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ABSTRACT
The ability to test engineering ideas and designs at a computational level – before
conducting physical tests and even far before real world operation – is a vital and necessary step
in the development of that idea and design. Through the use of Computational Fluid Dynamics
(CFD) we are able to test and improve numerous designs prior to conducting a physical test. This
ability allows for the best possible model to be designed for continuation into a physical model
and to validate the CFD analysis. Discussed here is the applied computational fluid dynamics
study and design optimization of a current High Speed Turbine Cascade Facility already existing
in the department of Aerospace Engineering. The current facility, located in the Hammond
Building of the Pennsylvania State University Campus, and its three-dimensional flow
characteristics were modeled with and without a linear cascade test-section attached. Initial
designs were analyzed without the cascade in order to decrease computational time and increase
the number of designs analyzed of the delivery ducting to the cascade. Designs were focused in
two regions of the facility; the initial diffuser out of the second elbow and the stagnation chamber
prior to the intended test-section region. Within this diffuser a splitter plate was installed as a
preventative separation device for the flow entering the stagnation chamber. However, the
splitter plate proved to choke and diminish the energy of the flow and was thus not further
analyzed with the addition of the linear cascade system. The modified model, which was
designed with a rectangular cross-section, and not a circular, stagnation chamber, proved to
reduce total pressure losses measurably. A six-bladed/seven-passage linear cascade system was
computationally designed and evaluated with both the existing facility design and the modified
design.
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Chapter 1
Introduction

1.1 Literature Review
Before a product design has been implemented into a real world product, especially in
engineering turbomachinery parts, chances are it was rigorously tested and analyzed in a slew of
conditions before it was approved for that implementation. This ability to test and perfect every
facet of a design is a crucial and necessary tool in the development of technology for the
aerospace products of the future. Through applied Computational Fluid Dynamics (CFD) we are
able to test and analyze many variances of a design before ever conducting a physical experiment,
allowing the best possible design to be constructed and physically tested. In this thesis an
analysis of an existing High-Speed Turbine Cascade Facility at The Pennsylvania State
University is undertaken with the primary goal of comprehensive evaluation and optimization.
This virtual predictive approach will allow for the analysis of any variation of linear cascade
design desired and provide further data for guidance when tests in the physical facility are
undertaken for validation. First we will look at other existing experimental setups and cascades
and present how others have achieved their design predictions and actual experiments in their
flow facilities.

1.1.1 Transonic Turbine Cascade Facility
The blow-down type wind tunnel facility, displayed in Figure 1-1, at DLR Gottingen,
Germany was utilized by Kapteijn and Amecke et al. [1] to investigate trailing edge coolant
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ejection on a transonic turbine guide vine. This facility utilizes a 10,000 [m^3] vacuum vessel as
its driving force for air flow through the system. Air flow enters from atmosphere through a
series of flow straighteners and a drier before converging into a settling chamber upstream of the
cascade. Air flow travels through the cascade, which is installed in a large plenum chamber, and
exits through an adjustable diffuser and butterfly valve into the vacuum vessel. Reynolds
Number in the facility is not adjustable but is limited to a specific range via a function of Mach
number.

Figure 1-1. The DLR Gottingen Facility in Germany used by Katpeijn, Amecke and Michelassi
[1].
Moses and Kiss et al. [2] studied aerodynamic losses due to pressure side coolant ejection
in a blow-down type supersonic wind tunnel. Pressure was built up through a drier and heat
exchanger via air pump until reaching 12-18 [atm]. Upon reaching the desired pressure, a control
valve released the air flow through a straightener and circular-to-rectangular transitional piece
into the cascade test section. Once the air flow traveled through the cascade, it passed through a
muffler and exhausted to atmosphere. The system was capable of producing air flow for an inlet
Mach number of 0.2.
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Another blow-down type air supply system was designed and constructed by Sajben and
Al-Sayeh et al. [3] for aerodynamic studies of merging coolant mainstream flows. The facility
was capable of storing and releasing 20,000 lbm of air at 1880 [psig]. The air flow could be
released via control valve at a maximum of 45 [lbm/s] for 4 [s]. Upon being released, the airflow
is dried and travels downstream to a conditioning chamber containing a perforated, conical flow
distributor and honeycomb. The flow then travels through a turbulence generator and through the
cascade test section eventually exhausting to atmosphere.
Camci [4] utilized an isentropic light piston compression tube tunnel at the Von Karman
Institute for analysis of his linear cascade system. The facility was of short duration and driven
by a high pressure air supply. A 3 [m^3] downstream dump tank could control the incoming
airflow by imposing a downstream dump tank pressure level between 0.1-0.3 bar absolute. Under
nominal conditions, inlet Mach number was measured to be 0.25 one-chord upstream while an
isentropic Mach number of 0.92 was observed downstream of the linear cascade.

1.1.2 A Review of Linear Cascade Designs and Their Performance Characteristics
The Linear cascade constructed by Kapteijn and Amecke et al. [1] consisted of eight
blades with the four central blades being focused on for data collection and overall test section
dimensions of 380 [mm] x 125 [mm]. Figure 1-2 shows three of these central blades. Through
an adjustable diffuser aft of the cascade, the isentropic outlet Mach number could be varied from
0.7 to 1.2. Also, the entire cascade can be rotated allowing for the incidence angle to be adjusted
to desired specifications. The blades were constructed with a 72 [mm] chord-length, 43.07 [mm]
axial chord-length and a 51.9⁰ stagger angle.
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Figure 1-2. Blade Geometry used by Kapteijn and Amecke et al. [1].

