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ABSTRACT

The growing demand for increased efficiency in turbine engine designs has
sparked a growing interest for research of air flow around curved surfaces. The turbine’s
operating conditions result in material property constraints, especially in the first stage
turbine vanes and blades. These turbine vane components experience extreme loading
conditions of both high temperature and high turbulence intensities exiting the
combustor. The surface of the turbine blades has cylindrical leading edges that promote
stabilizing flow accelerations. These convex surfaces can cause a reduced eddy
diffusivity across the boundary layer.

This thesis reviews measurements of velocity and turbulence intensities taken just
shy of the thirty degrees offset from the stagnation line of a two-dimensional cylindrical
leading edge under a wide range of turbulence and flow conditions flow conditions. Flow
conditions and velocity measurements were gathered with respect to the distance to the
surface. The length of the measurements extended from the surface to beyond the
boundary layer’s edge. The instrumentation used to collect data was a single wire driven
by a constant temperature anemometer bridge. The hot wire is specially modified to
measure data near the cylindrical leading edges curved surface. The traversing system
allowed the acquisition of high-resolution boundary layer data. The traversing system

was installed internally to the cylindrical leading edge to reduce probe blockage.
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The test model’s design had a 40.64 cm diameter cylindrical leading edge. A
cylindrical leading edge is a convex surface that has a constant radial distance from the
center, until 30 degrees from the stagnation line. At this point, the radius gradually
increases transversely to promote high acceleration across the test vane surface. This
design of the remaining test surface curvature results in smoothly varying but reduced
acceleration by gently increasing the radius located between the surface and the
cylindrical leading edge’s center. This cylindrical leading edge test surface is designed to
represent a two-dimensional turbine vane surface. The test apparatus’s design included
easy access to the internal testing apparatuses that could be either measure flows along
the stagnation point or 27 degrees offset from the stagnation point. The test apparatus’s
design allowed room for the test equipment by using solid modeling software to ensure
the necessary space was available.

Velocity profiles were collected and analyzed to determine the near wall eddy
diffusivity distribution that determined the near wall eddy diffusivity distribution that was
compared to the Algebraic Turbulence Model (ATM). This model estimates the local
eddy diffusivity based on local turbulence conditions and the distance from the wall. The
boundary layer data were collected and compared against the ATM model. The analyzes
used a dimensionless shear stress distribution that was estimated using both a program
named “STAN 7” and an algebraic shear stress distribution from White (White, 1974, p.
446). The results showed how much of the boundary layer is affected by the turbulence

intensity, the Reynolds number, and the free stream flow’s conditions.
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CHAPTERI1
INTRODUCTION

The rising costs of fossil fuels and labor have driven industries like power and
aviation to increase the efficiencies and life of turbine engines. The turbine vane can
experience gas temperatures well above the melting point of the material: potentially
resulting in distress on the parts. Increasing the lifespan of components increases the
revenue service and reduces the life cycle costs. Understanding the effects of how the
eddies straining along the surface influences heat transfer on the surfaces allows better
turbine vane and blade designs that incorporate the advantages of delayed transition due
to acceleration. These better designs have better efficiencies and longer material life.

The high heat load on first stage gas turbine vanes creates design challenges when
maintaining turbine component temperatures below material limits. The high
temperature, highly turbulent gasses that exit from the engine’s combustor results in a
high heat load on these turbine vane surfaces. Heat transfer on turbine engine surfaces is
strongly affected by the boundary layer and where the transition occurs along the surface.
High free stream turbulence also influences surface drag that that affects machine
efficiencies.

The leading edge of the turbine vane first experiences the free-stream flow exiting
the combustor. These flows that exit the combustor produce very high heat loads and

turbulence intensities. These flow characteristics also influence boundary layer
1



development further downstream. In this thesis, the observation of the laminar boundary
layer, about twenty-six point nine degrees offset from the stagnation line will occur under
several controlled free-stream flow conditions. Results of the momentum boundary layer
structure will reveal eddy straining effects on boundary layer development. The
measurements taken will include the system temperatures, the system pressures, averaged
and variant velocities along the boundary layer and the respective distance from the
surface, in addition to an eight to one variation of the Reynolds number.

The high-intensity turbulence in the free stream and acceleration around the
cylindrical leading edge influences the boundary layer development that occurs near the
cylindrical stagnation line. The intent of this research is to improve our understanding of
the development and structure of the laminar boundary layer under these conditions. The
comparison made between the experimental measurements acquired on the laminar
boundary of 40.64 cm diameter cylindrical leading edge model, and earlier work on the
stagnation line fluid dynamics will show the behavior of the momentum boundary layer.
These conditions will be systematically changed using a larger grid and a smaller one at
two locations and a simulated aero-combustor at two conditions.

These results can be used for predictive modeling in the turbine industry, as
turbine vane diameters are increasing in size. Understanding how these variables in the
flow conditions affect boundary layer development away from the leading edge of the
vane. This work coincides with another student’s thesis who is taking turbulence data
along the stagnation streamline.

The goal is to establish the relationship the turbulence influenced by eddy
straining has on both the momentum boundary layer and the thermal boundary layer.

2



Understanding this relationship opens up the methodology for future testing and design of
turbine blades. A comparison of earlier work, Preethi Gandavarapu, on heat transfer for
the same shape profile should reveal the relationship between the heat transfer and the
fluid dynamics for large, traversing diameter, cylindrical leading edge Preethi
Gandavarapu’s heat transfer augmentation results will be used to compare with the local

measurement of eddy diffusivity (Gandavarapu, 2011).



CHAPTER 11
LITERATURE REVIEW

The study of turbulent flow encountering curved surfaces has spanned over
several decades. In some ways, the flow over a curvature can be compared to a flat plate.
However, there are differences in the boundary layers. The analysis of this widely
discussed subject has resulted in a significant amount of research for many decades.
Many engineering fields, particularly turbine engine vanes and blades, look to improving
their products by examining the fluid dynamics. Curved surfaces can have a convex or
concave curvature to model different surfaces of the turbine blades. Understanding how
the exterior design affects heat transfer will influences how interior cooling is designed.

In the last ten years advances in turbulence generation have allowed researchers to
achieve Turbulence (Tu) levels of ten to twenty percent within the free stream, which is
closer to what a turbine vane can experience. Equation [1] defines the turbulence as the
RMS fluctuation of velocity divided by the free stream velocity (Radomsky & Thole,
1999).

wr

Tu= < [

Uco
Gas turbine engines experience flows that have high Free Steam Turbulence
Intensity (FSTI) that influence heat transfer rates and drag on both turbine blades and
vanes. The transition is influenced by flow accelerating along the surfaces of the turbine

blades and vanes. These conditions can also lead to the flow experiencing bypass
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transition. However, acceleration acts as a stabilizing effect on surfaces that can offset
curvature effects and delay transition. Acceleration on a cylindrical leading edge can
result in a laminar boundary layer, with augmented heat transfer.

In 1970, Willmarth and Yang talked about the relationship between eddies and the
pressure measurements they collected. Their experiment observed the turbulent boundary
layer on both a flat plate and a traversing curvature. The surface was designed to be just
flexible enough to be disturbed by pressure fluctuations. The results indicated that
convection speeds were equal in both the planar and the traverse curvature. However, the
velocity profile in the traversing curvature appeared more “full” than that of the flat plate.
Further, the decay of eddies near the wall occurred faster with the traversing curvature
(Willmarth, 1970).

The author’s hypotheses that are traversing curvatures created more shearing
against the eddies by the surface so that smaller eddies formed near to the surface. These
smaller eddies were able to be closer to the wall but dissipated at a faster rate. The larger
eddies further from the surface experience shear from the curve on the surface. The
authors suggested shear from the convex surface increases the velocity (Willmarth,
1970). So one could imagine the eddy with angular momentum reducing its radius and as
a result increasing its angular velocity.

Britter, Hunt, and Mumford wrote an article in 1979 concerning the distortion of
turbulence by a circular cylinder. They found that large length scales would cause the
flow to see an increase in u’” and w’ near the cylinder, whiles small length scales will see

a dampening of these fluctuations. They also found that the turbulence intensity affects



the magnitude of mixing at the stagnation and broadness its influence (Britter, Hunt, &
Mumford, 1979).

Blair also wrote the “Influence of Free-Stream Turbulence in Favorable Pressure
Gradients” in 1982. This article discussed how favorable pressure gradients affect the
transition to turbulent flow. The data measured from flow across a flat plate experiencing
reduced the cross-sectional area. It is important to note that for this case there’s no shear
from the angle on the surface and the free stream velocity is parallel to the plate with the
measurements. The author indicated for his case that acceleration did not affect the
transitional Reynolds number, and the results agreed with Van Driest and Blumer’s
correlation for transitional onset (Blair, 1982).

Another interesting point in this 1982 article by Blair showed the thermal
boundary layer development trailed the momentum boundary layer. The author also
mentioned that the temperature profile was larger than the momentum boundary layer.
The author pointed out that this is because the thermal boundary layer was not as strongly
dependent on this acceleration. The author believed this was because of the relationship
the pressure gradient had on the turbulent transfer of heat (Blair, Influence of Free-
Stream Turbulence on Boundary Layer Transition in Favorable Pressure Gradients,
1982).

Blair conducted an experiment where a zero pressure gradient existed along the
test surface. The experimentation modeled the free-stream flowing across a flat plate. The
author concluded that upon a plate under these conditions that the free stream turbulence

had a strong influence on skin friction and heat transfer (Blair, 1983). Further analysis of



the data revealed that increasing free stream turbulence dampened the wake region of the
velocity profile.

Further Blair showed that the data’s skin friction would increase as the free
stream turbulence is increased. The interesting part of this data implies lower Reynolds
numbers are not as influenced by free stream turbulence as the higher Reynolds numbers,
for a flat plate. This occurrence also appeared for all of the different trials done on a flat
plate discussed above (Blair, 1983).

Sparrow and Miyazaki in 1977 developed a method of prediction of heat transfer
rates documented in “Analysis of Effects of Free-Stream Turbulence on Heat Transfer
and Skin Friction” by including free stream vortices effects. They proposed a prediction
of the momentum diffusivity as a function of free stream vortices and expressed the
relationship as a dimensionless expression. They used previous studies on turbulent flow
to set constants. The prediction mentioned above prediction works in regions where the
fluctuations of the velocity are strong and not limited by the wall. (Miyazaki & Sparrow,
1977).

In “An Algebraic Model for High Intensity Large Scale Turbulence,” an accurate
correlation predicted both the eddy diffusivity and the velocity on a pressure surface. This
model, which is called the Algebraic Turbulence Model (ATM), used the free stream
turbulence conditions and the normal distance from the surface to predict the eddy
viscosity for momentum. Additionally the near wall dampening effects were captured. A
comparison between data from a cascade vane set up and the ATM model above. The

results from the model agreed well with the prediction (Ames, Kwon, & Moffat, 1999)



The authors indicated that in the stagnation region of the flow, the ATM model
predicted lower values of heat transfer than the data. The authors suggested that this was
from the influence of the stagnation region and the free stream turbulence which “strains”
the flow and encouraged mixing. This strain field results in an intensification of the
smaller eddies near the wall as indicated by the normal velocity varying component “v’”
measurements (Ames, Kwon, & Moffat, 1999).

In the article “Flow Field Measurements for a Highly Turbulent Flow in a Stator
Vane Passage” by Radomsky and Thole, reviewed how flows with FSTI close to twenty
percent. They were also able to measure all three directions of the flow velocities. The
authors indicated that the turbulence “remained high” in the passageways of the turbine
vanes. The authors believed this might explain the “production of shear stress” when
combined with the curvature of the streamlines. The results showed the higher FSTI
resulted in transition occurring further downstream. The authors also indicated that
augmented of heat transfer occurred on the “pressure side” of the vane (Radomsky &
Thole, Flowfield Measurements for a Highly Turbulent Flow in a Stator Vane Passage,
1999).

Randomsky and Thole studied the free turbulence effects on turbine stator vanes
for very high turbulence intensities of 19.5% and very low intensities of 0.6%. They
measured surface temperature and velocity profiles of the stator vanes. They found that
the locations of lowest augmentation between the low turbulence case and the high
turbulence case occurred in the same place vortices occurred (Radomsky & Thole, 2000).

Randomsky and Thole believed that the flow of the vortices had greater influence

in these areas. Lower freestream turbulence cases had peak heat transfer augmentation
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located in the stagnation region and fell off once the flow exited this region. General flow
behavior rules out other possibilities (Radomsky & Thole, 2000).

In 2000, Bae, Lele, and Sung completed a numerical simulation of stagnation
region heat transfer. Here the authors reviewed the flow hitting a flat plate. From these
results, the authors concluded that the counter rotating vortices have a greater influence
on heat transfer (Bae, Lele, & Sung, 2000).

Erickson and Ames wrote a paper called, "Effects of a Realistically Rough
Surface on a Vane Heat Transfer Including the Influence of Turbulence Condition and
Reynolds number." This paper showed that turbine vanes at high Reynolds number and
high FSTI. The results showed how FSTI effect the heat transfer along the vane’s surface.
The Augmentation of the heat transfer appeared to affect the distribution of heat transfer
across the surface. The results showed Stanton number peaks higher downstream than
that of the stagnation region. In the experiments, the authors reviewed the effects of
roughness on a vane affected heat transfer (Erickson, Ames, & Bons, 2012).

Both the cylindrical leading edge and the vane have a convex curvature in the
stagnation region. When looking at the data on the smooth surfaces, it appeared that the
higher FSTI had augmented the flow far downstream of the stagnation region when
compared to the Low FSTI. Also, higher FSTI had surface Nusselt numbers that appeared
to be higher and steeper (Erickson, Ames, & Bons, 2012). Equation [2] defines the
Stanton number as the Nusselt number divided by the product of the Prandtl and

Reynolds number (William Kays, 2005).
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Mayle had worked on the transition in his 1991 paper concluded that experimental
conditions may reach a point where the onset of transition occurs. In this paper, the
author expressed that a boundary layer under transition has both laminar and turbulent
conditions. The driving forces behind this onset (besides Reynolds number), is free
stream turbulence and unsteadiness in the flow. Therefore the path of boundary layer
transition is related to the local Rex, the Rex at transition onset and the local spot
production rate and predictions should use the following correlation made by Mayle
described in Equation 3 (Mayle R. E., 1991).

y =1—exp[—no(Rey — Rey)?] [3]

The expression above is used for flow in transition since the flow will show both
laminar and turbulent flow. The symbol y designates the proportion of turbulence in
transitional flow. Mayle had said that a rule of thumb Reynolds number for distance was
about 350,000 as described in Equation 4 (Mayle R. E., 1991).

F(x) = (1 =v)f () raminer = Vf () rurbutane [4]

The big driving forces behind the onset of transition, besides Reynolds number is
free stream turbulence and unsteadiness in the flow. Therefore to find the boundary layer
thickness during under transition. Therefore he used the symbol “y” as the proportion of
turbulent flow in the transitional flow (Mayle R. E., 1991). Therefore, the boundary layer
in transition may be predicted and analyzed. This paper implies that transition has
turbulent characteristics of higher mixing.

In 1997, Volino and Simon reviewed the boundary layer under conditions of high
free stream turbulence and strong acceleration conditions. In their paper, “Boundary

Layer Transition under High Free Stream Turbulence and Strong Acceleration

10



Conditions: Part 1- Mean Flow Results,” the flow accelerated across a concave surface as
compared to a convex surface. The goal was to see how this curvature and the free stream
turbulence would affect the transition in the boundary layer. Transition in a boundary
layer increases the heat transfer and drag. The author felt that understanding, where the
transition occurs on a surface, was critical to airfoil design (Volino & Simon, 1997, A).

In “Boundary Layer Transition under High Free-Stream Turbulence and Strong
Acceleration Conditions: Part 1 — Mean Flow Results,” R.J. Volino and T.W. Simon
studied the effects of strongly accelerated flow under high FSTI conditions have when
measurements are collected at various points along the accelerating surface. The FSTI
investigated was about eight percent free-stream turbulence with length scales of two and
four centimeters (Volino & Simon, 1997, A).

They found that the turbulence decayed across the surface which the authors
expressed this occurred in reality. They found that when comparing the effects of
acceleration on flow, greater suppression of boundary layer growth was experienced. The
authors believed that the acceleration for their concave curvature reduced the impact of
the curvature. However, the authors also expressed that this observance most likely does
not explain the relationship between curvature and acceleration. The author wanted to see
results with objects of stronger curvatures (Volino & Simon, 1997, A).

In 1997, Volino and Simon published the article, “Boundary Layer Transition
under High Free Stream Turbulence and Strong Acceleration Conditions: Part 2-
Turbulent Transport results.” These authors expressed that acceleration across the surface
suppressed the eddy viscosity as compared with an unaccelerated flow on the strong

concave surface. They also found in some areas of the flow the thermal boundary layer
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was thicker than the momentum boundary layer. The authors believed the flow was
experiencing transition because of the way that the boundary layer profile of u'increases
and the peak moves toward the surface. The boundary layer only became fully turbulent
flow further downstream when the acceleration rate was lowered and the Reynold’s
number was increased. (Volino & Simon, 1997, B)

The authors indicated that the Reynolds analogy is valid for both accelerated and
unaccelerated flows under their design conditions since the ratio of the momentum eddy
diffusivity to the eddy diffusivity of heat transfer were nearly equal. Also, the turbulent
Prandtl number was equal to unity. (Volino & Simon, 1997, B) See the appendix for the
derivation of the Equation 5.
zf'
(5%)

In a Paper written in 2005 by A.C. Nix and T.E. Diller in the 2005 Turbo Expo,

1/Pry = = 1 (for Reynolds Analogy) [5]

the authors reviewed how augmented heat transfer in the stagnation region relates to the
influence of Free Stream Turbulence. The collection of measurements occurred taken
along the cylindrical leading edge vane apparatus in the stagnation region of the flow.
The heat transfer measurements occurred at the stagnation region reaching away from the
surface. Some of their results were interesting. The highest coherence for one of the
locations was the closest location to the surface (Nix & Diller, 2005).

The Nix and Diller concluded from their results on the fluid dynamics and heat
flux data that several patterns occur when the flow changes. When there was a drop in the
integral length scale the author said that it was “indicative of vortex shedding” (Nix &

Diller, 2005, p. 7). Further, the authors expressed interest in the results from the small

12



region affected by FSTI. They said, “for which the free stream velocity fluctuations
affect surface heat transfer roughly centered on the frequency related to the integral
length scale” (Nix & Diller, 2005, p. 7). The authors suggested that this indicated that
large-scale turbulent eddies could augment flow (Nix & Diller, 2005).

In the article “Reynolds Stress Calculations for Pre-Transition Boundary Layers
with Turbulent Free Streams” written by Mayle, Schultz, and H.J. Baur, the authors
examined flow in pre-transition flows. One of the interesting findings in this article was

that the —u'v’ terms maximum occurs in the near transitional boundary layer about 1/3 as

high as a turbulent boundary layer. (Mayle, Schultz, & H.J., 2008) Where —u'v' is defined
in Equation 6 as the product of the eddy diffusivity and the velocity gradient (William

Kays, 2005, p. 182).

The authors also indicated that the flow has essential behaviors for certain events.
The authors implied that in some cases when the flow approaches separation the —uu’
max sharply increases. The authors speculated that separation can be avoided when the
flow begins to go in transition as seen when —u'v’ rises. The results showed that the
boundary layer had higher —u'v' than predicted when the flow heads near transition. Also
it is clear that amplification was not related to just the FSTI as the authors also believed
that the effect on the FSTI has on the flow is “accumulative” which means that distance
along the surface plays a major part (Mayle, Schultz, & H.J., 2008).

In 2011, a paper written by J. G. Wissink and W. Rodi, reviews the Direct

Numerical Simulation “DNS” of freestream wake interacting with the stagnation region
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of a cylinder. He set up his simulation to impinge vortices on the surface of the cylinder.
There were three test conditions: no wake and no turbulence, wake no turbulence, and
turbulence and wake. The authors designed a disturbance to produce a wake with small
vortices that will disturb the cylinders surface (Wissinck & Wolfgang, 2011).

J. G. Wissink and W. Rodi highlighted three conditions, known from the
literature that affect the stagnation heat transfer influenced by FSTI. For these laminar
boundary layers, three observances tend to occur for augmentation due to the FSTI in a
laminar boundary layer. First the acceleration, which is also needed to keep the flow
laminar, must be present. Secondly, the free stream characteristics higher Reynolds
numbers, higher FTSI, and lower length scales result in higher heat transfer levels at the
stagnation region. Finally, the wake frequency within the free stream has strong enough
effects on lower Reynolds numbers to amplify heat transfer (Wissinck & Wolfgang,
2011).

