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The flow through gas-turbine compressors and turbines is dominated by unsteady and viscous phe-
nomena. Accurately predicting the behavior of these complex multistage flows with unsteady rotor-stator
interacting Navier-Stokes analyses can require enormous computer resources. In this investigation, an
alternative method for calculating the unsteadiness associated with multiple-stage turbomachinery flows
is presented. The method, called the loosely coupled blade row (LCBR) technique, utilizes single-blade
row simulations coupled with the appropriate unsteady boundary conditions to predict the aerodynamic
interaction effects of adjacent blade rows. The LCBR approach provides an efficient alternative to fully
coupled interaction analyses while maintaining comparable accuracy.

Nomenclature

speed of sound

static pressure

rotor velocity

x, y components of velocity
absolute reference frame flow angle
relative reference frame flow angle
efficiency

density
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Subscripts

t stagnation quantity, time derivative
X, ¥ first derivative with respect to x, y
1 inlet quantity

2 exit quantity

Superscripts :
~ = relative frame quantity; perturbation quantity
average or mean value

Introduction

HE need for improved durability, reduced noise levels,

and increased performance has motivated engineers to as-
sess the effects of flow unsteadiness on the time-mean aero-
dynamics in axial-flow turbomachines. In particular, recent re-
search has focused on identifying and controlling the unsteady
flow mechanisms associated with the interaction between ad-
jacent blade rows. The two principal types of such interaction
are usually referred to as potential flow and wake interaction.'
Potential flow interaction results from the variations in the ve-
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locity potential or pressure fields associated with the blades of
a neighboring row and their effect upon the blades of a given
row moving at a different rotational speed. This type of inter-
action is of serious concern when the axial spacing between
adjacent blade rows is small or the flow Mach number is high.
Wake interaction is the effect upon the flow through a down-
stream blade row of the vortical and entropic wakes shed by
one or more upstream rows.

Recently, work has been initiated to develop nonlinear, time-
accurate, inviscid (Euler), and viscous (Navier—Stokes) solu-
tion techniques for unsteady flows through isolated and aero-
dynamically coupled blade rows (see Ref. 1 for a review). For
coupled systems of rotating and stationary blade rows, the rel-
ative motions between adjacent rows give rise to unsteady
aerodynamic excitations that can excite blade vibrations, gen-
erate discrete-tone noise, and degrade aerodynamic efficiency.
Two categories of numerical procedures have been developed
for determining the effects of relative motion between adjacent
blade rows. In the first category of numerical procedures, in-
coming wakes are specified at the inlet of isolated blade
rows.””® In these methods the wakes are usually assumed to
be parallel, with uniform pressure and prescribed total enthalpy
and/or velocity variations. In the second category of numerical
analyses, both blade rows are modeled and the relative position
of one blade row is varied to simulate blade motion.®"® The
work in this article focuses on applying the first category of
numerical procedure to multiple blade rows that are loosely
coupled through common unsteady boundary conditions.
These inter-blade-row boundary conditions are periodically
updated to include the unsteady flow effects from the upstream
and downstream blade rows. This numerical technique will be
referred to as the loosely coupled blade row (LCBR) method.
This procedure is ideally suited for coarse-grain parallel com-
puting since all of the blade passages can be solved simulta-
neously. The LCBR technique also has exceptional computa-
tional efficiency because the underlying steady flow solutions
need to be solved in only a single passage of each blade row.

In recent studies, unsteady inlet and exit boundary condi-
tions were formulated and implemented into an implicit
Navier—Stokes procedure.””"" The two-dimensional inlet and
exit boundary conditions, which are based on a characteristic
analysis of the inviscid (Euler) equations of motion, were de-
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signed to be time accurate and nonreflecting. In addition, the
boundary conditions were constructed to allow the analytical
specification of entropic, vortical, and acoustic excitations at
the inlet, and acoustic excitations at the exit of the computa-
tional domain. In this investigation, the specification of the
inlet and exit excitations is generalized to allow the use of
numerically calculated profiles (or experimental data) to enable
the LCBR approach. Numerical results obtained with the
LCBR technique are presented for flow through a turbine
stage. The results are compared with the results of a fully
coupled blade row (FCBR) rotor—stator analysis and with the
available experimental data.