In the case of Moses and Kiss et al. [2], an eleven-blade cascade system was used for
analysis of the aerodynamic losses in question. The eleven blades that made up the cascade were
constructed with an axial chord of 38.1 [mm] and a turning angle of 67⁰. The designed exit Mach
number for the cascade system was between 1.14 and 1.2.
The cascade system, shown in Figure 1-3, constructed by Sajben and Al-Sayeh et al. [3]
was constructed with only four blades of axial chord 140.46 [mm] and an exit flow angle of 68⁰.
The inlet Mach number could be varied between 0.38 and 0.44 yielding an exit Mach number
between 0.8 and 1.35. Since this short duration system needed one minute to achieve a thermal
and aerodynamic steady state, total data collection time per run was limited to 3-minutes.
Perforated tailboards are placed downstream of the trailing edge in order to control boundary
streamline shape and negate flow propagation into the free-stream where data was being
collected.
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Figure 1-3. Linear Cascade System used by Sajben and Al-Sayeh et al. [3].
The linear cascade designed and studied by Camci [4], and displayed in Figure 1-4, was
the main influence for the design and analysis of the linear cascade system studied in this paper.
Camci [4] utilized a six-blade, five-passage linear cascade. The 80 [mm] axial-chord blades were
staggered 53.6 [mm] apart, creating a 19.2 [mm] throat diameter between consecutive blades.
The cascade had an inlet flow angle of 30⁰ and an exit flow angle of 69.5⁰.

Figure 1-4. Linear Cascade Design and Experimental Setup of Camci [4].
Moustapha and Carscallen et al. [5] utilized a 2-MW exhauster facility capable of
continuously producing 5 [kg/s] of air. This facility fed a five-passage linear cascade, shown in
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Figure 1-4, of six 175.3 [mm] chord blades and was capable of operating at exit Mach numbers of
0.3 to 1.3. The blades created a 76⁰ turning angle with a total span of 112.8 [mm]. A perforated
tail-board was installed aft of the trailing edge of the uppermost blade for shock reflection control
downstream in the wake of the proceeding blades. The bellmouth to the linear cascade can
clearly be seen in the Figure 1-4.

Figure 1-5. Linear Cascade Assembly used by Moustapha and Carscallen [5].
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Chapter 2
Current Test Facility

2.1 Multistage Centrifugal Blower
The current test facility which is providing a transonic turbine cascade aero-heat transfer
test system was built around a Spencer Power Mizer Series 6000 Cast Multistage Centrifugal
Blower, as illustrated in Figure 2-1. This 5-stage unit is capable of operating at 575[HP] while
producing 12,000 [ICFM]. Producing these flow characteristics in the Power Mizer Series 6000
is a 699 [mm] diameter impeller with a 130 [m/s] tip speed. Figure 2-2 graphically displays the
entire performance map the blower is capable of, as well as the line of operation used throughout
the development of this thesis. It is on this line that the blower operates at 3550 [rpm] while
producing 500 [HP], 10,000 [ICFM] and [9.2 PSIG]. The estimated surge line seen in Figure 2-2
represents the point at which the blower will begin stall, creating unstable flow and a possible
abrupt reversal of that flow. Flow enters the blower through a 20 [in] inlet, passes through its 5
stages and exits through an 18 [in] outlet into the wind tunnel assembly.

Figure 2-1. The Spencer Power Mizer Series 6000 Centrifugal Blower.
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Figure 2-2. Performance Map of the Spencer Power Mizer Series 6000 Centrifugal Blower.

2.2 Facility Design

2.2.1 Geometry Description
As was previously stated, the current transonic cascade facility was built around the
dimensions of the blower. The 18 [in] outlet of the blower defines the inlet pipe diameter to the
transonic cascade assembly. Figure 2-3 show the blower connection to the piping for flow
towards the stagnation chamber in the current facility. Figure 2-4 shows a 3-Dimensional model
of the wind tunnel which was constructed out of high-grade steel pipe. Flow travels through the
pipe, exhausts into a stagnation (or settling) chamber before entering a 5 [in] by 17 [in]
rectangular outlet section. Figure 2-5 provides a more detailed schematic of the wind tunnel
dimensions. In Figure 2-3 and Figure 2-5 there is a conical diffuser region (focused on in Chapter
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3) that expands out of the second 90-degree elbow 7.6-degrees, increasing the cross-sectional
pipe diameter to 22 [in].

Figure 2-3. Image of the compressor leading into the piping that directs flow into the stagnation
chamber.

Figure 2-4. Three-Dimensional View of the Baseline Model.
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Figure 2-5. The Baseline Model Dimensions.

2.3 Computational Fluid Dynamics Analysis in the Facility

2.3.1 Grid Generation
After a complete surface model of the wind tunnel assembly was achieved using the
Computer Aided Design (CAD) program SolidWorks, the geometry was imported into the
commercial grid generation program ANSYS ICEM CFD. A structured grid was used to model
the surfaces and flow field throughout the assembly. Figure 2-6 shows the grid setup of the inlet
cross-section as well as the general grid setup throughout the entire flow field. Figures 2-7 and 28 show the surface grid setup for the elbow and stagnation chamber respectively. Due to the
curvature of these parts, certain sections of the model required careful construction of the
structured grid in order to obtain a high quality grid structure. In its completed form, a typical
structured grid used for computational analysis comprised of 4.4 million nodes and 4.3 million
elements.
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Figure 2-6. Grid Setup of the Inlet Cross-Section of the Wind Tunnel.

Figure 2-7. Grid Setup of the Inlet-Elbow Section of the Wind Tunnel.
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Figure 2-8. Grid Setup of the Baseline Stagnation Chamber.

2.3.2 Computational Solver
The structured grid was then imported into the commercial Computational Fluid
Dynamics (CFD) program ANSYS CFX. Here, all necessary boundary conditions were applied
to the model and can be seen in Table 2-1. The only other boundary condition not listed is the
“no-slip wall” type boundary condition applied to all surfaces of the model except the inlet or
outlet flow surfaces. The outlet mass flow rate was obtained from a volumetric flow rate of
10,000 ICFM, as defined by the line of operation in Figure 2-2, to its listed mass flow rate using a
density equal to 1.134 [kg-m^-3]. The inlet total pressure, as defined by the line of operation,
was converted from its defined 9.2 [PSIG] to its listed value of 63.4 [kPa] as seen in Table 2-1.
The reference pressure used for all calculations was taken to be 97 [kPa]. The Shear Stress
Transport (SST) turbulence model, which is a k-w based model designed to yield a more accurate
prediction of flow separation, was used for all analyses. This model takes into account the
transport of the turbulent shear stress in the flow and more accurately predicts the onset of flow
separation over its k-ε and k-w counterparts. The SST model accounts for these turbulent
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transport effects through an eddy-viscosity formulation. Finally, the solution was initialized with
a target residual criterion of 10^-6 to ensure full convergence. Due to a relatively large number
of computational cells in this effort, the computational problem was solved in a parallel mode
across 24 processors greatly reducing total elapsed computation time.