J. G. Wissink and W. Rodi’s DNS results showed that the approaching free stream
flows slowed the most when there were awake and no turbulence, then with the high
FSTI. The case without the wake slowed the least of the different tests. The flows without
FSTI transitioned sooner than the flow with it. The authors Designed a DNS of an eddy
injected into the flow passing a cylinder. The results showed the eddy was already being
“dispersed by the strongly accelerating mean flow before it can reach the immediate
vicinity of the cylinder,” thus the average flow can influence these free stream vorticies.
This dispersion indicates that DNS showed a delay in transition due to FSTI. Once the
free stream vorticity reaches, the cylinder and the “the vertical structures from the wake

were found to be significantly stretched by the strongly accelerating wall-parallel
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(circumferential) flow into elongated vortex tubes that became increasingly aligned with
the direction of the flow” (Wissinck & Wolfgang, 2011).

In Preethi Gandavarpu’s Master’s Thesis, the Nup measured along the surfaces of
two cylindrical leading edges of four and sixteen inches showed interesting results which
agreed with previous discussed studies that high velocity and high turbulence flows
experience heat transfer augmentation and low Reynolds number flows had peaks of Nu,
at the stagnation region. The data also expanded the TRL parameter range. Also the
validity of the correlation amplification was reviewed, data beyond a TRL of 10 had a
lower TRL than the curve. The TRL shown in Figure 1, compilation shows the data of
Gandavarapu. Equations 7 and 8 show how TRL is calculated and how the Nusselt

number was dependent on the TRL (Gandavarapu, 2011).

1

_ =R D\3
TRL = Tu X Repiz X (E) [7]

Nu

= 0.004 * TRL [8]

Up
This TRL relationship was particularly true of low velocity flows on the smaller
cylindrical leading edge. Also, the smaller cylinder’s Nusselt number would consistently
peak in the stagnation region. This pattern would indicate that convection of the fluids
heat would be strongest in the stagnation region (Gandavarapu, 2011). Below please find
the definition of the Nusselt number presented by Kays in Equation 9 (William Kays,

2005).

Nun = hD _ Convective Heat Transfer of Fluid
D K Conductive Heat Transfer of Fluid

[9]
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Figure 1. TRL results with added data (Gandavarapu, 2011).

However, the larger cylindrical leading edge saw the Nup peak for Re,; of
250,000 case for the Derivative Aero Combustor with the spool. As the Reynolds number
increased to 500,000, a far downstream location of peaking occurred for the flow
conditions with “Tu” greater than 0.08 (Gandavarapu, 2011).

For the large diameter cylindrical leading edge of 0.4064 meter results had
different results. The cylindrical leading edge for Reynolds number of 62,500 and
125,000 cases the peak occurred at the stagnation line. However, but the span of the peak
is more spread out over a further distance the stagnation region (Gandavarapu, 2011).

The data showed the larger sixteen inches Cylindrical Leading Edge Surface had

greater augmentation then, the smaller four-inch Cylinder, but less “absolute heat

transfer.” Further there appeared to be an augmentation in the Nusselt number occurring
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in the near stagnation region in the vicinity of the larger diameter cylinder. For the
Reynolds number of 250,000 cases, the far downstream location results showed the
stagnation region to have a broad Nusselt number profile along the surface, compared to
the peaks experienced in the higher number turbulence numbers. The author expressed
that the intensification of heat transfer was shorter weaker for the higher FSTI flows
(Gandavarapu & Ames, 2013).

The work was done by N. Chowdhury at the stagnation region of this same large
cylindrical leading edge apparatus in his thesis. Data collected from the stagnation line
under the same range of Reynolds numbers and FSTI conditions. One of the first results
showed that the velocity ratio of the free stream had demonstrated that near the stagnation
region that velocity appeared faster than what the prediction from the CFD modeling
showed. For some of the conditions, the velocity decay seems to decrease near the
stagnation point due to high-intensity lateral velocity fluctuations. Also, the smaller
Reynolds numbers have slightly higher ratios than the other numbers and the predictions
presented in the paper. The lower values dip below the CFD prediction and then over
shoot it (Chowdhury N. H., 2012). Unfortunately lower velocity measurements taken
near the surface also have higher uncertainties. Therefore, slight differences in results
may not mean much.

He found the fluctuating velocity become larger than the free stream before the
surface for larger length scale values. The point closest to the surface shows then
dropping just below the free stream values, but still relatively higher ratios than the other

conditions. This increase in the velocity variance shows amplification of disturbances for
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these two larger length scales conditions (Chowdhury N. H., 2012). These results match
earlier work from Britter, Hunt, and Mumford (Britter, Hunt, & Mumford, 1979).

The results showed both the conditions (ACS and GS2), where the added distance
to the flow had a larger value of the energy length scale “Lu.” The “AC1” and the “ACS”
had a greater magnitude of Lu then GS1 and GS2. The integral length scale results also
showed this. These conditions without the decay spool had higher dissipation than those
that occurred for the ACS and the GS2 for the Reynolds number of 250,000 cases near
the surface or stagnation.

Additionally the dissipation data revealed for the Reynolds number of 62,500 case
results had less dissipation than without the cylinder. The GS2 and ACS cases with a
Reynolds number of 250,000 either equaled or surpassed the dissipation experienced

(Chowdhury N. H., 2012).
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CHAPTER III
EXPERIMENTAL APPROACH

The experiment was designed to observe the effect of free-stream turbulence,
influenced by the stagnation strain field, on the boundary layer developing directly
downstream of the stagnation region. The objective required measurements of the
velocity taken within the fluid-dynamic boundary layer. These measurements include the
velocity fluctuations, the total pressure, and the atmospheric conditions. Because the
boundary layer of turbine vane is small, the design of the vane required a dimensional
increase the scale. The measurement equipment had been concealed by the test apparatus
or the cylindrical leading edge to avoid disrupting the sensitive boundary layer.

The design of experiment focused on the collection of data thirty degrees
downstream from the stagnation region of the apparatus. This location produced a
sufficient local velocity to allow accurate measurements but close enough to experience
the influence of the stagnation strain field. Changes to the setup created access to
equipment without interfering with the fluid dynamics. Further design features allowed
ease of access to the equipment inside the cylindrical leading edge tip. To compensate for
the height of the boundary layer, a new traversing device, and a modified 55P14 hot wire
allowed measurement closer to the surface.

Measurements and calibrations were collected at the University of North Dakota’s

Large Scale Low Wind Speed Tunnel and the Cascade Facility in Grand Forks North
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Dakota. The wind tunnel design produced different flow conditions by adding different
test sections and grids to achieve the desired turbulence intensities. The wind tunnel can
create conditions ranging from very low Reynolds number, and low turbulence intensity
flows with high turbulent intensity flows that reach up to 13 percent or more.

The wind tunnel different sections help produce the desired inlet turbulence
conditions. Air enters the filter box from the surrounding area to the blower. The filter
protects the sensitive, hot wire anemometer, from damaging debris. After the air exits
the filter, the air passes through the centrifugal blower. The flow then enters the multi-
vane diffusers where the air recovers the static pressure by slowing the air flow and
evenly distributing the velocity profile. An even distribution improves heat transfer
through the heat exchanger as shown in Figure 2, which shows the wind tunnel set up

(Gandavarapu, 2011).

Filter Box
Spacer
Diffuser #2 l Nozzle
Blower =l
-

ot L]

Diffuser #1 =

Heat Screen Test Section
Exchanger Box
Figure 2 Wind tunnel set up.

The heat exchanger is air to water heat exchanger; it regulates the air temperature.
The heat exchanger uses water which passes through its finned tubes to cool the air flow:

allowing constant air temperature. A hundred-gallon recirculation tank supplies water.

20



The temperature of the water in the reservoir is maintained by replacing the warmer tank
water with the cooler building makeup water. Then air enters the screen box. This screen
box is made up of four nylon screens, which help redistribute the flow profile before it
reaches the nozzle (Gandavarapu, 2011).

When the flow leaves the screen box, it encounters a nozzle. There are different
types of nozzles to achieve the different desired turbulence levels of the flows. The low
turbulence nozzle stabilizes the flow by decreasing the cross-sectional flow by about
72.22% (Gandavarapu, 2011). The interior design of the nozzle surface was designed to
be smooth and be flush with the interior of the spool, turbulent generator, or the test
section to reduce unwanted disturbances in the flow.

The changes to the free streams fluid properties occur by switching the grid
assemblies or the mock aero derivative combustor assemblies. The grid assembly
generates a smaller scale turbulence intensity. The grid assembly includes the spool and
some grid meshes. Square aluminum bars adhered by JB weld helped make the square
mesh.

Table 1. Distance from the Cylindrical Leading Edge.

Distance
X
Flow Condition Linesh (inch) X(meter)
Large Grid 10 25 63.5
Small Grid Far 32 40 1.016
Small Grid Near 10 12.5 0.3175

21



The meshes come in two sizes, the small grid located either at 10 or 32 mesh
lengths upstream from the leading edge plane and a large grid also located ten mesh
lengths upstream. This is shown in Table 1. The small grid is constructed using 0.635
cm square bars spaced 3.175 cm apart. The large grid construction consisted of double
the size square bars set apart by twice the distance as the small grid. (Gandavarapu,
2011)

Limesh = X/Pitchyesn [10]

The spool is a Plexiglas rectangular extension of the test section located between
the test section and the Mock Aero-Derivative Combustor shown in Figure 3 and is 36
inches in length. From the spool, the grids slip into notches drilled through the Plexiglas.
The spool can also add additional distance between the turbulence generator and the test
section. This addition of the spool to the mock derivative aero combustor assembly

allows the observance on how turbulence decays.
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Figure 3. Mock Aero-Derivative Combustor (cm).
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The Mock Aero-Derivative Combustor produces an accelerated, high turbulence
intensity flow of about 13.5 percent and an energy length scale of about 7 centimeters.
The existing flow accelerates through the nozzle to the Mock Aero Derivative-
Combustor, which decreases the cross-sectional area by an additional fifty percent
(Gandavarapu & Ames, 2013).

Table 2 shows are the flow conditions averaged from results for the 0.4064 m
cylinder presented by J E Kingery at the ASME Turbo Conference and his paper in the
turbomachinery journal. (Kingery & Ames, 2015)

Table 2. Flow Properties of the Free Stream Velocity.

Condition Property 2.5 m/s S m/s 10 m/s 20 m/s
Low Turbulence ReD 60864 121397 243759 485410
Low Turbulence Tu 0.0069 0.0069 0.0076 0.0060
Low Turbulence Lu (m) 0.154 0.154 0.154 0.154
Low Turbulence TRL 0.94 1.25 1.84 1.95
Small Grid Near ReD 60237 122154 245950 493636
Small Grid Near Tu 0.0773 0.0808 0.0781 0.0792
Small Grid Near Lu (m) 0.018 0.01785 0.018458 0.0197
Small Grid Near TRL 21.43 30.16 38.59 51.20
Mock Aero-Derivative

Combustor ReD 60123 120954 245615 499359
Mock Aero-Derivative

Combustor Tu 0.1235 0.1235 0.1302 0.1259
Mock Aero-Derivative

Combustor Lu (m) 0.0724 0.0724 0.0636 0.0735
Mock Aero-Derivative

Combustor TRL 21.51 28.78 42.56 52.71
Large Grid ReD 60762 121585 243178 484976
Large Grid Tu 0.0755 0.0755 0.0790 0.0813
Large Grid Lu (m) 0.033 0.033 0.034 0.0355
Large Grid TRL 17.16 22.92 31.69 42.86
Small Grid Far ReD 60486 121779 246348 493294
Small Grid Far Tu 0.0350 0.0384 0.0352 0.0348
Small Grid Far Lu (m) 0.0338 0.03808 0.032311 0.0285
Small Grid Far TRL 7.88 11.12 14.45 19.88
Mock Aero-Derivative

Combustor With Spool ReD 61367 121698 244871 479686
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Table 2. Continued

Mock Aero-Derivative
Combustor With Spool Tu 0.0883 0.0883 0.0916 0.0897
Mock Aero-Derivative
Combustor With Spool  Lu (m) 0.0903 0.0903 0.0881 0.0949
Mock Aero-Derivative
Combustor With Spool TRL 14.41 19.17 26.83 33.92

After the flow exits the nozzle, it enters the rectangular wind tunnel cross section
called the ‘Test Section.” The wind tunnel’s construction from 0.5 and 0.75 inch
Plexiglas. The location of equipment and the small space available required the addition
of access holes. These holes were cut using a dulled whole saw. Cutting the holes in the
Plexiglas required a large amount of caution. The caution is due to the nature of
Plexiglas. The hole’s edges were wet sanded by hand to smooth out the roughness and to
allow the windows and or hole covers to fit tightly.

The access holes had Plexiglas windows to cover the holes allowing visibility into
the test section while sealing the wind tunnel. The location of the holes was picked to
allow ease of access to the equipment. Figure 4 shows how the holes looked against the
test apparatus. The hole located on the exterior of the test apparatus allowed installation
and adjustment to the hot wire anemometer. We installed the hot wire to the exterior of
the test apparatus to avoid damage to the hot wire. The hole located in the interior on the
inside of the tip allowed adjustments to positions of the bracing equipment for the
hotwire and to secure test equipment. The third hole allowed access for another project

where measurements were acquired along the stagnation streamline.
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Figure 4. Three-dimensional test section model with 0.4064 meter cylindrical
leading edge.

Small windows were designed to seal the holes during testing. Figure 5 shows
how the windows looked in the experimental setup. These windows or covers were cut
from Plexiglas using a CNC milling machine. The windows were designed using three-
dimensional design software PRO- Engineering to fit snuggly over the hole. Compression
helped prevent any fracturing while drilling the holes through the Plexiglas material. A
large quantity of water was used to prevent locking of the drill bit in the hole. If the drill
bit locked in the hole, it would result in cracking. To decrease fracturing of the Plexiglas
the friction of a dull drill bit heated to the surrounding area. These covers had machine

screws cut flush to the surface of the wind tunnel to fix the cover to the wind tunnel. The
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purpose of these windows was to allow testing without the presence of the cylindrical

leading edge test apparatuses and seal the surface.

/

>

Figure 5. Test section's window cover.

Two cylindrical leading edge vanes designed had two different diameters: one
was a 0.1016 meter and the second was a 0.4064 meter vane. Only the 0.4064 meter
cylindrical edge was utilized for this experimentation though a cylindrical leading edge is
where a cylindrical edge has a traversing radius. Both the cylindrical leading edges had a
radius that would increase as the surface location traversed after the thirty degrees offset.

Information in the appendix for the smaller 0.1016 meter cylindrical leading edge
described its design process. The smaller cylindrical leading edge was left out because
the acceleration of the 0.1016 meter cylinder would have produced a boundary layer that
was too small for our current equipment to collect enough information in the near wall
region for reliable analysis. The smaller diameter cylinder ended up used in the
experimentation for another student’s thesis research that focused on the stagnation line.
However, the smaller cylinder had a port designed to collect information at the about a
twenty-seven degrees offset. This way this information could be collected if the new

equipment becomes available.
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Figure 6. The 0.4064 meter cylindrical leading edge vane.

The cylindrical leading edge vanes had four components: the cylinder tip, the
cylinder base, and two cylinder plywood sides. This is shown in Figure 6. The cylindrical
tip’s design allowed space for the traversing equipment. The cylinder base construction
was also hollowed out, and the tip was removed. The plywood sides were made similar to
previous sides, but one of the sides had a window inside of the cylinder. These plywood

sides held the tip and back portion of the cylinder together.

Figure 7. The assembled 0.4064 meter cylindrical leading edge tip.
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These cylindrical leading edge tips as shown in Figure 7, have both internal and
external design features that allowed application of the cylinders for different research
projects: testing at the stagnation region and the thirty degrees downstream.

The cylindrical leading edge’s tip design allowed room for two different screw
drive apparatuses mounted in the test apparatus. The imported profile from Excel used
the points in a spline fit function in Pro Engineering. These data included the desired
thickness of the cylinder tip. The three-dimensional modeling software ‘Pro Engineering’
was used to design the tip. The cylinder tip consisted of six pieces, including the two
anchors, the tip, and the plugs. Figure 8 shows how the cylinder tip and the brace where
connected by a pin.

The construction of the tip included pieces from a three-dimensional printer using
Acrylonitrile-Butadiene-Styrene ‘ABS’ plastic. Creating the part from ABS allows the tip
to withstand the high aerodynamic forces with much less material since ABS has high
impact strength and is light. ABS Plastic allowed us to have a thin structure and more

room to maneuver within the test apparatus.
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Figure 8. Pin location on 0.4064 meter cylindrical leading edge tip.

Both designs of the cylindrical leading edge vanes mounted the apparatus in the
wind tunnel walls. These two-dimensional cylindrical leading edge surfaces were
designed to be similar to first stage turbine vanes. Data were collected in the normal
direction to the surface at the stagnation line and thirty degrees downstream. The data
analyzed in this thesis is a downstream location from a stagnation line.

The cylinder tip exterior design followed the curvature of the previous cylindrical
leading edge test surface for heat transfer (Gandavarapu & Ames, 2013) and velocity at
the stagnation region (Chowdhury M. N., 2012). A smooth transition was necessary from
the tip section to the base of the cylindrical leading edge. The curvature was designed to
have an increasing diameter once the cylinder reaches thirty degrees downstream of the
cylinder to help foster a stabilizing, accelerating flow.

The 0.4064 meter cylindrical leading edge had about 26.9 degrees offset from the
stagnation region. This offset is instead of thirty degrees because the limitations of the

three-dimensional printer’s height, width and depth and the required space for the epoxy
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board to adhere to. After the Part was printed, the exterior surface was scraped by hand
and then buffed to have an even smooth surface. Additionally “pitting” can occur if the
positioning is done in the wrong way. This is because of how the printer is programmed

to hollow out the inside of the printed model.

- ——

Figure 9. Back of cylinder tip (hole offsets).

The placement of the hole at 26.9 degrees was offset an inch away as shown in
Figure 9, from the center, and the access hole located in the stagnation region. This
design feature gave each location its streamline to collect data. The physical limitation of
the three-dimensional printer was 10”x107x12.” This limitation resulted in the 0.4064
meter cylinder having two more parts that are called the “Tip Braces.” The tip braces
allowed the large diameter cylinder to be interchangeable with other tips for future use by
removing the machine screws that act as pins. The thickness of the cylinder was designed

by subtracting the same distance from the radius of the cylinder.
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Figure 10. Picture of assembled tip after buffing.

Inserts were made to cover the holes at the two sites the probes would be
collecting the data as shown in Figure 10. Because experimentation only requires one of
these holes used at a time, inserts were created to plug the unused probe hole to prevent
air leaks during the experiment. To avoid affecting the development of the fluid dynamic
boundary layer, the location of the hole in the stagnation region was placed in the center
of the cylindrical leading edge. The tape was placed along the streamline of the approach

velocity to prevent surface imperfections from interfering with the boundary layer.
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Figure 11. The true distance of the hot wire probe away from the probe holder

The location between the probe holder and the measurements as shown by Figure
11 were fixed by geometrical analysis the hot wire shape. According to the manufacturer,
the Length of the Hotwire prong is 0.2165 inches. This required information also helped
place the machine screw inserts for the probe brace system. Equation 11 shows how
much distance “hy” was needed to properly align the probe. The distance ended up 0.433

inches.

Oposite side _ Length of Prong 0.2165 inches

= " [11]

Hypotenuse - Of fset of the axis h

Sin (30) =

The construction of the back end of the cylinder involved several steps. The first
step used an aluminum jig with the cylinders profile. This jig’s outline allowed a plunge
router to cut isocyanate insulation foam boards into the shape of the cylindrical leading
edge. Next pieces of plywood used the same jig as the insulation boards to cut the desired
forms. The resulting pieces had matching profiles. These plywood boards are a half inch

thick, high strength wood. Once the boards were cut, anchor inserts were installed to the
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boards. These inserts allowed the boards to mount to the wind tunnel with machine
screws. Then insulation boards were glued together on top of the back end of the pieces
of plywood.

The next step was to remove the tip of the foam portion. A new design of tip
needed to allow space for the measurement equipment. The removal was achieved by
designing a three-dimensional printed tip that mounts to the foam and ply board. The rear
of the cylinder was trimmed to have a cleaner edge. The center had the foam removed to
allow room for experimental equipment. With the foam trimmed to specification, the
cylinder tip bracket was glued to where the tip was removed from the foamed section.

The top piece of the plywood was then glued to the foam. Once the glue was set,
the plywood pieces allow mounting of the traversing devices. The tip bracket was glued
afterward to the tip of the cylinder. Once the tip bracket was installed, the 0.038 cm thick
fiberglass epoxy board was adhered with cement glue over the flow surface. The tip
bracket had a recess to allow the epoxy board to reside. A thin piece of Kapton tape
covered the area where the epoxy board and the cylinder tip meet to prevent the epoxy

board to be peeled off the insulation by the free stream velocity.

