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Abstract

This thesis presents a design concept for return passages in multistage centrifugal
compressors. Flow in a baseline return passage is analyzed to identify loss sources
that have substantial potential for reduction. For the geometry analyzed, it is found
that mismatched incidence of the return vane, separation on the hub surface at the
exit of the return bend, and blockage due to separation on the shroud surface near
the return bend inlet lead to losses which have such potential. Preliminary designs
were developed and computationally assessed to determine effective geometries for
eliminating separation on the hub at the return bend exit and for reducing losses.
Then, based on assessment of the preliminary designs, other features of the loss
generation were addressed. The geometry proposed includes an increased axial extent
of the return bend, an increasing radius of curvature through the return bend, and
lean of the return vane leading edge, mitigating the loss mechanisms identified in the
baseline return passage. The three-dimensional calculations showed a cumulative loss
coefficient that was 10% lower than the baseline.

The design described was carried out with a fixed inlet condition, and a second
return passage was thus developed to determine the potential loss reduction if the
inlet geometry were modified. (The design of the impeller required to achieve the
modified inlet flow was not considered.) The cumulative loss coefficient was reduced
by 27% compared with the baseline, with the implication that an area for exploration
is integration of the impeller and return passage flow fields.

Thesis Supervisor: Edward M. Greitzer
Title: H.N. Slater Professor of Aeronautics and Astronautics
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Chapter 1

Introduction

This thesis described the development of design concepts for improved performance
of multistage centrifugal compressor return passages. These return passages are nec-
essary to obtain high efficiency in compact centrifugal compressors. The design must

deal with high kinetic energy in the return passage which leads to increased losses.

1.1 Background and Motivation

Multistage centrifugal compressors are employed in a wide range of applications in
the oil & gas and chemical processing industries. Discharge pressures range from
10-20 bar in ethylene cracked gas compressors up to 600 bar in oil field reinjection
compressors [1]. Centrifugal compressors have fewer moving parts and require less
maintenance than alternatives such as reciprocating compressors, which are also used
in the process industries.

The first successful single-shaft, multistage centrifugal compressor produced an
output pressure of 1.45 bar from 5 stages in 1905 [1]. Since then multistage centrifugal
compressors have progressed to single stage pressure ratios exceeding 8:1. Efficiency
has also increased roughly 2/3 per cent per year [2] . Much of the development effort
has gone into refining the impeller, and impellers have progressed from simple two-
dimensional blades to sophisticated, three-dimensional designs [3].

Historically, radial diffusers with diffusion ratios (ie. ratio of diffuser outlet radius

17



Figure 1-1: Horizontally-split multistage centrifugal compressor.

to diffuser inlet radius) up to 2 have been used to slow the flow exiting the impeller.
The large radius at the exit of the diffuser meant the kinetic energy, and thus the
losses, in the return bend and return vane were small compared with the impeller
losses. However, to meet the demands of the oil & gas industry, process compressor
manufacturers have focused on reducing compressor cost and increasing reliability.
The mass, and cost, of the compressor casing scales roughly with the square of the
maximum radius of the return passage. As such the maximum casing radius is a key

driver for compressor cost and radially compact designs are an aspect of interest.

Single-shaft multistage centrifugal compressors can have over 6 impellers on a
single shaft, with bearings on either end, as shown in Figure 1-1. Long shafts can
lead to increased vibration and wearing of the labyrinth seals. Designers thus seek
to increase shaft stiffness by employing axially compact stages with increased shaft
diameter.

Compressor development has relied to a large extent on modifications of existing
designs. Such modifications, especially of the return passage, are based on experi-
mental data from standard stage designs, with the goal of achieving higher efficiency
compact compressors [3]. As impeller efficiencies continue to rise, and diffuser ratios
drop, losses in the return passage become more critical to overall stage performance.
To achieve an improvement in return passage performance, this thesis explores a
number of new design concepts which may be used to increase efficiency, improve

reliability and decrease the cost of multistage centrifugal compressors.
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Figure 1-2: Components of a typical centrifugal compressor stage with a vaneless
diffuser.

1.1.1 Return Passage Geometry

The centrifugal compressor can be divided into five components. In flow order, the
components are the impeller, diffuser, return bend, return vane and 90° bend. The
impeller and return channel components include blades and vanes, respectively. The
hub side of the passage is radially inward and adjacent to the compressor shaft, and
the shroud side is radially outward. A schematic of the components of a centrifugal
compressor stage is shown in Figure 1-2. Flow enters at the left and exits at the
right. The wall contours are different for subsequent designs described in sections 4
and 5, but the minimum and maximum radius of each component is maintained from

baseline.

1.2 Previous Work

In the 1980’s, a number of experiments were carried out to analyze the flow in return
passages and optimize the design of return passages. Simon and Rothstein [4] found
a strong adverse pressure gradient, and resulting separation, on the latter half of the

return bend hub in a stage with flow coefficient ®=0.153, defined as the volume flow
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rate over the product of the impeller frontal area and the impeller tip speed, and
a radius of curvature in the bend r/d, = 0.075. The adverse pressure gradient was
relieved by increasing the radius of curvature in the bend to r/ds = 0.15. Inoue and
Koizumi [5] showed that for diffuser inlet flow angles less than 30° from tangential,
there was a variation in stagnation pressure and flow angle across the span at the exit
of the diffuser, as well as reverse flow on the shroud. At the exit of the return bend
the flow was fully attached and the stagnation pressure and flow angle are nearly
constant across the span. Inoue and Koizumi conclude that three-dimensional return
vanes, with leading edge lean and twist, are not necessary. Several non-traditional
geometries were also tested, including an axially extended return bend with diffuser
vanes (6], and a “continuous diffusion” return passage [7]. No general conclusions were
put forward regarding an optimal design.

Fister, et. al. developed a numerical method for calculating the flow in return
passages [8]. They described satisfactory agreement with experiment, but the com-
putational method was restricted to flows without separation to reduce the required
computer time. Their method is thus not applicable to typical centrifugal compressor
return passages which have regions of separation.

More recently Lenke and Simon [9] compared the calculated flow field in the flow
coefficient ®=0.009 stage geometry that Simon and Rothstein tested in 1983[4] using
a Reynolds stress turbulence model and a k-g¢ turbulence model. Both turbulence
models showed a separation region on the suction side of the return vane at design
point. In their words, the calculated losses were very similar with both turbulence

models, and the difference was not quantified.

In a comprehensive return passage redesign effort, Aalburg et al. developed re-
duced loss return passages with a diffusion ratio of 1.3 and 1.19, an 8% and 14%
decrease from the baseline compressor [10]. The maximum radius of the baseline
return passage was first reduced without other modifications to the hub and shroud
walls, except for removing the sharp corner in the bend on the shroud side. The return
vane leading and trailing edge locations, leading and trailing edge lean angles, blade

camberline and blade thickness distribution was then optimized using computational
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Design-of-Experiments integrated with a three-dimensional Navier-Stokes solver.

Measurements showed the larger of the two redesigned return passages, with a
diffusion ratio of 1.3, achieved the same peak efficiency as baseline but had roughly 3%
lower efficiency at ®/®, = 1.15. The return passage with diffusion ratio 1.19 showed
reduced efficiency for all flow coefficients tested. A second design optimization was
performed, with modifications to the return bend diffusion ratio. Peak polytropic
stage efficiency was increased by approximately 1.5 points from baseline with no
decrease in operating range for the diffusion ratio 1.3 return passage, compared with
baseline, showing that reduced radius return passages are feasible.

Aalburg et al. sought to further improve the performance of reduced radius return
passages with diffusion ratio as low as 1.19 by extending the return vane leading edge
upstream across the return bend[11]. The new return vanes resemble a boomerang
and are thus called “boomerang” type return vanes. A geometry generator was de-
veloped for producing such “boomerang” return vanes with a specified blade loading.
The geometry generator used an inverse design method similar to that described by
Veress and Van den Braembussche [12]. Though the tangential component of the ve-
locity, and thus the velocity magnitude, was reduced in the bend by the “boomerang”
return vane the losses in the bend increased due to increased wetted area. Predicted
overall losses decreased at design point, corresponding to an increase in polytropic
stage efficiency of approximately 0.5-1 points. Though their conclusions were not
experimentally assessed, the calculations of Aalburg et al. implied a potential for
improved performance in reduced radius centrifugal compressors with return vanes

which are extended upstream of the return bend.

1.3 Research Questions

In this thesis a new design concept for return passages in compact centrifugal com-
pressor stages is developed, based on detailed investigation of the baseline return
passage flow field. The design space was constrained such that the return passage

could be manufactured but there was no explicit consideration of manufacturing cost.
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The thesis seeks to answer the following research questions:
1. What loss mechanisms are present in the baseline return passage?

