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(ABSTRACT)

The Deverson rotor, a single stage axial compressor designed to simulate a
multistage axial compressor, was studied computationally using a 3-D Navier-Stokes
solver, the Moore Elliptic Flow Program. A one equation, g-L, transitional turbulence
model was used with MEFP for closure of the transport equations. The calculation was
used to study the physics and flow mechanisms affecting hub corner stall. Preprocessing
and postprocessing programs were written to aid this study, a grid generation program
and a streakline visualization program, respectively.

First, computational 2-D cascade studies were performed to study the effects of
free stream turbulence level and incidence angle on suction surface boundary layer
development. The results showed the correct trends in boundary layer transition and
separation, loss production, and deviation angles.

Velocity measurements taken at the exit of the Deverson rotor were made
available by Rolls-Royce for comparison with the 3-D calculation results. The g-L
turbulence model predicted the existence of the hub corner stall, but under predicted the
size of the corner stall. It failed to predict the radial migration of the associated loss core.
However, the calculation did reveal details of the flow that affect corner stall. These
included boundary layer transition and separation on the suction surface, hub and suction
surface secondary flows, and radial relief. Streaklines were useful in visualizing and
understanding these flow details.

A preliminary 3-D calculation was performed with a two-equation, q-w,
turbulence model. This turbulence model more accurately predicted the corner stall

including radial migration of the loss core.
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1.0 Introduction

As the development costs of jet engines increases each year, it is becoming
increasingly important to understand the complex three-dimensional flows in them.
Multistage axial compressors are an important part of these engines. They can‘experience
high losses from the interaction of blade and endwall secondary flows. The development
of these three-dimensional flows in the suction surface/hub corner area can lead to hub
comer stall and high losses.

The designers of axial flow compressors are increasingly using Computational
Fluid Dynamics software as a design tool. CFD codes aim to predict three-dimensional
viscous flows through compressors accurately. These codes allow the designer to study
the three-dimensional flows that will exist with a given geometry before it is actually
built. This insight allows the redesign of compressor blading to reduce losses and
maximize the efficiency.

Phenomena governing compressor performance are reviewed in the literature
review and include: boundary layer transition and separation, surface secondary flows,
hub corner stall, and radial relief of leading edge loading on compressor blading.

MEFP, the Moore Elliptic Flow Program, is a Computational Fluid Dynamics
program written to predict flows through turbomachines. In this thesis it is used for two
and three-dimensional compressor flow studies. The flows were predicted using a one-

equation g-L transitional turbulence model.
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To do these studies, a grid generation program was developed which would create
a calculation grid that satisfied the requirements of the g-L turbulence model including
uniform near-wall spacing.

2-D cascade studies were performed that examined the flow on the suction surface
of the rotor blade to study aspects of boundary layer development. These studies were on
the effects of free stream turbulence intensity and incidence angle on boundary layer
transition and separation.

A three-dimensional calculation was made to simulate the flow through the rotor
of the Deverson compressor, a single stage axial flow compressor designed to simulate a
multistage compressor. Calculation results were compared with experimental data from
the exit of the compressor’s rotor provided by Rolls-Royce. The calculation was used to
gain a physical understanding of the factors involved in the development of hub corner
stall in multistage axial flow compressors. The accuracy of the g-L turbulence model in
predicting hub corner stall was also assessed.

Flow visualization of results is important for analyzing the flow and comparing it
with actual flows. A particularly potent visualization tool is streakline analysis; it gives
an understanding of specific and global flow phenomena. A streakline visualization
program was developed to aid in understanding the predicted two and three-dimensional
flow details.

An additional calculation was run for the Deverson rotor using a g-w
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turbulence model currently being developed. The results of this calculation were then

compared with the results from the q-L turbulence model and the experimental data.
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2.0 Literature Review

Over the past several decades in multi-stage axial flow compressor design, there
has been a steady trend to increase the speed, the pressure rise per stage, and to decrease
the aspect ratio. These trends tend to increase the importance of end wall boundary layers
and the high loss/separated flow regions associated with them as shown in Figure 2.1.