/
5.5_=

55P14 90° sensor perpendicular
to probe axis

Figure 12. Dantec catalog’s description of standard 55p14 dantec probe from catalog.
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The specially modified, calibrated Dantec hot wire anemometer 55P14, shown in
Figure 10, was used to measure data on the surface of the cylindrical leading edge
surface. A standard 55P14 probe is a platinum plated single tungsten wire that has a
diameter of 5 micrometers and a length of 1.25 mm. This probe is extremely delicate
because of the thin diameter. Handling the probe required extreme care. By our request,
the manufacturer modified the hot wire to measure data on the concaved surface by
decreasing the angle from ninety degrees to eighty degrees. If not done the probe would
not reach the curved surface. The resulting angle between the prong and the stem of the
hot wire measured between 84-86 degrees.

This hot wire was calibrated using a smaller wind tunnel set up. Here the velocity
and the corresponding pressure drop were used to calibrate the probe. The TSI IFA 300
constant temperature anemometry bridge conditions and amplifies the recorded drop in
voltage from the hot wire while pressure taps are used to sense the drop in pressure. The
calibration set up had two velocity settings 0.7 m/s to 1.25 m/s, and 1.15 m/s to about 28
m/s. Although measurements taken at velocities less than 0.7m/s would help increase the
range of velocities, the uncertainties become much higher as velocity drops in the flow.
These low velocity uncertainties are due to how the lower velocity values were calculated
and calibrated. This can be reviewed in earlier work written by L. Dvorak. The two
calibrated curves at the two velocity settings were combined to develop a complete
relationship over the entire curve. Each probe went through calibration before it can be
used to collect data on the surface. The velocity was measured using the pressure drop

across the orifice and used the relationship described in Equation 12. The orifice was
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designed to minimize the viscous effects, especially for the lower velocities from
blockage effects caused by the boundary layer growth (Dvorak, 2003).
P =0.5p(U?)[12]

The calibration methodology used to calibrate the hot wire anemometers followed
the same steps outlined in L. Dvorak’s Master’s Thesis. The equipment and the software
were the same, and the inputs for the software were the same. The only difference was
the modification of the 55P14 that was manually adjusted. Therefore, the two hot wire
anemometers would have slightly different geometry. The set up allowed the calibration
to occur by the error of two percent. The calibration was done by making adjustments to
the setup that allowed velocities to be accurately measured within two percent (Dvorak,
2003).

Although it would be ill advised to use the same calibration curve for the hot wire
anemometers, it would be wrong to not do separate calibrations for the two probes. Any

time the probes needed repair calibrations were redone to ensure a good fit.

Figure 13. Home made probe holder.

The equipment used in this experiment to transverse the hotwire was the “Velmex
XSLIDE” assembly that held the probe using a 4mm diameter Probe Support, and the
XSLIDE’s brace. The probe support, shown in Figure 13, was homemade from four brass

tubes soldered together. This Probe design was chosen for the best fit of the hot wire, as
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the manufacturers’ probe holder did not work for what the function required. The brass
tubing sizes are 5/32”, 3/16”, and 1/4” an inch. The 5/32” inch tube had a distance of 2.5
inches, the next two were a quarter of an inch, and the largest 1/4 inch tube was about
five inches long. The hotwire slipped in the 5/32 inch tube and was taped to the probe

support. The probe support was attached by a clamp that was mounted onto the XSLIDE.

oy

L
|

Figure 14. Brace system for traversing system and probe holder.

The traversing device needed to be attached firmly, because of the weight of the
slide and the sensitivity of the equipment when making very small measurements. The
traversing device was firmly attached to the brace system as shown in Figure 14. The
brace held the X-SLIDE at the desired location and angle to collect the data. This brace
was designed to adjust the angle, height, and vertical distances slightly so that the probe
can be aligned perfectly normal to surface. This occurrence is because dimensional
differences of the different cylindrical leading edge vane, two different supports for the

different cylinders.
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These supports were cut by the in-house CNC from aluminum and a third
dimension model printer. The pieces of machined aluminum were attached by machine
screws to the X slide and mounted on the plywood. Figure 15 shows how these where
attached. All of the fastening areas were counter bored to prevent locking and allow more

space to maneuver inside the test apparatus.

Figure 15. Traversing equipment mounted in test apparatus.

This traversing device, X-Slide made by Velmex, was designed to make extra fine
movements. The device can travel a total of two inches (0.0508 meters). This device is
also small enough to fit inside of the cylinder thanks to the smaller traversing distance.
Values of velocity, location, “u,” and “Tu” were acquired from the probe and later
analyzed.

The temperature sensors made from type K fine wire thermocouples measured the
recovery temperatures upstream of the test apparatus. These thermocouples are accurate

to two-tenths of a Celsius. The reference temperature used an ice bath to maintain a
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constant temperature. This temperature helped establish the properties of the air. The total
pressure was measured upstream at the test section entrance. The pressure measured at
the test section entrance helped determine the pressure drop. From these pressures, the
calculation of the exit and approach velocity was estimated. Pressure transmitters were
used to obtain these pressures.

The HP-3497 data acquisition was used to acquire a voltage signal from the
Rosemount pressure transducers that varied from 2 to 10 volts. The conversion from the
voltage output to pressure included subtracting the zero pressure voltage from the signal.
The computer converted the array of hot wire anemometry voltages into velocities using
the calibration correlation. The pressure transmitters sent signals to the Data Acquisition

System, and the computer converted the signal into a pressure reading.

Figure 16. Picture of hot wire probe on the surface.
During experimentation, the probe would start taking measurements at 0.3 inches
(0.00762 meters) normal from the cylinder’s surface and move in small increments to the

surface. Figure 16 shows the probe near the surface. Because the limitations of the
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equipment and acquiring data in small enough increments to read the flow in the near
wall region, the equipment could not take measurements in fine enough increments.
Reynolds numbers of about 500,000 case had thinner boundary layers. This effect
resulted in the acquirement of a less resolved boundary layer. Therefore higher Reynolds
numbers had fewer data collected near the wall. The location of the probe was later
estimated by the process explained in the analysis, where the comparison of the predicted
velocity to the actual velocity helped estimate values of the probe location and wall shear
stress.

The location of the surface was determined when the viscous shear stress fell off
instead of increased. The shear stress in the near wall region would only appear to fall off
if the probe were touching the surface. Because this procedure results in an uncertain
location, adjustments to the offset value had to be made in the iteration process described
in the analysis to determine better the actual location of the measurements. One check
ensured determination of the correct offset location. The last point measured was between
0.045 and 0.055 or 0.0080 to 0.009 thousandths of an inch (0.001143-0.001397 meters),
which are the increments that the X-Slide was taking. The uncertainty of this location
stems from a human error in the resetting the probe in the program and “slips” that may
happen with the “XSLIDE.”

During the experimentation, approach velocities will reached approximately 2.5
m/s, 5 m/s, 10 m/s and 20 m/s and resulted in flows that reached Reynolds numbers of
62,500, 125,000, 250,000 and 500,000. The air temperatures were constantly monitored
to keep it constant, by using the heat exchanger. Once the data was collected, they were

analyzed and crossed checked with data collected earlier. All data were analyzed using
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non-dimensional conditions like the Reynolds number and free stream turbulence. Data

collected was obtained by N. Chowdhury in 2012.
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CHAPTER 1V
ANALYSIS
Once the data was collected, it was converted into an Excel spreadsheet for
analysis. All of the data analyzed went through the same steps. For simplicity, the
analysis procedure will be reviewed with the data from the Aero-Combustor. The
analysis portion is summarized and will have a more in-depth mathematical explanation
in the appendix. Once the Equations were set up in the spreadsheet, the results were
iterated until all of the results converged.

Some of the values were estimated by iterating the results until the solution is as

. . . du . .
close as possible. The velocity gradient normal to the surface, “E,”was estimated using

the shooting method which will be explained later. Reynold’s numbers: Rep 62500, Rep,
125,000, Rep 250,000, and Rep 500,000 had an initial values of the velocity gradient
normal to the surface of: 3500, 10,000, 35,000, and 90,000 1/s. This velocity gradient
multiplied by the viscosity is the shear at the wall.

Because data collection that began in the free stream moved toward the surface of
the cylindrical, leading edge there is an offset between the recorded value and the actual
measured distance. You probably have too much in this sentence. This offset is important
in developing the shear distribution. The fitting of the shear distribution involved both

specifying an offset and the velocity gradient at the wall. The dimensionless shear stress
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profile from White was used help determine this shear distribution, particularly in the
near wall region. The offset is assumed to be zero at the beginning of the analysis.

Some of the data were determined from the measured velocity. The boundary
layer thickness"d" was determined from the first peak of the velocity profile results. The
approach velocity was determined from the exit velocity. This was done by finding the
Mach number “M” from the total and static pressure and the specific heat ratio of air is
1.4. This Mach number was determined from the measured air velocity leaving the test
section and using the definition of a Mach number as described in Equation 13 and 14

(William Kays, 2005).

M= |5x ((?)3_1?’)—1 [14]

The speed of sound ““c” was derived from its definition using the gas constant “R”
and the temperature of the air as shown in Equation 15.
c =+V1.4RT [15]
Then the speed of sound and the Mach number are used to find the velocity
“U,ue” Which is the velocity of the air exiting the test chamber. The Equation 16 is from
the definition of the Mach number.

Uout =MXc [16]
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From the exit velocity the velocity of the flow along the surface, the approach
velocity “Ugpproacn” €an be determined using the acceleration parameter and the
velocity. The presence of a leading edge is known to effect the velocity field well
upstream of the stagnation region. Consequently, the conceptual approach velocity could
not be determined from upstream measurements of total and static pressure.
Consequently, a CFD prediction was performed to develop the relationship between the
conceptual approach velocity and the test section exit velocity. The ratio develop from
the analysis is provided by Equation 17 (Gandavarapu, 2011).

Ugpp = 0.4835 X Uy [17]

The maximum velocity in the boundary layer was taken as “U,,” for the analysis.
The next parameter was the skin friction of the flow. This was determined using the

parameters from Equation 18 (William Kays, 2005).

Cr Ty
2= oz L8

The measured velocity “U” profile was fit to a set of functions to analyze better
the data, like a better velocity gradient prediction. The process of fitting the lines is
explained in the appendix. After the fit for the velocity “U” is found that profile becomes
“u(x).” The data were fit to a fourth order polynomial. From this fit, the difference was
taken between the fit and the results. This difference was then fit and added to the fourth
order polynomial. This process continued until the differences between the fits and the
results stopped improving or was less than two percent. Each new fit had an increase of

the polynomial order of two to catch the place where the data shifts across the “X” axis.
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The resulting fit was the average velocity of the boundary layer that could be used for
analysis. Please see Appendix IV for more information.

After the fit for the velocity “u(x)” is found, the dimensionless forms of the
results can be determined using the shear velocity. The shear velocity.“u;” is the free
stream velocity multiplied by the square root of the skin friction. The non-dimensional
velocity and the normal distance can be found by the Equations 19 and 20 (William Kays,
2005).

r
YXPXUoo X, | =

Yt = 2 19]

Ut =22 0

Ug
The converted data is then plotted on a U™ verses Y *Graph as shown below. The
mock aero-combustor velocity profile graphs were then combined into one graph as
shown below. This graph shown on Figure 17, helps to provide a visual representation of

how to find the best Y offset and shear stress.
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The Mock Aero-Derivative Combustor Dimensionless
Velocity Distribution
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Figure 17. The velocity profile for the Mock Aero-Derivative Combustor.

. . dau,, . .
The velocity gradient across the boundary layer “d—z” is determined from the

derivative of the velocity fit. This approach was used to determine the local velocity
gradient and reduce scatter due to the random uncertainty in the velocity measurements.
The velocity gradient was also determined in excel by taking the difference in velocity
and dividing it by the difference in height for comparisons purposes. Equation 21 shows

how this was done.

d_U — u(x)n—l_u(x)n [21]

dyaverage(n,n—l) Xn-1~%n
The average distances Yyyerqge and Y ¥ 4perqg. Were determined to better align

the data so that relationships using dl;—iy) would be correctly plotted. This also must be
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done to any result obtained through averaging. This way the correct locations of the
derivatives and averages are taken.

A file that contained the computed surface velocity distribution along the surface
helped determined the flow’s acceleration along the cylindrical leading edge surface. The
pressure gradient is determined from the derivative of Bernoulli’s rule along a streamline

described by Equation 22 below.

dapP au
E__EXUOOX’D [22]

(Y=}

This pressure gradient is used in helping to determine the shear stress “z

distribution. In Frank Whites Text Viscous Fluid Flow, he had a relationship between the

location from the surface to the dimensionless shear stress “c*”. The definition of the
dimensionless shear stress is the measured shear stress divided by the shear stress at the

wall “t,,4;;” as shown in Equations 23 and 24 (White, 1974).

2 3
) =1+§2+ (B3 +29) (%) +(2+9) (%) [23]

2 2

ap

f="E 4

Tw
The total shear stress is the viscous shear stress plus the apparent turbulent shear
stress. From this relationship, the eddy diffusivity will be obtained by dividing the
velocity gradient and the density from the total shear stress and then subtracting the
kinematic viscosity as shown in Equation 24.
LIy

"= (vten) Z—; (William Kays, 2005)  [24]

The viscous shear stress distribution was determined by multiplying this velocity
gradient to the dynamic viscosity. It can be assumed that in the near wall region, that this
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portion of the shear stress is the most dominant. The Equation 25 describes the viscous

shear stress.
Toiscous = [ Z—; (William Kays, 2005) [25]

The apparent turbulent shear stress plays a larger role in the shear stress when
further away from the wall. Therefore, data is collected to far from the wall are

influenced by the turbulent shear stress component shown in Equation 26.

_— du
Trurbulent = —U'V' = Ema [26]

Then the total shear stress "t" is determined from the definition of the
dimensionless shear stress shown in Equation 27.
T=1" X Tyau [27]
When the viscous shear stress is subtracted from the shear stress, the result is the
turbulent shear stress. Then the turbulent shear stress is divided by the density of air to

get the average of the fluctuating velocity components “—u’v’.” Then the eddy

diffusivity “ey (measure d)” is determined from the Equation 28 (William Kays, 2005).

_ —ulv’
&m (measured) ~—  du
dy

[28]

Then the data was compared to the Algebraic Turbulence Model (ATM)
developed by Ames et al. in “An Algebraic Model for High-Intensity Large Scale
Turbulence.” the ATM model predicts the flow’s eddy viscosity using predicted turbulent
conditions of the flow to find the eddy diffusivity shown in Equation 29 (Ames, Kwon, &

Moffat, 1999).

—2.9xy\14/3
y)] D, [29]

Vmo = 1.5 X €y X Tg X U X LUl [1 — e( Luso
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The constant “Cy,_ 475 shown in the above Equation is 0.09. This Equation also

accounts for the near wall dampening by adding the dampening “D,,”” coefficient seen in

[199%})

Equation 30. The constant “C,,” was taken to be 6.7. “n” is the Kolmogoroff micro length

scale which is dependent of the kinematic velocity and the turbulent dissipation as shown

in Equation 31 (Ames, Kwon, & Moffat, 1999).

-y
D, = 1 — eCm-atmy*" [30)]

0.25

n=(%) " B1

&

With elevated external turbulent, laminar flows, this can be used to predict the
eddy diffusivity throughout the boundary layer. It is expected that this should accurately
predict the eddy viscosity, except where local acceleration is moderate to low. The flow
characteristics were taken from the work done by Nafiz Chowdhury in his Master’s thesis
with Dr. Forrest Ames, which preceded mine. These data were analyzed to determine
similar flow conditions as this experiments. This data were averaged data from Nafiz
Chowdhury’s and Preethi Gandavarapu’s work. (Chowdhury M. N., 2012)

From these data the turbulence dissipation “e” was determined by taking the
relationship the turbulence dissipation rate with the turbulent length scale “Lu” and the
free stream velocity variance “w”. This relationship is derived from the Reynolds average

transport shown in Equation 32 (William Kays, 2005).
‘U.’3
e=1.5 — [32]
Once the ATM model for the eddy viscosity was calculated, it was converted to

the Eddy diffusivity. Please note Equation 33 and 34 which clarifies Ames et al.

definition of eddy diffusivity from the eddy viscosity. Where the eddy viscosity divided
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by the eddy diffusivity is equal to the eddy diffusivity. The symbol for eddy diffusivity
can equal “gy,” or “vyy ,”, but not “v,,,” which is the eddy viscosity. “gy,” will be used FO
the eddy diffusivity to clarify any confusion moving forward.

ey = ”7’" (Ames, Kwon, & Moffat, 1999) [33]

&M = VMo [34]

Eddy Diffusivity Distribution of the Results for The
Mock Aero-Derivative Combustor Compared Against
The ATM Prediction
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Figure 18. Eddy diffusivity distribution for the Mock Aero-Derivative Combustor.

Then the eddy diffusivity from experiment and the ATM model’s prediction are
then converted into the dimensionless form by dividing by the kinematic viscosity.
Afterward, the results are plotted on a &y, * verses Y graph. The eddy diffusivity helps

show the relative levels of intensification for the result.
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Because the values of the shear stress at the wall and the offset in the distance are
uncertain, the shooting method was used to help iterate the values until the Equations
came close to an agreement. The first set of Equations predicts the velocity gradient,
defined by Equation 35, at the wall by dividing the dimensionless shear stress by the
viscous shear stress. These work well when points are obtained within the near wall

laminar boundary layer with external turbulence imposed.

du(x)
au dy
o~ [35]
wall

However, when applied to the higher Reynolds numbers this analysis is less
accurate because of the limitations of the equipment to traverse in small enough steps
near the wall. In these cases, the effective near-wall boundary layer or shear thickness is
much thinner, the apparent turbulent shear stress has greater influence over the results of
the data beyond the near wall region.

In these cases the predicted velocity using the shooting method. The shooting
method will be gone over in more detail in the appendix. The predicted velocity is
estimated from using Simpsons Rule of Integration on the shear distribution shown in

Equation 36. A correcting constant C, _accounted for the effect on the velocity gradient

due to the ratio of viscous to total shear stress as shown in Equation 37.

AT UL

Cepym Ceppm du
u(x)n+1 = M +; M (Yn+1 - Yn)d_y I + u(x)n [36]
wa
Copy = =2 [37]

The predicted velocity gradient is then determined from the predicted velocity

gradient. The next step is to adjust the offset and the shear stress at the wall until the
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experimental and predicted velocity gradients come as close as possible to each other.
This process will help establish where the offset is located. Then the predicted velocity
gradient and the measured velocity gradient are compared to estimate the velocity
gradient at the wall.

The table below shows an example of the Mock Aero-Derivative Combustor’s
iterative solutions. I also observed these values at other nearby points to make sure the
rate of change makes sense. If the rate of change in the velocity gradient is too different
between the estimated and the predicted values, then the location or velocity gradient at
the surface may not be accurate. Table 3 shows the solutions to these processes.

Table 3. The iterative solutions for the Mock Aero-Derivative Combustor.

Reynolds Measured Predicted Estimated du/dy Predicted Last
Number  Velocity Velocity at The Last du/dy at The Point
(m/s) (m/s) Point (1/s) Last Point (1/s) Measured
(inch)
62,131 0.855 0.879 3,650 3648 0.009079
127,012 1.296 1.289 9,018 9011 0.0046
252,939 3.973 3.925 22,276 22,243 0.00462
489,139 11.435 11.513 48,152 48,063 0.004803

The location of the last measured point was typically between either 0.0045 to
0.0055 inches (0.0001143-0.0001397 meters), or 0.0075 to .0085 (0.0001905-0.0002159
meters) depending which probe was used. So that the last measured point is the measured
distance plus the offset. It is assumed that the last point is taken has this value due to the
geometry of the probe. The iterations stop when I reach a point that validates the
“checks” the best as shown in table 4.

Table 4. The results for The Mock Derivative Aero-Derivative Combustor at a Repof
62,500.

51



Shear Stress at

Reynolds Boundar Last Point
Nui,nnber Offset (m) The Wall (1/5) Layer (m}; Measured (m)
62,131 0.000002 3,810 0.00156 0.009079
127,012 0.00032 10,700 0.001285 0.0046
252,939 -0.000162 31,200 0.001235 0.00462
489,139 0.000009 94,500 0.12396 0.004803

The uncertainty was determined from the experimental results. Some factors
created the complications in determining the uncertainty were traditional methods were
possibly not correct by the adjustments to the “Y” offset and the known shear stress
distribution that occurs in an accelerating laminar boundary layer. Many of the errors
from equipment and measurement are affected by this process. Also instead of fitting a
traditional line to the data a set of fits to the errors were completed until no improvements
were made, or differences between the fit and the actual results were two percent or less.
Therefore, traditional methods of uncertainty analysis may mislead on what is occurring.
The differences were squared based on the root sum square method described by Moffat

in Equation 38 (Moffat, 1988).