2. What effect do changes to the hub and shroud wall geometry have on the detri-

mental flow features observed in the baseline return passage?

3. Can reduced losses in the return passage be achieved through redesign of the

return passage without modification to the impeller?

4. Can modification of the impeller result in further reduction in return passage
losses, above and beyond those achievable through a redesign of the return

passage alone?

1.4 Thesis Contributions

e Loss mechanisms in compact return passages are characterized. Means of alle-

viating these losses are developed.

¢ A new design concept for improved performance compact return passages is

defined.
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Chapter 2

Approach and Implementation

2.1 Technical Approach

To address the research questions of section 1.3 the technical approach shown in Figure
2-1 was followed. The effort was divided into two phases. In phase 1 the baseline
configuration was assessed. In phase 2 the concept for improved performance return

passages was developed.

2.1.1 Phase 1: Baseline Return Passage Assessment

The return passage inlet and outlet geometry and boundary conditions were kept
the same for all calculations, based on three-dimensional Reynolds-Averaged Navier-
Stokes (RANS) calculations of the baseline inlet, impeller and diffuser. Though the
focus of this thesis is not operating range, the baseline calculations were done for
flow coefficients from & /®,; = 0.89 to /P, = 1.17 to provide insight into off-design
performance. To reduce the computational time and resources required, steady state
calculations were done for a single flow passage for the impeller and for the return
passage. The flow was circumferentially averaged at a mixing plane location 20% of
the impeller exit width upstream of the impeller exit. This mixing plane location
was taken as the diffuser inlet for subsequent calculations of the return passage, and

the circumferentially averaged flow profiles at this station were used as diffuser inlet
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Figure 2-1: Technical approach.

boundary conditions.

The calculations of the baseline return passage, including diffuser, return bend,
return vane and 90° bend, covered flow coefficients from ®/®,; = 0.89 to ®/®, = 1.17.
Detailed interrogation of the flow field focused on the design point, though the high
and low flow coefficient cases (ie., ®/®; = 1.17 and ®/®; = 0.89, respectively)
were checked to ensure no separation developed at the off-design conditions. Flow
processes and loss mechanisms were investigated using both overall measures (e.g.
loss coefficient, {) and local measures (e.g. contours of velocity components.) Loss
coefficient was calculated for each component, but the effect of flow processes in each

component on flow and losses in the other components was also considered.

2.1.2 Phase 2: Design Concept Development

Phase 2 encompassed the iterative design procedure for new concepts for return pas-
sages. The objectives were defined to alleviate loss mechanisms in previous return
passages. Preliminary designs were screened using axisymmetric Navier-Stokes cal-
culations. The axisymmetric calculations do not include the effect of the return vane
blades but they are a useful tool for screening a large number preliminary designs.
Beneficial aspects of preliminary designs were combined to develop candidate return

passage meridional geometry. Axisymmetric calculations of flow angle at the leading
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edge radial location in the candidate design were used to define the leading edge lean
angle of the three-dimensional return vane. A detailed examination of the flow in
the candidate design was then performed based on a three-dimensional Navier-Stokes
calculation.

This thesis describes two design iterations using the baseline diffuser inlet geom-
etry. Lessons learned from the first iteration were applied in the second iteration
to improve the candidate return passage performance. The thesis also describes the
development of a further concept which builds on the above-mentioned work, but

allows the diffuser inlet geometry and flow to be modified.

2.2 Computational Methodology

2.2.1 Numerical Code

Numerical simulations were performed using ANSYS FLUENT, a commercially avail-
able CFD code. FLUENT V6.3 was used for calculations of the baseline impeller and
return passage flow fields, after which the next version, FLUENT V12.0, was used.
Both versions use a viscous, compressible, steady RANS solver. A rotating reference
frame was used for the impeller blade region in the baseline impeller calculations. All
other calculations used stationary reference frames. To reduce the computational time
the three-dimensional calculations were performed on a single passage with periodic
boundary conditions. For the baseline impeller calculations, a first order discretiza-
tion was used to reduce computation time and improve numerical stability. Second
order discretization was used for all return passage calculations in which improved
accuracy was desired.

The calculations used the two-equation k- SST model developed by Menter [13].
The k- SST turbulence model transitions between near wall turbulence equations
and free stream turbulence equations to describe the turbulence in both regions. The
low-Reynolds formulation used in all return passage calculations provides full reso-

lution of the boundary layer assuming the grid has a non-dimensional wall distance,
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Y'*, roughly equal to one[14]. While the k-&» SST turbulence model is suggested
as appropriate for swirling flows such as those in centrifugal compressor return pas-
sages', there are known deficiencies. For example, the model does not account for the

stabilizing effect of increased turbulent mixing near concave surfaces [15, 16].

2.2.2 Mesh Generation and Adaptation

Initial structured grids for each calculation were created using the commercial gridding
software Pointwise®. The geometry for the baseline impeller and return passage
grids were provided by MHI. Geometry for remaining grids was generated using a
variety of CAD and geometry definition software and imported into the Pointwise ®
environment. A C-grid topology was used for the impeller blades, which have a
blunt trailing edge. All return vane grids were based on an O-grid topology. The
impeller grid and a typical return vane grid are shown in Figure 2-2 and Figure 2-
3. Before adapting the grid, the spacing on the return passage blade and passage
walls was < 0.0003b2, or under 0.03% of the diffuser inlet passage width, to ensure
compatibility with the low-Reynolds number formulation of the k- SST turbulence
model. Initial grid spacing was < 0.009b, for the impeller calculations which used the
standard k- SST turbulence model.

An initial solution for each case was calculated on the structured grid created with
Pointwise®. The built-in grid adaptation feature in ANSYS FLUENT was used to
further adapt the grid based on the Y* value in a preliminary solution calculated
with the initial grid. Each return passage grid was refined to ensure Y+ ~ 1. The

final cell count for each set of calculations is given in Table 2.1. 2

2.2.3 Upstream Influence of Return Vane

To assess the use of axisymmetric calculations without return vane blades for screening

preliminary return passage designs, the upstream influence of the return vane blades

!Personal communication with Dr. M. V. Casey
>The smaller cell count of the new return passage grids relative to the baseline return passage
grid reflects the improvement in the author’s grid generation and adaptation skills.
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Figure 2-2: C-grid topology used in impeller grid.

Figure 2-3: Typical return vane grid.
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Table 2.1: Cell count of grids used.

Grid Cell Count
Baseline impeller grid 4.63M
Baseline return passage grid 3.25M
New return passage grids ~2.2M
Axisymmetric return passage grids ~14K

on the static pressure field was examined. A comparison of the flow field from three-
dimensional and axisymmetric calculations of the same meridional geometry show
separation on the hub at the exit of the return bend. Static pressure distributions
are visually uniform in the pitch direction in the diffuser or the first half of the return
bend. A more detailed description of the upstream decay of the return vane blade

pressure field is provided in Appendix A.

2.2.4 Performance Metrics

The operating condition of the compressor stage is given by the flow coefficient, ®.
While several definitions of flow coefficient exist, we have adapted that used by MHI,
calculated as .

Qo

o=_22
S0,

(2.1)

where dy is the mean impeller tip diameter, Us is the impeller tip speed, and Qo is
the inlet stagnation volume pressure flow rate, calculated as
. m
Qo= —. (2.2)
Pto
The loss coefficient, C , provides a quantitative measure of the performance of a

flow passage. Loss coefficient is used in this thesis as a performance metric for the

return passage. The loss coefficient for a component is defined as:

C _ Pt,upstream - Pt,downstream (2 3)
(Y22 sz)ref

In equation 2.3 the values of P, are mass-weighted at the upstream and downstream

stations which define the selected component or components of the return passage.
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In the calculation of overall loss coefficient, the upstream station is the diffuser inlet
and the downstream station is the return passage outlet. The reference quantities
are calculated at the diffuser inlet to allow direct comparison between the loss coef-
ficients of different components. The relation between changes in return passage loss
coefficient and polytropic stage efficiency for a stage with pressure ratio of roughly 2,

which is representative of the configuration examined, is shown in Figure 2-4
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Figure 2-4: Changes in polytropic stage efficiency versus changes in return passage
loss coefficient.

The loss coefficient satisfactorily describes the losses in the return passage, and
can be used to compare the performance of individual components of the return
passage. However, it does not give information about the flow processes which lead
to stagnation pressure losses and entropy rise. To characterize these flow processes
velocity components were displayed to identify separation regions and other flow
features. Cell-by-cell graphical display of volumetric entropy production was also
used to indicate areas of high losses. For each cell in the grid, the volumetric entropy
production, S, was calculated as[17]:

k ,.oT Tij 8'1,1.3

_ 2
B TQ(Ba:i) T Ox; (24)

S

The first term in the right-hand-side of equation 2.4 is the entropy produced from heat
transfer and the second term is the viscous dissipation. k and 7;; are the turbulent
thermal conductivity and viscous stress, respectively. With Y = 1, the integrated

cell-by-cell entropy production in the return passage is within 10% of the difference

29



in entropy flux between the return passage outlet and inlet. Calculation of entropy
production gives information about where in the flow high losses are produced and is
a useful tool for assessing candidate designs.