Howard et al. (1993) has estimated that three-dimensional endwall effects leave
only 25% of the flow unaffected and account for half of all stage losses in the third stage
of a four stage compressor. Of particular interest in the present study is the separated
flow in the suction surface/hub corner region. This phenomenon is generally referred to
as corner stall. There are many factors that influence the flow to separate and generate

the high losses associated with it.

2.1 Factors Effecting Flow Separation and Loss Production

2.1.1 Incidence

At the design flow coefficient, ¢, when the flow enters the blade row at the
design incidence, i = B,- B,  as illustrated in Figure 2.2, the size of the separated region is
typically small or does not exist. But as the flow rate is reduced, the incidence increases,
and the hub corner stall appears or increases in size. The hub region of the rotor blade
experiences high incidence angles due to the boundary layer skew depicted in Figure 2.3.

(Dong et al., 1986, Lakshminarayana et al., 1985) With a change to the relative frame of
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reference as the boundary layer fluid passes into the rotating region of the hub, the fluid
gains a significant circumferential velocity component resulting in the high incidence

angle.
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2.1.1.1 Radial Relief

Two-dimensional cascade analyses on blade sections near the end walls show that
the high incidence angles cause high leading edge loadings that decrease overall
performance. However, experimental data suggests that in three-dimensionalq flows, the
leading edge loading is not as high as the two-dimensional analyses suggest. The reason
for the difference between the two is generally accepted to be from secondary flow
effects. In particular, these three-dimensional effects can be attributed to radial
adjustment of the flow distribution along the leading edge. The mechanism génerating
the secondary flows along the leading edge is a static pressure gradient.

For the case of a stator, which was studied by Wadia and Beacher (1989), the high
incidence angles from the casing inlet skew cause a minimum static pressure near the
suction surface in the stator/casing region. The associated radial static pressure gradient
causes radial outward flows along the suction surface which then rapidly decelerate as
they approach the casing/stator corner thereby increasing the pressure. A similar
argument can be made for the hub/suction surface corner at the leading edge. The
difference being that the static pressure gradient now causes a radially inward flow along

the leading edge.
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2.1.2 Secondary Flows

2.1.2.1 Horseshoe Vortex

As the flow approaches the leading edge of the rotor, the interaction of the hub
boundary layer with the leading edge produces a horseshoe vortex. Figure 2.4 shows a
simplified mechanism for the production of a horseshoe vortex. The vorticity present
within the boundary layer due to the positive radial velocity gradient, u/r, is convected
around the leading edge forming a suction side leg and a pressure side leg (Moore, 1994).
The suction side leg tends to migrate up the blade surface above the corner stall as it
progresses downstream and then dissipates or mixes out. The pressure side leg is usually
pulled toward the suction surface of the next blade by the secondary flows that develop
along the hub from the pressure surface to the suction surface and may then be caught up

in the corner stall.
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2.1.2.2 Hub Secondary Flow

Several experimental studies show the development of secondary flow along the
hub from the pressure side to the suction side and interacting with the separated flow
region (Cyrus, 1986, Lakshminaranayana et al, 1985). Figure 2.5 depicts this"secondary
flow and corner stall. The secondary flow causes the high loss fluid from the boundary
layer to accumulate in the sucfion surface/hub comer region, adding to the losses
generated by the separated flow or even inducing the corner stall.

A simplified explanation for the development of the hub secondary flow can be
based upon an equation from Hawthorne (1974) for the generation of a streamwise

component of vorticity, {d, in steady, inviscid, and incompressible flow.