Table 2-1. Other Pertinent Computational Data.
Air
Reference Pressure
Inlet Total Pressure
Outlet Mass Flow Rate
Turbulence Model

Ideal Gas
97 [kPa]
63.4 [kPa]
5.359 kg/s
SST

2.3.3 Results
A fully converged solution was typically achieved after 700 iterations and post-processed
using the visualization software Tecplot 360. Total pressure distribution and Mach number
distribution were the main focus for analysis of the solution. These distributions were calculated
and displayed at the mid-plane cross-section of the wind tunnel assembly as well as the inlet and
outlet cross-sections to the diffuser, as described by Figure 2-9.
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Figure 2-9. Definition of Diffuser.

Figure 2-10 displays the mid-plane Mach distribution of the baseline model; working
from the inlet through the first two turns of the assembly the flow maintains uniformity with
slight changes on the inside of the turns (velocity increase) and on the outside of the turns
(velocity decrease) as was to be expected. It is after the second elbow that we see the flow detach
and separate from the wall. As described by Figure 2-9, this separation occurs in the diffuser
region of the assembly. A large, low velocity region is noticed through the diffuser along its left
edge and well into the third elbow, slightly recovering as it expands into the stagnation chamber.
It is in this stagnation chamber region that the velocity greatly decreases as it travels towards the
rectangular outlet section. Much of the stagnation chamber is unaffected by this flow, leaving
large low-velocity regions throughout. The flow is then funneled into the rectangular outlet
region of the assembly where it rapidly increases, reaching its maximum Mach value of 0.18
exiting the system.
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Figure 2-10. Mid-Plane Mach Distribution of the Baseline Stagnation Chamber.

The Total Pressure contours displayed in Figure 2-11 agree with the Mach number
contours of Figure 2-10. Flow detaches and separates from the left edge of the diffuser creating a
low pressure region that travels into the third elbow, recovering as it enters the stagnation
chamber. In the stagnation chamber, we see that much of the incoming flow is centralized at its
center as it travels towards the rectangular outlet region leaving much of the chamber unaffected
as seen by the low pressure regions of Figure 2-11. A low-pressure region, denoted by
green/yellow coloring, is noticed at the near wall location of the rectangular outlet section of
Figure 2-11. This is due to an increasing boundary layer being created as the flow field travels
downstream in the rectangular region of the assembly towards the outlet. The flow in this region
is turbulent and with increasing length of the assembly, grows and decreases the total pressure
before exhausting to atmosphere.
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Figure 2-11. Mid-Plane Total Pressure Distribution of the Baseline Stagnation Chamber.
We will now take a closer look at the Mach and total pressure distributions in the
recirculatory region of the conical diffuser. Figures 2-12 and 2-13 show the Mach and total
pressure distributions, respectively, at the diffuser inlet and the diffuser outlet. From inlet to
outlet of the diffuser, as seen in Figure 2-12, we see the Mach distribution of the flow greatly
diminish. In the inlet we see a mostly uniform distribution of the flow with a small, yet
noticeable, region where the flow has significantly decreased over the rest of the diffuser inlet.
Progressing now to the outlet, what was just a small low velocity region has now grown to
occupy a significant portion of the total area of the main flow.

Figure 2-12. Mach Distribution Cross-Sections of the Conical Diffuser: A) Z-Plane, B) Inlet and
C) Outlet.
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The same trend from diffuser inlet to diffuser outlet can be seen in the total pressure
distributions of Figure 2-13. The majority of the diffuser inlet is consumed by the inlet total
pressure as defined by the inlet boundary conditions but we can see a small noticeable pocket of
low pressure along the left edge of the inlet cross-section. As the flow travels to the diffuser
outlet, this small pocket of low pressure grows and, as we see in the outlet cross-section,
consumes a significant area similar to the Mach distributions in Figure 2-12.

Figure 2-13. Total Pressure Cross-Sections of the Conical Diffuser: A) Z-Plane, B) Inlet and C)
Outlet.
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Chapter 3
Implementation of Splitter Plate

3.1 Design
It is the objective of this chapter to investigate the implementation of a set of plates
(referred to here as a splitter plate) inserted into the diffuser region in an attempt to maintain flow
uniformity and stave off the significant reductions in velocity and total pressure noticed without
such an implementation. The splitter plate inserted into the conical diffuser after the second 90degree elbow is shown in Figure 2-9. The splitter plate spans the diffuser across its length, and
diameter, in two perpendicular directions creating four regions for the flow to travel through as it
exits the second elbow. Figure 3-1 shows the design and orientation of the splitter plate, which
was limited to minimal elemental thickness, into the diffuser. The idea here is that the splitter
plate is representative of a piece of sheet metal. The computational model of the plate uses an
infinitely thin dividing plate as the splitter plate solid model.

Figure 3-1. Splitter Design Upstream of the Second Elbow.
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3.2 Results
Figure 3-2 shows the mid-plane Mach distribution of the baseline model with splitter
plate installed. Immediately we see the effect that having the splitter plate installed has on the
flow field. From this Mach distribution, it appears that overall velocity is better maintained
through the stagnation chamber resulting in a more uniform, higher velocity flow through to the
outlet. However, focusing on the diffuser and splitter plate region, we see that a large portion of
the flow area is being influenced by the splitter plate installment, resulting in a more defined low
velocity region in the conical diffuser and subsequent elbow along the left edge. This low
momentum region is caused by the incidence angle of the flow at the entrance plane of the
conical diffuser. The inlet plane flow incidence angles are generated by the strong secondary
flow field existing at the exit of the second 90-degree elbow. Larger velocity flow is experienced
along the right edge of the conical diffuser as the high velocity flow exiting the second elbow is
focused into this section of the diffuser and two splitter plate zones. However, this flow quickly
diminishes as it mixes with the low velocity flow exiting from the left edge of the diffuser.