The resulting fitted values were subtracted from the measured results. This
difference between the fit and the measured points was then squared along all of the
points. The resulting values were then the average of these values were square rooted to
obtain the standard deviation. When reviewing the data, the largest areas of error are on
the ends of the fits. Therefore when looking at the standard deviations instead of
decreasing proportionally to the velocity the standard deviation reduces slightly

indicating proportionally more uncertainty near the wall.
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The uncertainty of the results was determined by identifying the sources of error.
It is known that the pressure gauges have an error of 0.1% of the result (Dvorak, 2003).
Also that the thermocouples have an error of 0.2 degrees Celsius. Also, it is known that
the calibration set up which was discussed by Lindsey Dvorak was the same calibration
process used. Table 5 shows the error results for the Mock Aero-Derivative Combustor at
a Reynolds number of 62,500.

Table 5. Uncertainty analysis of the sources of uncertainty for the Mock Aero-Derivative
Combustor at Repof 62,500.

Nominal Units Unc. Nom-+ Unc.

Toir 302.3 K 0.2000 302.51
P, 98283 Pa 20.0000 98303
P 98268 Pa 20.0000 98288
Uy gic 1.8 m/s 0.0122 2

Uy notwire 1.8 m/s 0.0357 1.8198
D 0.4064 m 0.0016 0.4080
Y 0.0007 m 0.000005 0.0007
du/dy.,au 3810 1/s 190.5 4000.5
du/dy,—.q 1184 1/s 87.0 1271

Some of these errors are from calibration, fitting the lines and uncertainty in
predicted values. The thought when fitting a curve to the data was that the fit had to be as
close to the actual data as possible, and the measured variances were part of the boundary
layer. This fitting method is why I had fit the error and added it to the fit polynomial.
Both the fits for the boundary layer velocity and the velocity gradient had an uncertainty
based on the differences between the measured results and the fit results.

The uncertainty of the results was averaged over the length of the boundary layer

where the fit would be the best. Often the last one to three points from the surface had the
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largest variances. These variances were squared, averaged and square rooted. These
values were used as the average uncertainty from the fit.

Since some of the data were predicted to find the solution, there is an error from
that as well. For example, the two hot wires had a measured range of 0.005 inches or
0.008 inches for the location of the last point. Therefore when the data were analyzed
through iterations that the data lands in these locations within plus or minus of 0.0005
inches. This resolution was used in the analysis. In table 6, the uncertainty is calculated
for the Mock Aero-Derivative Combustor using the perturbation “Pert”.

Table 6. The Perturbation and Propagation of Uncertainty of the Mock Aero-Derivative
Combustor at Repof 62,500.

Nom+ Calc. (Pert-

Density Nominal Units Uncertainty Uncert. Pert (kg/m"3) Calc.)"2

P, 98283 Pa 20.0000 98303 1.1329 1.133 5.313E-08

Tir 302.3 K 0.2000 303 1.1319 1.133 5.608E-07
Standard Deviation 0.000784  kg/m"3

Also, the velocity gradient at the wall also had an uncertainty of the value.
However, the known shear profile was used. The amount of uncertainty depended in how
many points were collected within the near wall region. Also, the quality of the
integration also plays a key role in improving the range of uncertainty of the data.

After the general uncertainties had been collected, the errors were propagated and
then the process of perturbation was used to calculate the error of the results. The
perturbations were broken down into steps to prevent error and check the results. In Table
7 the momentum eddy diffusivity measured at a Y+ of 10 is shown to have an uncertainty
“Unc.”of about 25%. For more information please see Appendix V. The Uncertainty

analysis was derived from the root sum square combination method described by Robert
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Moffat (Moffat, 1988) and excerpts from the text “Theory and Design For Mechanical

Measurements” (Figiola & Beasley, 2006). Where the Perturbation “Pert.” And the

calculation of the average value “Calc.” were used to find the uncertainty.

Table 7. The perturbation and propagation of the momentum eddy diffusivity's

uncertainty for Repof 62,500.

Nom+ (Pert.-
EM(y+=10) Nominal Units  Unc. Unc. Pert Calc. Calc.)"2

p 2.462 kg/m*3 0.000784 2.463  -1.7E-06 -1.70E-06 2.936E-19
Tyisc.(y+=10) 0.0220  Pa 0.0016 0.0236 -1.4E-06 -1.70E-06 8.521E-14
Twall (y+=10) 0.0314  Pa 0.001632 0.0330 -2.0E-06 -1.70E-06 8.702E-14
av 2248 1/s 86.98 23345 -1.6E-06 -1.70E-06 4.027E-15
Y (y+ =10)

Standard Deviation 4.198E-07

Standard Deviation 25%
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CHAPTER YV
EXPERIMENTAL RESULTS

The results discussed in this section encompass the data collected from the Mock
Aero-Derivative Combustor “AC1”, the Mock Aero-Derivative Combustor with spool
“ACS”, the small grid near “GS2”, the small grid far’GS1”, the large grid “GR”, and the
low turbulence inlet conditions “LT”. The goal is to identify the effect these different
flow conditions have on the resulting boundary layer. The analysis of the data included
checking the results to make sure they were logical, and then reviewing the eddy
diffusivity across the boundary layer. The results for each flow condition could have
intensification caused by eddy straining, the results were also compared with previous
work to see any interesting patterns occurred.

Since the boundary layer data were taken downstream from the stagnation region,
the stagnation eddy diffusivity amplification field must reach the location of the probe for
it to be detected. Further, the amplification is expected to increase the velocity gradient in
the near-wall region of the boundary layer since this turbulence enhances mixing. The
mixing in the momentum boundary layer is modeled by the ATM correlation (Ames,
Kwon, & Moffat, 1999) which models a turbulent mixing across a flow field adjacent to a
surface, without amplification due to a strain field. It may be assumed that a thin
boundary layer on a convex curved surface can be modeled as a boundary layer over a

flat plate taken the acceleration around the surface is accounted for. Therefore notable
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increases in momentum eddy diffusivity surpassing prediction could indicate
amplification. Further recent studies show this model is still valid in modeling mixing in
the momentum boundary layers. (Mayle, Schultz, & H.J., 2008)

Because of the assumptions we made in the analysis, there will be a peak
observed in the results. This peak is from deriving the —u’v’ component from the
velocity gradient. The velocity gradient is assumed to be zero at the location of the
boundary layer edge. This is not exactly the case. Mixing actually continues to increase
away from the surface, also increasing the eddy diffusivity. This analytical method limits
the useful range when comparing the data to the ATM. Therefore the maximum of the
eddy diffusivity is where the validity of the analytical method ends. The closer the values
to the wall the more accurate it is expected to be. Since I am observing the near wall
behavior this is fine.

The first condition, the Mock Aero-Derivative Combustor (AC), produced the
following results on the 0.4064 meter cylindrical leading edge diameter test surface.
When reviewing the momentum eddy diffusivity in Figure 19, the results aligned closely
with the ATM model located between Y+ from five to fifteen. The larger Reynolds
number values fell away from the predicted ATM Model sooner. Further, it appears that
the eddy diffusivity would peak by location in progressive order as the Reynolds number
increases. Instead of the eddy diffusivity increasing, the dU/dy approaches zero. In
reality, the eddy diffusivity would continue to increase. This difference is because dU/dy
was used to calculate the eddy diffusivity. This drop off or maximum indicates this

relationship begins to be invalid beyond this point. The momentum eddy diffusivity
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diagram below shows close agreement. Therefore, this location does not appear to be

influenced by the amplification field.

The Dimensionless Mock Aero-Derivative Combustor
Eddy Diffussivity Distribution Results When Compared
Against The ATM Prediction
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Figure 19. Dimensionless eddy diffusivity distribution for the Mock Aero-Derivative
Combustor.

When the results are compared with the Tu and Lu collected by Nafiz Chowdhury

certain patterns occur. This information comes from his masters thesis (Chowdhury N.

H., 2012). When comparing the energy length scale to the constants, there is a general

trend where it dips in value at the Re,250,000 case, while the momentum eddy

diffusivity slopes appear to drop in slope along Y+ =10 in Figure 19 as the Reynolds

numbers increase. Further, the dimensionless maximum momentum eddy diffusivity

drops from the ATM correlation and the analysis method becomes invalid away from the

wall as the Reynolds number increases.
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The Mock Aero-Derivative Combustor with the Spool produced strong
amplification of the momentum eddy diffusivity, specifically at the Reynold’s number of
125,000 as shown in Figure 20. At this location, the experimentally determined eddy
diffusivity increases at a steeper rate than the other Reynolds numbers. Interestingly, the
Reynolds number case of 62,500 case appears to agree with the ATM model and is less
influenced by the stagnation amplification zone.

Additionally the Re, 500,000 case appears to agree with the prediction over a
greater distance than the condition without the spool as shown in Figure 20. Further, the
maximum momentum eddy diffusivity appears to occur in progressive locations. Another
feature is that the Rep 62,500 case maximum is much lower than the other peaks and
occurs about the same location as the same case in Figure 19, while the Rej, 250,000 and
Rep 500,000 case have the same the same peak magnitude between the Rep, equal to
62,500 and Repequal to 125,000. The larger dimensionless momentum eddy diffusivities

match in magnitude with the values in the case without the spool.
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The Dimensionless Mock Aero-Derivative Combustor
With Spool Eddy Diffussivity Distribution Results When
Compared Against The ATM Prediction
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Figure 20. The eddy diffusivity for the derivative mock aero combustor with the spool.

Comparing the results between the experimentally derived diffusivities and ATM
predicted values, using the Tu and Lu by Chowdhury, the results from the Mock Aero-
Derivative Combustor showed some patterns (Chowdhury N. H., 2012) for the Mock
Aero-Derivative Combustor showed some patterns. The maximum momentum eddy
diffusivity occurs at the Rep of 125,000 case. The Lu measured for Rep, 250,000 case
was shown to be less than the Lu for Rep 125,000.

The large grid results in Figure 21 showed that intensification also occurred for
the lower Reynold’s numbers while the models nearly overlap each other. Intensification
occurs for the Rep, of 62,500 case and possibly Rep 250,000 case. Additionally the
maximum momentum eddy diffusivity does not peak in progressive order but appears to

be shifted for the lowest value case. The results for the largest Reynolds number values
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agree strongly with the ATM model in Figure 21, but agree with a further distance than

the Mock Aero-Derivative Combustor condition shown in Figure 19.
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Figure 21. The dimensionless momentum eddy diffusivity for the large grid flow
condition.

Interestingly, in this case, the Lu value does not drop at a Rep, 250,000 case like

the previous cases in Figure 20. Instead, the slopes appear to agree with the predictions

for a further distance except Rep 62,500 case which sees amplification. The Lu at this

Rep of 62,500 case was assumed to be the same as a Rep, of 125,000 case. All

momentum eddy diffusivity slopes appear to decrease as Reynolds numbers increase in

Figure 21.

The small grid at the location nearest to the test apparatus, shown in Figure 22,

showed the maximum dimensionless momentum eddy diffusivity decrease with the
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Reynolds number increase Rep increase. Amplification occurs at the Rep of 62,500 and
possibly at Rep 125,000 cases. The largest values of Rep fall from the predicted ATM
model between the locations of Y+ =10 to Y+ = 15. Also, the ATM models appear to

overlap in this case.

The Dimensionless Small Grid At The Near Location
Eddy Diffussivity Distribution Results When Compared
Against The ATM Prediction
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Figure 22. Eddy diffusivity of the small grid at the near location.

In this case shown in Figure 22, there is no drop in Lu for the Rep, 250,000 case.
Here both of the slope and the magnitude of the dimensionless momentum eddy
diffusivity drop as Reynolds number increases. The location of the maximum momentum
eddy diffusivity occurs in progressive order. The two fastest flows fall away from the
prediction sooner. The value of the Lu appears to drop as the Reynolds number increases.

It appears that Figure 22 agrees with earlier work, where span of stagnation region
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intensification decreases as Reynolds number increases for this case (Gandavarapu,

2011).

An increased level of eddy diffusivity was determined by a Reynolds number case

of 125,000 in Figure 23. These increased levels of eddy diffusivity extend to higher y+

values than the peaks at higher Reynolds number for this turbulence condition. This is

interesting since this location of the small grid had more heat transfer relative

intensification in earlier work for this case (Gandavarapu & Ames, 2013). Like the case

of the Mock Aero-Derivative Combustor with the spool, the maximum value occurs on

the ATM prediction. Except the Rep 125,000, the maximums occur in a progressive

fashion.
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Dimensionless Eddy Diffusivity Distribution For The
Small Grid at The Far Location Results Compared

Against The ATM Prediction

+ Re 62,500

= Re 125,000

* Re 250,000

Re 500,000

—ATM Re 62,500
—ATM Re 125,000
—ATM Re 250,000 _="""4
——ATM Re 500,000_=

10 20 30 40
Y+

Figure 23. Eddy diffusivity of the small grid at the far location.
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In the small grid in the far location case shown in Figure 23, the value of Lu was
measured at Rep 62,500 which showed, for this case, Lu increased with the amplification
of Rep 125,000. The slope and the magnitude of the momentum eddy diffusivity also
show this amplification. Also, Lu does not recover at Rep 500,000 but drops off. The
values also appear smaller across the board. Therefore even though there is a relative
intensification shown in the in Rep, of 125,000 case the overall magnitude of eddy
diffusivity in Figure 23 is less than previous cases.

The low turbulence model shown in Figure 24 performed as expected with
heightened diffusivity. Earlier work on the same curvature showed that TRL on the low
turbulence study was in the range of 0.94 to 2.0. Therefore, these results were expected.
Although the relative intensification occurs in Figure 24, the dimensionless momentum

eddy diffusivity is still less than the other flow conditions.
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The Dimensionless Low Turbulence Condition Eddy
Diffussivity Distribution Results When Compared

1.2 Against The ATM Prediction
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Figure 24 The dimensionless momentum eddy diffusivity of the low turbulence
condition.

The TRL for these values are very low, so there is an amplification that is
predicted to occur (Gandavarapu, 2011). Here the slopes still tend to decrease as the
Reynolds number increases. The magnitude of the momentum eddy diffusivity appears to
drop at the Re, 125,000 case and then appear to be the same for the two largest Reynolds
number cases.

Earlier work has shown that broadening of the Nusselt number values along the
surface occurred in the stagnation region of the small grid and the Mock Aero-Derivative
Combustor in the far position for the Rep 125,000 case. Also, as the Reynolds numbers
and turbulence intensities increased the stagnation intensification field decreased for

small length scale flow conditions (Gandavarapu, 2011). This seems to imply that a
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relative intensification of the stagnation intensification field reaches a smaller region at
higher Reynolds number and FSTI levels for small length scale. This makes sense
because higher FSTI values add more strain against eddies from the free stream
shortening the stagnation amplification range. Also, Lu likely plays a role, but it is hard
to determine since it was not measured for the lowest Reynolds number. What’s likely, is
that larger length scale flows strengthen the stagnation intensification field. This
strengthening results in a broadening of the field. The intensification not being seen by
the probe for the GS2 and ACS conditions at 250,000 and higher Reynolds numbers is
probably from the shearing in the free stream being stronger. This strain field is probably
strengthened as the velocity increases, but sheared by the free stream flow.

Typical intensification of the eddy diffusivity appears to occur in the near wall
region and the results quickly fall off at about “Y+" of 20. This has to do with where the
maximum velocity occurs in the velocity profile which we claimed was the edge of the
boundary layer. Intensification appears to fall off or dampen eddy diffusivity as either
FSTI or Reynolds number is increased. There was no additional relative intensification
measured for the Mock Aero-Derivative Combustor condition at the downstream location

The two flow conditions ACS and GS2 where the amplification occurred at the
Rep 125,000 cases could be explained by the data collected by N. Chowdhury. The data
collected at the stagnation region showed the increase of the RMS values of fluctuating
velocity for these cases, higher than what’s observed in the free stream (Chowdhury N.
H., 2012).

There is a sharp drop in both the integral length scale and also the energy scale

near the stagnation region. There was also a slight increase in relative dissipation which
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indicates an intensification of the stagnation turbulence also seen by increased mixing.
This sharp drop in turbulence scales is from the blocking caused by the cylindrical
leading edge (Chowdhury N. H., 2012). Further, it is important to point out that the
length scale for the aero combustor with the spool was three times higher than the small
grid at the far position case. This would imply that Lu is not the only factor in predicting

the peak momentum eddy diffusivity.
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CHAPTER VI
CONCLUSIONS

The results support the concept of amplification being the function of the FSTI,
Lu in the free stream, and the balance between the shearing across the surface and the
shearing from the free stream. Although there are other factors, the scope of the
experiment focused on only the 0.4064 meter diameter cylinder and only measured the
velocity parallel to the surface. The distance from the location of the measured velocity to
the surface plays a part as well. Three different types of amplification in a laminar
boundary layer on a cylindrical leading edge was observed. The first has low turbulence
intensity levels with high turbulent time scales. This type will have higher TRL values
than the prediction and much higher eddy diffusivity than the ATM model prediction.
The second type of higher relative intensification is driven by the high Reynolds number
and high FSTI flows. This second type sees a shorter span of influence, but higher
relative intensification thus making a “peaky” appearance when graphed as a function of
distance. The third case for stagnation region intensification has the field of stagnation
region intensification broadened or covers a greater distance and is less “peaky.” In this
cases, the free stream has high turbulence and high turbulent length scale values. The
dissipation measured near the stagnation region increases above the free stream while the
second cases it stays below the dissipation in the free stream. This type of higher relative

intensification strengthens and broadens of the stagnation intensification field.
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The first type is seen occurring with the low turbulence condition. Here the
momentum eddy diffusivity is significantly higher than the predicted ATM model
cylinders leading edges have an accelerating boundary layer that helps stabilize the flow.
However, the overall magnitude of eddy diffusivity is less than the rest of the flow
conditions.

The second type is seen with the Mock Aero-Derivative Combustor, the Large
Grid and the Small Grid at the near location flow conditions. Here the fields influence
was seen to decrease at the downstream location as the Reynolds number increases. From
P. Gandavarapu’s work, we know that the higher relative intensification of the heat
transfer increased as Reynolds number increased. Though the eddy diffusivity is higher,
relative intensification is showeynolds number is increased. The span of the stagnation
intensification field would decrease as Reynolds numbers increased. The observed
reduction in the slope of the eddy diffusivity as the Reynolds number increased may
show agreement with Gandavarapu’s results (Gandavarapu, 2011), where the free stream
limits the relative intensification.

In the third type, displayed by the Mock Aero-Derivative Combustor with Spool
and Small Grid at the Far Location flow conditions for the Re, of 125, 000 case. Here
intensification is not solely dependent on Reynolds number and turbulence intensity.
When reviewing N. Chowdhury’s Master’s Thesis results showed the turbulent time scale
was higher and the dissipation increased as the wall was approached. In the literature
review, several authors described this type of relative intensification of the stagnation
intensification field as likely influenced by the free stream characteristics. In N.

Chowdhury’s master’s thesis, the third case has higher dissipation and an relative
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intensification of u’ then the second case. In fact, these values appeared to surpass the
free stream’s measured u’ and dissipation near the stagnation point. In N. Chowdhury’s
master’s thesis, shows these characteristics are introduced, since the free stream RMS
velocity fluctuations are not insulated from the stagnation region like the other cases.

Also from P. Gandavarapu’s work the higher Reynolds numbers may increase the
heat flux, but tends to shorten the stagnation amplification field. So for the higher
Reynolds numbers, it is possible that intensification is occurring just upstream over a
limited region where the fields are “peaky” and just not measured by the probe in this
thesis. It is also shown that the third case also shown a broadening in P. Gandavarpu’s
master’s thesis.

Future studies that may answer this question would look into measuring the Lu
for the cases with a Rep 62,500 case for the rest of the turbulence conditions. Also
measuring the v’, w” and u’ with an x probe may give some more insight into the mixing.
One downside to this is that the x wire is dimensionally limited to how close it can reach
to the surface. Even looking at a closer location to the stagnation region may give more
insight into the boundary layers behavior under the stagnation field of intensification and
how these free stream characteristics effect the development of the laminar boundary
layer. Also it would be interesting to look into what is happening with the low turbulence

case in more depth along the width of the cylinder.
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APPENDICES



Appendix A
Derivation of the Reynolds Analogy Value 1/Pr,

The definition of the turbulent Prandtl number is defined by William and Kays

Convective Heat and Mass Transfer, as the fraction of the eddy diffusivity of momentum

transfer to the eddy diffusivity of heat transfer. The book defined the definition in two
ways as shown in Equations 39 and 40 (William Kays, 2005). This is derived to explain
what the constant meant in the literature review section. The solution of this derivation

implies author was looking to see how well his data matched up with Reynolds analogy.

Wxg
_&m _ dy
Pry=—=—=5 [39]
€H VITIX—
dy
Tt 4T
& dy
t ey q_'xd_u [ ]
pC dy

Inverting this first Equation results in the comparison of the eddy diffusivity of
heat transfer to the eddy diffusivity of momentum transfer. Equation 41 shows this result.

DITIx 32
— = —2 [41]

Pr¢ de_T
dy

When you substitute the second definition of the turbulent shear stress, the
Equation becomes more simple as shown in Equation 42.

