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Direct Method for Optimization of
a Centrifugal Compressor
Vaneless Diffuser
A Direct Method for Optimization (DMO) is developed for investigating pressure rise
energy loss in a vaneless diffuser of a generic compressor used in shipboard
conditioning systems. The scheme uses Reynolds-Averaged Navier–Stokes (RANS) result
and evaluates gradients of a predetermined objective function. The current Direct Me
for Optimization differs from the popular Inverse Design Method in the process of
taining final configurations and in the final configurations obtained. The Direct Met
for Optimization achieves a final shape from maximizing/minimizing a nonlinear func
i.e., the objective function. Both gradient and nongradient Direct Methods for Optim
tion are compared with respect to accuracy and efficiency. The coupled DMO/R
optimization code is benchmarked using a plane turbulent diffuser also investigate
Zhang et al. using an adjoint method. The benchmark indicates that if a global opti
exists, the result should be independent of the methodologies or design parameters
The DMO/RANS method is applied to redesign a three-dimensional centrifugal van
diffuser used in a modern generic compressor. The objective function is a comp
function of the diffuser’s pressure rise and total energy loss. The new optimum dif
has a minimum width at a location far beyond the conventional diffuser pinch point.
new diffuser also provides an efficient section for pressure recovery, which takes
after the minimum width location. Test data for the new diffuser validate the cur
approach at the design condition. Furthermore, improved performance is also reco
experimentally at off-design conditions for the optimized diffuser.
@DOI: 10.1115/1.308571#
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Introduction
Diffusers, functioning as pressure-recovery devices, are a

lutely essential for good turbomachinery performance. Diffu
performance is governed by geometric and aerodyna
parameters.

Diffusers are categorized as channel, conical, and annular t
@1#. The annular diffuser with radial inflow and radial outflow
also known as a vaneless diffuser. Vaneless diffusers are
ployed for centrifugal compressors and pumps as exemplifie
Fig. 1 for an air-conditioning compressor. Although the compr
sor in Fig. 1 was designed using a state-of-the-art turbomachi
design tool, it still shows a large discrepancy between the p
dicted compressor efficiency and the measured efficiency. Fur
research@2# indicates that the faulty prediction occurs at the co
pressor’s diffuser and volute. Improved computational techniq
were therefore developed@3# to investigate the flow feature
within these components. In order to refine each compone
performance further in an efficient manner, development of
optimization method is desirable.

The mathematical requirement of an optimization scheme i
maximize ~or minimize! an objective~or an output! function,
which represents the parameter of interest from a mathema
model of the problem. As we know, in order to determine t
minimum value of a function, multidimensional mapping of th
function is impractical. Thus, an optimization procedure is
quired that is considerably more efficient than multidimensio
mapping.

Many attempts and successes exist in the literature on the to
of optimization using computational-fluid-dynamic~CFD! meth-
ods. Among these efforts, the adjoint method and the gradi

Contributed by the International Gas Turbine Institute and presented at the
International Gas Turbine and Aeroengine Congress and Exhibition, Munich,
many, May 8–11, 2000. Manuscript received by the International Gas Turbine I
tute February 2000. Paper No. 2000-GT-453. Review Chair: D. Ballal.
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based method are the most popular approaches. The ad
method is represented by Baysal and Eleshaky@4# and Reuther
and Jameson@5# for wing shapes, and by Cabuk and Modi@6# and
Zhang et al.@7# for plane diffusers. The gradient-based method
represented by Panting@8# for aeroengine optimization, Mrsa@9#
for nozzle design, and Koller et al.@10# for compressor blade
shaping. The adjoint method requires derivation of the adjo
equations for each new problem. Extension of the adjoint met
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Fig. 1 Generic air-conditioning compressor
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from laminar to turbulent flow is not a trivial task, and the adjo
equations for more sophisticated turbulence models can be q
challenging. Furthermore, the objective function for an adjo
method may lack uniqueness@7#, which affects the final optimum
solution.

In this paper we present a more heuristic approach and app
to a general diffuser optimization. The method developed is ca
the Direct Method for Optimization~DMO! and is a gradient-
based approach. The DMO is coupled with a CFD method an
regridding approach to iteratively march to the optimized sha

Direct Method for Optimization
The mathematical representation of an optimization prob

can be formulated as follows. Given a predetermined input ve
xW and an objective function~or a parameter of interest! f (xW ) for
the problem, the DMO is to find an optimal valuexW* such that
f (xW* )< f (xW ), provided the constraintxWmin<xW<xWmax.