Figure 3-2. Mid-Plane Mach Distribution of the Baseline Model with Splitter Plates Installed.
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It is from the total pressure contours in Figure 3-3 that we see the losses generated by the
installment of the splitter plate in the diffuser section of the baseline assembly. Upon coming into
contact with the splitter plate, total pressure drops and does not recover as much entering the
stagnation chamber as it had without splitter plate installment. Again along the left edge of the
diffuser, and left zones the splitter plate creates, we see the largest drop in total pressure as the
flow is barely traveling through it with a visible low momentum region.

Figure 3-3. Mid-Plane Total Pressure Distribution of A) Baseline Model with Splitter Plates
Installed and B) Baseline Model without Splitter Plates installed.
Looking at the inlet and outlet cross-sections of the diffuser we can see exactly how the
splitter plate affects the flow field through the diffuser. Figure 3-4 displays the Mach distribution
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at these locations. Examining the inlet cross-section of Figure 3-4 we see that the second
quadrant of the splitter plate experiences a significant decrease in velocity over the other three.
Quadrant three experiences very similar velocities as in the case without splitter plate installation
and quadrants one and four experience an increase in velocity. This increase in velocity is due to
the flow being channeled and focused into these quadrants by the splitter plate and strayed away
from quadrants two and three, thus giving those quadrants their lower velocities. The left edge of
the outlet cross-section of Figure 3-4 appears to experience a similar Mach distribution profile as
in the Baseline model without splitter plate installation. However, looking at quadrants one and
four we see exactly how the surfaces of the splitter plate hinder and restrict the flow field
traveling through the diffuser and influencing the flow in the subsequent elbow.

Figure 3-4. Mach Distribution Cross-Sections of the Conical Diffuser with Splitter Plate: A) ZPlane, B) Inlet and C) Outlet.
Examination of the total pressure contours of the inlet and outlet cross-sections of the
diffuser in Figure 3-5 yields similar conclusions to those derived from examining the Mach
distribution. The dark blue low momentum zones in the conical diffuser are clearly the result of
the secondary flow development in the second 90-degree elbow. The highly recirculatory counter
rotating secondary flows (a vertical pair) locate themselves near the concave (left edge) side of
the elbow. They are the main reason in generation of the significant flow incidence angles with
respect to the thin “vertical” splitter plate leading edge, as seen in the diffuser outlet cross-section
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of Figure 3-5. Total pressure in the inlet cross-section of Figure 3-5 is representative to that of
the baseline model without splitter plate installation. The only discrepancy between the two is the
decreased pressure noticed at the splitter plate surfaces. The outlet cross-section of Figure 3-5
varies from that of the baseline model without splitter plate installation. Quadrants two and three
yield a similar total pressure distribution as the previous model, but quadrant one and four vary
greatly with significant losses experienced along the splitter plate surfaces.

Figure 3-5. Total Pressure Distribution Cross-Sections of the Conical Diffuser with Splitter Plate:
A) Z-Plane, B) Inlet and C) Outlet.
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Chapter 4
Modified Test Facility

4.1 Design Procedure

4.1.1 Recirculation in Baseline
It was noticed from the early predictions that the original baseline stagnation chamber has
visible recirculatory flow zones with very low momentum flow, especially near the conical
diffuser located at the chamber entrance. This conical diffuser is shown in Figure 2-8 and Figure
2-9. The volume between the conical diffuser exit and the cylindrical chamber is occupied by
this recirculatory and low momentum flow as shown in the numerically obtained flow patterns in
Figure 4-1. It is due to this “unnecessary” space that a redesign and analysis of a modified
stagnation chamber is performed in this chapter. It is in the streamlines of the mid-plane crosssection of the baseline model, Figure 4-1, that we see how the flow does not completely find its
way into the rectangular outlet section, but rather recirculating and creating undesired turbulence
and swirl within the stagnation chamber. The modified model of the test facility was designed to
curb or even eliminate this recirculation, giving way to a straightened, uniform and steady flow
exiting the system. It is in this exit flow from the rectangular straight section that some slight
difference between the top and bottom walls is noticed, as shown in Figure 2-9 and Figure 4-1.
This slight velocity difference between the top and bottom wall boundary layers is due to the
chamber inlet non-uniformities caused by the secondary flows generated in the 90-degree turning
elbows used before the stagnation chamber entrance.
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Figure 4-1. Flow Patterns of the Baseline Model.

4.1.2 Modifications to Design
For the modified model of the Test Facility, only redesigns to the stagnation chamber
would be developed. All other aspects of the facility would maintain their original designs and
dimensions. Beginning at the exit of the third elbow the redesign focused on following the
streamlines that flowed towards and into the rectangular outlet section of the facility, eliminating
the circulatory flow seen in the baseline model. Also adjusted was the cylinder-like design of the
stagnation chamber in the baseline model to a rectangular-like design here in the modified design.
The switch was made to better direct and straighten the flow travelling into the outlet section of
the facility. Figure 4-2 shows a 3-Dimensional view of the modified model with a
zoomed/detailed view of the conical-to-rectangular part of the assembly. The transition from
conical to rectangular is very important in maintain smooth flow. The exit bellmouth section of
the assembly is also very important in directing flow from the stagnation chamber and into the
rectangular outlet region. Figure 4-3 displays a detailed view of this exit bellmouth. Finally,
Figure 4-4 displays the overall dimensions of the new facility. In being significantly shorter than
the baseline design, the modified design is also significantly thinner, measuring in at 13.7 [in].
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Figure 4-2. Three-Dimensional View of the Modified Stagnation Chamber.