Q * *
Of%)__2 |10 wop (Eq. 1.1)
Os|\ W pw 2| R_ b W 0Oz

The first term with the principal radius of curvature of the relative streamline, R, and the
gradient of rotary stagnation pressure, p’, is what generates the hub secondary flow.
Having both streamline curvature and a radial gradient of rotary stagnation pressure is
necessary to develop a strong enough secondary flow to overcome the inlet skew. A
simplified view of how a negative component of vorticity is generated in the outer part of
the hub boundary layer can be seen in View AA in Figure 2.6. The negative gradient of
rotary stagnation pressure in the binormal direction multiplied by a positive rotation

yields a negative vorticity which creates the secondary flows from the pressure surface to
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the suction surface.
Another source of high loss fluid in the separated region is the pressure surface
boundary layer (Hirsch and Kang, 1993). Because there is reversed flow in the separated

region, some fluid is convected around the trailing edge and entrained in the backflow.
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2.1.23 Radial Migration of Loss Core

Another secondary flow phenomenon associated with the separated flow region is
the radial migration of the high loss core away from the hub. Figure 2.7a shows that in
the third stage of a four-stage compressor, the loss core has moved from the hub to
between 15 and 20% of blade height (Howard et al., 1993). Part of the explanation for
this migration up the suction surface comes from the centrifugal effects induced by the
rotation. The centrifugal force created acts in a direction normal to the hub surface
causing the radially outward flow of the high loss fluid in the corner stall area. Or in
other words, the fluid is centrifuged outward.

Another way of visualizing this is to look at the simplified streamwise vorticity
generation equation, Eq. 2.1. The second term deals with the angular velocity, o, about
the axis of rotation z. There is a negative gradient of rotary stagnation pressure near the
suction surface creating a negative component of ), which produces a radially outward
component of velocity in the outer part of the boundary layer. This is illustrated in Figure

2.6.

2.2 Underturning/Overturning

With an understanding of the mechanisms behind corner stall, explaining the
characteristic problem of the flow under/overturning in the hub region as seen in Figure

2.7b is easier (Howard et al., 1993). Nearest the hub, the flow is seen to be overturned

16
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because of the strong secondary flow pushing fluid toward the suction surface. Where the
blade is in the way, the flow is rolled up into the corner stall but downstream of the blade,
it is relatively unhindered, resulting in the overturning. The flow then reaches a local
maximum of underturning around 20% of span which coincides with the location of the
core of high loss fluid. Because the flow convects over the region of backflow, it is

forced outward away from the suction surface resulting in underturning.

17
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2.3 Transition

The transition of the suction surface boundary layer from laminar to turbulent
plays an ifnportant role in where the flow separates. Figure 2.8 shows the possible
boundary layer states on a blade surface ranging from laminar to a laminar separation
bubble, then transitioning to turbulent and then undergoing turbulent separation. The
main determining factor for which states the boundary layer will experience is the
Reynolds Number. For a Reynolds number greater than 10°, the boundary layer is
generally turbulent from the start. It is for Reynolds numbers in the 10° regime that the
other states occur. For these lower Reynolds number flows, the freestream turbulence

level becomes an important factor in the evolution of the boundary layer.

2.3.1 Freestream Turbulence Level

H. Schlichting and A. Das (1970) performed a cascade study to determine the
effect that turbulence level has on the suction surface boundary layer for NACA blade
shapes. The top plot in Figure 2.9 shows how transition is affected by turbulence levels
for a NACA 65-608 blade shape at a Reynolds number of Re = 1.6 x 10°. For turbulence
levels below 2.5%, the boundary layer starts laminar and then has a laminar separation
bubble. The boundary layer then reattaches as turbulent. For turbulence levels above the
critical value of 2.5%, transition to a turbulent boundary layer occurs immediately at the

leading edge of the blade, with the implication that turbulent separation can occur earlier
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on the blade surface. The early transition at higher turbulence levels coincides well with
flow behavior in the hub region of compressors where turbulence levels are higher than in
the free stream region.

The middle plot of Figure 2.9 shows the influence of the turbulence level on the
flow turning angle, 0 = Ap =B, - B,. The flow turning angle is illustrated in Figure 2.2.
As the turbulence level is increased, the turning increases from a minimum value of
approximately 10.5 degrees till the critical turbulence level of 2.5% is reached. After this
point, the turning angle is unaffected by an increase in the turbulence level.