Physical and Mathematical Description

The physical model in this study considers time-dependent
flow, with negligible body forces, of a calorically perfect gas
through a two-dimensional cascade of turbomachinery blades.
The unsteadiness in the flow is assumed to be due to one or
more of the following excitations: upstream entropic, vortical,
or acoustic disturbances or downstream acoustic disturbances,
that carry energy towards the blade row. Entropic and vortical
disturbances can be used to model the wakes from upstream
blade rows and/or combustor hot streaks entering a turbine.
Acoustic disturbances model the potential flow variations as-
sociated with adjacent blade rows. The unsteady excitations
are prescribed functions of location x, y and time ¢, and are
consisx%ent with the governing fluid dynamic equations of mo-
tion.” ‘

The field equations considered in this investigation are the
time-dependent, thin-layer Navier—Stokes equations.'> The
thin-layer assumption assumes that the viscous flux terms par-
allel to a solid surface are negligible with respect to the viscous
terms normal to the surface. Thus, for two-dimensional tur-
bomachinery applications, the viscous terms in the direction
normal to the blade surface are retained. An eddy viscosity
formulation is used to model turbulent phenomena. The tur-
bulent viscosity for the surface boundary layers is calculated
using the two-layer Baldwin-Lomax algebraic turbulence
model."

Solution Algorithm

The implicit numerical procedure used in this study consists
of a time-marching finite difference scheme.>'® The procedure
is second-order temporally accurate and third-order spatially
accurate. The inviscid fluxes are discretized according to the
scheme developed by Chakravarthy and Osher,"* whereas the
viscous fluxes are discretized using standard central differ-
ences. An alternating direction, approximate—factorization
technique is used to compute the time rate changes in the pri-

X
Fig. 1 Computational grids for LSRR turbine stage.

mary variables. In addition, Newton subiterations can be used
at each global time step to increase stability and reduce line-
arization errors. For typical unsteady simulations, two Newton
subiterations are performed at each time step. The grid topol-
ogy consists of O- and H-type overlaid grids (see Fig. 1).

Periodic and Zonal Boundary Conditions

Periodic boundary conditions are applied in the blade-to-
blade direction for H-grid and in the streamwise direction for
the O-grids. The periodic boundary conditions in the compu-
tational analysis are solved implicitly using the metric infor-
mation and dependent flow variables corresponding to the
other side of the boundary.

The use of overlaid grids requires the application of zonal
boundary conditions. Dirichlet conditions, in which the time -
rate change in the conserved variable vector is set to zero, are
imposed at the overlaid boundaries of the O- and H-type grids.
The flow variables at the zonal boundaries are explicitly up-
dated after each time step by interpolating values from the
adjacent grid. Because of the explicit application of the zonal
boundary conditions, large times steps necessitate the use of
more than one Newton (inner) iteration to maintain time ac-
curacy. The accuracy of the information transfer between ad-
jacent grids can also be enhanced by increasing the amount of
overlap between the O- and H-grids. Further information de-
scribing the zonal boundary conditions can be found in Refs.
6 and 14.

Inlet, Exit, and Surface Boundary Conditions

The inlet, exit, and surface boundary conditions used in this
study are based on a characteristic analysis of the linearized
Euler equations. For viscous flows, it is assumed that the com-
putational inlet and exit are in regions where the flow is pre-
dominantly inviscid, and the characteristic boundary condi-
tions are retained. No-slip boundary conditions, along with a
specified heat flux or wall temperature, are enforced at solid
surfaces for viscous flows.

In the numerical analysis, quasi-two-dimensional character-
istic boundary conditions are solved implicitly along with the
interior of the computational domain.”~!! After each time step,
fully two-dimensional characteristic boundary conditions are
explicitly applied at the inlet and exit boundaries to improve
solution accuracy. This treatment, as it incorporates two-di-
mensional unsteady boundary conditions based on the linear-
ized Euler equations, assumes that the convection of the wakes
and propagation of acoustic waves are inviscid phenomena.
Further information describing the inlet, exit, and surface
boundary condition treatment can be found in Refs. 4, 9, and
11. In previous studies, the unsteady perturbations used to de-

Table 1 Timing comparison for LCBR and
FCBR methods

CPU time, min

Stator-steady 260
Stator-unsteady 540
Rotor-steady 260
Rotor-unsteady } 740
Total time for LCBR method 1,800

Total time for FCBR method 25,334

Table 2 Comparison of stator inlet and exit quantities

FCBR, LCBR,
Steady time average time average
M, 0.07132 0.07023 0.07005
M, 0.19395 0.19247 0.19300
o 0.00 deg 0.00 deg 0.00 deg
a, —67.70 deg —66.89 deg —66.01 deg
P,/P, 0.9766 0.9766 0.9760
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Fig. 2 Pressure history near the rotor leading edge (LCBR).
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Fig. 3 Time-averaged pressure distributions for the stator.

scribe the inlet and exit excitations were based on analytical
equations. In the LCBR technique, the unsteady perturbations
are based on numerical simulations.