For the stated problem, a local minimum can be found throu
a gradient vector,

gi5
] f ~xW !

]xi
(1)

wherexW5(xi) andgW 5(gi), i 51, . . . ,n andn is the dimension of
the problem. The general objective functionf (xW ) can be approxi-
mated as a multidimensional quadratic function,

f ~xW !'
1

2
xW •@A#•xW2bW •xW1c (2)

where@A# is the second partial derivative~or the Hessian! matrix
of f. In order to convert the multidimensional function to a on
dimensional problem and use a line-minimization scheme, an
timal direction must be determined. This direction has be
proven@11# to be one of a conjugate pair, called a conjugate
which are the bases for selecting the marching direction in
direction set method@11#. For functions that are not exactly qua
dratic forms, as shown in Eq.~2!, repeated use of the mutuall
conjugate line-minimization directions will, in due course, co
verge quadratically to the desired minimum.

Furthermore, if the direction of the line-minimization is co
structed to be conjugate to the direction used in the previou
eration or to all directions traversed in all previous iterations,
conjugate gradient algorithm is obtained. In this paper, the Pol
Ribiere conjugate gradient scheme@12# is adapted. IfuW is such a
conjugate direction, the Polak–Ribiere scheme is given as

uW 152gW ~xW1!

uW k1152gW ~xW k11!2gk11gW ~xW k!

gk115
gW ~xW k11!•$gW ~xW k11!2gW ~xW k!%

gW ~xW k!•gW ~xW k!
(3)

where the subscript represents the iteration number.

DMO on Vaneless Diffuser
Using the aforementioned Polak–Ribiere conjugate grad

scheme~Eq. ~3!!, the geometric and flow constraints of the van
less diffuser of the given compressor are depicted in Fig. 2.
inlet condition is fixed by a constant mass flow rate and a cons
inflow angle. The shape of the diffuser shroud is represented
cubic spline. The number of design stations, which correspon
the dimensionn of the current optimization problem, is flexible. I
this paper, we use 3 and 6 points to demonstrate the robustne
the methodology. Figure 2 shows the six-point design statio
Segment S0 of the shroud curve in Fig. 2 is fixed as an inlet-sh
constraint. All the other shroud locations, including the one at
diffuser exit, are to be optimized.

For the current diffuser problem, the objective functionf is
defined as
74 Õ Vol. 123, JANUARY 2001
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f ~hW !5bv2aCp

v5
pt32pt2

1/2r2U2
2 ; Cp5

ps32ps2

1/2r2U2
2 (4)

wherehW 5(hi), i 51, . . . ,n represents the diffuser width vector a
the design stations and is normalized by the impeller radius,v is
the total pressure loss coefficient,Cp is the static pressure ris
coefficient, ps2 and ps3 are the inlet and outlet mass-averag
static pressures,pt2 andpt3 are the mass-averaged inlet and out
total pressures,a andb are weighting coefficients, andr2 andU2
are inlet density and velocity. Equation~4! indicates that the ob-
jective function f is a composite function of the diffuser stat
pressure rise and the total pressure loss and is weighted by
coefficientsa and b. All the parameters studied are nonline
functions ofhW . The static and total pressure distributions are o
tained by solving the RANS equations.

The complete optimization procedure is described as follow

1 Problem definition: including input vectorhW , constraints, and
objective functionf (hW );

2 Initialization of optimization calculation: including norma
ization of hW and variable limitation;

3 Flow prediction: including solving the RANS equations wi
an initial grid and calculating relevantf (hW );

4 Preparation of optimization calculation: including evaluati
of gradient vectorgW and determination of mutually conjugate d
rections;

5 Optimization calculation: including bracketing the minimum
conducting the line minimization and optimization iteration;

6 Convergence check: checking the convergence of the de
variables. If the design requirements are met, the process is c
plete. Otherwise, the calculation continues to the next step.

7 CFD regridding: including defining the new boundary su
faces and their smoothing, and interior grid movement. Return
step~3! for another gradient iteration.

The gradient vectorg(hW ) is obtained by

g~hi !5
f ~hi1Dhi !2 f ~hi !