1 UITIX%
L2 [42]
Pre  wmprxLl

pC

Then when you substitute out the definition of the turbulent shear stress in
Equation 42 with Equation 43 (William Kays, 2005).

S=uv 43
Then the relationship becomes Equation 44 shown below.
1 vITI
ol hal
pC
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Appendix B
Design of the 0.1016 Meter (Four Inch) Cylinder

The design of the 0.1016 meter cylindrical leading edge vane began in excel. Here
the design concepts began on where and how the equipment would be placed inside the
cylinder so that the probe would be able to measure at the 30 degrees location. Also, the
amount of insulation board that would be needed to be cut away was picked here. There
was a limited amount of space available to design the overlay. This had to be designed to

house both the experiments for the stagnation measurements and the offset

measurements.
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Figure 25. Excel preliminary design.

Once the general layout was decided the in-depth design work was completed in
Pro E., this helped with proper alignment of equipment would prevent a stall. As
illustrated above the cylinders had to be designed to take measurements for the

measurements at the stagnation point and also thirty degrees downstream of the
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stagnation line. Also, we wanted to make sure all equipment and also the cylinder could

be mounted to the wind tunnel. Below is an example of the cylinder tip, which was

designed on Pro-E.

430 448 448

Figure 26. 0.1016 meter cylindrical leading edge tip design.
Because we did not want the streamline to experience section in the flow, covers

were designed to plug the flow. Below is the design of both of the plugs. There was also

another set with no holes in the streamline.
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Figure 27. Probe hole cover designs.
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The locations of the equipment were double checked, and only slight variations in
the mounting equipment were made from the 0.4064 meter cylindrical leading edge. The
biggest issue with the 0.1016 meter cylindrical leading edge was small space available to
mount the traversing equipment assembly within the test surface. Fortunately, there was
enough space to play with the geometry and make it work.

The locations of the window holes were picked as the best location between both
the 0.4064 meter cylinder and the 0.1016 meter cylinder. As shown the area to move was

pretty tight, so some additional material was removed from the 0.1016 meter cylinder.

Figure 28. The 0.1016 meter cylindrical leading edge test section model.

The traversing assembly was the same equipment as the 0.4064 meter cylindrical
leading edge vane only there was an attachment that helped the probe have alignment.
The probe holder for the 0.1016 meter cylindrical leading edge was shorter than the
0.4064 meter cylindrical leading edge version for the purpose of fitting in the cylinder.
The 0.4064 meter cylindrical leading edge needed the extra length to get the probe to
reach the desired location.
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Figure 29. The 0.1016 meter cylindrical leading edge model front view.

The cylinder also had to fit the equipment needed to take measurements at the
stagnation region. Pro E was used to ensure everything fit, and all of the angles were
correct. In Pro-E, I checked all of the moving parts for possible binding or other fit issues

that could occur.

Figure 30. The 0.1016 meter cylindrical leading edge model with other test set up.
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The 0.1016 meter cylindrical leading edge was created the same way as the
0.4064 meter cylindrical leading edge vane. The only major difference was that the
0.1016 meter cylindrical tip was able to fit in the three-dimensional printer without
needing to break up the part into several pieces. The surface was scraped down by hand
since the surface was not smooth after the printing process. A machine could not
confidently do this since minor changes to the surface would affect the acceleration. I

used a clean buffing piece to finish off the surface.

Figure 31. Front view of the 0.1016 meter cylindrical leading edge vane.

After they were assembled it was easier just to place tape over the hole on the
thirty degrees downstream location, because it was small. The Clear scotch tape was
placed along the streamline improved the measurements, by providing a smooth surface
for the boundary layer. This also prevented any leaks from the plugs creating leaks on the

streamline and any imperfections caused by the three-dimensional printing process.
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Appendix C
Dimensionless Velocity Profiles

These are the dimensionless velocity profiles. These were done to help see what
the values of the wall shear stress and the offset of the probe from the recorded distance.
The Figure 32 below illustrates the profile of the velocities at various Reynolds numbers

for the small grid case which was located in the position farthest from the test section.

The Dimensionless Small Grid at the Far Location
Velocity Distribution
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Figure 32. The velocity profile for the small grid located in the far location.
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The Low Turbulence Dimensionless Velocity
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Figure 33. The velocity profile for the low turbulence condition.

The Dimensionless Small Grid At The Near Location
Eddy Diffussivity Distribution Results When Compared
Against The ATM Prediction
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Figure 34. The velocity profile for the small grid in the location near the test surface.
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Figure 35. The velocity distribution for the large grid.
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Figure 36. The velocity distribution for the mock derivative aero-combustor with the

spool.
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Appendix D
Fitting the Velocity and Velocity Gradient for Analysis.

The data had to be fit to a curve to improve the calculation of the velocity
gradient. This velocity gradient is the change of velocity in the boundary layer. The fit
was determined by first removing the velocity datum point taken nearest to the wall
because it touches the wall. The velocity profile result “U” was fit to a fourth order (n =
4rth) polynomial equation “u(y).” After an acceptable (difference of 2% of the actual
data) fit is made with the velocity, we can calculate the velocity gradient “dU/dy.” Next

the fit for the velocity gradient “dU/dy” was fit to a third order equation “du(y)/dy.”

d_U — u(Y)n—l_u(J’)n [45]
dy Yn-1"Yn-1

The resulting data “F” was fit (for both velocity and the velocity gradient) to
function “f(x)”of “nth” power through linear regression. If the difference between the fit
and the datum near the wall at x is greater than 2%, then the difference is fit “F” with a
two order greater Equation. “F” denotes a result and f(y) the fit.

F2, = F — f(x), [46]
Fn+43 — FTL+22 _ f‘n+2(x)2 [47]
Fn+64 — Fn+43 _ fn+4(x)3 [48]
F=fr)+ M0 + 002 + o + 20,
This is repeated until the differences between the fits are less than two percent.

F=(f" )1 +f™2 ()2 +f M ()3 + .. +f 2™ (0))
F

<2% [49]
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The resulting fits are then summed and used in the spreadsheet for analysis.

F=fr)+ 200, + 002 + o + 1 (0m [50]
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Appendix E
Uncertainty Analysis

The calculation of the uncertainty in the results used information from the
analysis of the results and the equipment limitations. Some factors created a complication
in determining the uncertainty were traditional methods were possibly not correct by the
adjustments to the “Y” offset and the known shear stress distribution that occurs in a
laminar boundary layer. Many of the errors from equipment and measurement are
affected by this process. Also instead of fitting a traditional line to the data a set of fits to
the errors had improved the fit to the data. The curve had the error fits added until
improvements stopped, or differences between the fit and the actual results were two
percent or less. The uncertainty analysis used a combination of methods.

The first step was to establish the root sources of uncertainty. The largest
uncertainty comes from the pressure gauges, the hot wire anemometer calibration, and the
thermocouples. The sum of these errors are from calibration, fitting the velocity and
velocity gradient curves and uncertainty in predicted values.

The equipment used in this experiment had manufacturer given uncertainties. The
results’ uncertainty used information from the equipment resolution included the pressure
gauges and the thermal couples. The pressure gauges have an error of 1% of the range
(Dvorak, 2003). Also that the thermocouples have an error of 0.2 degrees Celsius
(Dvorak, 2003). Calibration of the hotwire velocity curve allowed for an uncertainty of
2%.

When a curve is fit to a data set, there is an uncertainty in its. When the errors of

the curve’s fit were then fit to a polynomial this accounted for the gap. Then the error fit
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could be added to better represent these values. In addition, when fitting the data an offset
was added to the distances when the regression fit was done in Excel. This helps reduce
errors from coincidental common zero values. Both the fits for the boundary layer
velocity and the boundary layer’s velocity gradient had an uncertainty based on the
differences between the measured results and the fit results. When the point occurred
where no single point had a difference more than 2% or no improvements occurred then I
used this final set of data for the error analysis. In the formula, “R” is the results and
“OR” is the difference between the measured result and the regression fit. The values
away from the outer region of the boundary layer and near the surface so to have a better
representative account of the error. The reason is that the error was fit several times,

therefore the values may be more greatly affected by being the “ends of the fits.”

i=n 2
+6R = |H=L R [sq

n

Then the data’s differences are squared and averaged to get the standard deviation
for the fit. Here the assumption that the definition of standard deviation is as the square
root of the variance (Figiola & Beasley, 2006).

From aligning the predicted velocity gradient profile discussed in the analysis
section to the actual velocity- the “y” offset and the wall’s shear stress can be determined.
The results of the shear stress at the wall should be within 5%

The last point measured happened to occur at two different ranges consistently.
The point occurred either at 0.0055 thousandths of an inch or 0.0085 thousandths of an

inch. The deviations of these values stayed within plus or minus 0.0005 thousandths and

usually very close to those values. The reason behind this may be because the
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modification in the angle of the hotwire probe was done by hand for both probes. Then it
is possible that geometry differences in the probe resulted in this. Table 8 shows how the
uncertainty “Unc.” Was calculated

Table 8. The Mock Derivative Aero-Combustor base uncertainty results at Rep, 62,500.

Nominal Units Unc. Nom-+ Unc.

Tair 302.3 K 0.2000 302.51
P; 98283 Pa 20.0000 98303
P 98268 Pa 20.0000 08288
Uy, fit 1.8 m/s 0.0122 2
Uy, Hot wire 1.8 m/s 0.0357 1.8198
D 0.4064 m 0.0016 0.4080
Y 0.0007 m 0.000005 0.0007
Z_U 3810 1/s 190.5 4000.5

y
d_Uwa” 1184 1/s 87.0 1271
DYy =10 fit

After the general uncertainties had been collected, the errors were propagated
(Moftat, 1988) and perturbation. Since the calculation of the momentum eddy diffusivity
took many steps, the calculations were broken down into steps. First the solution of the
deviation values of density, free stream velocity, the velocity of the laminar velocity
distribution, viscosity, shear velocity, and any others dependent on the main sources of
error; the table below illustrates the calculations.

Table 9. Example of how uncertainty in density was calculated for the Mock Derivative
Aero-Combustor at Rep, 62,500.

Nom+ Calc (Pert-
Density Nominal Units Unc. Unc. Pert (kg/m”™3) Calc)™2
Pin 98283 Pa 98283 Pa 20.0000 98303 1.1329
Temp 302.3 K 3023 K 0.2000 303 1.1319

Standard Deviation 0.000784 kg/m"3

When calculating the uncertainty in the density to be used in later calculations

both the errors in temperature and the pressure had to be used. The perturbations and
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propagations were broken down into steps to prevent error and check the results. Below
shows the Equations that showed how the perturbations were used to find the variances
and how they were used to find the deviation from the density. The first two Equations

show how the perturbation minus the calculations were obtained.

Pin+6P
8Ppressure = (—) —-p [52]

T*Rgas

Pin

SpTemperature = (m) —p [53]

Finally, the uncertainty of the density can be calculated.

5p = \/5,0Pressure2 + 5,0Temperature2 [54]

Using the same method as above, the deviation in Reynolds number boundary
layer velocity, the different shear stresses, and any other variables. This table below
illustrates how the shear stresses were calculated. Using the same process shown above
the deviation is found. The uncertainty of the velocity distribution was about 0.051 m/s.

Table 10. The Mock Aero-Derivative Combustor Velocity Profile Uncertainty at Rep, =
62,500.

Nom+ Pert  Calc.

Uy Nominal  Units Unc. Unc. . (m/s)  (Pert- Calc)"2
Uy, rit 2.46 Pa 0.01 2474 247 2.46 0.000152
Uy, Hot wire 2.46 Pa 0.05 2.511 2.51 2.46 0.00242
Stdev 0.0508 m/s

The Reynolds number was found to have an error of about 178.25.
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Table 11. The Mock Aero-Derivative Combustor RepUncertainty at Rep, = 62,500.

Nom+ (Pert-
Rep Nominal  Units Unc. Unc. Pert Calc Calc)"2
Density 1.133 kg/m*3  0.00078 1.133 44258 44228 936
Viscosity 1.857E-05 Pas 9.4E-09 1.86E-05 44205 44228 504
Diameter 0.4064 m 0.0016  0.408 44400 44228 29848
U, 1.8 m/s 0.0009  1.785 44250 44228 485
Standard Deviation 178.25

Because for the Mock Aero-Derivative Combustor at Rep, 62,500 case seems to
vary similarly in the center of the velocity gradient distribution fit I picked a Y+ often to
calculate the data. Also, the uncertainty must be propagated out. The error for the
velocity gradient is about 395 1/s.

Table 12. The Mock Aero-Derivative Combustor velocity gradient uncertainty at Rep =
62,500.

Nom+ (Pert-
dU/dy Nom. Units Unc. Unc. Pert  Calc Calc)"2
av 1184 1/s 87.0 1271 1271 1183 7566
a4y y+ =10 fit
Standard Deviation 87.0 /s

These calculations were used to calculate the eddy viscosity as shown below.
These calculations are from the same discussed flow condition. The below table makes
sense because of the uncertainty in both the last point locations. The Uncertainty is found

to be about 25% for the eddy diffusivity.
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Table 13. Deviation results for the momentum eddy diffusivity for the Mock Aero-
Derivative Combustor at Re,62,500.

em(y+ = 10) NominalUnits Unc. Nom+ Pert Calc (Pert-
Unc. Calc)™2
Density 2462 kg/m"3 0.00078 2.4627 -1.7E-06 -1.70E-06 2.93E-19
T vise(y+=10) 0.0220 Pa 0.0016 0.0236 -1.4E-06 -1.70E-06 8.5209E-14
©(y+ = 10) 0.0314 Pa 0.00163 0.0330 -2.0E-06 -1.70E-06 8.7016E-14
Du/Dy (y+ =10) 2248 /s 86.98 23345 -1.6E-06 -1.70E-06 4.0270E-15
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Appendix F
Raw Data

Table 14. Low Turbulent flow properties with Repof 62,500.

Item Value Units
File Name BLT1R1Y1

Reynolds D 62219.54

Temperature air 303.2101 K
Pressure_in 99351.71 Pa,
Pressure Drop 14.67399 Pa,
Velocity 2.495779 m/s

Table 15. Low Turbulent profile measurements for Rep of 62,500.

Y (inch) U (m/s) u' (m/s) Tu

0.3 1.99423 0.016 0.00803
0.27 2.01595 0.00733 0.00364
0.24 2.03912 0.00498 0.00244
0.21 2.06944 0.00694 0.00335
0.185 2.09838 0.00396 0.00189
0.165 2.12852 0.01162 0.00546
0.145 2.16203 0.0162 0.00749
0.13 2.18767 0.00967 0.00442
0.115 2.21949 0.01122 0.00506
0.1 2.2515 0.00425 0.00189
0.09 2.27245 0.00429 0.00189
0.08 2.29449 0.01424 0.0062
0.07 2.30356 0.0133 0.00578
0.065 2.30451 0.01507 0.00654
0.06 2.30233 0.01617 0.00702
0.055 2.29367 0.0188 0.0082
0.052 2.28397 0.01797 0.00787
0.049 2.26978 0.01563 0.00689
0.046 2.24658 0.01665 0.00741
0.043 2.22225 0.02011 0.00905
0.04 2.18966 0.01924 0.00879
0.039 2.18893 0.02015 0.00921
0.038 2.17676 0.02135 0.00981
0.037 2.16699 0.02315 0.01068
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Continue Table 15

0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
0.006
0.005

2.15329
2.13907
2.12585
2.10934
2.09219
2.07236
2.05462
2.0309
2.00154
1.9784
1.94817
1.91855
1.8833
1.84776
1.81267
1.77155
1.72534
1.67964
1.64655
1.593
1.53699
1.47933
1.416
1.35209
1.29033
1.22505
1.15766
1.08419
1.00311
0.91442
0.82542
0.75123

0.02301
0.02341
0.02298
0.02146
0.01905
0.01935
0.01929
0.01878
0.01976
0.01651
0.00849
0.0124

0.02351
0.02232
0.02262
0.02276
0.02145
0.02122
0.01934
0.01767
0.01893
0.01893
0.01785
0.01928
0.01812
0.0184

0.01712
0.01621
0.01437
0.0143

0.01221
0.01027

0.01069
0.01095
0.01081
0.01017
0.0091

0.00934
0.00939
0.00925
0.00987
0.00834
0.00436
0.00646
0.01248
0.01208
0.01248
0.01285
0.01243
0.01263
0.01175
0.01109
0.01231
0.0128

0.01261
0.01426
0.01404
0.01502
0.01479
0.01495
0.01433
0.01564
0.01479
0.01368
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Table 16. Low Turbulent Profile flow properties with Rep, of 125,000.

Item Value Units
File Name BLTIR2Y1
Reynolds D 127930.8
Temperature air 301.8051 K
Pressure_in 99351.71 Pa,
Pressure Drop 61.32019 Pa,
Velocity 5.08966 m/s

Table 17. Low Turbulent Profile measurements with Rej, of 125,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 4.122 0.01816  0.00441
0.27 4.15474  0.02186  0.00526
0.24 4.19323  0.02663  0.00635
0.21 4.24277  0.02643  0.00623

0.185 4.30258 0.02414  0.00561
0.165 435691 0.0261 0.00599
0.145 4.42037 0.01451 0.00328

0.13 445544 0.01416 0.00318
0.115 4.51595 0.01399 0.0031

0.1 4.57899 0.01881 0.00411
0.09 4.62295 0.01242  0.00269
0.08 4.66406  0.0486 0.01042
0.07 4.70784  0.04972  0.01056
0.065 4.73059 0.05041 0.01066
0.06 4.73684 0.05131 0.01083

0.055 4.74393  0.04903 0.01034
0.052 4.74582  0.05049 0.01064
0.049 4.73859  0.05224 0.01102
0.046 4.72066  0.05728  0.01213
0.043 4.69895 0.05965 0.01269
0.04 4.66447 0.05841 0.01252
0.039 4.65123  0.05441 0.0117

0.038 4.63655 0.0531 0.01145
0.037 4.61346 0.04818 0.01044
0.036 4.59784 0.04984 0.01084
0.035 4.57533  0.05255 0.01149
0.034 4.55557 0.05071 0.01113
0.033 4.52749  0.05571 0.0123
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Table 17 Continued

0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
0.006

4.49936
4.46408
4.42749
4.38459
4.34111
4.28803
4.23745
4.17485
4.10742
4.02935
3.94022
3.85268
3.75209
3.65001
3.54629
3.42952
3.30264
3.16763
3.01558
2.85769
2.69077
2.52429
2.3605

2.18049
1.95773
1.71044
1.50506

0.05356
0.05539
0.05578
0.05345
0.0529

0.05202
0.05903
0.0591

0.05947
0.06013
0.05496
0.05511
0.05203
0.04991
0.04908
0.04846
0.04811
0.0462

0.04195
0.03384
0.03907
0.03202
0.0339

0.02915
0.02041
0.02299
0.01765

0.0119

0.01241
0.0126

0.01219
0.01219
0.01213
0.01393
0.01416
0.01448
0.01492
0.01395
0.01431
0.01387
0.01367
0.01384
0.01413
0.01457
0.01458
0.01391
0.01184
0.01452
0.01269
0.01436
0.01337
0.01042
0.01344
0.01173

Table 18. Low Turbulent flow properties for Rep of 250,000.

Item Value Units
File Name BLTIR3Y1
Reynolds D 250976
Temperature_air 302.6979 K
Pressure_in 99182.45 Pa,
Pressure Drop 238.3349 Pa,
Velocity 10.05435 m/s
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Table 19. Low Turbulent profile measurements for Rep of 250,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 8.49582  0.07663  0.00902
0.27 8.51017 0.07837  0.00921
0.24 8.62644  0.06018  0.00698
0.21 8.74257 0.04246  0.00486

0.185 8.84527 0.06628  0.00749
0.165 8.96381 0.05159 0.00576
0.145 9.09051 0.05004 0.00551

0.13 9.20414  0.0417 0.00453
0.115 9.33231 0.0383 0.0041

0.1 9.46029  0.03827  0.00405
0.09 9.54592  0.05756  0.00603
0.08 9.64484  0.04763  0.00494
0.07 9.73881 0.04111  0.00422
0.065 9.80282  0.04471 0.00456
0.06 9.86986  0.05091 0.00516

0.055 9.90099 0.05945 0.006
0.052 9.92665 0.06524  0.00657
0.049 9.9508 0.06677  0.00671
0.046 9.96199 0.07177  0.0072
0.043 9.97277 0.07569  0.00759
0.04 9.98191 0.09501 0.00952
0.039 9.98159  0.08898  0.00891
0.038 9.98832  0.08988  0.009
0.037 9.95459  0.09728  0.00977
0.036 9.9598 0.09651  0.00969
0.035 9.96376 0.10105 0.01014
0.034 9.96022 0.11248 0.01129
0.033 9.94005 0.11006 0.01107
0.032 9.91486 0.1182 0.01192
0.031 9.89583 0.12149 0.01228
0.03 9.85799  0.13084 0.01327
0.029 9.83798  0.1328 0.0135
0.028 9.78798  0.13662  0.01396
0.027 9.73278  0.14917 0.01533
0.026 9.66398 0.15117 0.01564
0.025 9.60004 0.16226 0.0169
0.024 9.53688  0.1684 0.01766
0.023 9.4104 0.16899  0.01796
0.022 9.28832  0.17603  0.01895
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Table 19 Continued

0.021 9.1784 0.18387  0.02003
0.02 9.02784  0.19317 0.0214

0.019 8.89038 0.18613  0.02094
0.018 8.69448  0.19485 0.02241
0.017 8.52382  0.19267 0.0226

0.016 831754 0.18591 0.02235
0.015 8.09262 0.17798  0.02199
0.014 7.80976  0.17266  0.02211
0.013 7.53902  0.1624 0.02154
0.012 7.22288  0.15688  0.02172
0.011 6.89156  0.13228 0.01919
0.01 6.4748 0.13106  0.02024
0.009 6.06943  0.12379  0.0204

0.008 5.60108 0.11358  0.02028
0.007 5.11074  0.09816  0.01921
0.006 4.55939 0.08084 0.01773
0.005 3.93617 0.06725 0.01708
0.004 3.59493  0.06405 0.01782

Table 20. Low Turbulent flow properties for Rep of 500,000.