Figure 4-3. Detailed Exit Bellmouth Section.

26

Figure 4-4. The Modified Stagnation Chamber Dimensions.

4.2 Modified Facility Analysis

4.2.1 Grid Generation
With the redesign to the Stagnation Chamber, a new grid needed to be generated for the
modified model. However, since much of the model remained consistent with the previous
design, a new grid need only be generated in place of the baseline stagnation chamber section.
Since the design of this section was simple and significantly smaller than the Baseline design, the
total number elements generated for the modified model was just 955,000. Again the model was
imported into CFX where the same boundary conditions as the previous model were applied.
Solution time for this case study was much quicker due to the significantly lesser amount of
elements and full convergence was achieved after 500 iterations.
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4.2.2 Results
As expected, the first portion of the modified model is very representative of its baseline
counterpart. In the modified stagnation chamber region of Figure 4-5, of the mid-plane crosssection, the flow field maintains a uniform and steady Mach distribution. The flow field
completely fills the stagnation chamber region, steadily decreasing to a minimal Mach number of
0.03 as compared to the baselines 0.01 before accelerating into the rectangular outlet section. In
this outlet section of the model, very similar velocities are noticed as compared to the baseline
model with its only difference being a more uniform flow extending from the top to bottom
boundary. The recirculatory flow zones of the baseline model are completely eliminated in this
new stagnation chamber design. The mean flow in the straight exit section is much more uniform
when compared to the baseline design.

Figure 4-5. Mid-Plane Mach Distribution of the Modified Model.

It is in the total pressure contours of Figure 4-6 that we see the largest
improvement made by the modified model. Again, the same total pressures are seen in the
modified model as the baseline model up through to the expansion of the flow field into the
stagnation chamber section. Upon entering the modified stagnation chamber section, the flow
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field maintains a constant pressure throughout, completely filling and utilizing the entire modified
region. Even as the flow enters the rectangular outlet section, the total pressure remains
reasonably constant with decrease only noticed at the wall boundaries, suggesting a more
consistent and efficient system.

Figure 4-6. Mid-Plane Total Pressure Distribution of the Modified Model.
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Chapter 5
The Linear Cascade

5.1 Design
With the baseline and modified models analyzed, it is now time to focus our attention on
the test-section region of the system. The rectangular outlet region seen in the previous three
chapters will be replaced by a six-bladed, seven-passage linear cascade. The objective here is to
analyze the linear cascade and its performance with both models. The blades being modeled and
analyzed in these tests will be of same design to those used in Camci [4] providing us with a
benchmark to compare results. A six-bladed design was chosen to maximize the number of
blades that experience a full, uniform flow field. The two central blades will be the focus of
analysis in the post-processing stage of these tests. The blades were aligned 20 [in] downstream
at an angle equal to the desired angle of attack of 69.5⁰. Following the blades is a diffusing 32
[in] region that exhausts the flow to atmosphere. The blades themselves are constructed with a
chord length of 80 [mm] and a blade height of 100 [mm]. Partial blades, located near the first and
sixth blade in the cascade arrangement, act as wall boundaries of the linear cascade in order to
maintain similar flow behavior between passages. Figure 5-1 provides a three-dimensional view
of the linear cascade model to be implemented and tested with the baseline and modified wind
tunnel systems.
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Figure 5-1. The Six-Blade Linear Cascade Design.

5.2 Analysis

5.2.1 Grid Generation
The linear cascade was modeled and meshed in the same manner as the baseline and
modified wind tunnel models. Though significantly smaller than the rest of the flow system, the
linear cascade was constructed using 1.1 million Elements. In Figure 5-2 we see a close-up view
of one the of the blades in the linear cascade and the detail in the grid that will be needed to
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properly capture flow field information as it travels between the blades along suction and pressure
surfaces. Upon generation the grid for the linear cascade was imported into CFX along with the
baseline and then modified wind tunnel models. It should be noted that this grid was generated to
capture the mean flow details of the three dimensional linear cascade. The grid was not
optimized for wall heat transfer or aerodynamic loss calculations that may require a much finer
near wall grid system.

Figure 5-2. Grid Setup of an Airfoil in the Linear Cascade.
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5.2.2 Baseline Case Results
In the analysis of the linear cascade system, several planes of interest were inspected for
comparison between models. On top of analyzing and recording the data at the mid-plane crosssection of the system, planes across the blade quarter-chord, blade trailing edge and half-axialchord downstream of the blade trailing edge were extracted for analysis. Figure 5-3 breaks this
analysis scheme down in visual form, labeling the planes in question as A, B and C respectively.

Figure 5-3. The Six-Blade Linear Cascade Displaying the Planes for Analysis; A) One-Quarter
Chord, B) Trailing Edge, and C) One-Half Axial Chord Downstream.
We will first look at the mid-plane Mach distribution of the linear cascade attached to the
baseline model displayed in Figure 5-4. The flow field enters the test section assembly uniformly
and increases as the test section converges towards the linear cascade. Flow stagnates on the
leading edge before wrapping around the pressure and suction surfaces of each blade. Flow
accelerates along the upper surface of each blade reaching its greatest velocity at the throat exit
between two blades. At this exit the flow becomes supersonic creating an oblique shock between
two adjacent blades. There is a local supersonic pocket near the trailing edge of the suction side
of each blade. The supersonic pocket resides on the last one third of the axial chord of each
blade, near the suction side. Figure 5-4 shows reasonable passage-to-passage flow uniformity,
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especially in the five passages in the central area. The blade-to-blade flow in the first and sixth
passages are slightly modified from the central passages because of the passage endwall effects.
Finally, the flow diffuses downstream, decelerating and ultimately exhausting to atmosphere.