The bottom plot of Figure 2.9 shows the relationship between the flow loss and
the turbulence level. The loss starts at a high value for low turbulence levels and then
decreases to a minimum value at the critical turbulence level. The loss then increases to
about the same value as for low turbulence levels at 8% where it then levels off to a

constant value as the turbulence level is increased further.
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2.3.2 Incidence Angle Effects on Transition

The relationship between the boundary layer state and incidence angle was
studied by N. J. Seyb (1971). The results from his cascade study are shown in Figure
2.10. The top plot shows how the losses are affected by varying the incidence angle. As
the flow inlet angle is varied from the blade angle, the losses increase. The highest losses
occur for large positive incidences which are what compressor blades experience in the
hub region. These higher losses are due to the earlier transition location and turbulent
separation as seen in the second plot.

The second plot depicts the transition location for the different incidence angles.
In addition to the experimental results, Seyb also examined methods for predicting the
location of transition on the blade surface. For negative incidence angles, the boundary
layer begins as laminar with transition occurring after a laminar separation bubble, which
is similar to the behavior for low turbulence levels. As the incidence goes positive, the
transition location moves closer to the leading edge, with turbulent separation occurring
after the incidence reaches +7.5°. The method used to predict transition was based upon
a method by B. Thwaites (1949). The method uses the momentum thickness Reynolds
number and a pressure gradient parameter in conjunction with correlations to
approximate the laminar boundary layer. Details of this method will be given in section

6.2.2.1.
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24 Deverson Rig

Multi-stage compressors are complex machines that make it difficult to obtain
experimental data. Therefore, single stage compressors designed to simulate multi-stage
machines are often used to obtain experimental evidence. The purpose of the present
study is to predict the flowfield computationally, in particular the separated region, and
compare the calculations with experimental data obtained from the Deverson Rig (Place,
1993), a low speed research compressor.

The Deverson Rig is housed at the Whittle Laboratory in Cambridge, England. It
is a single stage compressor with C4 free vortex designed blades. There are 51 rotor
blades that have 2% of rotor axial chord tip clearance and 36 stator blades. To simulate a
multi-stage environment, the machine is fitted with a turbulence grid 5.4 rotor midheight
chords upstream of the rotors. The screen produces higher turbulence levels produced
normally by upstream stages. A schematic of the Deverson Rig can be seen in Figure
2.11. The discussion of the data from the rig will be restricted to the hub region, on
which the present study is focused.

The data presented here was taken downstream of the rotor at Plane G, for a flow
coefficient of ¢ = 0.51. This gives a Reynolds number based on axial chord of 300,000.
Figure 2.12 shows the axial velocity contours normalized by the midheight blade speed,
V. /U idneigne-  This velocity visualization shows the blade wake, the hub and casing

boundary layers, and the corner stall. The corner stall is indicated by the core of nearly
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stagnated fluid at a radius of 630 mm that causes a bulge in the blade wake. That the core
of fluid has moved away from the hub indicates the presence of the radial migration
discussed earlier. It is this low speed/high loss fluid in the suction surface/hub corner
region that causes the characteristic underturning (discussed in section 2.2 ) which will be
shown in a later figure. A second exit axial velocity visualization can be seen in Figure
2.13 which shows the exit axial velocity contours as a circumferentially averaged profile.
A local peak velocity of approximately 0.5 seen at 7.5% of the blade height corresponds
to the contours that protrude under the high loss core seen in Figure 2.12. This fluid is
the hub secondary flow that causes the characteristic overturning in the hub region.

The rotor wake velocity profiles at 23 and 50% span are shown in Figure 2.14.
The velocities within the rotor wake at 23% illustrate the dominance of secondary flows
within boundary layers along the blade and the corner stall region over the primary or
axial velocity. The radial velocity increases significantly and reaches a peak of about
0.08. This is due to the strong radial outward secondary flows along the suction surface.
The tangential velocity also increases significantly in the blade wake. The axial velocity
slows significantly due to the boundary layers on the blade but also because of the
backflow within the separated region of flow in the suction surface/hub corner region.