Dhi
, ~ i 51, . . . ,n! (5)

Fig. 2 Schematics of the vaneless diffuser geometry
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Evaluating these gradients takes enormous computational e
Thus, in this paper, two other nonlinear non-gradient-based o
mization schemes are also examined for the present vaneles
fuser case. These are the downhill simplex method@13# and the
Powell method@14#. Although there is no requirement to evalua
the gradient of the objective functionf for these latter schemes
the total number of iteration cycles needed to obtain a minim
may be large. If, however, the functionf does not lead to quadrati
convergence, these nongradient, more heuristic schemes be
more competitive in terms of computational effort and accura
A numerical illustration of the aforementioned procedure is giv
in the appendix for a two-dimensional plane diffuser optimizat
discussed in the Prediction Results section.

RANS Solution Method

Computational Scheme. The governing equations, includin
the continuity, momentum, and energy equations, for compr
ible flow are solved with a two-equationk–« turbulence model
for the diffuser flow. The governing equations in curvilinear c
ordinates are written as:

1

J

]

]t
~rq!5

]

]j i
S 2rUiq1meffGi j

]q

]j i
D1Sq (6)

where q5@1,ux ,uy ,uz ,h,k,«# and r,J,Ui ,Gi j represent fluid
density, the Jacobian of the coordinate transformation, tra
formed velocities, and diffusion metrics, respectively. The eff
tive viscositymeff represents a sum of the laminar viscositym and
the turbulent eddy viscositym t , re-scaled by a turbulence Prand
number or Schmidt number. The turbulent eddy viscositym t

5rCmk2/« and Cm50.09.
Finite-difference approximations are used to discretize

transport equations on nonstaggered grid systems. An upw
scheme is used to model the convective terms and a centra
ferencing formula is used for the viscous and source terms of
~6!. For turbulence quantities, the convection process is mod
by an upwind scheme. A pressure-based predictor/corrector s
tion procedure@15# is employed to achieve velocity-pressure co
pling. The discretized systems are solved by an implicit Eu
time-marching scheme. The numerical solutions are consid
converged when the residuals of each discretized equation
dropped by five orders of magnitude from their initial values. T
computational technique and results for a centrifugal comp
sor’s vaneless diffuser and volute have been demonstrated in
and Bein@3#. In order to minimize the RANS computational effo
for the present vaneless diffuser optimization, axisymmetric c
culations are performed with a prescribed inflow angle, total pr
sure, total temperature, and a diffuser exit pressure. The diff
exit pressure prescribed at the exit mid-width is obtained thro
iteration until the design mass flow rate is maintained.

Grid Movement. Regridding en route to the optimized sha
is completed using an algebraic grid movement strategy. Afte
new shroud shape is generated by the DMO, the points on
shroud boundary are moved to the new shape, and interior
points are moved proportionally based on the original grid dis
bution. Grid smoothing is employed to compensate for la
boundary movement and inadvertent grid-line crossing.

Prediction Results From Optimization Calculations

Plane Diffusers in Turbulent Flow. Cabuk and Modi@6#
and Zhang et al.@7# have studied plane diffuser optimization fo
laminar and turbulent flows using the adjoint method. They use
objective function of the flow-weighted static-pressure rise
tween the diffuser inlet and outlet. For the turbulent plane d
fuser, Zhang studied a geometry with a ratio of diffuser length
inlet width equal to 6. As Fig. 3 shows, a head-pipe and a tail-p
with lengths equal to the inlet width were added to the entra
and exit. The grid shown in Fig. 3, with dimensions of 40330,
Journal of Turbomachinery
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was used for the incompressible turbulent-flow computations
this paper and is comparable to the grid used by Zhang.
Reynolds number is 10,000 based on the mean inlet velocity
inlet width. The inflow is assumed to have a fully develop
power-law velocity distribution. The initial diffuser shape, a co
stant width channel, differs from that used by Zhang, a cos
type with an amplitude of 0.33. In order to compare the curr
approach to Zhang’s,a is set to unity andb to zero in Eq.~4!.
Zhang shows results based on two different design functions in
adjoint representation of the objective function: a product for

Fig. 3 Typical computational grid for turbulent plane diffuser

Fig. 4 Optimization of plane diffuser and comparison with †7‡:
„A… diffuser shapes; „B… wall shear stress
JANUARY 2001, Vol. 123 Õ 75
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and a shear ratio form~identified as Eq.~10! and Eq.~13!, respec-
tively, in his paper!. The choice of the different design function
is due to the nonuniqueness of the problem.