Volumetric entropy production due to mixing of secondary flows is typically sev-
eral orders of magnitude lower than volumetric entropy production in the boundary
layer. However, the region in which mixing losses occur can be several orders of
magnitude larger than the volume of the boundary layer, and thus the mixing losses
are an important source of entropy production. To effectively display the volumetric
entropy production in the boundary layer and in regions where mixing takes place,
the volumetric entropy production is plotted on a log scale, and is normalized by

the volume-weighted volumetric entropy production in the baseline return passage,

Sbaseline .

2.3 Derivation of Diffuser Inlet Profile from Calcu-

lation of Baseline Impeller

In the first two steps of the technical approach in section 2.1 boundary conditions for
the return passage calculations are specified. The mass flow and circumferentially-
averaged profiles of low variables at the inlet to the diffuser domain are defined based
on calculation of the flow field in the baseline impeller. These boundary conditions
are used for subsequent return passage calculations, both the baseline return passage

and the new return passage concepts.

The procedure for defining the boundary conditions is as follows:
1. Calculate flow field in impeller.
2. Output flow file at mixing plane location.

3. Calculate circumferentially “mixed out” average of flow at mixing plane (using

MatLab script) and write input file for use in FLUENT.
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4. Use radial flow profile file (from MatLab script) as input to FLUENT return

passage calculations.

The mixing plane model in step 3 is described below.

2.3.1 Mixing Plane Model

It is common practice to employ a mixing plane model to simplify the calculation
of multi-blade row turbomachinery|[18]. The mixing plane removes the circumferen-
tial unsteadiness of the flow, permiting calculation of the downstream passage using
steady-state solvers. The time accurate flow in a radial diffuser has been shown to
be qualitatively similar to the time-averaged flow. Calculation of losses from the un-
steady case and the steady case showed only a 5% difference[19]. The bulk of the
losses in the radial diffuser are due to the spanwise variation in incidence angle at
diffuser inlet, and thus are captured by the mixing plane model. For this thesis, the
loss in fidelity is acceptable given the simplification provided by the mixing plane

model.

2.3.1.1 Circumferentially “Mixed Out” Averaging

To capture the losses produced in the mixing process in the vaneless diffuser, a “mixed
out” average using conservation of momentum, mass and energy was used. The mixed
out average assumes complete mixing of the flow at constant area.

The mixing plane coordinate system was chosen to simplify the conservation equa-
tions. The 0 and 7 axes are tangential and normal to the impeller exit plane, respec-
tively, and the third axis, §, is parallel to the impeller exit in the r-z plane. A
schematic of the region near the impeller exit in the r-z plane is shown in 2-5. The
f and § axes are shown and the @ axis is out of the page. As described in section
2.3.1.3, the mixing plane, indicated by a red line, is located 20% of the impeller exit
width downstream of the impeller exit, indicated by a blue line.

The conservation equations which define the mixed out average are given in equa-
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Figure 2-5: Schematic (in r-z plane) of region near the impeller exit (blue line) shows
the mixing plane (red line) and the 7 and § axes of the mixing plane coordinate
system.

tions 2.5 through 2.9 [20].

mass : Z(pz-VniAi) =pV,A (2.5)

energy : Y _(Ti,piVn, A) = Tyrin (2.6)

n — momentum : Z(pﬁ-V,iAi + PA;) = pV2A+ PA (2.7)
5 — momentum : Z(Vsip@VniAi) = V,pV, A (2.8)

6 — momentum Z(Vbt.pﬂ/mfli) = VgpV, A (2.9)

The circumferentially averaged turbulent kinetic energy, k, and specific dissipa-

tion, w, are calculated using a mass-averaging technique as

foo|V-ad] zw Vi 4
fp}ﬁ.dff} A (2.10)
i=1
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where ¢ is replaced with k or o [14].

2.3.1.2 MatLab Implementation

The mixing plane model was implemented in MatLab. A MatLab script was written to
extract flow field data on a structured boundary surface from a point profile file (.prof)
which is created in FLUENT. The script calculates the circumferentially averaged
values of P, P, T}, V,, V., V4, k and o and creates a new axial or radial profile file to

be read into three-dimensional or axisymmetric FLUENT calculations, respectively.

2.3.1.3 Mixing Plane Location

The mixing plane location was chosen to ensure no regions of reverse flow. A region
of reverse flow on the impeller shroud which extends beyond 20% of the impeller exit
width, by, into the diffuser is present in the impeller calculations. Figure 2-6 shows
contours of radial velocity for the lowest flow coefficient, ®/®; = 0.84, in the 0-z
plane at four radial stations, from the impeller exit at left to 20% of the impeller exit
width, or 0.2b,, downstream of the impeller exit at right. Contours are only shown
where there is reversed flow. The radial velocity contours are overlaid on the impeller
hub wall, shroud wall mid-pitch line and impeller blade trailing edge geometry. The
region of reverse flow is smallest at the 0.2b, station and is largest at the impeller
exit. To prevent an ill-posed diffuser inlet condition, the mixing plane location was
thus set to 20% of the impeller exit width downstream of the impeller exit where the
mixed out flow field does not contain reverse flow. Figure 2-7 shows the resulting

radial velocity profile.
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Figure 2-6: Contours of radial velocity at four radial stations near the impeller exit.
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Chapter 3

Baseline Return Passage Assessment

This section describes the features of flow in the baseline return passage. A combina-
tion of quantitative and qualitative tools was used, with the objective of identifying
the loss mechanisms which can be mitigated or eliminated through design. The loss
coefficient of each component was calculated separately to isolate the contribution
of that component to the total return passage losses. Contours of velocity and en-
tropy production rate were also used to help identify the loss mechanisms. While
calculations were performed for the range of flow coefficients from ®/®,; = 0.89 to
®/®, = 1.17, only the flow field at the design condition, ®/®4 = 1, was examined in
depth.

3.1 Flow Features and Loss Mechanisms in the Base-

line Return Passage

Figure 3-1 is a plot of component loss coeflicients as a function of flow coefficient from
®/®;=0.89 to /Py = 1.17. At &/®4 = 1 the loss coeflicients of the diffuser, return
bend and return vane components are approximately 0.05. The loss coefficient of the
90° bend is about one third of this value.

The losses in the diffuser might be expected to be higher than losses in the return

bend and return vane because the velocity in the diffuser is higher and thus the

35



0.06

e
‘¢ 18 s o °
ol o o ® - . 8. o
0.05 . - M S
5]
0.04 - =
||
0.03 =
N
0-02 % X X X Pal oy
X % ® % X
0.01 ¢ diffuser ® return bend | |
a return vane x 90° bend
0 | I T T
0.88 0.94 1.00 1.06 113 1.18

®/dd

Figure 3-1: Component loss coefficients in the baseline return passage.

entropy production per unit area due to boundary layer dissipation, which scales
with the cube of the local velocity, is higher. High losses in the return bend and
return vane, despite lower kinetic energy relative to the diffuser, indicate a potential
for improvement in these components. Detailed assessment of the baseline return

passage flow thus focused on the return bend and return vane.

Increases and decreases of static pressure rise indicate deceleration and accelera-
tion of the flow, respectively. Figure 3-2 shows the circumferentially area-averaged
values of static pressure rise on the hub and shroud surface as a function of dis-
tance through the diffuser, return bend and return passages. The static pressure rise
coefficient is defined as:

_P2

Vo VE' B:1)

Pressure Rise Coef ficient =

The figure shows that about 80% of the pressure rise in the return passage occurs

in the diffuser. Streamline curvature in the return bend implies a spanwise pressure
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Figure 3-2: Pressure rise coefficient in the baseline return passage.

gradient, with higher pressure on the concave shroud surface and lower pressure on
the convex hub surface. The spanwise pressure gradient results in acceleration on the
hub, seen in Figure 3-2 as a drop in pressure rise coefficient in the last 10% of the
diffuser and first 25% of the return bend. The acceleration is followed by deceleration
on the hub in the latter half of the return bend as it transitions to the straight return
vane section. The adverse pressure gradient on the hub causes the flow to separate at
the exit of the return bend. The pattern of acceleration and deceleration on the hub
in the bend is unavoidable because of the turning in the return bend, but, as will be
shown in section 4.1.1, the magnitude and location of the adverse pressure gradient
peak can be modified.