Item Value Units
File Name BLTIR4Y1

Reynolds D 490892.1

Temperature air 305.4984 K

Pressure_in 99351.71 Pa,

Pressure Drop 934.0439 Pa,

Velocity 19.95415 m/s

Table 21. Low Turbulent profile measurements for Rep of 500,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 17.72038 0.07806  0.00441
0.27 17.89444 0.10495  0.00586
0.24 18.10472 0.06702  0.0037

0.21 18.33569 0.09404  0.00513

0.185 18.57752 0.12059  0.00649
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Table 21 Continued

0.165
0.145
0.13
0.115
0.1
0.09
0.08
0.07
0.065
0.06
0.055
0.052
0.049
0.046
0.043
0.04
0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03
0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02
0.019
0.018
0.017

18.81285
19.09037
19.33921
19.6404

19.92561
20.12931
20.28628
20.48247
20.58648
20.67633
20.74743
20.82245
20.9014

20.96816
21.01208
21.04611
21.05115
21.06684
21.07402
21.07584
21.08684
21.09779
21.08165
21.08593
21.07041
21.05742
21.0324

21.06524
21.0349

20.97569
20.94131
20.90558
20.8235

20.74224
20.6437

20.50589
20.35699
20.17971
19.93794
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0.08182
0.10793
0.13639
0.14539
0.12887
0.13045
0.12645
0.15097
0.15884
0.1652

0.15943
0.15427
0.14272
0.15742
0.15211
0.16503
0.15838
0.17404
0.18258
0.18974
0.18664
0.17766
0.19574
0.20611
0.20899
0.22696
0.2312

0.24367
0.27246
0.28697
0.29849
0.32546
0.35715
0.39161
0.40268
0.44723
0.4897

0.51657
0.5474

0.00435
0.00565
0.00705
0.0074
0.00647
0.00648
0.00623
0.00737
0.00772
0.00799
0.00768
0.00741
0.00683
0.00751
0.00724
0.00784
0.00752
0.00826
0.00866
0.009
0.00885
0.00842
0.00928
0.00977
0.00992
0.01078
0.01099
0.01157
0.01295
0.01368
0.01425
0.01557
0.01715
0.01888
0.01951
0.02181
0.02406
0.0256
0.02746



Table 21 Continued

0.016 19.66339 0.5809 0.02954
0.015 19.34358 0.60859  0.03146
0.014 18.96347 0.63432  0.03345
0.013 18.56539 0.65843  0.03547
0.012 18.0475  0.68644 0.03804
0.011 17.46639 0.71139  0.04073
0.01 16.77815 0.72711  0.04334
0.009 16.02064 0.78661  0.0491

0.008 15.16835 0.82405  0.05433
0.007 14.19067 0.8419 0.05933
0.006 13.0528 0.88702  0.06796
0.005 11.66844 0.89703  0.07688
0.004 10.52491 0.83294 0.07914
0.003 10.0682  0.78648 0.07812

Table 22. Mock Derivative Aero-Combustor flow properties for Rep of 62,500.

Item Value Units
File Name BaclR1Y3
Reynolds D 62131.35
Temperature _air 302.3084 K
Pressure_in 98268.48  Pa,
Pressure Drop 14.68246  Pa,
Velocity 2.506485  m/s

Table 23. Mock Derivative Aero-Combustor profile measurements for Rep, of 62,500.

Y (inch) U(m/s) u'(m/s) Tu

0.3 1.94289  0.27093  0.13945
0.27 1.95001 0.28242  0.14483
0.24 1.9673 0.28469  0.14471
0.21 2.00243  0.28107 0.14036

0.185 1.98935 0.28492  0.14322
0.165 2.03504 0.29046  0.14273
0.145 2.04945 0.29796  0.14539

0.13 2.07107 0.31131 0.15031
0.115 2.09684 0.31256  0.14906
0.1 2.10908 0.31389  0.14883
0.09 2.11406  0.32472  0.1536
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Table 23 Continued

0.08

0.07

0.065
0.06

0.055
0.052
0.049
0.046
0.043
0.04

0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

2.12552
2.1246
2.12405
2.11453
2.1292
2.09813
2.09745
2.09378
2.04764
2.02636
2.02851
2.00192
1.97245
1.97056
1.962
1.9348
1.94069
1.9125
1.90822
1.89393
1.85927
1.84052
1.82005
1.78412
1.7327
1.72272
1.68808
1.62877
1.58796
1.54238
1.48362
1.42544
1.36558
1.29702
1.2287
1.16756
1.08697
1.02049
0.9427
0.85528
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0.31727
0.33096
0.33067
0.31205
0.32773
0.33235
0.32891
0.31533
0.31272
0.31338
0.32408
0.32164
0.31162
0.31188
0.30933
0.3084

0.32114
0.30369
0.3076

0.29422
0.29301
0.29385
0.28761
0.2851

0.28029
0.27724
0.27456
0.26942
0.2607

0.24922
0.23673
0.23311
0.21837
0.20881
0.19229
0.17916
0.1693

0.15783
0.14525
0.13227

0.14927
0.15578
0.15568
0.14757
0.15392
0.1584

0.15681
0.1506

0.15272
0.15465
0.15976
0.16067
0.15799
0.15827
0.15766
0.1594

0.16548
0.15879
0.1612

0.15535
0.15759
0.15965
0.15802
0.1598

0.16176
0.16093
0.16265
0.16541
0.16417
0.16158
0.15956
0.16353
0.15991
0.16099
0.1565

0.15345
0.15575
0.15466
0.15408
0.15465
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0.009 0.78128  0.11527 0.14754
0.008 0.71323  0.09769  0.13696

Table 24. Mock Derivative Aero-Combustor flow properties with Rep, of 125,000.

Item Value Units
File Name BACI1R2Y3
Reynolds D 127012
Temperature_air 297.6698 K
Pressure_in 97997.68 Pa,
Pressure Drop 59.16814 Pa,
Velocity 4.999378 m/s

Table 25. Mock Derivative Aero-Combustor profile measurements for Rep, of 125,000.

Y (inch) U(@m/s) u'(m/s) Tu
0.7959852 3.74255 0.58022  0.15503
0.7197852 3.76425 0.56176  0.14924
0.6435852 3.79501 0.56731  0.14949
0.5673852 3.84029 0.58021 0.15108
0.5038852 3.862 0.59992  0.15534
0.4530852 3.92731 0.60563  0.15421
0.4022852 3.95788  0.59487 0.1503
0.3641852 3.98795 0.61523  0.15427
0.3260852 4.02319  0.63396  0.15758
0.2879852 4.06582  0.62955 0.15484
0.2625852 4.07007  0.6404 0.15734
0.2371852 4.11379 0.63472  0.15429
0.2117852 4.13501  0.65235 0.15776
0.1990852 4.14033  0.65013  0.15702
0.1863852 4.16605 0.66832  0.16042
0.1736852 4.14826 0.66767  0.16095
0.1660652 4.17775  0.6629 0.15867
0.1584452 4.16203 0.67218 0.1615
0.1432052 4.14942  0.66437  0.16011
0.1355852 4.12035 0.67195 0.16308
0.1330452 4.13776  0.67525 0.16319
0.1305052 4.13978 0.68458  0.16537
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0.1279652
0.1254252
0.1228852
0.1203452
0.1178052
0.1152652
0.1127252
0.1101852
0.1076452
0.1051052
0.1025652
0.1000252
0.0974852
0.0949452
0.0924052
0.0898652
0.0873252
0.0847852
0.0822452
0.0797052
0.0771652
0.0746252
0.0720852
0.0695452
0.0670052
0.0644652
0.0619252
0.0593852
0.0568452
0.0543052
0.0517652
0.0492252
0.0466852
0.0441452
0.0416052
0.0390652
0.0365252
0.0339852
0.0314452
0.0289052

4.14169
4.12538
4.13139
4.09083
4.12188
4.10374
4.06832
4.05049
4.07376
4.07036
4.04106
4.03025
4.02462
4.0027

4.00484
3.98848
3.98477
3.94274
3.95327
3.93599
3.89034
3.87928
3.85665
3.82933
3.76862
3.73388
3.70073
3.65619
3.62821
3.55626
3.46381
3.43214
3.3256

3.22282
3.13075
3.01455
2.89172
2.75483
2.60413
2.45584
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0.67934
0.67531
0.68716
0.6785

0.67668
0.67573
0.69722
0.67304
0.66414
0.67985
0.67626
0.67828
0.67818
0.67585
0.67542
0.6717

0.67594
0.67043
0.68281
0.65887
0.68344
0.67352
0.66508
0.66516
0.6513

0.64914
0.65307
0.64496
0.6387

0.63342
0.61734
0.60967
0.58246
0.57994
0.55892
0.54021
0.51155
0.49096
0.45652
0.42898

0.16403
0.1637

0.16633
0.16586
0.16417
0.16466
0.17138
0.16616
0.16303
0.16702
0.16735
0.1683

0.16851
0.16885
0.16865
0.16841
0.16963
0.17004
0.17272
0.1674

0.17568
0.17362
0.17245
0.1737

0.17282
0.17385
0.17647
0.1764

0.17604
0.17811
0.17823
0.17764
0.17514
0.17995
0.17853
0.1792

0.1769

0.17822
0.17531
0.17468
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0.0263652 2.29301 0.39245 0.17115
0.0238252 2.10504 0.34575  0.16425
0.0212852 1.92612 0.30522  0.15846
0.0187452 1.73831 0.26173  0.15056
0.0162052 1.52086 0.22114 0.14541
0.0136652 1.29627 0.17395  0.13419
0.012446  1.18432  0.14575 0.12306

Table 26. Mock Derivative Aero-Combustor flow properties with Rep, of 250,000.

Item Value Units
File Name BaclR3Y1
Reynolds D 252939.8
Temperature air 298.8737 K
Pressure in 97997.68 Pa,
Pressure Drop 237.2291 Pa,
Velocity 10.02748  m/s

Table 27. Mock Derivative Aero-Combustor profile measurements for Rep of 250,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 7.71588  1.09658 0.14212
0.27 7.80887 1.11087  0.14226
0.24 7.81564 1.09607 0.14024
0.21 7.90902 1.13204 0.14313

0.185 8.04644 1.13255 0.14075
0.165 8.07516 1.14346 0.1416
0.145 821811 1.15844 0.14096

0.13 828143 1.16754  0.14098
0.115 8.38268 1.20089  0.14326
0.1 8.42639  1.22202  0.14502
0.09 8.51276  1.22788 0.14424
0.08 8.58411 1.23941 0.14438
0.07 8.58765 1.2542 0.14605
0.065 8.60906 1.25515 0.14579
0.06 8.63033  1.25653  0.14559

0.055 8.63196 1.27485 0.14769

0.052 8.59829 1.30138 0.15135

0.049 8.58708 1.27988  0.14905
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0.043
0.04

0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.01

0.009
0.008

8.54613
8.5281

8.48234
8.46887
8.40398
8.39413
8.37693
8.34721
8.32409
8.27376
8.21284
8.23924
8.11289
8.02651
7.97855
7.85979
7.77588
7.65469
7.52574
7.38549
7.2009

6.98767
6.7443

6.51478
6.19295
5.82578
5.4181

4.98132
4.50351
3.97291
3.38602
3.07126
0.85528
0.78128
0.71323

1.3173

1.3008

1.30555
1.31654
1.30533
1.29402
1.30608
1.31087
1.31931
1.31336
1.26576
1.31355
1.28875
1.25669
1.25864
1.26953
1.24102
1.24117
1.21303
1.22284
1.19837
1.16241
1.12292
1.0916

1.06228
0.98604
0.90811
0.81539
0.72459
0.61484
0.50301
0.43872
0.13227
0.11527
0.09769

0.15414
0.15253
0.15391
0.15546
0.15532
0.15416
0.15591
0.15704
0.15849
0.15874
0.15412
0.15943
0.15885
0.15657
0.15775
0.16152
0.1596

0.16215
0.16118
0.16557
0.16642
0.16635
0.1665

0.16756
0.17153
0.16926
0.16761
0.16369
0.1609

0.15476
0.14856
0.14285
0.15465
0.14754
0.13696
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Table 28. Mock Derivative Aero-Combustor flow properties for Rep of 500,000.

Item Value Units
File Name BACI1R4Y3
Reynolds D 489139.3
Temperature air 305.3761 K
Pressure in 98268.48 Pa,
Pressure Drop 936.7019 Pa,
Velocity 20.08787 m/s

Table 29. Mock Derivative Aero-Combustor profile measurements for Rep, of 500,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 17.14616 2.29577  0.13389
0.27 17.23864 2.36189 0.13701
0.24 17.34686 2.30078 0.13263
0.21 17.57322 2.32326  0.1322

0.185 17.71158 2.35231 0.13281
0.165 17.89034 2.37583  0.1328
0.145 18.17182 2.41363  0.13282

0.13 18.31018 2.41975 0.13215
0.115 18.46797 2.43268 0.13172
0.1 18.73717 2.53444  0.13526
0.09 18.83116 2.4505 0.13013
0.08 18.98056 2.53613 0.13362
0.07 19.08589 2.53528 0.13284
0.065 19.18277 2.51972  0.13135
0.06 19.18925 2.53045 0.13187

0.055 19.30604 2.57825 0.13355
0.052 19.3148  2.58977  0.13408
0.049 19.34303 2.53579 0.1311

0.046 19.23584 2.62871 0.13666
0.043 19.24942 2.56329 0.13316
0.04 19.23386 2.59213  0.13477
0.039 19.21163 2.63603  0.13721
0.038 19.14344 2.60402  0.13603
0.037 19.19721 2.59107  0.13497
0.036 19.15914 2.60015 0.13571
0.035 19.114 2.60479  0.13628
0.034 19.11231 2.641 0.13818
0.033 19.15836 2.60016 0.13572
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0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
0.006
0.005
0.004

19.07019
19.10124
19.03897
19.04977
19.00596
19.00415
18.88479
18.89568
18.85165
18.77227
18.72074
18.53589
18.44332
18.32945
18.20679
18.03597
17.8849

17.67944
17.34681
17.0146

16.57528
16.05209
15.46383
14.70527
13.77655
12.6921

11.43514
10.26505
9.39052

2.63021
2.61618
2.66132
2.58056
2.64324
2.61532
2.61144
2.67949
2.64306
2.61765
2.65792
2.65873
2.61097
2.60289
2.61441
2.55693
2.61995
2.56076
2.52398
2.51531
2.50264
2.42273
2.35525
2.24563
212117
1.97584
1.77028
1.57182
1.44334

0.13792
0.13696
0.13978
0.13546
0.13907
0.13762
0.13828
0.1418

0.1402

0.13944
0.14198
0.14344
0.14157
0.14201
0.1436

0.14177
0.14649
0.14484
0.1455

0.14783
0.15099
0.15093
0.15231
0.15271
0.15397
0.15567
0.15481
0.15312
0.1537
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Table 30. Mock Derivative Aero-Combustor with Spool flow properties for Rep of
62,500.

Item Value Units
File Name BACSRI1Y1
Reynolds D 64162.73
Temperature air 298.691 K
Pressure in 98843.95 Pa,
Pressure Drop 15.09869 Pa,
Velocity 2.519145 m/s

Table 31. Mock Derivative Aero-Combustor with Spool profile measurements for Rej, of
62,500.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 1.88663  0.22285 0.11812
0.27 1.91587 0.22728 0.11863
0.24 1.92411 0.23323  0.12121
0.21 1.95059 0.22805 0.11691

0.185 1.97641 0.24163  0.12226
0.165 2.00048 0.23584 0.11789
0.145 2.04974  0.24932  0.12163

0.13 2.06238  0.24812  0.12031
0.115 2.08836 0.25362 0.12144
0.1 2.1074 0.26018  0.12346
0.09 2.11557  0.25723  0.12159
0.08 2.11235  0.25397  0.12023
0.07 2.09876  0.27006  0.12868
0.065 2.07839 0.26628 0.12812
0.06 2.05658  0.26261 0.12769

0.055 1.98789  0.26763  0.13463
0.052 1.94185 0.25824  0.13298
0.049 1.89917 0.25174  0.13255
0.046 1.82568  0.25001 0.13694
0.043 1.73396  0.23328 0.13454
0.04 1.63432  0.23762  0.14539
0.039 1.59232  0.23245  0.14598
0.038 1.55271 0.20372  0.1312

0.037 1.50187 0.19472  0.12965

0.036 1.44797 0.18974 0.13104
Table 31 Continued
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0.035 1.38838 0.17759  0.12791
0.034 1.34574  0.16919  0.12572
0.033 1.2863 0.1646 0.12797
0.032 1.23475 0.15511  0.12562
0.031 1.16819  0.144 0.12327
0.03 1.10884 0.13821 0.12464
0.029 1.04888 0.12419 0.11841
0.028 0.97435 0.11194 0.11489
0.027 0.9119 0.09939  0.10899
0.026 0.8408 0.08808  0.10475
0.025 0.76753  0.07432  0.09684
0.024 0.71324  0.05988  0.08395
0.023 0.68899  0.04607  0.06687

Table 32. Mock Derivative Aero-Combustor with Spool flow properties for Rep 125,000.

Item Value Units
File Name BACSR2Y2
Reynolds D 129680.8
Temperature air 297.97 K
Pressure in 98505.44 Pa,
Pressure Drop 61.5207 Pa,
Velocity 5.087186 m/s

Table 33. Mock Derivative Aero-Combustor with Spool profile measurements for
Rep 125,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 3.96319 0.43001 0.1085

0.27 3.97748 0.42805 0.10762
0.24 4.01552  0.43896 0.10932
0.21 4.0745 0.44919 0.11024

0.185 4.12593  0.44296 0.10736
0.165 4.19556  0.44799 0.10678
0.145 4.23391 0.45061 0.10643
0.13 4.2987 0.45755 0.10644

0.115 4.345 0.46685 0.10745
Table 33 Continued

0.1 4.37963 0.48449 0.11062
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0.09 442048 0.48657 0.11007

0.08 441656  0.4823 0.1092

0.07 4.40922 0.48976 0.11108
0.065 440726 0.50182 0.11386
0.06 4.38875 0.50596 0.11529

0.055 431025 0.5069 0.1176

0.052 4.2519 0.50259 0.1182

0.049 4.18621 0.51005 0.12184
0.043 397171 0.50146  0.12626
0.04 3.79215 0.49356  0.13015
0.039 3.71313  0.47665  0.12837
0.038 3.61872  0.46926  0.12968
0.037 3.52327 0.45329 0.12866
0.036 3.42438 0.43371  0.12665
0.035 3.31963  0.43053 0.12969
0.034 3.18234  0.41197  0.12945
0.033 3.04257 0.39581 0.13009
0.032 2.87719  0.41504  0.14425
0.031 2.71575  0.37081 0.13654
0.03 2.54461 0.33107 0.13011
0.029 2.34436  0.29369  0.12528
0.028 2.11722  0.25885  0.12226
0.027 1.89628 0.21951 0.11576
0.026 1.65356  0.1858 0.11237
0.025 1.39387 0.15158 0.10875
0.024 1.26254  0.1311 0.10384

Table 34. Mock Derivative Aero-Combustor with Spool flow properties for Rep 250,000.

Item Value Units
File Name BACSR3Y1
Reynolds D 252179.5
Temperature air 300.1249 K
Pressure in 98505.44 Pa,
Pressure Drop 237.0901 Pa,
Velocity 10.0196 m/s

Table 35. Mock Derivative Aero-Combustor with Spool profile measurements for
Rep, 250,000.