To elucidate the LCBR technique, consider the simulation
of flow through a single stage (stator—rotor). The LCBR
method can be applied in the following manner:

1) Steady-state solutions are obtained for both the stator and
rotor blade rows. Only one blade passage needs to be solved
for each blade row; the steady solutions are copied to the ap-
propriate number of additional blade passages.

2) The exit conditions from the steady stator simulation form
the basis of the unsteady inlet conditions for the rotor blade
row. This is accomplished by calculating the local (scaled)
perturbations of the steady stator exit quantities about the mean
spatial values

p~s!ator = (pj - ﬁ)/ﬁ (1)

ﬂsmwr = (uj - Iz)/lZ (2)
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Fig. 4 Time-averaged pressure distributions for the rotor.

Table 3 Comparison of rotor inlet and exit relative reference
frame quantities

FCBR, LCBR,
Steady time average time average
M, 0.11809 0.11641 -0.11834
M, . 0.16162 0.16108 0.16127
B —47.27 deg —47.66 deg —47.84 deg
Bz 63.30 deg 63.15 deg 63.01 deg
P,/P, 0.9906 0.9904 0.9904
Thstage 0.9276 0.9252 0.9265
Vo = (v — DY €)]
Py = (P, — P)IP 1))

where the subscript stator denotes stator exit quantities. These
scaled perturbations are then translated (as a function of time)
in the proper direction, multiplied by the spatial mean of the
rotor inlet values, and added to the spatial mean of the rotor
inlet flow quantities. A steady perturbation contribution due to
the difference between the steady rotor inlet flow quantities
and the spatial mean of the rotor inlet quantities is also added
to the sum. Since the rotor flowfield is solved in the reference
frame relative to the blade, the inlet perturbations are translated
in the direction opposite to the actual direction of rotor rota-
tion. The density, for example, at the rotor inlet would be writ-
ten as

p= (ﬁ + ﬁ)mlor + (ﬁ)smor (5)

where the first term in parentheses (p + ). represents the
steady density at the rotor inlet, and the second term in paren-
theses (D) represents the perturbation due to the upstream
blade row. The first term in parentheses is constant, while the
second is a function of time and position. The characteristic
variables are then formed and the unsteady boundary condi-
tions are solved. In this manner, a simulation of the rotor pass-
ing through the stator wakes can be performed.

3) In a similar fashion, the perturbations derived from the
steady rotor inlet conditions are used to form the unsteady exit
conditions for the stator. For the unsteady stator simulation,
the exit boundary flow perturbations are rotated in the opposite
direction to that used in the unsteady rotor simulation. A sim-
ulation of the stator with an unsteady downstream pressure
field can then be performed. :

4) The second and third steps of this procedure can be re-
peated for several global interaction steps (i.e., after computing
time-periodic unsteady solutions for the stator and rotor flow-
fields), except that the time-averaged solutions are used to cal-
culate the new perturbation quantities. This sequence is con-
tinued until the changes in the perturbation values between two
successive iterations are less than some specified small value.

Numerical Results

The geometry under consideration is the United Technolo-
gies large-scale rotating-rig (LSRR) turbine.'”” The LSRR is a
large-scale, low-speed, rotating-rig, wind-tunnel facility de-
signed to simulate the flowfield in axial-flow turbomachines.
The LSRR was configured to resemble the first stage of a high-
pressure turbine typical of those used in aircraft gas-turbine
designs. The experimental LSRR geometry consisted of 22 sta-
tor airfoils and 28 rotor airfoils. In the present investigation,
the turbine stage was modeled using three stator airfoils and
four rotor airfoils. The stators were scaled down by a factor
of (22/21) to maintain the pitch-to-chord ratio of the experi-
mental configuration. A 15% axial gap was used between the
stator and the rotor. The inlet Mach number to the first-stage
stator was 0.07 and the inlet flow was assumed to be axial.
The rotor rotational speed was 410 rpm. The freestream Reyn-
olds number was 1 X 10%in. (39,370/cm). A pressure ratio of
P,/P, = 0.963 was determined from the inlet total pressure and
the static pressure measured in the rotor trailing-edge plane.
The airfoil surfaces were assumed to be adiabatic in the current
simulations.

The computational grid topology used in the FCBR simu-
lation is illustrated in Fig. 1. The appropriate stator and rotor
portions of the FCBR grid were used in the LCBR simulations.
The computational grids for the stators contained 121 X 41
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Fig. 5 Pressure amplitude coefficients for the stator.
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Fig. 6 Pressure amplitude coefficients for the rotor.