On the shroud the pressure rise continues until midway through the return bend
where the flow accelerates into the return vane. The acceleration is seen in Figure 3-2
as a drop in the shroud pressure rise coefficient at the exit of the return bend and the
inlet of the return vane. The return vane removes the swirl component of velocity,
but only 6% of the stage pressure rise is achieved in the return vane passage because
the flow area is reduced at the smaller radius. At the exit of the return vane the
static pressure on the shroud decreases and the static pressure on the hub increases

due to the meridional streamline curvature in the 90° bend.

A more detailed description of the flow field and loss mechanisms in each compo-
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nent is provided below.

3.1.1 Diffuser Flow Features

Figures 3-3 and 3-4 show contours of the velocity magnitude and entropy production
in the diffuser. The losses are dominated by viscous dissipation in the boundary
layer, with no appreciable secondary flow structures which contribute in a substantive
manner. As such, improved diffuser performance can only be achieved by increasing
the diffuser width ratio to decrease the velocity and reduce boundary layer losses, and

MHI has shown that diffuser performance can improve with increases in diffuser exit

width?!.
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Figure 3-3: Contours of velocity magnitude in the baseline diffuser.

1Personal communication from MHI

38



log(s/gbaseline)

2 00e+00
1.85e+00
! 1.70e+00
SN 1.55e+00

1.40e+00
1.25e+00
1 10e+00
9 50e-01
8.00e-01
6.50e-01
5.00e-01
3.50e-01
2 .00e-01
5.00e-02
-1.00e-01
-2 50e-01
-4 00e-01
-550e-01
-7.00e-01
-8.50e-01
-1.00e+00

Figure 3-4: Contours of log(S / S‘base;me) in the baseline diffuser.

3.1.2 Return Bend Flow Features

Figure 3-5 shows contours of velocity magnitude in the return bend. Acceleration and
subsequent deceleration of the flow on the hub in the return bend can be seen, with
peak velocity on the hub occuring around 25% through the bend. Acceleration into
the bend corresponds to a trough in pressure gradient at the inlet of the return bend,
which is seen in the plot of pressure gradient, @%—, as a function of distance
pV?)2 /b2
through the diffuser and return bend, Figure 3-6. The adverse pressure gradient
associated with deceleration in the latter 75% of the return bend is also seen. The

adverse pressure gradient increases through the return bend with a peak value near

the return bend exit where separation begins.

The separation in Figure 3-5 is a region of low velocity magnitude near the hub
surface at the exit of the return bend. Figure 3-7 shows contours of entropy production

rate in the return bend. There is a region of high loss where separation begins.

On the return bend shroud there is a region of reversed flow which extends from
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the exit of the diffuser through roughly 60% of the bend. Apart from the isolated
region of high loss associated with the flow separation at the bend exit and losses
at the vane leading edge (described in section 3.1.3), the entropy produced in the
return bend is due to dissipation in the boundary layer. The blockage associated with
the reverse flow on the shroud increases the freestream velocity and the associated
entropy production per unit area, and the non-zero leading edge incidence angle causes

increased acceleration around the leading edge.

3.1.3 Return Vane Flow Features

Figures 3-8 and 3-9 show contours of radial velocity and entropy production rate at
six radial stations along the return vane. The radial stations are arranged at intervals
of 20% chord, from the 0% chord station at the leading edge to the 100% chord station
at the trailing edge. The region of separation initiating in the return bend, which is
indicated by red and orange in 3-8, extends across the entire pitch on the hub, with
the highest reverse flow on the pressure side of the vane. Between the 0% and 20%
chord stations the region of separation increases in size. The flow reattaches by the
40% chord station but a region of reduced velocity flow extends across the channel
on the vane suction side. The reduced velocity region is present on the suction side
through the remainder of the return vane.

A region of high loss from mixing of passage secondary flow is seen in Figure 3-9.
This region of high loss extends into the passage on the vane suction side between
the 20% and 60% chord stations. Blockage from the low velocity flow also increases
the local velocity and hence the entropy production per unit area in the return vane.

Figure 3-10 shows the incidence angle at the leading edge radial station as a
function of span. Flow at the vane leading edge exhibits positive incidence angles
between 50% and 100% of the span, with incidence angles up to 15.5° at the shroud.
The positive incidence angle at the hub is due to separation. Positive incidence

contributes to the losses in the return vane and near the exit of the return bend.
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Figure 3-8: Contours of radial velocity on passage cross sections in the baseline return
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Chapter 4

Development of New Return Passage

Concept

This section describes the development of improved return passage concepts. The
design process was described in section 2.1, and encompasses steps 4-6 in the technical

approach, as given below:

Technical Approach

4. Define Design Objective (based on flow features of previous return pas-
sages)
0. Screen Design Concepts

e Define meridional geometry of preliminary concepts.

e Perform axisymmetric calculation of preliminary concepts to deter-

mine impact.
6. Three-dimensional Calculation of Candidate Return Passage

e Define meridional geometry of candidate concept.

e Perform axisymmetric calculations to verify candidate design ad-

dresses design objective.
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e Define three-dimensional geometry using flow angle from axisym-
metric calculation to define return vane leading edge lean angle (in

conjunction with Dr. M.V. Casey?).

e Perform three-dimensional calculation of candidate design and per-

form detailed assessment of flow field.

The initial design objective was to address separation at the exit of the return bend in
the baseline return passage, but this objective was modified to incorporate improve-
ment of the diffuser and return bend performance, based on assessment of the flow in
the candidate return passage. The screening and development of candidate concepts

is described in this section.

4.1 Screening of Preliminary Concepts

4.1.1 Design Concepts to Eliminate Separation at Bend Exit

In section 3.1 separation on the hub at the exit of the return bend in the baseline
return passage was shown to be an important source of loss in the return bend and
return vane. The initial objective for the redesigned return passage was to eliminate
the region of separation at the return bend exit. To this end, the effect of meridional
geometry modifications on separation was considered, including increased diffuser exit
width. Axisymmetric calculations of the flow field in several alternative geometries

were performed. The modifications which were studied are:
o Increasing diffuser width
e Decreasing return bend channel width
e Increased axial extent of return bend

e Non-constant curvature in return bend

IDr. M. V. Casey defined the return vane leading edge lean angle and blade airfoil coordinates.
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Figure 4-1: Contours of velocity magnitude from an axisymmetric calculation of the
baseline return passage flow.

Each concept is described below, along with its merits and demerits. All of the
designs maintain the location and width of the diffuser inlet and return vane trailing
edge station from the baseline return passage. For reference, contours of velocity
magnitude for the baseline geometry, from an axisymmetric calculation, is provided

in Figure 4-1:

¢ Preliminary Design PD-A is similar to the baseline return passage but has
a 25% wider diffuser exit. The hub wall contour and return bend exit width are
kept the same. Figure 4-2 shows contours of velocity magnitude in PD-A, with
the baseline meridional geometry overlaid. There is a region of separation at
the exit of the return bend similar in size to the separation region in the base-
line return passage, which implies the increased diffuser width does not reduce
separation at the return bend exit. The magnitude of the peak velocity near
the hub in the return bend is lower than baseline, which is consistent with a
0.02 points higher pressure rise at the diffuser exit in PD-A compared with the
baseline.

Figure 4-3 gives the total entropy generated in a vaneless, radial diffuser with
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Figure 4-2: Contours of velocity magnitude from an axisymmetric calculation of flow
in PD-A overlaid on baseline geometry.
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Figure 4-3: Change in entropy as a function of flow angle in a vaneless, two-
dimensional radial diffuser.
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fixed mass flow and two-dimensional swirling flow, as a function of flow angle.
In the figure AS is the change in entropy flux between the outlet and the inlet,
not the volumetric entropy production rate. Minimum entropy change, ASp,n,
occurs at a flow angle of roughly 30° from tangential, though flow angles up to
35° are useful to avoid separation on the shroud?. Figure 4-4 shows flow angle
profiles midway through the diffuser, from axisymmetric calculations. The flow

angle in PD-A is in the range of 30-40°.

e Preliminary Design PD-B maintains the baseline geometry from inlet to
midway through the return bend, at which point the channel width is reduced
to counter flow deceleration on the hub in the return bend. Reducing channel
width eliminates separation at the return bend exit, as seen in Figure 4-5,
which shows contours of velocity magnitude. The constriction in PD-B results
in increased flow velocity in the return bend which increases the losses from
boundary layer dissipation; less constriction, or even a constant area bend,

should help reduce separation compared with baseline.