Y (inch) U(@m/s) u'(m/s) Tu
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Table 35 Continued

0.3
0.27
0.24
0.21
0.185
0.165
0.145
0.13
0.115
0.1
0.09
0.08
0.07
0.065
0.06
0.055
0.052
0.049
0.043
0.04
0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03
0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022

0.021
0.02

8.09607
8.21776
8.28668
8.3938

8.53729
8.64889
8.75334
8.91048
9.00575
9.12778
9.17898
9.21374
9.29837
9.2646

9.27802
9.24386
9.21891
9.1505

8.85996
8.63702
8.56084
8.44345
8.26458
8.10457
7.92654
7.76955
7.52322
7.28442
6.98985
6.6425

6.23939
5.78067
5.21266
4.57983
3.8664

3.40519
7.52574
7.38549

7.2009
6.98767

0.88272
0.91324
0.89656
0.91431
0.92033
0.94182
0.93467
0.96234
0.97718
0.97104
0.98897
0.99143
0.99586
1.03424
1.05066
1.04218
1.03614
1.05548
1.05378
1.05304
1.05136
1.04906
1.04131
1.03555
1.00651
0.98072
0.94449
0.92784
0.88922
0.8655

0.80135
0.73758
0.65753
0.5339

0.42891
0.37146
1.21303
1.22284

1.19837
1.16241
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0.10903
0.11113
0.10819
0.10893
0.1078
0.10889
0.10678
0.108
0.10851
0.10638
0.10774
0.1076
0.1071
0.11163
0.11324
0.11274
0.11239
0.11535
0.11894
0.12192
0.12281
0.12425
0.126
0.12777
0.12698
0.12623
0.12554
0.12737
0.12722
0.1303
0.12843
0.12759
0.12614
0.11658
0.11093
0.10909
0.16118
0.16557

0.16642
0.16635



0.019 6.7443 1.12292  0.1665

0.018 6.51478 1.0916 0.16756
0.017 6.19295 1.06228 0.17153
0.016 5.82578  0.98604  0.16926
0.015 5.4181 0.90811 0.16761
0.014 498132 0.81539 0.16369
0.013 4.50351 0.72459 0.1609

0.012 3.97291 0.61484 0.15476
0.011 3.38602 0.50301 0.14856
0.01 3.07126  0.43872  0.14285
0.01 0.85528  0.13227  0.15465
0.009 0.78128  0.11527 0.14754
0.008 0.71323  0.09769  0.13696

Table 36. Mock Derivative Aero-Combustor with Spool flow properties for Rep 500,000.

Item Value Units
File Name BACSR4Y1
Reynolds D 499055.7
Temperature air 302.3945 K
Pressure in 98843.95 Pa,
Pressure Drop 945.6014 Pa,
Velocity 20.02563 m/s

Table 37. Mock Derivative Aero-Combustor with Spool profile measurement for Rep,
500,000.

Y (inch) U(m/s) u'(m/s) Tu

0.3 17.33543 1.77508 0.1024

0.27 17.42514 1.8037 0.10351
0.24 17.62797 1.77049  0.10044
0.21 17.83873 1.80088  0.10095

0.185 18.00492 1.80726  0.10038
0.165 18.32465 1.81442  0.09902
0.145 18.56676 1.82969  0.09855

0.13 18.77773 1.84536 0.09827
Table 37 Continued

0.115 18.9731 1.87607  0.09888

0.1 19.20913 1.87773  0.09775

0.09 19.33398 1.9252 0.09958
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0.08
0.07
0.065
0.06
0.055
0.052
0.049
0.046
0.043
0.04
0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03
0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.0265
0.0255
0.0245
0.0235
0.0225
0.0215
0.0205
0.0195
0.0185

0.0175
0.0165
0.0155

19.47796
19.55146
19.63071
19.57309
19.66447
19.56549
19.55218
19.42438
19.31862
19.08691
18.96626
18.85918
18.70795
18.54908
18.44215
18.15705
17.89846
17.62172
17.22308
16.78231
16.21855
15.62772
14.80764
13.80385
12.35968
10.6642

9.27255

8.48417

19.02669
18.9156

18.87562
18.82285
18.76383
18.6589

18.5176

18.48999
18.33304

18.17713
17.9997
17.8372

1.90361
1.95732
1.96647
1.94893
1.96542
1.99571
2.02949
2.03599
2.09256
2.05996
2.05124
2.0466

2.06031
2.01626
2.07436
2.05573
1.99551
2.05396
2.02802
1.99788
1.97095
1.91457
1.83791
1.75598
1.54387
1.33068
1.09551
0.98288
2.71534
2.73918
2.75607
2.73191
2.77487
2.75675
2.74736
2.73796
2.73749

2.75036
2.68571
2.70589
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0.09773
0.10011
0.10017
0.09957
0.09995
0.102
0.1038
0.10482
0.10832
0.10793
0.10815
0.10852
0.11013
0.1087
0.11248
0.11322
0.11149
0.11656
0.11775
0.11905
0.12152
0.12251
0.12412
0.12721
0.12491
0.12478
0.11815
0.11585
0.14271
0.14481
0.14601
0.14514
0.14788
0.14774
0.14837
0.14808
0.14932

0.15131
0.14921
0.1517



0.0145 17.57764 2.69027  0.15305
0.0135 17.35319 2.65277  0.15287
0.0125 16.99776 2.60995  0.15355
0.0115 16.62006 2.58898  0.15577
0.0105 16.14104 2.47358 0.15325
0.0095 15.55073 2.50885 0.16133
0.0085 14.87716 2.40411 0.1616

0.0075 13.89593 2.2463 0.16165
0.0065 12.65093 2.06346 0.16311
0.0055 10.98308 1.78133  0.16219
0.0045 9.63601  1.52411 0.15817

Table 38. Small Grid at Near Position flow properties for Re, 62,500.

Item Value Units
File Name BGSIRI1Y3
Reynolds D 64520.01
Temperature air 301.9459 K
Pressure in 99013.2 Pa,
Pressure Drop 15.66632 Pa,
Velocity 2.577796 m/s

Table 39. Small Grid at Near Position profile measurements for Re, 62,500.

Y (inch) U(m/s) u'(m/s) Tu

0.3 2.13982  0.10966 0.05124
0.27 2.15265 0.11069 0.05142
0.24 2.17481 0.11231 0.05164
0.21 2.19685 0.11305 0.05146

0.185 2.22461 0.11528 0.05182
0.165 2.24792  0.1166 0.05187
0.145 2.27479  0.11715  0.0515

0.13 2.29638 0.12484 0.05436

0.115 2.32904 0.12195 0.05236

0.1 2.34652  0.13051 0.05562

0.09 2.35889 0.13257 0.0562
Table 39 Continued.

0.08 2.38058 0.13511 0.05676

0.07 2.3888 0.14383  0.06021

0.065 2.38745 0.14959 0.06266
110



Table 39 Continued.

0.06

0.055
0.052
0.049
0.046
0.043
0.04

0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007

2.38066
2.38319
2.36911
2.36566
2.34626
2.32368
2.3008

2.28926
2.27853
2.26886
2.24917
2.23993
2.22808
2.21156
2.19419
2.18113
2.15439
2.13555
2.11426
2.08302
2.05196
2.01836
1.98226
1.9336

1.89369
1.8384

1.78624
1.73729
1.67701
1.6119

1.55053
1.47807
1.40279
1.32612
1.24736
1.16904
1.08208

0.99432
0.90547
0.82014

0.15295
0.15433
0.16158
0.16437
0.16444
0.16983
0.17443
0.17284
0.1765

0.17437
0.17531
0.17949
0.17688
0.17992
0.1793

0.17835
0.17784
0.17835
0.17756
0.17615
0.17543
0.17127
0.17263
0.17043
0.1628

0.16311
0.15597
0.14652
0.14448
0.13845
0.1297

0.12326
0.11288
0.10532
0.09721
0.08783
0.08004

0.07214
0.06458
0.05536

111

0.06425
0.06476
0.0682

0.06948
0.07009
0.07309
0.07581
0.0755

0.07746
0.07685
0.07794
0.08013
0.07939
0.08136
0.08172
0.08177
0.08255
0.08352
0.08398
0.08456
0.0855

0.08486
0.08709
0.08814
0.08597
0.08873
0.08732
0.08434
0.08615
0.08589
0.08365
0.08339
0.08047
0.07942
0.07794
0.07513
0.07397

0.07255
0.07132
0.0675



0.006 0.74423  0.04454  0.05984
0.005 0.70786  0.03634  0.05134

Table 40. Small Grid at Near Position flow properties for Rep, 125,000.

Item Value Units
File Name BGSIR2Y3
Reynolds D 126489.3
Temperature air 302.4451 K
Pressure in 99013.2 Pa,
Pressure Drop 60.47496 Pa,
Velocity 5.068465 m/s

Table 41. Small Grid at Near Position profile measurements for Rep, 125,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 4.27359  0.26986  0.06315
0.27 435034 0.27012  0.06209
0.24 4.39506 0.273 0.06211
0.21 443863 0.27538 0.06204

0.185 4.49141 0.27731 0.06174
0.165 4.54532  0.27806 0.06118
0.145 4.60129  0.28051  0.06096

0.13 4.64506 0.28794  0.06199
0.115 4.70273  0.29156  0.062
0.1 4.75821 0.29726  0.06247
0.09 4.79168  0.30215 0.06306
0.08 4.83046 0.31067 0.06431
0.07 4.86002  0.3276 0.06741
0.065 4.87746  0.32874 0.0674
0.06 4.8865 0.3349 0.06854

0.055 4.89081 0.3421 0.06995
0.052 4.88137 0.34983 0.07167
0.049 4.881 0.36424  0.07462
0.046 4.84566  0.35868 0.07402

0.043 4.8304 0.37237 0.07709
Table 41 Continued

0.04 4.80573 0.37264 0.07754
0.039 4.79745  0.37789  0.07877
0.038 4.79845 0.39368  0.08204
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Table 41 Continued

0.037
0.036
0.035
0.034
0.033
0.032
0.031

0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021

0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011

0.01

0.009
0.008
0.007
0.0466852
0.0441452
0.0416052
0.0390652
0.0365252
0.0339852

0.0314452
0.0289052
0.0263652

4.77242
4.76888
4.74165
4.72417
4.71064
4.68734
4.6477

4.61684
4.58484
4.55069
4.51209
4.43725
4.38337
4.30542
4.22426
4.13964
4.03727
3.93454
3.81678
3.68605
3.54698
3.40065
3.22613
3.05549
2.86083
2.66672
2.46351
2.26071
2.03972
1.78542
1.58993
3.3256

3.22282
3.13075
3.01455
2.89172
2.75483

2.60413
2.45584
2.29301
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0.38352
0.39012
0.39464
0.39904
0.3951
0.40185
0.39816
0.4083
0.40685
0.40873
0.4115
0.40882
0.4074
0.4095
0.402
0.39393
0.38885
0.38188
0.37054
0.35959
0.34597
0.3268
0.31051
0.27979
0.25552
0.22627
0.19814
0.17525
0.14915
0.12355
0.10458
0.58246
0.57994
0.55892
0.54021
0.51155
0.49096

0.45652
0.42898
0.39245

0.08036
0.08181
0.08323
0.08447
0.08387
0.08573
0.08567
0.08844
0.08874
0.08982
0.0912

0.09213
0.09294
0.09511
0.09516
0.09516
0.09631
0.09706
0.09708
0.09755
0.09754
0.0961

0.09625
0.09157
0.08932
0.08485
0.08043
0.07752
0.07312
0.0692

0.06577
0.17514
0.17995
0.17853
0.1792

0.1769

0.17822

0.17531
0.17468
0.17115



0.0238252 2.10504 0.34575 0.16425
0.0212852 1.92612 0.30522  0.15846
0.0187452 1.73831 0.26173  0.15056
0.0162052 1.52086 0.22114  0.14541
0.0136652 1.29627 0.17395  0.13419
0.012446  1.18432  0.14575  0.12306

Table 42. Small Grid at Near Position flow properties for Rep 250,000.

Item Value Units
File Name BGS1R3Y3
Reynolds D 250697.4
Temperature air 302.386 K
Pressure in 99013.2 Pa,
Pressure Drop 237.5906 Pa,
Velocity 10.04205 m/s

Table 43. Small Grid at Near Position profile measurements for Rep 250,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 8.8612 0.57477  0.06486
0.27 8.93087 0.57673  0.06458
0.24 9.00456  0.57425 0.06377
0.21 9.09878  0.59042  0.06489

0.185 9.21124  0.5791 0.06287
0.165 9.33922  0.5911 0.06329
0.145 9.445 0.59353  0.06284

0.13 9.54605  0.59446  0.06227
0.115 9.67809  0.60915 0.06294
0.1 9.78619  0.61404 0.06275
0.09 9.86018  0.621 0.06298
0.08 9.95595  0.63391 0.06367
0.07 10.02889 0.64447  0.06426
0.065 10.08149 0.6583 0.0653

0.06 10.1229  0.64969  0.06418

0.055 10.13765 0.66797 0.06589
Table 43 Continued

0.052 10.13918 0.69143  0.06819

0.049 10.15834 0.68694  0.06762

0.046 10.17037 0.69953  0.06878
114



0.043 10.1608  0.71967 0.07083
0.04 10.13274 0.73287 0.07233
0.039 10.13428 0.74145 0.07316
0.038 10.10874 0.74246  0.07345
0.037 10.09048 0.74988  0.07432
0.036 10.08375 0.74691  0.07407
0.035 10.07809 0.75707 0.07512
0.034 10.06858 0.758 0.07528
0.033 10.04842 0.77111  0.07674
0.032 10.00481 0.77101  0.07706
0.031 9.97025 0.78109 0.07834
0.03 9.95058  0.77239  0.07762
0.029 9.94176  0.78751 0.07921
0.028 9.87372  0.79113  0.08012
0.027 9.82903  0.7989 0.08128
0.026 9.80182  0.81752  0.08341
0.025 9.71296  0.82502  0.08494
0.024 9.63539  0.81593  0.08468
0.023 9.55009  0.83047 0.08696
0.022 9.46268  0.84221 0.089
0.021 9.34275  0.8392 0.08982
0.02 9.22051 0.84166  0.09128
0.019 9.07313  0.84616 0.09326
0.018 8.87868  0.8562 0.09643
0.017 8.68026  0.82537  0.09509
0.016 8.44193  0.83825 0.0993
0.015 8.17125  0.80964  0.09908
0.014 7.80809  0.78789  0.10091
0.013 7.41144  0.75501 0.10187
0.012 6.93616  0.69711  0.1005
0.011 6.42831  0.6603 0.10272
0.01 5.98914  0.59267 0.09896
0.009 5.45435  0.51091 0.09367
0.008 4.97527  0.4408 0.0886
0.007 431404 0.3528 0.08178
0.006 3.84785 0.29831 0.07753
0.005 3.57835 0.26203 0.07323
Table 44. Small Grid at Near Position property measurements for Rep 500,000.

ltem Value Units
File name BGS1R4Y3
Reynolds D 494290.8
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Temperature air 304.0224 K

Pressure in 99013.2 Pa,
Pressure Drop 938.7026 Pa,
Velocity 19.98927 m/s

Table 45. Small Grid at Near Position profile measurement for Re, 500,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 18.65775 1.11907  0.05998
0.27 18.77729 1.1217 0.05974
0.24 18.9913  1.13057 0.05953
0.21 19.17708 1.1197 0.05839

0.185 19.405 1.10682  0.05704
0.165 19.57822 1.12171  0.05729
0.145 19.83163 1.14895 0.05794

0.13 20.07506 1.14395  0.05698
0.115 20.32646 1.16057  0.0571

0.1 20.60739 1.14907 0.05576
0.09 20.78892 1.16921 0.05624
0.08 20.94244 1.17252  0.05599
0.07 21.11821 1.20896  0.05725
0.065 21.15675 1.20431 0.05692
0.06 21.24127 1.22439  0.05764

0.055 21.3518 1.25606  0.05883
0.052 21.38524 1.24987  0.05845
0.049 21.42147 1.27127  0.05935
0.046 21.41607 1.29651 0.06054
0.043 21.45848 1.29006 0.06012
0.04 21.48866 1.32412 0.06162
0.039 21.46617 1.34361 0.06259
0.038 21.55091 1.33704 0.06204
0.037 21.49192 1.34067 0.06238
0.036 21.50072 1.34631 0.06262
0.035 21.48597 1.35567 0.0631

0.034 21.45358 1.35033  0.06294

0.033 21.45989 1.35922 0.06334
Table 45 Continued.

0.032 21.42766 1.38233  0.06451
0.031 21.40888 1.38725 0.0648

0.03 21.42549 1.38588  0.06468
0.029 21.38509 1.42043 0.06642
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0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
0.006
0.005
0.004

21.40315
21.36145
21.29323
21.26143
21.18994
21.13327
20.98906
20.90568
20.82988
20.73698
20.57322
20.39216
20.19775
19.93414
19.61531
19.18883
18.7187

18.1461

17.48776
16.62667
15.6707

14.49729
13.1056

11.57193
10.63067

1.41255
1.43483
1.45335
1.47461
1.48421
1.49158
1.49088
1.53002
1.5511

1.54521
1.57349
1.57178
1.60978
1.63413
1.65599
1.67798
1.65826
1.67596
1.66589
1.58001
1.53143
1.4164

1.24977
1.05025
0.96227

0.066
0.06717
0.06825
0.06936
0.07004
0.07058
0.07103
0.07319
0.07446
0.07451
0.07648
0.07708
0.0797
0.08198
0.08442
0.08745
0.08859
0.09236
0.09526
0.09503
0.09773
0.0977
0.09536
0.09076
0.09052
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Table 46. Small Grid at Far Position flow properties for Rep 62,500.

Item Value Units
File Name BGS2R2Y1
Reynolds D 129570.2
Temperature air 298.8134 K
Pressure in 98505.44 Pa,
Pressure Drop 61.85845 Pa,
Velocity 5.108343 m/s

Table 47. Small Grid at Far Position profile measurement for Rep 62,500.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 3.65469 0.11788  0.03225
0.27 3.68615 0.1208 0.03277
0.24 3.72274  0.11922  0.03202
0.21 3.78408  0.12417  0.03281

0.185 3.84221 0.12218 0.0318
0.165 3.89448  0.12373  0.03177
0.145 3.96127 0.12571 0.03174

0.13 4.00681 0.13238  0.03304
0.115 4.06388 0.13132  0.03231
0.1 4.12731  0.13704  0.0332

0.09 4.16911 0.13499 0.03238
0.08 4.21615 0.14548 0.0345

0.07 4.28195 0.15249 0.03561
0.065 4.29203  0.15701  0.03658
0.06 431823 0.16196 0.03751

0.055 4.33601 0.17245 0.03977
0.052 433092 0.17715  0.0409
0.049 432912  0.18471 0.04267
0.046 433416 0.19813  0.04571
0.043 4.32723  0.20151  0.04657
0.04 430795 0.21633  0.05022
0.039 4.29863 0.22102 0.05142
0.038 4.2968 0.22084 0.0514
0.037 4.28911 0.22604  0.0527
0.036 4.26004 0.23119 0.05427
0.035 4.24881 0.23412  0.0551
0.034 4.22155 0.23887  0.05658
0.033 4.20729  0.24417  0.05803
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Table 47 Continued.

0.032 4.18838  0.24705  0.05898
0.031 4.15502  0.24919  0.05997
0.03 4.12076  0.26081  0.06329
0.029 4.08232  0.25485 0.06243
0.028 4.03533  0.26356  0.06531
0.027 3.98663 0.26257 0.06586
0.026 3.9293 0.263 0.06693
0.025 3.87576  0.2569 0.06628
0.024 3.80298  0.25902  0.06811
0.023 3.72664  0.25767 0.06914
0.022 3.63404 0.25515 0.07021
0.021 3.54022  0.25244 0.07131
0.02 3.4436 0.23927  0.06948
0.019 3.31197 0.23432  0.07075
0.018 3.1848 0.21902  0.06877
0.017 3.06798 0.20138 0.06564
0.016 2.90738 0.18872  0.06491
0.015 2.75214 0.17388 0.06318
0.014 2.57077 0.15782  0.06139
0.013 2.38942 0.13654 0.05714
0.012 2.2053 0.12408  0.05626
0.011 2.0046 0.10242  0.05109
0.01 1.78543  0.08557  0.04792
0.009 1.52824  0.06683  0.04373
0.008 1.36645 0.0586 0.04289

Table 48. Small Grid at Far Position flow properties for Rep 125,000.