(streamwise X tangential) points in each O-grid and 109 X 45
points in each H-grid. The rotors were discretized using 121
X 41 points in each O-grid and 119 X 45 grid points in each
H-grid. Thus, a total of 70,862 computational grid points were
used in the FCBR and LCBR simulations. The final grid den-
sity was chosen to be representative of that used in a design
process. The average values of y*, the nondimensional distance
of the first grid line above the wall, were 0.70 for the stator
and 0.50 for the rotor, respectively. All of the computations in

this investigation were performed on a Digital Equipment Cor-
poration Alpha 3000-400 workstation.

The FCBR simulation required 10 rotor blade-passing cy-
cles, at 4500 iterations per cycle, to attain a time-periodic so-
lution. The LCBR approach required one global interaction
iteration between the stator and rotor, with five blade-passing
cycles (at 900 iterations per cycle) for each blade row during
the global iteration, to achieve a time-periodic solution. Note
that the LCBR approach requires the steady solution to be
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Fig. 7 Suction surface displacement thickness envelopes for the stator.
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Fig. 8 Pressure surface displacement thickness envelopes for the stator.

computed in only one blade passage of the stator and rotor
blade rows, respectively. Table 1 shows a comparison of the
computation time required to achieve a time-periodic solution
with both solution techniques. The LCBR approach required
only one-fourteenth the computation time of the FCBR
method. One portion of the time savings is realized by solving
only one blade passage for the steady-state solutions in the
LCBR procedure. Thus, the efficiency of the LCBR approach
increases as the number of blade passages to be solved in-
creases. The LCBR approach also offers a substantial reduction

in computation time because the flowfield becomes time-pe-
riodic in fewer blade-passing cycles than is required with the
FCBR method. Recent calculations by Chen et al.’ have shown
similar time savings by calculating unsteady solutions as per-
turbations to steady solutions. Figure 2 illustrates a time his-
tory of the pressure near the leading edge on the suction sur-
face of the rotor for the LCBR simulation. The pressure in Fig.
2 has been scaled by the average static pressure at the inlet to
the rotor passage. The pressure field becomes time-periodic
after only a few wake-passing cycles. This suggests that the
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Fig. 10 Skin friction envelopes for the stator.

large number of blade-passing cycles needed to reach time-
periodicity in the FCBR approach may be due to the under-
lying mean flow solution, and not the interaction-generated
unsteadiness.

To be useful to design engineers the LCBR technique must
be accurate as well as efficient. Therefore, the predicted aero-
dynamic and boundary-layer quantities from the LCBR and
FCBR approaches have been compared. The available experi-
mental data has been included in the comparisons.

Figure 3 illustrates the time-averaged pressure distributions
for the stator obtained from the LCBR and FCBR simulations.
Figure 3 also includes the experimental data of Dring et al."®
The pressure distributions from the two simulation techniques
show good agreement with each other, as well as with the
experimental data. Table 2 contains the time-averaged Mach
numbers, flow angles, and expansion ratio at the inlet and exit
of the stator row predicted using the FCBR and LCBR tech-
niques, as well as the results of the steady flow simulation.
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Fig. 11 Skin friction envelopes for the rotor.

The three sets of data exhibit close agreement, except for the
exit flow angle. The small gap between the rotor and stator
causes the exit flow angle to be affected by the trailing-edge
vortex shedding.

Figure 4 contains the time-averaged pressure distributions
for the rotor obtained from the LCBR and FCBR simulations.
Also included in Fig. 4 is the experimental data of Dring et
al. The two pressure distributions show very good agreement
along the suction surface of the rotor, whereas the LCBR
method predicts slightly higher pressures along the pressure
surface. The results of both numerical simulations show good
agreement with the experimental data. Table 3 contains the
time-averaged relative reference frame Mach numbers, relative
frame flow angles, and expansion ratio at the inlet and exit of
the rotor row predicted using the FCBR and LCBR techniques,
as well as the results of the steady flow analysis. Also included
in Table 3 is the total-to-total turbine efficiencies obtained us-
ing the three solution procedures. The inlet Mach number pre-
dicted in the LCBR simulation is slightly greater than that in
the FCBR simulation, but the exit Mach number and the inlet
and exit flow angles compare favorably with the FCBR results.
In addition, the turbine efficiency predicted using the LCBR
technique shows close agreement with that predicted using the
FCBR method.