Prediction results based on the present DMO/RANS calcula
are shown in Fig. 4 and compared to Zhang’s results. A two-p
spline calculation and a three-point spline calculation were u
with the current approach. The design locations are atx53 and 6
for the two-point spline and atx52, 4, and 6 for the three-poin
spline. The final diffuser curves are plotted in Fig. 4~a! and the
wall shear distributions are depicted in Fig. 4~b!. The variation of
the objective function between successive iterations is monito
and compared to a prescribed tolerance. For the plane diffuser
tolerance is set to 1025. The complete optimization calculation fo
the two-point spline takes 110 iterations and 5 gradient cyc
Although the two-point spline agrees better with Zhang’s sh
form result, the three-point spline produces a slightly larger e
area, higher pressure recovery and lower wall shear. The ab
drop in shear stress at the end of the inlet head-pipe, which e
in all the solutions, is associated with a discontinuity in wall slo
and a divergence of the wall shape at that location. Limited by
solution accuracy of each optimization approach and their c
straints, the present comparison indicates that different method
different design parameters lead to similar final global optim
shapes, as they should if indeed a unique optimum exists.

Vaneless Diffuser of the Generic Compressor. The vane-
less diffuser of the generic compressor, as shown in Figs. 1 an
starts at the impeller exit radius ofr 2512.24 cm~4.82 in!. The
diffuser inlet velocity is 128 m/s~420 ft/s! and the mass flow a
the design condition is 4 kg/s~8.8 lbm/s!. The diffuser inflow
Mach number is 1.05 and the flow angle is estimated to be 7
deg from radial. The Reynolds number based onr 2 and the dif-
fuser inlet velocity is 3.13107. The diffuser has a length o
r 3 /r 251.725 and an inlet width ofh250.104. The original dif-
fuser has a flat hub~front plate! and a curved shroud~back plate!.
The current optimization design is performed at the design co

Fig. 5 Optimization of vaneless diffuser: „A… three-point
spline; „B… six-point spline „CpÄstatic pressure rise, vÄtotal
pressure loss …

Fig. 6 Comparison of three-point and six-point spline shapes
76 Õ Vol. 123, JANUARY 2001
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tion with the following geometrical constraints: The diffuse
length and the inlet width are kept constant; and the initial sect
of the shroud curve, i.e., the segment S0 in Fig. 2, is fixed. Sta
0 is close to the conventional pinch location. In order to minimi
the modification of the compressor front plate where the transm
sion and the motor are located, the diffuser hub surface is m
tained as a fixed flat surface.

The optimization results for the vaneless diffuser are shown
Figs. 5–11. Figure 5 compares the original and final shro
curves obtained from the conjugate gradient method and the n
gradient downhill simplex and Powell methods with both weigh
ing functionsa andb equal to unity. Both the three-point splin
and six-point spline are used to study the impact of the numbe
design dimensions. The curve obtained from the three-point c
jugate method is plotted against that from the six-point conjug
method in Fig. 6. The additional design stations at locations 1
and 5 provide an extra level of control for reaching the final o
timum shroud curve. Since the simplex and the Powell meth
treat the conditions at the endpoint~i.e., the diffuser exit! some-
what differently than the conjugate gradient method, they prod
a larger exit width. Because of the smaller exit width produced
the conjugate gradient method, the compressor test for a new
fuser adopts the resultant curve obtained from the conjugate
dient calculation without changing the volute configuration. T
static pressure riseCp , total pressure lossv, and total CPU time
used~in minutes! for each calculation are also shown in Fig.
The variations of the predicted flow parameters for all cases s
ied here are within 3.5 percent forCp and 4.7 percent forv. The
computational time indicates that the conjugate gradient metho
a more efficient scheme for the six-point optimization.

The weighting coefficientsa and b in Eq. ~4! are factors for
controlling the importance ofCp andv to the final optimum re-
sult. Separate calculations using the conjugate gradient me
were carried out by setting~i! a51 andb51; ~ii ! a51 andb
53; and~iii ! a53 andb51. The optimum shroud curves from
these calculations, shown in Fig. 7, indicate that the equal-we
approach is as good as other weights forCp andv. Thereforea
andb are chosen to be unity in all other calculations.