*Personal communication with Dr. M. V. Casey.
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Figure 4-5: Contours of velocity magnitude from axisymmetric calculation of flow in
PD-B overlaid on baseline geometry.

e In Preliminary Design PD-C the axial extent of the return bend is increased
by angling the outer portion of the return vane towards the downstream stage.
Figure 4-6 shows contours of velocity magnitude for PD-C. The geometry is
also overlaid on the baseline geometry, and it can be seen that PD-C has a
radial shroud wall and angled hub wall, as opposed to a radial hub wall and
angled shroud wall in the baseline geometry. The increased axial extent of the
bend is combined with decreasing curvature through the bend. The radius of
curvature at the bend inlet is equal to the baseline bend radius and increases
in the downstream portion of the bend. The size of the separation region is
reduced compared with the baseline, indicating that the increased axial extent

has addressed the separation at the exit of the return bend.

e Preliminary Design PD-D employs a curved ‘S’ diffuser to sweep the dif-
fuser towards the upstream stage and increase the axial extent of the return
bend beyond that in PD-C. The increased axial extent is combined with in-
creasing curvature through the bend. The radius of curvature at the bend inlet

is larger than the baseline bend radius and decreases to the baseline radius at
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Figure 4-6: Contours of velocity magnitude from an axisymmetric calculation of flow
in PD-C overlaid on baseline geometry.
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Figure 4-7: Contours of velocity magnitude from an axisymmetric calculation of
preliminary design PD-D overlaid on baseline geometry.
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the bend exit. Figure 4-7 shows contours of velocity magnitude in PD-D and
the separation region is seen to be smaller than in the baseline case, but larger

than that in PD-C.

e Preliminary Design PD-E also employs a curved ‘S’ diffuser to increase the
axial extent of the return bend to that of PD-D. The increased axial extent of
the bend is combined with decreasing curvature through the bend, qualitatively
similar to PD-C. In Figure 4-8, which shows contours of velocity magnitude in
PD-D, there is no separation at the return bend exit, implying the combination
of increased axial extent and decreasing curvature through the bend is effective

in eliminating separation at the bend exit.
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Figure 4-8: Contours of velocity magnitude from an axisymmetric calculation of flow
in PD-E overlaid on baseline geometry.

A comparison of the meridional pressure gradient, Wzdﬁﬁ%’ on the hub for
PD-E, CR-1 (described later) and baseline as a function of meridional length is
presented in Figure 4-9. The figure shows PD-E peak adverse pressure gradient
is shifted upstream compared with the baseline, occuring near 25% through the
bend, immediately downstream of the maximum acceleration. The upstream

shift in peak adverse pressure gradient results in pressure recovery after the
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Figure 4-9: Pressure gradient in the baseline, PD-E and CR-1 diffuser and return
bends.

acceleration on the bend rather than further downstream in the return bend.
The peak adverse pressure gradient occurs where the boundary layer is thin
because of the acceleration into the bend, as seen in velocity contours near the
return bend, Figure 4-10. The adverse pressure gradient then decreases through
the bend, reducing the local loading in the downstream portions of the bend

where the boundary layer is thick and the flow more likely to separate.

4.1.2 Candidate Return Passage 1 (CR-1)

The meridional geometry of candidate return passage 1 (CR-1) incorporates a number
of design features present in one or more of the preliminary designs. Specifically, the
‘S” diffuser is combined with a return vane which is angled towards the downstream
stage to allow an axial extent greater than both PD-E and PD-C. The decreasing
curvature through the bend, present in PD-E and PD-C, is present in CR-1. While
not as severe as the constriction in PD-B, CR-1 employs a constant area bend rather
than the increasing area bend used in the baseline. To reduce losses in the diffuser,

- the diffuser exit width is increased from baseline.

Figure 4-11 shows contours of velocity magnitude in CR-1. There is no separation
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Figure 4-10: Contours of velocity magnitude near the PD-E return bend from an
axisymmetric calculation.
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Figure 4-11: Contours of velocity magnitude in CR-1 from an axisymmetric calcula-
tion.



at the exit of the bend. As with PD-E, the peak adverse pressure gradient, is shifted

upstream of the baseline, and is reduced in magnitude due to the constant area bend.

To ensure CR-1 was suitable in off-design conditions calculations were performed
at flow coefficients ®/®d = 0.89 and ®/®d = 1.17. Contours of velocity magnitude at
these off-design conditions are presented in Figure 4-12. The flow remains attached

at the return bend exit in both cases.
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Figure 4-12: Contours of velocity magnitude in CR-1 from axisymmetric calculations
at ®/®; = 0.89 and ¢/, = 1.17.

In section 3.1.3 the incidence angle mismatch at the return vane leading edge
contributed to loss in the baseline return vane and return bend. To better match the
return vane to the flow, the leading edge lean angle for the three-dimensional CR-1
geometry was based on the flow angle at the leading edge radial station. Due to
limited geometry creation capabilities a linear variation in lean angle was selected .

The flow angle profile versus span at the leading edge radial station for the CR-1
and baseline return passages is given in Figure 4-13. The metal angle profile is shown
as a dashed line from 40° at the hub to 20° at the shroud. It should also be noted
that the attached flow in CR-1 has a hub angle of 30°, compared with the negative

flow angle on the hub in the baseline design.
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Figure 4-13: Flow angle at the return vane leading edge for baseline and CR-1. The
CR-1 leading edge metal angle profile is indicated as a dashed line.

4.1.3 Concepts to Reduce Losses in Diffuser and Return Bend

A second iteration focused on reducing losses in the diffuser and return bend. As will
be discussed in section 4.2.1, the convex curvature on the shroud in the ‘S’ diffuser led
to flow reversal midway through the diffuser and the increased blockage associated
with separation caused an increase in entropy production per unit area in the diffuser.
The initial CR-1 concept did not address the boundary layer dissipation losses in the
return bend.

The objective of the preliminary concepts presented in this section is to maintain
the attached flow on the hub at the return bend exit while reducing the losses in the

diffuser and return bend relative to CR-1. The design modifications considered are:
e Straight or partially straight diffuser walls
e Radial location and radius of curvature of diffuser “bend”
e “Pinch” at diffuser exit

The geometries examined are described below. All of these exhibit increased axial
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extent, compared with baseline, and decreasing curvature in the return bend.

e Preliminary Design PD-F employs sharp convex curvature near the diffuser
inlet to turn the diffuser towards the upstream stage. Straight walls sweep left
to increase the axial extent of the return bend. To implement decreasing curva-
ture through the entire bend with this type of swept diffuser requires a smaller
radius of curvature at the bend inlet than the baseline return bend radius of

curvature. Contours of velocity magnitude for PD-F are shown in Figure 4-14.
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Figure 4-14: Contours of velocity magnitude in PD-F from axisymmetric calculations.

Figure 4-15 shows the pressure rise through the diffuser of PD-F and of the base-
line return passage, plotted against [, the non-dimensional meridional length.
The pressure rise for the PD-F diffuser is lower than baseline on both the hub
and shroud surfaces. This is likely due to the blockage associated with a region
of reverse flow on the shroud beginning at the sharp convex curvature at dif-
fuser inlet and extending through the return bend. Figure 4-14 also indicates a
large area of high velocity flow (red) on the hub at the return bend inlet, and
the peak velocity in the return bend is 11.1% higher than baseline, leading to

increased entropy production per unit area in the return bend.
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Figure 4-15: Pressure rise coefficient through the PD-F diffuser.

e Preliminary Design PD-G avoids the sharp convex curvature of PD-F. PD-
G maintains the baseline diffuser geometry through the mid-diffuser “pinch”,
at which point straight diffuser walls sweep left to increase the axial extent of
the return bend. Like PD-F, the radius of curvature at the inlet of the PD-G
return bend is smaller than the radius of curvature at the inlet of the baseline
return passage.

Figure 4-16 shows the PD-G meridional geometry and contours of velocity
magnitude.Streamline curvature in the diffuser implies a spanwise pressure gra-
dient, with higher pressure on the concave shroud surface in the outer portion of
the diffuser. The high pressure rise on the shroud surface (due to the curvature)
leads to separation, which begins about 80% through the diffuser on the shroud
wall. The separation is seen as a region of negative flow angle in Figure 4-17,
which shows contours of flow angle in the PD-G diffuser. Nevertheless, losses in
the PD-G diffuser are lower than in the PD-F diffuser, which is consistent with
the higher diffuser pressure rise in PD-G (relative to PD-F) seen in the plot of
pressure rise coefficient versus meridional length through the diffuser in Figure
4-18. The region of high velocity flow on the hub is also smaller than in PD-F,
with a peak return bend velocity 5.6% higher than baseline. The pressure rise

in the diffuser is lower than that of baseline on the hub and shroud surfaces,
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Figure 4-16: Contours of velocity magnitude from an axisymmetric calculation of flow
in PD-G.
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Figure 4-17: Contours of diffuser flow angle from an axisymmetric calculation of flow
in PD-G.



which indicates the performance of the PD-G diffuser is worse than the baseline

diffuser.
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Figure 4-18: Pressure rise coefficient through the PD-G diffuser.
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Figure 4-19: Contours of velocity magnitude from axisymmetric calculations of flow
in PD-H

e Preliminary Design PD-H is similar to PD-G but the diffuser exit is “pinched”
by 8% to avert separation on the shroud near the diffuser exit and in the return
bend. To avoid sharp curvature at the entrance to the return bend, a constant
radius of curvature is employed on the first quarter of the shroud and first half

of the hub, where the flow accelerates. The constant radius portion is followed
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by an increasing radius of curvature in the remainder of the return bend.