A measure of the unsteadiness of the flow can be obtained
by evaluating the size of the surface pressure fluctuations on
the stator and rotor. The pressure fluctuations are evaluated
using an unsteady pressure amplitude coefficient, which can
be defined as

~ 2Pmax_Pmin
o X )

T ©

where P, represents the minimum pressure at a given location

during a wake-passing cycle and P, represents the maximum

pressure at a given location during a wake-passing cycle. Fig-
ure 5 illustrates the unsteady pressure amplitude coefficients
for the stator predicted using the LCBR and FCBR techniques
as well as the experimental data.'* The two numerical solutions
are similar and display close agreement with the experimental

data. Figure 6 illustrates the unsteady pressure amplitude co-
efficients predicted for the rotor, along with the experimental
data.'” The FCBR results show good agreement with the ex-
perimental data, although the peak in the suction surface dis-
tribution is predicted closer to the trailing edge and the pres-
sure surface values are somewhat overpredicted near the
trailing edge. The LCBR results exhibit fair agreement with
the experimental data. The LCBR method underpredicts the
unsteadiness near the rotor leading edge and overpredicts it
along the suction and pressure surfaces. The qualitative pattern
of the unsteadiness, however, is preserved with the LCBR
technique.

In a recent effort, the results of the numerical flow procedure
were compared with the results of a steady inviscid/viscid in-
teraction analysis for a compressor exit guide vane and a high-
speed compressor geometry.'® In Ref. 16, the steady pressure,
skin friction, and displacement thickness distributions pre-
dicted by the two analyses showed very good agreement for
both test cases. In an effort to compare the unsteady viscous
flowfields predicted by the FCBR and LCBR methods in the
current investigation, the unsteady displacement thickness and
skin friction coefficient distributions were recorded and in-
terrogated.

Figures 7 and 8 illustrate comparisons of the suction and
pressure surface displacement thickness envelopes (i.e., mini-
mum, maximum, and time averaged), respectively, predicted
using the FCBR and LCBR approaches for the turbine stator.
The time-averaged distributions obtained using the two solu-
tion techniques exhibit good agreement along the suction sur-
face of the airfoil and indicate that the displacement thickness
increases from the leading edge to the trailing edge of the
blade (see Fig. 7). The LCBR solution contains more unsteadi-
ness near the trailing of the suction surface than is predicted
in the FCBR simulation. Fair agreement exists between the
two solutions on the pressure surface where the FCBR ap-
proach predicts larger time-averaged displacement thicknesses.
Figure 9 contains the suction surface displacement thickness
envelope for the turbine rotor. The two solutions exhibit very
good agreement along the suction surface of the rotor. On the
rotor pressure surface the edge of the boundary layer was not
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well defined, and therefore, the pressure surface displacement
thickness envelope is not shown.

Figure 10 illustrates a comparison of the skin friction en-
velopes (minimum, maximum, and time averaged) predicted
for the stator. In the present investigation, the skin friction
coefficient is defined as

C;=207,/p\V:- @]

where 7, is the shear stress at the blade surface and V, is the
velocity at the stator inlet. The unsteadiness in the skin friction
occurs mainly along the uncovered portion of the stator suction
surface. The time-averaged distributions from the FCBR and
LCBR simulations show excellent agreement over the entire
blade surface, but the LCBR technique predicts more unsteadi-
ness than that predicted in the FCBR simulation. Figure 11
shows the skin friction distributions along the rotor surface
obtained using the two solution techniques. The time-averaged
solutions on the suction surface show very good agreement,
whereas the minimum and maximum values show fair agree-
ment. Along the pressure surface the minimum, maximum, and
time-averaged values of the two distributions show good
agreement, except near the leading edge where the LCBR tech-
nique predicts a larger intermittent separation bubble.

The use of a second global coupling iteration did not sig-
nificantly improve the results using the LCBR technique. Note
that the specified flow angles and mass flow in the steady
simulations were not adjusted to provide optimal agreement
with the time-averaged FCBR simulation. In addition, the fully
two-dimensional steady nonreflecting boundary conditions,
which are a necessity for small rotor/stator axial gaps, allow
the mass flow to float during the solution process. LCBR and
FCBR simulations were also performed for an axial gap of
50%." The predicted pressure, skin friction, and momentum
thickness envelopes from the two techniques displayed excel-
lent agreement.

Conclusions

An LCBR technique for multiple-blade row turbomachinery
calculations has been introduced. Numerical results obtained
using the LCBR technique have been compared to results from
an FCBR simulation, as well as experimental data for a turbine
stage. The predicted results indicate the LCBR method is more
than an order of magnitude more (computationally) efficient
than the FCBR approach, while maintaining acceptable accu-
racy. Future work will focus on improving the steady simu-
lation technique for very small axial gaps, improving the de-
scription of the unsteady perturbations used to formulate the
unsteady boundary conditions, and incorporating techniques to

reduce the unsteady computation to a single passage for each
blade row.
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