Figure 8 shows the grids used for the original and modifi

Fig. 7 Impact of the weighting coefficients in Eq. „4…

Fig. 8 Computational grids for the original shape and the final
shape using conjugate gradient method
Transactions of the ASME
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diffusers based on the six-point gradient calculation. The g
have dimensions of 2133133 ~in the h, r, andu directions!. A
clustered grid is used near the shroud surface.

Figure 9 shows variations of the shroud curves at intermed
steps during the conjugate gradient calculation. The complete
timization is completed in 26 iterations and 2 gradient cycles w
a tolerance equal to 1023. Although the plotting scale of the or

Fig. 9 Selected intermediate shroud shapes through 26 itera-
tions from the original curve

Fig. 10 Predicted flow path: „A… on the front plate; „B… on a
radial section
Journal of Turbomachinery
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dinate has been magnified, Fig. 9 shows the robustness of
current scheme, which is capable of correctly steering the pre
tion after overshooting the final result.

The flow path near the flat hub surface is drawn in Fig. 10~a!
for the original diffuser and for the modified diffuser from th
six-point conjugate gradient calculation. The primary differenc
in flow angle between the two cases occur nearr /r 251.25 and in
the exit area. A view of the flow in a radial section is shown
Fig. 10~b!. For the original diffuser, the flow separates near t
inner radius. Although the flow also separates for the optimiz
diffuser, the separation region is reduced in size due to the c
verging shroud curve. The optimization does not complet
eliminate the flow separation due to the geometric constrain
the shroud inlet curve, i.e., the section S0 in Fig. 2. A drama
change in flow angle occurs near the diffuser exit, as shown
Fig. 10~a!. The optimized shape directs the flow into the volute
a much smoother pattern due to the reduced flow angle.

The velocity and static-pressure distributions along the origi
and optimized diffusers are shown in Figs. 11 and 12. The c
vergence of the shroud up tor /r 251.3 differs from the conven-
tional concept of locating the vaneless diffuser’s pinch po
within r /r 251.10 to 1.15. The flow in the optimized diffuser de
celerates slower in the radial direction decreasing the effect of
flow separation~Fig. 10~b!!. The optimized diffuser, however, de
celerates the flow faster overall~Fig. 11!. This efficient decelerat-
ing flow within the diverging shroud~betweenr /r 251.3 and 1.7!
of the optimized diffuser provides a more efficient mechanism
pressure recovery as shown in the static pressure contours of
12. The averaged exit Mach number for both diffusers is 0.45

Experimental Results of the Generic Compressor. Com-
pressor tests were conducted using the original diffuser and
optimum diffuser obtained from the six-point conjugate gradie
calculation. The compressor is installed in a shipboard

Fig. 11 Predicted total velocity contours

Fig. 12 Predicted static pressure contours
JANUARY 2001, Vol. 123 Õ 77
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conditioning system. The compressor performance map was
tained by fixing the impeller speed at 15,160 rpm, the suct
conditions and the inlet guide vane positions~fully open!, and
varying the condensing conditions. Measured data are show
Figs. 13 and 14 for compressor isentropic efficiency and sys
energy consumption coefficient versus the ratio of the discha
pressure to the suction pressure. The system energy consum
coefficient is a ratio of the total system energy consumed at v
ous conditions to the consumed energy at the design point for
original diffuser. Due to the current diffuser modification, th
compressor efficiency is increased by 2 to 3 percent at the de
point and by 1 to 5 percent at off-design conditions. Since
inefficient volute flow remains, the overall compressor efficien
stays relatively low even with the modified diffuser. System e
ergy consumption is reduced by 3 percent at the design point
by 1–7 percent at off-design conditions. These test data sup
the present optimization results for the vaneless diffuser.

Conclusions
A nonlinear Direct Method for Optimization~DMO! is devel-

oped for two-dimensional plane diffusers and three-dimensio
vaneless diffusers. The method, coupled with a Reyno
Averaged Navier–Stokes~RANS! solution method, optimizes a
composite objective function of flow parameters which inclu
the diffuser’s static-pressure rise and total-pressure loss.