Figure 4-19 shows the PD-H meridional geometry and contours of velocity mag-
nitude. The flow is fully attached in the diffuser and return bend. The “pinch”
and constant curvature at the return bend inlet eliminate the reverse flow on the
shroud in both the diffuser and the return bend. The reduced blockage creates
a higher pressure rise in the diffuser than PD-F and PD-G. The pressure rise
through the diffuser on the shroud surface, shown in Figure 4-20 as a function of
meridional distance, is equal to that of the baseline return passage. The region
of high velocity flow on the hub in the return bend is smaller than in PD-F and

PD-G and the peak velocity is only 0.7% higher than baseline.
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Figure 4-20: Pressure rise coefficient through the PD-H diffuser.

The change in loss coefficient for each preliminary concept, relative to the baseline
value, is summarized in Table 4.1. Comparisons are made at 75% and 100% through
the diffuser and at the return bend exit (100% bend). In PD-F and PD-G a large
increase in loss is seen in the portions of the diffuser which have reverse flow, i.e., the
final 25% for PD-G and the entire diffuser for PD-F. PD-H has higher losses in the

diffuser compared with baseline, but exhibits a net improvement through the return

bend.

61



Table 4.1: Change in loss coefficient from baseline.
Station PD-F PD-G PD-H

75% Diffuser | 11.9% 3.8% 0.3%
100% Diffuser | 21.8% 16.0% 0.7%
100% Bend 14.1% 2.7% -7.9%

4.1.4 Candidate Return Passage 2 (CR-2)

The improvements found for the PD-H geometry were promising enough that this
geometry was used as the baseline for candidate return passage 2 (CR-2). As with
CR-1, the leading edge lean angle was selected to match the flow angle given by the
axisymmetric calculation. Figure 4-21 shows the calculated flow angle, as a function
of distance across the span, at the leading edge radial station for CR-2 and the for
baseline return passage. The leading edge metal angle for CR-2 is shown as a dashed

line from 38° on the hub to 22° on the shroud.

50
S -=— Baseline
A0 T -+ CR2
- -

= of Teeelll *
2 30 /:? - hn:l’""tq -
g / l"‘:l:'fi‘-ﬂ-d
< 20 ¥ o e
2
2 10
[

0 T T

0 0.2 0.4 0.6 0.8 1
Hub SPAN [%] Shroud

Figure 4-21: Flow angle at the return vane leading edge for baseline and CR-2. The
CR-2 leading edge metal angle profile is indicated as a dashed line.

4.1.4.1 Sensitivity to changes in diffuser inlet flow angle

To ensure CR-2 would be suitable over a range of inlet flow angles and flow coeflicients,

the sensitivity of the diffuser and bend losses and flow to changes in inlet conditions
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was studied. Five cases were considered. Diffuser inlet flow profiles and mass flow
from the ®/®d=0.89, the design flow, and ®/®d=1.17 calculations of the baseline
impeller were used. The flow angle on the shroud was also modified by plus and minus
five degrees from the design flow profile while maintaining the design mass flow. The

(23]

latter two cases are denoted “shroud minus 5°” and “shroud plus 5°”. The five diffuser

inlet flow angle profiles used in the sensitivity study are shown in Figure 4-22.
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Figure 4-22: Flow angle profiles at the diffuser inlet.

The performance trends through the return bend are similar for the four off-design
boundary conditions considered. Table 4.2 gives the change in loss coefficient between
CR-2 and the baseline at three flow stations for the five flow conditions described
above. For all conditions except ®/®d=0.89, the CR-2 loss coefficient is 0.1-2.9%
higher than baseline through the diffuser. For ®/®d=0.89 the loss coefficient is 0.5%
lower than baseline. For all conditions, the cumulative loss coefficient through the
CR-2 return bend is 5.0-7.9% lower than baseline.

The flow in CR-2 is fully attached in the diffuser and return bend for all five

Table 4.2: Change in loss coefficient between CR-2 and baseline for five flow condi-
tions.

| Station /0, =080 | ®/Py=10] P/ =117] -5° [ +5° |
75% Diffuser 0.1% 0.3% 0.7% -0.2% | 0.8%
100% Diffuser 0.5% 0.7% 2.9% 0.1% | 1.3%
100% Bend -6.4% -7.9% -5.0% -7.7% | -6.8%
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conditions described above. Contours of flow angle for the ®/®; = 0.89 and “shroud
minus 5% cases, which have lower flow angle near the shroud than the other three

cases, are shown in Figure 4-23.

In the following sections, results from three-dimensional calculations of the CR-1

and CR-2 return passages are discussed.
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Figure 4-23: Contours of flow angle in CR-2 with ®/®; = 0.89 (left) and “shroud

minus 5°” (right) inlet profiles.

4.2 Discussion of CR-1 Calculation Results

The cumulative loss coefficient in CR-1 is 2% higher than baseline. There is no
separation at the exit of the return bend, and the losses in the return vane and 90°
bend are reduced by 20% and 17%, respectively, compared to the basline. The losses
in the diffuser are 31% higher than baseline. The losses in the return bend are the

same as baseline. Individual component loss coefficients are summarized in Table 4.3.
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Table 4.3: Change in loss coefficient from three-dimensional calculations of flow in

CR-1 and baseline return passages.
Component AT ]
Diffuser 132%
Bend No Change
Vane 120%
90° 117%
CUMULATIVE 12%

4.2.1 Flow Features and Loss Mechanisms in CR-1

The reduction of losses in the CR-1 return vane is due to lower mixing losses and less
blockage associated with sepafation. The improved flow characteristics are a result
of reducing the separation (which originated at the return bend exit in the baseline
return passage), and reducing the incidence angle at the leading edge compared to

the baseline. The latter is shown in Figure 4-24.
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Figure 4-24: Incidence angle across the span at the return vane leading edge.

Figures 4-25 and 4-26 show contours of radial velocity and entropy production
rate for the passage cross sections, respectively, at intervals of 20% chord through the
return vane.

Comparison with the radial velocity in the baseline return vane (Figure 3-8) shows
a smaller area of (red and orange) reverse flow at the leading edge radial station in
CR-1. The reverse flow on the hub is confined to a small region near the vane and
there is no reverse flow on the hub at the 20% chord station. A region of low velocity

flow extends across the suction side of the vane from the 20% chord station through
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Figure 4-25: Contours of radial velocity on passage cross sections in the CR-1 return
vane.
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Figure 4-26: Contours of log(S’ / §basegme) on passage cross sections in the CR-1 return
vane.
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the 100% chord station. The reduced region of low velocity results in lower blockage
and lower associated entropy production per unit wall area in the return vane. Figure
4-26 also shows a smaller region of entropy production from secondary flow mixing,
which is localized on the suction side of the vane. Compare with the baseline return
vane (see Figure 3-9).

There is a 31% increase in diffuser loss, resulting in a net increase in losses in CR-1
compared to the baseline. The increase in diffuser losses is the result of separation
midway through the diffuser, where the convex curvature on the shroud turns to the
left. Figure 4-27 shows contours of velocity magnitude in the diffuser and return
bend. The vector plot in Figure 4-27 shows the separated region near the shroud wall
in the outer half of the diffuser and the return bend. The blockage associated with
separation increases the freestream velocity, increasing the boundary layer dissipation
losses on the hub surface. The momentum flux at the diffuser exit is 5.5% greater
than baseline.

In summary, an improvement in return vane performance has been achieved with
the CR-1 geometry, but this gain is accompanied by a decline in diffuser perfor-
mance. To improye the overall performance of the return passage, the gains in the
return vane should be maintained, while the performance of the diffuser and return
bend improved. To improve the diffuser and return bend performance, the extent
of the separation region must be reduced without introducing other detrimental flow

features.