The rotor wake velocities at 50% span follow the same pattern seen at 23% span.
But here the influence of the corner stall is no longer present and the effects are not as

large. The radially outward velocity is still present but this secondary flow is not as large
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at this height. The tangential velocity is relatively unchanged. The axial velocity does
not slow nearly as much without the effects of corner stall. A significant difference is the
width of the wake has decreased. This is again due to the fact that the effects of the
corner stall do not reach this height.

The deviation angles, 6 = B, - B, as defined in Figure 2.2, are shown in Figure
2.15. The characteristic hub over/underturning is evident in the figure. The deviation
angle is at a local minimum at approximately 5% blade height due to the secondary flow
undercutting the core of high loss fluid. This is the overturning. The deviation angle
then increases to a local maximum at 15% blade height and decreases to the value found
at 5% at 30% blade height. The blockage due to the corner stall is what causes this

underturning in the flow.
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2.5 Modeling

The previously mentioned experimental studies have shown the importance of
corner stall and the mechanisms involved in its formation. The next section looks at how
the flows can be predicted numerically. The most commonly used CFD codes use the
Reynolds averaged Navier-Stokes equations to simulate steady, 3-D, subsonic/sonic,

viscous, compressible, turbulent flows.

2.5.1 CFD Codes

Leylek and Wisler in a 1990 computational study calculated the flow through a
multi-stage compressor, in particular looking at the flow through the third stator of a four-
stage machine. The code they used is based on the Reynolds averaged Navier-Stokes
equations using a pressure correction scheme. A two-equation k- turbulence model was
used to obtain closure for the transport equations. According to Leylek and Wisler, two
equation turbulence models are needed to account for mainstream turbulence intensity
and length scales when simulating turbulent flows. Zero and one equation turbulence
models cannot capture these effects (Leylek and Wisler, 1990). They found good
agreement between their computed flow and the experimental flow data for the modeled
compressor. The code could predict the suction surface/hub corner separation and the
strong secondary flows along the hub.

In another computational study by Kang and Hirsch (1993), the CFD code
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utilized uses the time-dependent Reynolds averaged Navier-Stokes equations. The zero
equation algebraic turbulence model of Baldwin-Lomax was used for closure. This
combination of a solver and turbulence model was also able to attain close agreement
with the experimental data for flow in a compressor cascade. The calculation predicted
the suction surface/hub corner separation including the radial migration of the loss core as
seen in Figure 2.16, and the secondary flow along the hub.

Kang and Hirsch also pointed out the importance of modeling the transition of
laminar to turbulent flow. It is likely that their calculation over predicts the size of the
separated region because the separation will occur earlier on the suction surface due to
the assumption that the boundary layer is fully turbulent from the beginning. Both
studies also pointed out the influence on the size of the separated region of not modeling
effects such as the downstream stators and hub leakage.

Rolls-Royce undertook a computational study of the flow in the Deverson rig
using the Moore Elliptic Flow Program, MEFP (Rolls-Royce, 1994). MEFP is described
in Chapter 3. It is based on the Reynolds averaged Navier-Stokes equations using a
pressure correction scheme. The turbulence model used by Rolls-Royce for closure was a
zero equation algebraic mixing length model. The calculation could predict the corner
stall detected in the Deverson rig, as illustrated in Figure 2.17. Figure 2.17 shows the
axial velocity contours, V,/Upigneign» Which are meant as a direct comparison with Figure

2.12. The calculation under predicted the size of the separated flow region by a factor of
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8.0 Conclusions

The Moore Elliptic Flow Program was used for 2-D cascade studies and 3-D flow
calculations through a compressor rotor. The first 2-D calculation was done to validate
the g-L transitional turbulence model by comparing the results with experimental data
from a NACA study. The other 2-D calculations were cascade studies on the effects of
free stream turbulence intensity and incidence angle on suction surface boundary layer
development. The 3-D calculations were attempts to predict hub corner stall in the

Deverson rotor, a single stage axial compressor, accurately.