Item Value Units
File Name BGS2R2Y1
Reynolds D 129570.2
Temperature air 298.8134 K
Pressure in 98505.44 Pa,
Pressure Drop 61.85845 Pa,
Velocity 5.108343 m/s
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Table 49. Small Grid at Far Position profile measurement for Rep 125,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 3.65469 0.11788  0.03225
0.27 3.68615 0.1208 0.03277
0.24 3.72274  0.11922  0.03202
0.21 3.78408  0.12417  0.03281

0.185 3.84221 0.12218 0.0318
0.165 3.89448  0.12373  0.03177
0.145 3.96127 0.12571 0.03174

0.13 4.00681 0.13238 0.03304
0.115 4.06388 0.13132  0.03231
0.1 4.12731 0.13704  0.0332

0.09 4.16911 0.13499 0.03238
0.08 421615 0.14548 0.0345

0.07 4.28195 0.15249 0.03561
0.065 4.29203  0.15701  0.03658
0.06 431823 0.16196 0.03751

0.055 433601 0.17245  0.03977
0.052 4.33092  0.17715  0.0409

0.049 432912  0.18471 0.04267
0.046 4.33416  0.19813  0.04571
0.043 432723  0.20151 0.04657
0.04 4.30795 0.21633  0.05022
0.039 4.29863 0.22102 0.05142
0.038 4.2968 0.22084  0.0514

0.037 4.28911 0.22604  0.0527

0.036 4.26004 0.23119  0.05427
0.035 4.24881 0.23412  0.0551

0.034 4.22155 0.23887  0.05658
0.033 4.20729  0.24417 0.05803
0.032 4.18838  0.24705 0.05898
0.031 4.15502  0.24919  0.05997
0.03 4.12076  0.26081  0.06329
0.029 4.08232  0.25485 0.06243
0.028 4.03533  0.26356  0.06531
0.027 3.98663 0.26257  0.06586
0.026 3.9293 0.263 0.06693
0.025 3.87576  0.2569 0.06628
0.024 3.80298  0.25902  0.06811
0.023 3.72664  0.25767 0.06914
0.022 3.63404 0.25515 0.07021
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Table 49 Continued.

0.021 3.54022  0.25244 0.07131
0.02 3.4436 0.23927  0.06948
0.019 3.31197 0.23432  0.07075
0.018 3.1848 0.21902  0.06877
0.017 3.06798 0.20138  0.06564
0.016 290738 0.18872  0.06491
0.015 2.75214 0.17388  0.06318
0.014 2.57077 0.15782  0.06139
0.013 2.38942  0.13654 0.05714
0.012 2.2053 0.12408  0.05626
0.011 2.0046 0.10242  0.05109
0.01 1.78543  0.08557  0.04792
0.009 1.52824  0.06683  0.04373
0.008 1.36645 0.0586 0.04289

Table 50. Small Grid at Near Position flow properties for Rep, 250,000.

Item Value Units
File Name BGS2R3Y1
Reynolds D 252448.9
Temperature air 298.8305 K
Pressure in 98505.44 Pa,
Pressure Drop 235.0018 Pa,
Velocity 9.95388 m/s

Table 51. Small Grid at Far Position profile measurement for Rep 250,000.

Y (inch) U(m/s) u'(m/s) Tu

0.3 7.78883  0.28332  0.03638
0.27 7.85351  0.28227 0.03594
0.24 7.97063  0.28948  0.03632
0.21 8.07169 0.28615 0.03545

0.185 8.19866 0.29221 0.03564
0.165 8.33922 0.29069  0.03486
0.145 8.45409 0.29642  0.03506

0.13 8.58054 0.29418 0.03428
0.115 8.71968 0.30092  0.03451
0.1 8.85569 0.30556  0.0345

0.09 8.9523 0.30693  0.03428
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Table 51 Continued.

0.08

0.07

0.065
0.06

0.055
0.052
0.049
0.046
0.043
0.04

0.039
0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

9.0511

9.17566
9.22722
9.25865
9.31938
9.35671
9.37751
9.41518
9.40925
9.41904
9.40897
9.42056
9.42832
9.41683
9.43237
9.41141
9.42576
9.3824

9.34886
9.32954
9.30752
9.24908
9.18806
9.13816
9.05056
8.95208
8.87093
8.7506

8.60439
8.46647
8.29652
8.05641
7.84302
7.57157
7.25138
6.92254
6.55561
6.1576

5.65706
5.13582

0.30979
0.32369
0.32845
0.33547
0.34293
0.34699
0.36043
0.37382
0.39214
0.39615
0.40376
0.40144
0.4228

0.42701
0.4289

0.43199
0.43504
0.45561
0.47449
0.47458
0.49223
0.5064

0.51824
0.54013
0.54647
0.56194
0.56134
0.58066
0.59027
0.59658
0.5994

0.6009

0.58356
0.56244
0.54799
0.52522
0.48704
0.44296
0.38657
0.32253
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0.03423
0.03528
0.0356

0.03623
0.0368

0.03708
0.03844
0.0397

0.04168
0.04206
0.04291
0.04261
0.04484
0.04535
0.04547
0.0459

0.04615
0.04856
0.05075
0.05087
0.05289
0.05475
0.0564

0.05911
0.06038
0.06277
0.06328
0.06636
0.0686

0.07046
0.07225
0.07459
0.07441
0.07428
0.07557
0.07587
0.07429
0.07194
0.06833
0.0628



Table 51 Continued.

0.009 4.54753  0.26539  0.05836
0.008 3.94939  0.20795  0.05265
0.007 3.56925 0.18319 0.05132

Table 52. Small Grid at Far Position flow properties for Rep, 500,000.

Item Value Units
File Name BGS2R4Y5
Reynolds D 489151.3
Temperature air 304.6336 K
Pressure in 98674.7 Pa,
Pressure Drop 927.1138 Pa,
Velocity 19.91984 m/s

Table 53. Small Grid at Far Position profile measurements for Re, 500,000.

Y (inch) U (m/s) u'(m/s) Tu

0.3 17.74102 0.56119  0.03163
0.27 17.85771 0.5759 0.03225
0.24 18.05225 0.57651 0.03194
0.21 18.26363  0.59687  0.03268

0.185 18.48979 0.59858  0.03237
0.165 18.73291 0.61168  0.03265
0.145 18.9351  0.60469  0.03193

0.13 19.17094 0.60691  0.03166
0.115 19.42974  0.62671  0.03226
0.1 19.69983 0.64083  0.03253
0.09 19.87957 0.63544  0.03196
0.08 20.01245 0.64931  0.03245
0.07 20.19597 0.66663  0.03301
0.065 20.31476  0.68046  0.0335

0.06 20.32851 0.68515  0.0337

0.055 20.42225 0.69608  0.03408
0.052 20.46458 0.71419  0.0349

0.049 20.48662 0.70872  0.03459
0.046 20.53032 0.72778  0.03545
0.043 20.52107 0.74201  0.03616
0.04 20.49144 0.75781  0.03698
0.039 20.53829 0.75076  0.03655
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Table 53 Continued.

0.038
0.037
0.036
0.035
0.034
0.033
0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009

20.53661
20.53907
20.51811
20.52216
20.47377
20.4659

20.4651

20.43339
20.41905
20.3784

20.34166
20.29119
20.22357
20.12279
20.00527
19.84598
19.70765
19.47957
19.19979
18.93651
18.5646

18.11816
17.55996
16.9115

16.10938
15.1523

14.08729
12.84527
11.48907
10.4341

0.79219
0.78698
0.80822
0.80114
0.79985
0.83284
0.82545
0.8378

0.84778
0.87124
0.9048

0.92641
0.94913
0.96813
1.0005

1.06187
1.08968
1.12316
1.16343
1.18172
1.21865
1.26838
1.24894
1.25657
1.22764
1.17074
1.10277
0.97779
0.86708
0.73662

0.03857
0.03832
0.03939
0.03904
0.03907
0.04069
0.04033
0.041
0.04152
0.04275
0.04448
0.04566
0.04693
0.04811
0.05001
0.05351
0.05529
0.05766
0.0606
0.0624
0.06564
0.07001
0.07112
0.0743
0.07621
0.07726
0.07828
0.07612
0.07547
0.0706
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Table 54. Large Grid flow properties for Rep 62,500.

Item Value Units
File Name BGR1R1Y3
Reynolds D 63855.3
Temperature air 301.5972 K
Pressure in 99351.71 Pa,
Pressure Drop 15.24813 Pa,
Velocity 2.537358 m/s

Table 55. Large Grid profile measurements for Rep 62,500.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 2.07287  0.13471  0.06499
0.27 2.08906 0.13703  0.06559
0.24 2.10462  0.13712  0.06515
0.21 2.11952  0.13748 0.06486
0.185 2.13925 0.13242  0.0619
0.165 2.16855 0.13754  0.06342
0.145 2.18417 0.13671  0.06259
0.13 2.20322  0.14122  0.0641
0.115 2.23278  0.14364  0.06433
0.1 2.25054  0.14592  0.06484
0.09 2.25679  0.15136  0.06707
0.08 227414  0.15618  0.06868
0.07 2.27933  0.16279  0.07142
0.065 2.28556  0.16906  0.07397
0.06 2.2843 0.16765 0.07339
0.055 228165 0.17675  0.07747
0.052 2.27121  0.17461  0.07688
0.049 2.26886  0.18291  0.08062
0.046 2.25927 0.18497 0.08187
0.043 2.24756  0.18704  0.08322
0.04 2.22875 0.19255  0.08639
0.039 2.22681 0.18943  0.08507
0.038 2.21932  0.19125 0.08617
0.037 2.22015 0.19318 0.08701
0.036 2.21374  0.19297 0.08717
0.035 2.20719  0.19696  0.08923
0.034 2.19478  0.19626  0.08942
0.033 2.18782  0.1956 0.08941

125



0.032
0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021
0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

2.16613
2.1562

2.15278
2.13149
2.11874
2.10345
2.08431
2.06335
2.0384

2.02758
1.99082
1.97068
1.94111
1.90006
1.87127
1.82111
1.77524
1.7348

1.67148
1.62189
1.5626

1.4993

1.43786
1.37036
1.30123
1.22907
1.14801
1.07102
0.99132
0.90804
0.82809
0.75049

0.19873
0.19966
0.19806
0.19574
0.19854
0.20152
0.20437
0.20028
0.19962
0.19769
0.19704
0.19623
0.19845
0.19332
0.1861

0.18224
0.17767
0.17524
0.16546
0.16072
0.15198
0.14478
0.13643
0.13065
0.11656
0.1093

0.10283
0.09262
0.08367
0.07457
0.06472
0.05228

0.09175
0.0926
0.092
0.09183
0.09371
0.0958
0.09805
0.09707
0.09793
0.0975
0.09898
0.09957
0.10224
0.10174
0.09945
0.10007
0.10008
0.10101
0.09899
0.09909
0.09726
0.09656
0.09488
0.09534
0.08958
0.08893
0.08957
0.08648
0.0844
0.08212
0.07816
0.06966
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Table 56. Large Grid flow properties for Rep 125,000.

Item Value Units
File Name BGR1R2Y3
Reynolds D 127218.5
Temperature air 300.916 K
Pressure in 99351.71 Pa,
Pressure Drop 60.18689 Pa,
Velocity 5.034986 m/s

Table 57. Large Grid property measurements for Rep 125,000.

Y (inch) U@m/s) u'(m/s) Tu

0.3 2.07287 0.13471  0.06499
0.27 2.08906 0.13703  0.06559
0.24 2.10462  0.13712  0.06515
0.21 2.11952  0.13748  0.06486
0.185 2.13925 0.13242  0.0619

0.165 2.16855 0.13754 0.06342
0.145 2.18417 0.13671  0.06259
0.13 2.20322  0.14122  0.0641

0.115 2.23278 0.14364  0.06433
0.1 2.25054  0.14592 0.06484
0.09 2.25679 0.15136  0.06707
0.08 2.27414  0.15618  0.06868
0.07 2.27933  0.16279  0.07142
0.065 2.28556  0.16906  0.07397
0.06 2.2843 0.16765  0.07339
0.055 2.28165 0.17675  0.07747
0.052 227121 0.17461  0.07688
0.049 2.26886  0.18291  0.08062
0.046 2.25927 0.18497  0.08187
0.043 2.24756  0.18704  0.08322
0.04 2.22875 0.19255  0.08639
0.039 2.22681 0.18943  0.08507
0.038 2.21932  0.19125 0.08617
0.037 2.22015 0.19318 0.08701
0.036 2.21374  0.19297 0.08717
0.035 2.20719  0.19696  0.08923
0.034 2.19478  0.19626  0.08942
0.033 2.18782  0.1956 0.08941
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0.032
0.031

0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023
0.022
0.021

0.02

0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011

0.01

0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.0314452
0.0289052
0.0263652
0.0238252
0.0212852
0.0187452
0.0162052
0.0136652
0.012446

2.16613
2.1562

2.15278
2.13149
2.11874
2.10345
2.08431
2.06335
2.0384

2.02758
1.99082
1.97068
1.94111
1.90006
1.87127
1.82111
1.77524
1.7348

1.67148
1.62189
1.5626

1.4993

1.43786
1.37036
1.30123
1.22907
1.14801
1.07102
0.99132
0.90804
0.82809
0.75049
2.60413
2.45584
2.29301
2.10504
1.92612
1.73831
1.52086
1.29627
1.18432

0.19873
0.19966
0.19806
0.19574
0.19854
0.20152
0.20437
0.20028
0.19962
0.19769
0.19704
0.19623
0.19845
0.19332
0.1861

0.18224
0.17767
0.17524
0.16546
0.16072
0.15198
0.14478
0.13643
0.13065
0.11656
0.1093

0.10283
0.09262
0.08367
0.07457
0.06472
0.05228
0.45652
0.42898
0.39245
0.34575
0.30522
0.26173
0.22114
0.17395
0.14575

0.09175
0.0926
0.092
0.09183
0.09371
0.0958
0.09805
0.09707
0.09793
0.0975
0.09898
0.09957
0.10224
0.10174
0.09945
0.10007
0.10008
0.10101
0.09899
0.09909
0.09726
0.09656
0.09488
0.09534
0.08958
0.08893
0.08957
0.08648
0.0844
0.08212
0.07816
0.06966
0.17531
0.17468
0.17115
0.16425
0.15846
0.15056
0.14541
0.13419
0.12306
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Table 58. Large Grid flow properties for Rep 250,000.

Item Value Units
File Name BGR1R3Y3
Reynolds D 251405.5
Temperature air 302.8752 K
Pressure in 99351.71 Pa,
Pressure Drop 239.0989 Pa,
Velocity 10.06481 m/s

Table 59. Large Grid profile measurements for Rep 250,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 8.7191 0.67893  0.07787
0.27 8.78555 0.67921 0.07731
0.24 8.85363 0.68799 0.07771
0.21 8.95573  0.69183  0.07725
0.185 9.05416 0.68121  0.07524
0.165 9.15126  0.67644  0.07392
0.145 9.26321  0.69639 0.07518
0.13 9.34112  0.6865 0.07349
0.115 9.50731 0.70412  0.07406
0.1 9.63329  0.7105 0.07375
0.09 9.71232  0.71811  0.07394
0.08 9.76199  0.73087  0.07487
0.07 9.82608 0.73399  0.0747
0.065 9.88049 0.74482  0.07538
0.06 9.90715 0.75767 0.07648
0.055 9.90428 0.76019  0.07675
0.052 9.87298 0.77878  0.07888
0.049 9.86776  0.79285  0.08035
0.046 9.88326 0.79115  0.08005
0.043 9.86025 0.79946  0.08108
0.04 9.84362 0.82178  0.08348
0.039 9.82396 0.82872  0.08436
0.038 9.79933  0.82801 0.0845
0.037 9.79023  0.82396 0.08416
0.036 9.78586  0.84011  0.08585
0.035 9.74484  0.84688  0.08691
0.034 9.76019  0.84305 0.08638
0.033 9.74404  0.85689  0.08794
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Table 59 Continued

0.032 9.6869 0.86542  0.08934
0.031 9.64332  0.85042 0.08819
0.03 9.58224  0.85395 0.08912
0.029 9.51243  0.85956  0.09036
0.028 9.46434 0.871 0.09203
0.027 9.48467 0.88644 0.09346
0.026 9.44839  0.88602 0.09377
0.025 9.39723  0.88798  0.09449
0.024 9.28887 0.91256  0.09824
0.023 9.17723  0.90724  0.09886
0.022 9.09695 0.91998 0.10113
0.021 8.93255 0.90807 0.10166
0.02 8.78514  0.92694 0.10551
0.019 8.57172 0.90622 0.10572
0.018 8.36618 0.90771 0.1085
0.017 8.14077 0.89186 0.10956
0.016 7.86935 0.86601  0.11005
0.015 7.51753 0.81852 0.10888
0.014 7.1655 0.79755 0.1113
0.013 6.72941 0.74148 0.11019
0.012 6.2693 0.69207 0.11039
0.011 5.7487 0.60951  0.10603
0.01 5.24279  0.51809  0.09882
0.009 4.64964  0.4335 0.09323
0.008 4.03151 0.34281 0.08503
0.007 3.61573 0.29589 0.08183
Table 60. Large Grid flow properties for Rep, 500,000.
Item Value Units
File Name BGRI1R4Y1
Reynolds D 501578.6
Temperature air 301.6854 K
Pressure in 99182.45 Pa,
Pressure Drop 946.267 Pa,
Velocity 19.97509 m/s
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Table 61. Large Grid profile measurements for Rep 500,000.

Y (inch) U(@m/s) u'(m/s) Tu

0.3 17.9087 1.57749  0.08808
0.27 18.06391 1.60684  0.08895
0.24 18.22157 1.60666  0.08817
0.21 18.4008  1.62326  0.08822
0.185 18.6427  1.65632  0.08885
0.165 18.82308 1.64378  0.08733
0.145 19.05765 1.62553  0.0853
0.13 19.25181 1.64817 0.08561
0.115 19.47627 1.68011 0.08626
0.1 19.72006 1.73528  0.088
0.09 19.88115 1.6967 0.08534
0.08 20.00581 1.69715 0.08483
0.07 20.16529 1.75309 0.08694
0.065 20.27207 1.77279  0.08745
0.06 20.38548 1.72754  0.08474
0.055 20.41502 1.77381  0.08689
0.052 20.48174 1.71929  0.08394
0.049 20.53672 1.75351  0.08538
0.046 20.58589 1.78444  0.08668
0.043 20.66185 1.77668  0.08599
0.04 20.67392 1.79016  0.08659
0.039 20.68912 1.78985  0.08651
0.038 20.76208 1.76196  0.08486
0.037 20.74575 1.80868  0.08718
0.036 20.8079  1.75181 0.08419
0.035 20.82321 1.72258  0.08272
0.034 20.85507 1.72277  0.08261
0.033 20.84404 1.70432  0.08177
0.032 20.8924  1.73988  0.08328
0.031 20.87027 1.72822  0.08281
0.03 20.92371 1.7345 0.0829
0.029 20.94686 1.7388 0.08301
0.028 20.94971 1.76899  0.08444
0.027 20.9804 1.73971  0.08292
0.026 21.03436 1.70842  0.08122
0.025 21.03505 1.75163  0.08327
0.024 21.04675 1.73048 0.08222
0.023 21.0705  1.74109  0.08263
0.022 21.06181 1.76521  0.08381
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Table 61 Continued

0.021
0.02
0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0
-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009
-0.01
-0.011
-0.012
-0.013
-0.014
-0.015
-0.016
-0.017
-0.018

21.11228
21.13774
21.13418
21.10661
21.08998
21.13118
21.13536
21.19328
21.17134
21.1818

21.25558
21.20042
21.30244
21.27474
21.24759
21.25064
21.26642
21.31491
21.27194
21.27417
21.23953
21.19399
21.17479
21.14097
21.13441
21.0435

21.02759
20.98913
20.9497

20.9225

20.78116
20.68644
20.55921
20.45374
20.34001
20.21652
19.95595
19.71767
19.43238
19.09277

1.75308
1.76634
1.76502
1.78459
1.77559
1.76042
1.73194
1.7264

1.7307

1.72336
1.74849
1.74855
1.75772
1.74482
1.74409
1.76766
1.76531
1.76814
1.78343
1.78004
1.7945

1.78706
1.77621
1.81371
1.8116

1.8165

1.79762
1.82433
1.86603
1.84024
1.85448
1.87272
1.90701
1.90931
1.93189
1.92086
1.92298
1.93278
1.94103
1.93108
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0.08304
0.08356
0.08351
0.08455
0.08419
0.08331
0.08195
0.08146
0.08175
0.08136
0.08226
0.08248
0.08251
0.08201
0.08208
0.08318
0.08301
0.08295
0.08384
0.08367
0.08449
0.08432
0.08388
0.08579
0.08572
0.08632
0.08549
0.08692
0.08907
0.08795
0.08924
0.09053
0.09276
0.09335
0.09498
0.09501
0.09636
0.09802
0.09989
0.10114



Table 61 Continued.

-0.019
-0.02

-0.021
-0.022
-0.023
-0.024
-0.025
-0.026
-0.027

18.61831 1.91863
18.12131 1.85856
17.52095 1.8251

16.6915  1.75698
15.71097 1.69023
14.46181 1.54508
12.75485 1.33116
11.4477  1.15448
10.70533 1.06561

0.10305
0.10256
0.10417
0.10526
0.10758
0.10684
0.10437
0.10085
0.09954
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