4.3 Discussion of CR-2 Calculation Results

The cumulative loss coefficient in CR-2 is 10% lower than baseline, corresponding
to approximately 0.6 points higher polytropic stage efficiency. A 20% reduction in
return vane losses is achieved relative to the baseline, and there is an improvement
in diffuser performance relative to CR-1, with a loss coefficient only 6% greater than
baseline rather than 31%. Performance in the return bend is also improved with a

26% lower loss coefficient than baseline. Losses in the 90° bend increase by 18%, due
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Figure 4-27: Contours of velocity magnitude in the CR-1 diffuser and return bend.
The vector detail shows the separation region along the shroud in the diffuser and
return bend.
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Table 4.4: Change in loss coefficient between CR-2 and baseline return passages from

three-dimensional calculations.
Component AL J
Diffuser 16%
Bend 126%
Vane 120%
90° 118%
CUMULATIVE [10%

to separation, but it is expected that this can be remedied in subsequent designs by
applying the design concepts used to eliminate separation at the exit of the return

bend. Individual component loss coefficients are summarized in Table 4.4.

4.3.1 Flow Features and Loss Mechanisms in CR-2

The 20% reduction in losses from baseline in the CR-2 return vane is, as in CR-1,
due to reduced separation at the return vane inlet, as well as reduction in leading
edge incidence angle, shown in Figure 4-24. Figures 4-28 and 4-29 show contours of
radial velocity and entropy production rate for the passage cross sections at intervals
of 20% chord from the return vane leading edge to trailing edge. Reverse flow at the
0% chord station is isolated to a small region on the hub near the return vane blade.
Between the 20% chord and 100% chord stations, a region of low velocity flow is
present on the blade suction side. Small regions of high loss, associated with mixing
of the separated flow and the core, are present at 20% chord and 40% chord stations,
but the overall return vane losses are reduced from baseline.

In Figure 4-24 there is positive incidence between 0-20% and 40-100% span of
the return vane in CR-1 that leads to increased losses®, but in CR-2 there is positive
incidence only between 0-10% span. However, the momentum flux in the CR-1 re-
turn vane is 4.0% and 8.7% lower than in CR-2 at the 0% and 20% chord stations,
respectively, due to the wider CR-1 return vane channel, which leads to lower entropy
production per unit area. Thus, although there are 20% lower return vane losses

compared with the baseline in CR-1 and CR-2, a greater reduction in losses may be

3Personal communication from Dr. M. V. Casey
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Figure 4-28: Contours of radial velocity on passage cross sections in the CR-2 return
vane.
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Figure 4-29: Contours of log(S’ f '§ba,setine) on passage cross sections in the CR-2 return
vane.
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achieved if reduced momentum flux in the return vane and low incidence can both be
realized.

Losses in the CR-2 diffuser and return bend are both lower than in CR-1 and
CR-2 exhibits no separation in the diffuser or return bend. Contours of velocity
magnitude in the CR-2 diffuser are shown in Figure 4-30. The detailed vector plot in
Figure 4-30 confirms that there is no separation along the shroud in the diffuser or
return bend, and hence lower blockage and freestream velocity. The lower freestream
velocity results in lower boundary layer dissipation, an important loss mechanism in
the diffuser and return bend. The momentum flux at the apex of the bend is 10.0%
lower than baseline, despite 6.7% lower physical channel area.

There are increased losses in the 90° bend from separation on the shroud surface,
which account for 12.7% of the overall losses in CR-2. Figure 4-31 shows contours of
velocity magnitude at mid-pitch in the CR-2 90° bend. There is a separation region
at the end of the bend on the shroud surface (seen as blue in Figure 4-31). In the
design of CR-2, little attention was paid to the features of the 90° bend, as these
contributed relatively little to the overall baseline and CR-1 losses. With additional
design effort the methods used to mitigate separation in the return bend are expected
to have the potential for providing performance in the 90° bend at the baseline level,
resulting in an overall return passage loss coefficient more than 10% lower than the

baseline.
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Figure 4-30: Contours of velocity magnitude in the CR-2 diffuser and return bend.
The velocity vector detail in the inset shows fully attached flow along the shroud in
the diffuser and return bend.

V/U

! 0.54

~ 048

separation

Figure 4-31: Contours of velocity magnitude in the CR-2 90° bend.
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Chapter 5

Assessment of Return Passage with

Modified Diffuser Inlet Geometry

To address the fourth research question outlined in section 1.3 we investigated the
performance of a return passage that was not subject to the baseline diffuser inlet con-
ditions and the geometry which all previous designs shared. In this investigation the
diffuser inlet geometry was modified based on experience gained through development
of the previous designs. The objective was not to develop an optimal return passage
or stage design, but rather to assess whether further reduction in return passage losses
might be achieved with modified diffuser inlet geometry and flow conditions. As such
the computations did not consider the properties of the impeller required to achieve

the modified diffuser inlet flow.

As described below, reduction of losses in the diffuser, return bend and return vane
are achieved by modifying the diffuser inlet. However, the modified diffuser inlet flow
may imply greater losses in the impeller and these must be balanced against the gains
in the return passage. It is therefore suggested that future work focus on developing

the impeller and return passage together.

We next describe the new diffuser inlet geometry and boundary conditions. The
new candidate return passage geometry is then discussed and the flow field and losses

analyzed.
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Figure 5-1: FD-1 meridional geometry.

5.1 Diffuser Inlet Geometry

Calculations of the CR-1 and CR-2 candidate return passages showed that losses in
the diffuser were reduced with straight walls. To further reduce losses in the diffuser
from the baseline level, and to maintain the increased axial extent of the CR-1 and
CR-2 designs, straight, leftward swept walls are used, as shown in Figure 5-1. The
diffuser inlet is rotated such that the flow normal to the inlet is directed parallel to
the diffuser walls. The axial width of the diffuser inlet is adjusted to ensure the mass
flow and momentum flux is kept the same as baseline. The series of return passages

exhibiting this “flipped” diffuser inlet arrangement are hereafter denoted by ‘FD’.

5.2 Diffuser Inlet Profile

The diffuser inlet conditions for the FD series return passages are based on the baseline
diffuser inlet conditions. The mass flow was kept the same as the baseline mass flow.
Figure 5-2 shows a close-up of the FD diffuser inlet overlaid on the baseline diffuser
inlet. The baseline inlet, (ie. A to B) and the FD inlet (ie. C to D) were each divided
into 101 sections at which a value of P, T;, k, w and flow angle was specified. The
values of %, Ti, k and w specified at each of the 101 FD sections were kept the same
as the value of the corresponding section of the baseline inlet.

At the Mach numbers of interest, which exceed 0.7 near the shroud, the flow
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Figure 5-2: Detail view of baseline (A to B) and FD (C to D) diffuser inlet geometry.

angle varies with radius and there is a difference between the baseline inlet and the
FD inlet. To calculate the flow angle for the FD configuration, the area ratio of
the corresponding baseline and FD sections (from the 101 sections mentioned earlier)
was assumed to be equal to the radius ratio. The corrected flow, Mach number and
density at each FD inlet section were calculated from the baseline corrected flow and
the area ratio, assuming isentropic flow. The ratio of radial to tangential velocity,
and hence the flow angle in the r-0 plane, at each FD inlet section was calculated

from the density ratio as:

U?‘ o UT Pbaseline
(UG)FD - (Ug)baselme p . (5.1)

FD

The angle between the radial and axial components of velocity was set to ensure

the velocity in the r-z plane was normal to the diffuser inlet for each section.

Once the diffuser inlet profile was specified in terms of the non-dimensional span,
the physical width of the FD diffuser inlet was adjusted (by trial and error) until the
momentum flux through the FD inlet was within 0.5% of the momentum flux through

the baseline inlet.



5.3 Geometry with Modified Diffuser Inlet (FD-1)

The FD-1 diffuser inlet is rotated by 35° from the baseline and has a 9.2% greater
axial extent. The straight diffuser walls are swept left to increase the axial extent
of the return bend. The outer portion of the return vane is also angled towards the
downstream stage to further increase the axial extent. Similar to PD-H, a constant
radius of curvature is used through the first half of the return bend, followed by
decreasing curvature in the remainder of the bend. The “pinch” at the entrance to
the return bend is also carried over from PD-H, but is more severe in FD-1, at 18%
of diffuser width. The return bend curvature is continued through the first half of the
return vane, allowing a more gradual transition from the 180° bend to the straight
return vane portion. The return vane leading edge is at the same radial location as

baseline.

ViU

6.00e-01
5 75e-01
550e-01
" 505e.01
" 500e-01
4.75e-01
4.50e-01
4.25e-01
4. 00e-01
375e-04
350e-01
3.25e-04
3.00e-01
2.75¢-01
2 50e-04
2 25e-01
2 00e-01
1.75e-01
150e-01
1.25¢-01
1.00e-01
7 50e-02
5.00e-02
250e-02
0.00e+00

Figure 5-3: Contours of velocity magnitude from an axisymmetric calculation of flow
in FD-1.