8.1 2-D Calculations

8.1.1 NACA Comparison

A zero incidence calculation was made for a NACA cascade of C4 compressor
blades with a solidity of one. The calculated skin friction drag coefficient and flow

turning angle agreed with the experimental data to within experimental error.

8.1.2 Turbulence Intensity Study

A series of 2-D calculations was performed for the same blading but with a
solidity of 1.31 corresponding to the 30 percent radius section of the Deverson rotor.
Free stream turbulence intensities ranging from 0.4 to 10 percent were used to enable

qualitative comparisons with experimental data from Schlichting and Das. The q-L
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model predicts the correct trend of transition; the location moves toward the leading edge
of the blade as turbulence intensity is increased. Transition was caused by a laminar
separation bubble for turbulence intensities less than two percent. The model also
correctly predicts the variation of loss over the range of turbulence intensities. However,
for the particular geometry considered, the model did not predict a variation in flow
turning angle as turbulence intensity is increased, or the presence of a critical turbulence

intensity after which transition shifts to the leading edge of the blade.

8.1.3 Incidence Angle Study

A series of 2-D calculations with incidence angles ranging from -15 to 15 degrees
was performed for the cascade with a solidity of 1.31. The results were used for a
qualitative comparison with the data of Seyb. The model correctly predicts the
movement of the transition location toward the leading edge as the incidence angle varies
from -15 to 15 degrees. Transition via laminar separation bubble was predicted for
incidence angles less than minus nine degrees.

The results show the onset of turbulent separation at an incidence of 6 degrees and
the subsequent increase in size of the separated region as incidence is increased. The
turbulence model also predicted a variation of loss with incidence angles similarly to that

shown by Seyb.
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8.2 3-D g-L Calculation

Comparisons of the flow through the axial compressor rotor, predicted using
MEFP and a g-L transitional turbulence model, with experimental data have been
presented. Additional analyses of the development of the three-dimensional flows and
the hub corner stall were also presented. While the model was able to predict corner stall,
the size of the stall was under predicted by approximately one half. The model did not
predict the radial migration of the loss core in the corner stall seen in the data.

The velocity deficit of the rotor blade wake was severely under predicted. The
minimum axial velocity was a factor of two higher than measured. The wake also lacked
the radial component of velocity seen in the data. The under prediction of the thickness
and velocity deficit of the blade wake may be due to the blade boundary layers being too
thin.

The calculation showed hub secondary flows increasing with axial chord and the
convection of high loss fluid from the hub boundary layer to the corner stall region.

Radially inward flow along the suction surface is predicted to begin at the leading
edge. This is due to radial relief caused by the radial gradient of static pressures. This
radial inward flow appears to hinder the development of the radial outflows associated
with the corner stall. Radially outward secondary flows on the suction surface began to
develop at twenty percent of axial chord. These secondary flows continued to increase in

magnitude but did not become strong enough or occupy a large enough area of the blade
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to give the expected radial migration of the corner stall.
The g-L turbulence model predicts laminar/transitional flow in the corner stall

region. This may be unrealistic.

8.3 Preliminary 3-D q-w Calculaiton

Comparisons of the results of a preliminary 3-D calculation using a two-equation
q-w turbulence model with the experimental evidence and the g-L model calculation were
also presented. The g-w turbulence model is able to predict the blade wake and corner
stall more accurately. The model predicts the radial migration of the loss core and
correspondingly the radially outward velocity found within the rotor blade wake agrees
~ well with the data. However, it still underpredicts the pitchwise extent of the stall.

The g-w model predicts backflow on the hub through the region where hub
rotation ends. The exit measurement plane is downstream of where the hub stops
rotating. If there is a cavity in the hub here, it may significantly modify the flow. This
may be the cause of the larger radial migration seen in the axial velocity profile and

deviation angle data compared with this model.

8.4 Influences on Hub Corner Stall in Axial flow Compressors

This study suggests that there are many influences on the formation and details of

hub corner stall. These include:
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1. The suction surface boundary layer growth including transition and separation.