Figure 5-4. Linear Cascade Mach Distribution with Baseline Model.
Next we look at the mid-plane total pressure distribution of the linear cascade attached to
the baseline model displayed in Figure 5-5. As was with the Mach distribution, the total pressure
distribution enters the test section region with nearly equal total pressure to that of the stagnation
chamber exit flowing downstream towards the linear cascade. Upon coming into contact with the
leading edges of the blades, the flow stagnates as the flow turns to follow either the suction side
or pressure side of the blade. As the velocity increases through the nozzle that is the passage
between two adjacent blades, the total pressure begins to decrease because of the lost mean
kinetic energy of the flow through viscous losses in the turbine passage. The velocity reaches its
maximum velocity near the throat of the two blades. After the passage throat, a supersonic
pocket with some shock wave interaction exists. It is likely that the shock system in this area
generates a measurable total pressure drop across the shock system. This trailing edge shock
system may behave as oblique shocks at low transonic exit Mach numbers. As the exit Mach
number is increased, the oblique shock may move into the passage, becoming a stronger shock
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system in terms of its total pressure drop characteristics. It is possible to have a normal shock in
the passage near a critical pressure ratio. It is not anticipated to have a normal shock in this
specific computation due to the imposed exit Mach number value. In the ensuing shock-tube
downstream of the cascade the total pressure remains around 60-70kPa only increasing just
before another shock until the flow field extends downstream past the last blade in the linear
cascade system where it then increases and exhausts to atmosphere.

Figure 5-5. Linear Cascade Total Pressure Distribution with Baseline Model.
With Figure 5-6 we are analyzing the Mach distributions in planes perpendicular to the
flow field at three locations as described at the beginning of this chapter. At the blade quarterchord location in Figure 5-6a we see a very similar Mach distribution in all seven passages of the
linear cascade. The flow has noticeably begun to accelerate in each passage, with the greatest
increase in velocity to the flow being along the upper surface of each blade. Wall effects are
clearly seen on the left and right edges of Figure 5-6a where the velocity abruptly decreases near
the blade-wall interface. A low velocity region due to similar wall effects is also noticed at the
upper wall boundary. Progressing from the blade quarter-chord cross-section to the blade
trailing-edge cross-section of the flow field in Figure 5-6b, the flow has significantly increased
throughout the majority of the passages. The central passage of the linear cascade experiences
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the most uniform and uninfluenced flow in this six-blade cascade system. With the increased
velocity, the wall boundary layer has decreased with minimal low velocity noticed. The trailingedge of each blade is characterized by low momentum/high turbulence wakes originating from
each airfoil in the cascade. The uppermost and lowermost passages of the system are distinctly
different from the collective due to the design of the bounding cascade walls in those regions.
The two walls do not fully represent a suction and pressure surface of a typical airfoil…the two
passages at the end are merely smooth turning channels, helping to minimize the aerodynamic
losses in the linear cascade system. Their overall flow characteristics are slightly different than
that of the central passages. Finally, looking at the half-axial-chord downstream cross-section of
the flow field, we see how the supersonic pocket/oblique shock system affects the overall flow
field in the transonic turbine passages. The velocity in the bottom section of the cascade is
noticeably beginning to decelerate as it progresses downstream towards the outlet of the wind
tunnel system to atmosphere.

Figure 5-6. Baseline Model Mach Distribution at A) One-Quarter Chord, B) Trailing Edge, and
C) One-Half Axial Chord Downstream.
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Figure 5-7 displays the total pressure distributions of the blade quarter-chord, blade
trailing-edge, and half-axial-chord downstream in the linear cascade of the Baseline model. In
the blade quarter-chord cross-section of the linear cascade, Figure 5-7a, each passage sees a
reasonably uniform total pressure from the stagnation chamber with the only variations near the
blade/wall interface. Also noticed, are slight decreases on the blade surfaces of the upper two
passages as incoming flow exiting from the stagnation chamber was already somewhat decreased.
In the trailing-edge cross-section of Figure 5-7b, the total pressure in the uppermost and
lowermost passages is better maintained when compared to the incoming total pressure upstream.
This is again due to the contour of the wall not representing a full blade along with the wall
simply extending downstream towards the outlet maintaining pressure. Next we can clearly
distinguish the trailing-edge of each blade where the total pressure has dropped due to the
existence of a turbulent wake region. The pressure gradient from blade pressure-side to blade
suction-side is also well displayed in Figure 5-7b with the highest pressure being experienced in
each passage on the bottom (pressure) surface of each blade. This correlates with the Mach
distributions of Figure 5-6b where increased velocity along the upper (suction) surface of each
blade yields a decrease in the total pressure. In the bottom two passages of Figure 5-7c we see
the total pressure begin to increase again one-half axial-chord downstream of the linear cascade.
The interaction of the supersonic pocket, oblique shocks and the bounding airfoil surfaces created
from the upper passages of the linear cascade leaves the upper regions of Figure 5-7c
experiencing lower total pressures. The total pressure gradients noticed from passage-to-passage
correspond to local high-speed pockets/oblique shocks/waves created; local accelerations,
decelerations and mixing with the wakes of neighboring blades is common.
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Figure 5-7. Baseline Model Total Pressure Distribution at A) One-Quarter Chord, B) Trailing
Edge, and C) One-Half Axial Chord Downstream.

5.2.3 Modified Case Results
Next we will analyze the linear cascade test-section installed onto the modified model.
Figure 5-8 displays the Mach distribution throughout the linear cascade system in both full and
zoomed views. The incoming flow from the modified stagnation chamber approaches the linear
cascade region with a nearly identical distribution profile to that of the baseline model. The flow
stagnates against the leading edge of each blade and accelerates on the airfoil surfaces before
reaching its maximum velocity at the throat of two consecutive blades. After the minimum
pressure point on the suction side a supersonic pocket and its interaction with an oblique shock is
observed. The transonic/supersonic areas of the cascade flow in the modified system are very
similar to those of the baseline system. As was the case of the baseline analysis, the central
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passage of the linear cascade installed with the modified model best represents this shock
formation and exhibits the greatest velocity’s seen in the system. Miniscule differences in Mach
distribution between the two models is also noticed downstream of the Linear Cascade; the flow
dissipates and exhausts.