The developed DMO is validated by comparing results to th
obtained from an adjoint approach for a plane turbulent diffus
Limited by the solution accuracy of each optimization approa
and their constraints, the comparison between the current s
tions and the solutions obtained from the adjoint method indica

Fig. 13 Measured compressor efficiency for the original and
the modified diffusers

Fig. 14 Measured system energy consumption for the original
and the modified diffusers
78 Õ Vol. 123, JANUARY 2001
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that different methods and different design parameters in the
jective function lead to similar final optimum shapes.

The current DMO/RANS method is also used to redesign
three-dimensional vaneless diffuser whose original shape was
tained using a state-of-the-art turbomachinery design tool.
final optimum shape from a six-point conjugate gradient calcu
tion shows a converging–diverging shroud. The minimum wid
occurs at a location far beyond the conventional pinch point. T
iteration cycle of the DMO/RANS coupling proceeds along co
jugate directions, not only to minimize the objection function, b
also to improve the general flow features through a correct se
tion of the objective function. The theoretically predicted op
mum diffuser shape was validated by experiments, both at
design and off-design conditions, to be superior to the origi
diffuser shape.
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Nomenclature

@A# 5 Hessian matrix
bW 5 coefficient vector

c,Cm 5 constant coefficients
Cp 5 static pressure rise coefficient

f 5 objective function
gW 5 gradient vector

Gi j 5 diffusion matrix

hW 5 diffuser width vector, normalized byr 2
J 5 Jacobian of coordinate transformation
k 5 turbulent kinetic energy
n 5 vector length or dimension

p,ps 5 static pressure
pt 5 total pressure
q 5 dependent variable matrix
r 5 radius

Sq 5 source term
t 5 time

uW 5 vector representing optimization direction
Ui 5 velocity components

x, y 5 coordinates
xW ,xW* 5 input vector and optimum value ofxW

a,b,g 5 coefficients
« 5 turbulence dissipation
l 5 line minimization coefficient

m,m t ,meff 5 laminar, turbulent and effective viscosities
u 5 tangential
r 5 density and inlet density
v 5 total pressure loss coefficient
j i 5 transformed coordinates

Subscripts

2 5 impeller exit
3 5 dffuser exit
k 5 iteration
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Appendix

Numerical Illustration of DMO for Plane Diffusers. In or-
der to illustrate the DMO procedure, a numerical example fo
complete gradient iteration is depicted as follows for the pla
diffuser ~shown in Fig. 3!. As described in the Prediction Resul
section for the plane diffusers, Eq.~4! is simplified to f (hW )
52Cp . For the two-point spline calculation shown in Fig.
there are two design stations located atxW5(3,6) andn52. Results
from the seven-step optimization procedure~mentioned right be-
fore Eq.~5!! after the first gradient cycle are as follows.

1 Initialize input vector or diffuser half width vectorhW
5(1.0,1.0). After the first gradient cycle the half width vector
hW 5(1.0385,1.5895) and Fig. 15 shows its spline-fitted shape;

2 Constraint is set to be 0<hi<3h0 , where h0 is the half
width at x50;

3 Flow prediction is performed based on the grid shown in F
15. The predictedf (hW )50.1884;

4 Gradient vectorgW is calculated using Eq.~5! by perturbing
the local diffuser half width usingDh50.1. Figure 16 shows two
perturbed diffuser shapes with their computational grids for eva
ations of each component ofgW . The predicted gradient vector i
gW 5(0.2229,0.1789);

5 Equation~3! calculates the conjugate direction from the pr
dicted gW of step 4. The line minimization locateshW k115hW k

1lkuW k for minimum f (hW k11), wherek is an iteration number and
l is a line minimization coefficient@11#. After the first gradient
cycle, hW k5(1.0385,1.5895),uW k5(0.3601,0.1233),lk51.1209
andhW k115(1.4421,1.7276) andf (hW k11)50.2679;

6 Check the constraint condition specified in step 2. If the c
dition is satisfied, continue to next step. Otherwise, resetf (hW ) to
be a large value and continue to next step;

7 Check the convergence for the CFD solution. Ifu( f (hW k11)
2 f (hW k))/ f (hW k11)u<«, the calculation is complete. Otherwis
usehW k11 as the initial value and return to step 3. In the pres
gradient cycle,«50.01 andu( f (hW k11)2 f (hW k))/ f (hW k11)u50.297
.«. The iteration continues from step 3.