Figure 5-3 shows the FD-1 meridional geometry and contours of velocity mag-
nitude from an axisymmetric calculation. There is no separation in the diffuser or
return bend. The region of high velocity flow on the hub in the return bend is smaller

than in the baseline. Because there is no curvature in the diffuser, the exit width
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is increased, not including the “pinch”, without triggering separation, and there is
5.5% lower peak velocity in the return bend compared with the baseline. Figure 5-4
shows that the pressure rise coefficient in the axisymmetric calculation, as a function

of meridional distance, is greater than the baseline through the diffuser.
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Figure 5-4: Pressure rise coefficient through the diffuser from an axisymmetric calcu-
lation of flow in FD-1.

As in CR-1 and CR-2, the FD-1 leading edge lean angle was selected to match the
flow angle, based on the axisymmetric calculations. Figure 5-5 shows the calculated
flow angle across the span at the leading edge radial station for FD-1 and the baseline
return passage. The leading edge metal angle is a plotted as a dashed line from 35°

on the hub to 25° on the shroud.

5.4 Discussion of FD-1 Three-dimensional Calcula-
tion Results

The cumulative loss coefficient in FD-1 is 27% lower than baseline. Higher pressure
rise and no streamline curvature in the diffuser leads to 8% lower losses in the diffuser,
as well as reduction in losses in the return bend and return vane. The return bend
loss coefficient is 48% lower than baseline and the return vane loss coefficient is 35%
lower. The 90° bend loss coefficient is 8% higher than baseline, but it is expected that
this could be reduced in subsequent designs. Individual component loss coefficients

are summarized in Table 5.1.
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Figure 5-5: Flow angle across the span at the return vane leading edge from axisym-
metric calculations. The FD-1 leading edge metal angle profile is shown as a dashed
line.

Table 5.1: Change in loss coefficient in three-dimensional calculation of FD-1 and

baseline return passage.

| Component | AL —|
Diffuser 18%
Bend 148%
Vane 135%
90° 18%
CUMULATIVE | |127%
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5.4.1 Flow Features and Loss Mechanisms in FD-1

Losses in the diffuser are primarily from boundary layer dissipation. As described
above, the diffuser exit width, not including the “pinch”, is larger than in the baseline,
resulting in higher pressure rise in the diffuser, a reduction in velocity, and lower
boundary layer entropy production per unit area. In this configuration the momentum
flux upstream of the pinch, near 75% through the diffuser, is 3.8% lower than baseline
and there is no streamline curvature in the diffuser.

Though the axial width of the FD-1 diffuser exit is 5% smaller than in the baseline,
the “pinch” maintains fully attached flow in the diffuser and return bend, resulting
in 0.5% lower momentum flux at the inlet to the return bend and 5.4% lower peak
velocity near the hub. The more uniform flow manifests in 6.6% less momentum
flux midway through the return bend in FD-1 compared with baseline, despite 17 %
less physical channel area. The reduced entropy production per unit area through
the return bend is combined with lower losses near the return bend exit due to less
separation and lower leading edge incidence angle across the span, shown in the plot

of incidence angle across the span, Figure 5-6.
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Figure 5-6: Incidence angle across the span at the return vane leading edge.

The reduced separation near the return bend exit and lower leading edge incidence
also leads to reduced losses in the return vane. Figures 5-7 and 5-8 show contours of
radial velocity and entropy pfoduction rate for the passage cross sections at intervals
of 20% chord from the return vane leading edge to trailing edge. Reverse flow is

present in a small region near the intersection of the vane pressure side and hub wall
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at the 0% chord station, as well as where the flow accelerates around the return vane
leading edge, but the flow is attached by the 20% chord station. A region of low
velocity flow is present on the vane suction side between the 40% and 100% chord
stations, with regions of high loss at the 40% and 60% chord stations. However there
is less reverse flow, and less loss from mixing of the secondary and core flows in the
FD-1 return vane, compared with the baseline return vane (see Figures 3-8 and 3-9.)

The increase in losses in the 90° bend is due to separation on the shroud surface
and this additional loss needs to be addressed through additional tailoring of the 90°
bend.
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Figure 5-7: Contours of radial velocity on passage cross sections in the FD-1 return
vane.
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Figure 5-8: Contours of log(S’ / Shaseline) ON passage cross sections in the FD-1 return
vane.
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Chapter 6

Summary and Future Work

An assessment of flow and losses in a compact multistage centrifugal compressor
return passage is presented along with the conceptual development of candidate im-
proved performance return passages. The main points of the thesis and the recom-

mendations for future work are summarized below.

6.1 Summary

A series of calculations of return passages have been carried out. Flow features which
contributed losses in the baseline return passage were found to include separation on
the shroud near the beginning of the return bend, separation on the hub near the
exit of the return bend and non-zero incidence angle at the leading edge of the return
vane.

Based on the identified loss mechanisms, return passage concepts were assessed
using a combination of axisymmetric and three-dimensional calculations. Meridional
geometry modifications, including an increase in the axial extent of the return bend,
decreasing curvature in the latter half of the return bend, “pinching” the channel at
the exit of the diffuser, and reducing the area ratio in the return bend were shown
to eliminate separation on the shroud in the return bend and reduce separation on
the hub at the exit of the return bend. Incidence angle was reduced by adding lean

to the return vane leading edge, based on flow angles calculated in axisymmetric
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calculations. The resulting return passage concept, denoted CR-2, exhibits a 10 %
reduction in overall loss coefficient. It is expected that further reductions in loss
coefficient can be achieved.

A return passage with modified diffuser inlet geometry, denoted FD-1, was de-
veloped and analyzed to assess the potential for further reductions in return passage
losses if the diffuser inlet geometry is modified. The properties of the impeller re-
quired to achieve the modified inlet flow were not considered. The diffuser inlet was
rotated to enable straight diffuser walls which are angled towards the upstream stage.
Overall loss coefficient was reduced by 27% from baseline. It is likely that larger im-
provements can be achieved but these must be balanced against potential changes of
impeller efficiency. It is thus suggested that an integrated development effort for the

impeller and return passage be pursued.

6.2 Recommendation for Future Work

The intent of this thesis was to develop concepts for improved return passages. There
is still much work left to be done to turn the concept into a realizable return passage
design. It is expected that return passage losses can be reduced more than 10% from
baseline, even with fixed diffuser inlet conditions. Some design features from FD-1
can be applied, including a more severe “pinch” at the diffuser exit, and continued
curvature in the outer half of the return vane.

An understanding of the qualitative effect of geometry changes was gained, but
it would be useful to define the link between geometry and return passage losses
in a more quantitative manner. A parametric study of return passage losses which
considers features such as return bend axial extent, “pinch” severity at diffuser exit,
width scheduling, and continuation of curvature in the return vane is suggested.

Other modifications not considered in this thesis should also be investigated. A
curved, ‘S’ shaped return vane which enables further extension of the return bend is
one example.

In section 5 it was shown that a reduction in the return passage losses can be
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achieved with modified diffuser inlet geometry and flow, but no consideration was
given to the required impeller design or losses in the impeller. It is thus recommended
that the impeller and return passage be developed together.

Much of the work in this thesis followed a heuristic, trial and error approach.
While this was effective for initial conceptual exploration, a more methodical design
approach may prove valuable in future design efforts. One such approach that may
be effectively employed in future work to refine the design of the return passage is an
adjoint method [21].

Finally, the operational range of any new compressor stage is important, and de-
sign limitations may be imposed to ensure sufficient range. The stable operating range

of compressors employing the new return passage concept should thus be investigated.
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Appendix A

Upstream Influence of Return Vane
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Figure A-1: Pressure distributions on the hub (left) and shroud (right) surfaces up-
stream of the return vane leading edge in CR-1.

As described in section 2.2.3 the upstream influence of the return vane on the

flow field in the return bend and diffuser was investigated to validate the use of

axisymmetric calculations as a design tool.

Figure A-1 shows pitchwise pressure

distributions on the CR-1 hub and shroud surfaces at the six locations shown in

Figure A-2. The black traces in Figure A-1 show a jump in static pressure across

the return vane leading edge at station 1. The disturbance in static pressure rapidly

decays upstream of the return bend. No appreciable pitchwise pressure disturbance

is seen at stations 3-6 on the shroud or stations 4-6 on the hub.
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Figure A-2: Schematic showing location of six pressure distributions in CR-1. The
horizontal bar at top shows the pitch length.

A comparison of the return bend flow field in the CR-1 geometry from a three-
dimensional calculation with return vane blades and an axisymmetric calculation with
no blades in Figure A-3 confirms that separation occurs at approximately the same
location on the hub surface. Because the objective of the axisymmetric calculations
was to quickly assess the effect of alternative meridional geometries on separation, it

was determined that axisymmetric calculations would provide valuable insight despite

having no return vane blades.
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Figure A-3: Contours of velocity magnitude near the return bend from a three-
dimensional and an axisymmetric calculation of the flow in CR-1.
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