2. Hub endwall secondary flows and the resulting convection of high loss fluid from
the hub boundary layer to the corner stall region.

3. The suction surface secondary flows, especially radial relief which is a damping

influence on corner stall development.

4. The hub endwall rotor/stator gap flows.
5. The convection of fluid around the trailing edge from the pressure surface
boundary layer.

The actual process in a multistage compressor probably involves all of these

mechanisms.

8.5 Suggestions for Further Work

The q-w turbulence model looks very promising for predicting three-dimensional
flows through compressors. Validation studies of this new turbulence model are
necessary to understand this model better.

The effects of the downstream hub endwall rotor/stator interface and gap on the

3-D flow should also be investigated.
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Appendix A: Method for Scaling Velocity Profile

The absolute total pressure profile for $=0.57 shown in Figure 7.1 was used as the
basis for determining the inlet velocity profile for the 3-D calculations. The total pressure
values between 5 and 95% span were used to determine the velocity profile for $=0.57.
The maximum axial velocity, V.., is 22.4 m/s. This occurs at the maximum total
pressure of 98,341.2 Pa which is at 30% of span as seen in Figure 7.1. The inlet total
temperature is 292.6 K.

For the air flow, isentropic relationships can be used to determine the static

temperature at 30% span and then the static pressure.

\'
T=T, - — (Eq. A1)
2C
P
35
T
P - [—) (Eq. A2)
P \T,

where C, is 1004.038 J/kgK. Assuming the static pressure profile is uniform, it is then
possible to determine the axial velocity for each total pressure point. To verify the flow

coefficient for this velocity profile, the area under the profile is integrated according to

wmdrV dr
¢ = f — (Eq. A3)

wr_.. .
Thub midheight

Using linear profiles of V, from 5% and 95% to the wall to complete the profile gave a

Appendix A 172



Using linear profiles of V, from 5% and 95% to the wall to complete the profile gave a
flow coefficient of 0.57. The resulting velocity profile is shown in Figure A.1

Assuming that the velocity profile is unchanged from a flow coefficient of 0.57 to
0.51, the velocity profile was then scaled down to a flow coefficient of 0.51 by

multiplying each velocity point by the ratio of the two flow coefficients.

$=0.51

v 26057 $=0.57

=V (Eq. A.4)

z$=0.51

The new velocity profile can also be seen in Figure A.1. Figure A.2 shows the relative
flow inlet angles for both flow coefficients.

The missing parts of the final velocity profile from 5% and 95% to the wall are in
the turbulent endwall boundary layers. These segments were generated using a MEFP

subroutine, BLAYER, based on uniform shear layers in the near-wall regions.
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Figure A.1  Velocity Profiles
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Appendix B: q-w Turbulence Model

The two equation turbulence model under development in conjunction with this
study is based on T. J. Coakley's q-w model presented in 1983. The turbulence kinetic
energy, q, is defined as in equation 3.13 and the specific dissipation rate of kinetic energy

is defined as

€
W = T (Eq.B.1)
The turbulent viscosity is given by
qZ
by = C,PF, = (Eq. B.2)
The differential equation governing q is
By
pu-Vq - V'(ul + —)q =P -D (Eq. B.3)
Prq q q
where the production term is
P - IC . Pq "du" 2 _ _l_h "du" 2 (Eq B4)
@ v dy 2 q\ dy
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and the dissipation term is

The governing differential equation for w is

pu-Vo - V’[p,l + i)w =P, - D,

Prm

where the production term is

P, = Cp(cl() + Clvad)p(_

and the dissipation term is

D =C,pw?

w 2p0)

The “van Driest” term is

)

0y

N | =
©
€
Q

(Eq. B.6)

(Eq. B.7)

(Eq. B.8)

(Eq. B.9)

The constants are Pr;=Pr,=2.0, C,=0.09, C,;=0.55, C,;=0.555, C,=.833, and a=0.02.
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