Figure 5-8. Linear Cascade Mach Distribution with Modified Model.
The total pressure contours of the linear cascade with the modified model in Figure 5-9
are also very representative of the total pressure contours of the baseline model with linear
Cascade. The total pressure distribution upstream of the linear cascade in both models is uniform
and mostly constant. As the flow progresses downstream through each passage, the total pressure
decreases as it approaches the throat of two consecutive blades where a shock forms. Progressing
further downstream of the system, total pressure begins to recover as it exhausts to atmosphere.
The total pressure field clearly shows a repeating wake (green) and higher momentum passage
flow (orange/red). The area average of the total pressure measured at the end of the
computational domain contains all of the aerodynamic losses generated in this transonic cascade
system. The aerodynamic losses are in general, due to: passage vortices, horse-shoe vortices,
corner vortices, airfoil boundary layers, endwall boundary layers, oblique shocks, shock-wall
interactions, local flow separations at shock boundary layer locations and the overall 3D
characteristics of the first and last passages in the cascade system. The interaction of the
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transonic/supersonic flow with the cascade exit tailboard (right edge) surfaces, also create
measurable aerodynamic losses.

Figure 5-9. Linear Cascade Total Pressure Distribution with Modified Model.
Again the Mach distributions across the quarter-chord plane of the linear cascade of the
modified model in Figure 5-10a are very representative of the Mach distributions in the linear
cascade of the baseline model. Low velocities are noticed in the near wall regions and along the
pressure surfaces of each blade in the system. Along the suction surfaces of each blade we see
the flow beginning to accelerate from its velocity in the free stream. The only variance worth
note is along the upper wall in the first passage, where the flow here appears to be more uniform
over its baseline counterpart. The similarity of the modified model with the baseline model
continues with the Mach distributions of the trailing-edge and half-axial-chord downstream
planes of the linear cascade System, as seen in Figure 5-10b and Figure 5-10c respectively.
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Figure 5-10. Linear Cascade Mach Distribution at A) One-Quarter Chord, B) Trailing Edge, and
C) One-Half Axial chord Downstream.
The total pressure distributions displayed in Figures 5-11a, b, and c represent the quarterchord, trailing-edge and half-axial-chord downstream planes of the linear cascade with modified
model respectively. In the first passage of the system in figure 5-11a we see a more uniform total
pressure distribution over the baseline model, much the same way as the Mach distributions
shown in Figure 5-10a. Much like the baseline model, Figure 5-11b of the modified model
clearly shows the low total pressure regions caused by the wakes of individual airfoils in the
cascade. Finally, the half-axial-chord plane in Figure 5-11c is very representative to the one in
Figure 5-7c with the baseline model with exception to the last passage. The last passage of
Figure 5-11c displays a lower total pressure distribution along the wall as the baseline model.

41

Figure 5-11. Linear Cascade Total Pressure Distribution at A) One-Quarter Chord, B) Trailing
Edge, and C) One-Half Axial chord Downstream.
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Chapter 6
Grid Dependency Study
In order to validate the results presented in this paper a number of analyses were
conducted using varying sizes of grids in the linear cascade system. A grid study of the baseline
and modified models was not conducted as the focus was on the performance of the linear
cascade system when applied to both of these models. It should also be mentioned that a number
of analyses were conducted using the baseline model not presented in this paper that suggest the
grid size of four-million elements was more than adequate for sufficient physical representation.
The modified model, as mentioned previously, was constructed of only one-million elements as
the overall size of the modified stagnation chamber was much smaller than its baseline
counterpart which, required heavy refinement along its curves in order to maintain sufficient
element aspect ratio. It should be noted that main goal of this study was to capture overall 3D
mean flow characteristics and the total pressure field n the transonic cascade system. The goal
was not to capture wall heat transfer rates, micro-flow details in the boundary layers, secondary
flows or turbulent wakes. The prediction of aerodynamic loss was attempted. However, the main
goal of this applied computational effort was to aid transonic wind tunnel development effort in
an incremental way. What was important, was not the absolute magnitude of certain quantities,
but rather capturing the incremental changes with design modifications.

6.1 Linear Cascade Refinement
As was mentioned earlier, a grid size of one-million elements for the linear cascade was
the initial grid size of the study and the results used for presentation in this paper. It was known
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at the time that this grid size would be more than sufficient, but as computational resources were
abundant and time a non-factor the analyses of the linear cascade installed on both the baseline
and modified models was carried out. However, in order to validate this reasoning, a series of
tests were conducted with grid sizes containing less elements than was initially set. Grid sizes of
250k, 518k, and 750k were also carried out and their results presented as a function of Mach
number and position along the half-axial-chord downstream mid-line in Figure 6-1. A
challenging region downstream of the cascade influenced by all secondary flows, boundary layer
structures, oblique shocks and supersonic pockets and wakes were selected knowingly. Looking
at Figure 6-1 we clearly see the effect of the 250k grid size has on the system. Elements in this
grid setup were reduced in all regions of the linear cascade and it is noticed that the flow is not as
developed in the wake of the lower passages of the system as it is in its higher element
counterparts. Doubling the number of elements in the system, to 518k, was achieved by focusing
new elements in the wake region of the cascade, as well as increasing the number of elements
around each blade and upstream of the cascade. Immediately, it is noticed that what was lacking
in the 250k element model is regained and represented in this 518k model. However, slight
discrepancies are still present suggesting that this model is not properly portraying the physical
nature of the system. The final grid size studied was a grid size of 750k elements and is presented
as the green line in Figure 6-1. It is difficult to see the representation of this in Figure 6-1, as it
closely resembles the one-million element model. The maximum Mach number difference
between the One-Million element grid and the 750k element grid was less than 0.01on the
average, averaged over the region shown in Figure 6-1. This verifies that the results presented in
this paper are proper representations of a physical model and that a smaller grid size would have
been sufficient for all analyses.
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Figure 6-1. Mach Distribution One-Half Axial Chord Downstream of Linear Cascacde for Four
Grids.
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Chapter 7
Discussion and Conclusion