Fig. 15 Initial diffuser shape and grid after the first gradient
cycle

Fig. 16 Diffuser shapes and grids for evaluating gradient
vector
Copyright © 2Journal of Turbomachinery
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I found this an interesting and original paper. Although I do n
pretend to understand the details of the optimization procedu
am interested in the predictions, and one aspect of the results
surprise me. I would have expected the optimum annulus shap
be markedly different depending on whether the optimization w
for minimizing loss in stagnation pressure or maximizing rise
static pressure. I am therefore surprised that the shapes o
annulus are so similar in Fig. 7 for the different optimizatio
weightings; it does not seem to make much difference whether
static pressure riseCp or the total pressure lossw are optimized.
Similarly, I am surprised that the values of predicted static pr
sure rise coefficientCp and stagnation pressure loss coefficientw
are almost equal for different optimizations, though substantia
better than for the datum diffuser. What does this tell us about
optimization process and about the flow that is being studied?

One of the least desirable features of the datum diffuser se
001 by ASME JANUARY 2001, Vol. 123 Õ 79
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to be the sudden area increase near its exit. Is it possible tha
improvement in performance of the optimized diffusers com
primarily from eliminating this feature?

We are told that the compressor volute has very poor per
mance; in other words the pressure rise in the volute downstr
of the diffuser will contribute relatively little to the overall ma
chine efficiency and pressure rise. In that case would it not h
been more appropriate for this diffuser to have optimized only
static pressure rise and ignore the loss in the diffuser?

Closure to ‘‘Discussion of ‘Direction
Method for Optimization of a
Centrifugal Compressor Vaneless
Diffuser’ ’’ „2001, ASME, J.
Turbomach., 123, p. 79…

Yu-Tai Lee, Lin Luo, and Thomas W. Bein
The point made by Professor Cumpsty concerning the res

related to the variation of the weighting coefficients shown in F
7 is well taken. We found that the figure’s legend was mispla
in the pamphlet paper; we have redrawn Fig. 7. If the stagna
pressure is approximated bypt5ps11/2ru2, the objective func-
tions searched by the three sets of weighting coefficients show
Fig. 7 are

f ~h!5min~Dps1Dpt!5min~Dps1Dps1D~1/2ru2!!

5min~2Dps1D~1/2ru2!!

for a51 andb51, and

f ~h!5min~Dps13Dpt!5min~Dps13Dps13D~1/2ru2!!

5min~4Dps13D~1/2ru2!!
80 Õ Vol. 123, JANUARY 2001 Copyright ©
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for a51 andb53, and

f ~h!5min~3Dps1Dpt!5min~3Dps1Dps1D~1/2ru2!!

5min~4Dps1D~1/2ru2!!

for a53 andb51. The weighting coefficients for the static pre
sure rise term of the last two calculations~a51, b53 anda53,
b51! are identical, although the coefficients for the dynamic he
are 3 versus 1. Similarly the dynamic-head coefficients betw
a51, b51 and a53, b51 are identical and the pressure ris
coefficients are 2 versus 4. The three cases investigated in F
have much less impact from the changes of the weighting co
cients than the limiting case witha51 andb50. In addition, for
the current diffuser, the gains fromCp and v are comparable in
their magnitudes between the original and the other cases. Th
fore, the end configurations are less dependent on the coeffic
used and very close to each other.

Certainly the original diffuser outlet shape plays some role
the final result, but it is not the sole contribution. Both Figs.
and 12 show that the gain in the loss reduction is mainly from
front section of the diffuser and the gain in the pressure recov
is mainly from the rear half of the diffuser, but not just from th
last 5 percent of the diffuser length.

Although the attached volute of the present compressor d
not perform well, the gain in pressure recovery from the diffus
shown in Fig. 1 is 35.9 percent between the original and the c
with a5b51. Similarly, the loss reduction is reduced by 24
percent. The resultant shape will be different from the curr
optimized shape if the coefficients are set asa51 andb50. The
advantage of selectinga51 andb50 is to achieve a higher pres
sure rise. However, the flow separation shown in Fig. 10 m
become pronounced due to lack of control in loss used in
optimization calculation and eventually the stall occurs much e
lier than under the original conditions.
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