coplanar 
hot-wires at different overheat ratios (different 
wire temperatures) in a 0.9 mm dia channel of 
a choked orifice. Detailed description of the 
working of the probe is given by Ng and 
Epstein (1983). Van Zante et al. (1993) have 
modified the design to eliminate the piggy 
back pressure transducer. This modified 
design will be used in this investigation. The 
frequency response of the aspirating probe is 
estimated to be 10-30 kHz (Ng and Epstein 
(1983)). The kulite total pressure transducer 
is of XB-062-25A type with a frequency 
response of typically 60 kHz. This trans- 
ducer can be traversed in either a total 

pressure probe configuration or piggybacked to 
the aspirating probe. The single sensor slanted 
hot-film probe is a TSI 1263-10 hot-film 
slanted at 45 degrees to the axis of the probe. 
The hot-film is 25 pn in diameter and has a 
frequency response of approximately 50 kHz. 
A complete range of tests were conducted both 
in a high speed jet as well as in the compres- 
sor to assess the ability of the hot-film probe 
to measure both mean and the fluctuating 
velocity field. 

Detailed area traverses in the radial 
(from hub to casing) and tangential locations 
(1.85 stator blade pitches) with clustering of 
measurement stations in the wake and endwall 
regions) of the high response probes will be 
carried out downstream of rotor 3, of the 
multistage compressor facility at both the peak 
efficiency and the peak pressure ratio operat- 
ing conditions. Depending on the success of 
the program, attempts will be made to acquire 
the data at the exit of other embedded stages 
(e.g., rotor 2 and stator 1 exit). The two 
operating conditions chosen is typical of most 
compressor operations. The traverse would 
include approximately 15 to 20 radial and 15 
to 20 tangential locations. An area traverse of 
the kulite total pressure probe was conducted 
downstream of stator 2 at the peak efficiency 
condition. The objective of this traverse is to 
provide an unsteady pressure field for com- 
parison against the unsteady pressures derived 
from the aspirating probe and to test out the 
ensemble averaging and analysis software. 

Ensemble averaging and conditional 
sampling techniques will be utilized to decom- 
pose the instantaneous pressures, temperatures, 
and velocities into time averaged, periodic, 
aperiodic, and unresolved unsteadiness com- 
ponents. Random data analysis procedures 
will be utilized to determine the various 
velocity-velocity and velocity-temperature 
correlations used to close the passage averaged 
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equation set. The equations of motion will be 
suitably averaged and the relative magnitudes 
of each of the terms of the equations will be 
estimated based on the experimental data. 
Contour and vector plots of various quantities 
in both the rotor and the stator frames of 
reference will then be utilized to explain the 
transport phenomena as well as the rotor-rotor 
and the rotor-stator interaction phenomena. 
Then mechanisms for spanwise mixing will be 
postulated. Fourier decomposition of the 
periodic and aperiodic signals as well as 
spectral analysis of each of the instantaneous 
signals will also be conducted in order to 
determine the influence of the upstream and 
downstream rotors on the flow field as well as 
the effects of rotor-stator interaction. This 
data will be properly organized and made 
available to industry. 

The conventional analysis will be 
supplemented by wavelet analysis to resolve 
events at frequencies other than the shaft 
frequencies. As much information as possible 
about the flow physics will be collected, by 
identifying scale-dependent events of different 
types (local maxima, gradients, etc.) in the 
various signals, by quantifying the correlations 
between these events, including filtered and 
conditional statistics, and by mapping the 
spectral content of the stress terms at different 
stations in the flow. Experimental data will be 
decomposed into time average, revolution 
aperiodic, blade periodic, blade aperiodic, and 
unresolved components. Stress maps will 
identify the velocity scale(s) and time scale(s) 
relevant to the dynamics of the corresponding 
stress terms. 

Modeling Effort 

There are several approaches to model- 
ing a turbomachinery component with steady 
3-D Navier-Stokes solvers. The simplest 
approach is for the designer to make predic- 

tions with a single blade solver using the exit 
conditions from one solution as the inlet 
conditions for the successive blade row. The 
thermodynamic and gas dynamic properties at 
the boundaries must be circumferentially 
averaged to account for the change in the 
frame of reference. With this approach only 
secondary effects of a blade row upon the 
upstream blade row such as blockage can be 
addressed. The next step in model complexity 
is to make a simultaneous solution of multiple 
blade rows using a mixing plane foqnulation. 
The same equations are solved and the 
circumferentially-averaged properties at the 
mixing plane are automatically updated as the 
solution progresses. In this procedure, the 
influence of a blade row on the upstream blade 
row is directly addressed. Models using these 
approaches are available to the gas turbine 
community. 

Allison Engine Company has made a 
considerable effort evaluating steady-state 
models for turbomachinery component flow 
fields, and the results of those efforts have led 
to two conclusions. First, solution using a 
solver with a mixing plane formulation and a 
solver based upon the average-passage equa- 
tions using similar gridding results in very 
similar results. This is not surprising because 
the average-passage solver uses a standard 
turbulence model (identical to the one used in 
the mixing plane calculation) to model both 
the random and deterministic terms in the 
mixing stress tensor. Second, the predictions 
for fans or the front stages of multistage 
compressor and turbines compare well with 
test data. However, the predictions get 
increasingly worse further back in the 
coplponent for embedded stages in multistage 
compressors and &bines. The data indicates 
these models are not accurately predicting the 
component blockage, the endwall loss genera- 
tion and the profiles of total pressure and 
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temperature. These are all highly dependent 
on the treatment of the mixing stress tensors. 

The aspirating probe and hot-film data 
will be analyzed and synthesized to derive a 
detailed understanding of the physics and cor- 
relations associated with mixing coefficients. 
This involves both the qualitative and quan- 
titative interpretation of data. 

The important controversy to be 
resolved is in regard to the physics associated 
with the mixing and the following points will 
be addressed: 

The contribution to the mixing 
from periodic time averaged 
mean flow: included in this are 
the radial motion within the 
wake, secondary and leakage 
flow in the endwall region. 
The contribution due to mixing 
from the random fluctuation 
(turbulence). 

The modeling effort will involve the 
following steps: 

a. 

b. 

The Allison developed Vane- 
Blade Interation (VBI) model 
(Rao and Delaney, 1992), based 
on unsteady 3-D Navier-Stokes 
solver, will be used to generate 
an analytical data set for vali- 
dating the data processing 
methodologies. 

An analytical mixing stress ten- 
sor model will be developed 
using results from the unsteady 
experimental data and unsteady 
analytical predictions. This 
work will be modified as 
required to generate the data 

C. 

required to develop and 
validate the model. 

This model will be used in 
Allison proprietary 3-D Navier- 
Stokes solvers and compared to 
predictions using mixing stress 
tensor models. These predic- 
tions will be made to evaluate 
the progress of the modeling 
effort and to demonstrate the 
capabilities of the completed 
model. 
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