7.1 Discussion
In order to compare the three models; baseline stagnation chamber, baseline stagnation
chamber with splitter, and modified stagnation chamber, a set of parameters were established and
calculated for each model. These two area-averaged parameters consisted of a total pressure
coefficient and mean velocity at ten points along an established centerline through the model, as
presented in Figure 7-1. The first parameter calculated, and presented in Figure 7-2, was the total
pressure coefficient, which is a function of total pressure loss and dynamic pressure, at the ten
locations from inlet to outlet of each system. The total pressure coefficient was defined as:

Figure 7-1. Point Location for Model Comparisons.
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As the flow progresses through the models, the total pressure loss, the numerator to
Equation 7.1, is represented as the difference in total pressure at the inlet and local points 1
through 10 per Figure 7-1. Immediately it is noticed that the baseline model with splitter plate
installed yields the greatest total pressure coefficient/loss, as designated by the green bars in
Figure 7-2. A large total pressure loss is noticed between locations 5 and 6; the locations between
which the splitter plate was installed. The three models maintain a similar loss up to location 5,
as all conditions and geometries were not changed in these regions. The modified model, as
represented by the blue bars, preserves total pressure most effectively over all models. In the
region of modification, locations 7 through 9, the modified model shows favorable reduction in
the loss of total pressure over these counterparts.

Figure 7-2. Comparing the Total Pressure Coefficient of the Three Models.
The final parameter analyzed at these ten locations was the area-averaged mean velocity.
Figure 7-3 displays the mean velocities at all locations of the three models being analyzed. We
can see that the mean velocity in all three models remains the same up through location four and
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very similar (within 1 [m/s]) up through location 7. It is at location eight that the three models
begin to vary from one another with the modified model being able to maintain a mean velocity 4
[m/s] greater than its counterparts. That greater velocity continues through location nine where
the Modified model now operates 5 [m/s] greater than the two baseline models. In the end,
however, all three models exhibit very similar mean velocity’s of around 62.5 [m/s].

Figure 7-3. Comparing the Mean Velocity at Nine Locations of the Three Models.
Upon comparing these parameters of the three models from inlet to outlet, we must now
compare how the models operate with the linear cascade installed in the system. The baseline
and modified models were the only models compared, as it was not deemed necessary or
advantageous to test the linear cascade installed with the baseline with splitter plate model. The
parameter chosen for analysis was the blade Mach distribution of the fourth blade down in the
linear cascade of each model and compared to the blade Mach distribution of Camci, C [4].
Blade four was chosen because the passage that is the suction surface of this blade is the center
passage of the Linear Cascade and deemed to be the most representative of a physical model.
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Figure 7-4 shows the blade Mach distribution of the three sets of data as a function of S/C (local
position divided by Chord length). In this figure we see how well the baseline and modified
models compare to one another, with minor variances between the two coming around the 0.6
S/C mark of Figure 7-4 on both the suction and pressure surfaces. This can be attributed to slight
variances in the incoming flow of the two different models. As compared to Camci’s [4] work,
the two models presented here also compare rather well. The baseline and modified models differ
from CC Data along the suction surface of the blade up to 0.1 of a Mach. The two models
produce a higher Mach distribution than Camci’s after the throat of the passage. Results along
the pressure surface agree well across all data. Variances in the models can be attributed to
differing inlet conditions and overall cascade design (six-bladed/seven-passage vs. fivebladed/four-passage). It should be noted that a different blade within the linear cascade system
could be chosen to display this information that may agree better with the work of Camci,
however, as mentioned previously this blade and passage were chosen as it best represented the
flow conditions created by the two models being analyzed.

Figure 7-4. Blade Profile Mach Distribution Comparing Baseline, Modified, and Camci, C. [4].
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7.2 Conclusion
The steady state transonic turbine cascade system set forth in this paper is one that is
realistic for transonic cascade exit flow conditions for aerodynamic and heat transfer studies.
Many realistic gas turbine aerodynamic research facilities utilized a blow-down type facility in
which a tank downstream of the linear cascade was evacuated of its air contents and then quickly
pressurized by the opening of a butterfly valve, drawing air through the linear cascade testsection. In practice this type of system has proven reliable in its tests, but limits the ability of
continuous operation of a system. The facility studied, and current facility in the Hammond
Building at The Pennsylvania State University, is such a system that will allow for continuous
operation of the linear cascade model in question.
Studied here were the current facility, which consisted of a questionable stagnation (or
settling) chamber, the current facility with splitter plates installed upstream of the stagnation
chamber, and a modified stagnation chamber design. It was found that the splitter plate
installment on the facility influenced the flow and increased total pressure losses instead of
decreasing them in the system and was therefore not further studied with the installment of the
linear cascade test-section. Current computations showed that there was an adverse leading edge
separation on one of the splitter plates due to flow incidence imposed by the 90-degree turning
elbows located upstream of the diffuser. The modified design proved to better maintain total
pressure throughout the system, generating fewer losses as compared to its baseline counterpart.
However, both the modified and baseline designs produced similar, if not nearly identical, outlet
conditions which acted as the inlet conditions to the linear cascade. Both linear cascade systems
produced the same similarity in total pressure and Mach distributions suggesting that the
upstream stagnation chamber may be minimal in the influence of flow through it.
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It is, however, the author’s opinion that the modified model is a better facility design than
its baseline counterpart. The modified model does not generate the total pressure losses as seen
in the baseline model as flow traveling through it is better focused and straightened toward the
test-section of the system. Depending on the analyses planned for collection in a specific study,
the flow uniformity and lower losses generated by the modified model prove to be more
advantageous over the baseline design. The computational grid obtained for the complete facility
could easily be modified, especially at the test-section to assess future transonic turbine cascades
with different airfoils and endwall contours. The present applied CFD method proved to be
extremely useful in assessing the engineering changes made to the transonic turbine cascade
facility. Although it is very challenging to predict the overall magnitude of aerodynamic losses,
one can generate very useful 3D mean flow predictions in an incremental design improvement
sequence.
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