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ABSTRACT

Analyzation of flight vehicles using computational tools typically relies on a
linear model of the aircraft control surfaces to calculate control derivatives and flight
response. This information is used to inform the design of simulations and
autopilot controls. However, some aircraft implement control surfaces are not well
described by linear models, such as asymmetrically employed wing spoilers. This
study aims to capture the non-linearity of wing spoilers for use on a 1/18th scale model
B-52H through the use of the computational fluid dynamics software ANSYS/CFX.
This study models the lift, drag, and moment responses of the wing spoilers at
various spoiler angles and angles of attack. This study found that the response of the
spoiler was linear from no deployment to half deployment, and beyond this point,
the response was non-linear. Continuing research should be conducted to more

accurately predict the exact transition point.
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l. INTRODUCTION

The goal of this thesis is to employ the use of commercially available computational
fluid dynamics (CFD) software to model the flow over a wing spoiler of a 1/18" scale
model B-52 Stratofortress. The collected data will be used to inform the design of an
autopilot that will provide autonomous control to the model while in flight. This study will

provide a starting point that will aid in the preliminary testing of the airframe.

The model B-52 is being developed as a case study on a rapid prototyping process.
The end goal of this project is to create a curriculum that will walk students through the

design process to create their own such designs.

For most unmanned aerial vehicles (UAVs) with traditional control surfaces, the
design is relatively simple. These control surfaces operate in predictable, linear regimes.
However, the nature of a wing spoiler is highly non-linear. Due to the high complexity of
this fluid flows, CFD provides an invaluable resource to model and analyze flows at low
cost and in relative short order. This is accomplished by dividing the fluid domain into
small sections using a technique known as Finite Volume Method (FVM). The fluid
properties for each small volume are determined based on those around it using the Navier-

Stokes equations.

A MOTIVATION

The objective of this thesis is to observe the fluid effect of a wing spoiler at low
speeds and determine the relationship between deployment angle and lift and drag forces.
CFD processes will be used to determine characteristic values of the wing at various spoiler
angles and incident flow angles. These values will be implemented in the design of an
autopilot. Generally, autopilots operate under the assumption that the change in forces vary
linearly with control surface deflection. However, the fluid effect that a spoiler creates in
inherently non-linear. Therefore, it is important to investigate this affect, and either confirm
a linear fit, or some other non-linear parametric fit, that describes the spoilers affect in

order to implement this into a controller.



B. GOALS OF THE B-52 PROJECT

The goal of the project is to create an airworthy model using rapid-prototyping
additive manufacturing techniques, such as three-dimensional (3-D) printing. This allows
for the model to pass through many design-build-test iterations in a short amount of time.
It also allows for quick replacement of damaged parts. Materials for this type of design
also tend to be more cost-effective than those used in more traditional manufacturing

processes.

The model is intended to be flown using an autopilot that will control it
throughout all phases of flight. The code used to control this autopilot is being developed
by Ben Hogin [1].

At the conclusion of the project, the rapid prototyping process is to be codified into
a curriculum that will walk students through the steps of creating their own models in a
similar fashion. Short lecture videos will provide guidance through the phases of iterative
design, manufacture, testing, and analysis.

C. GOALS OF THE SPOILER ANALYSIS

The objective of this thesis is to predict the non-linear effects of a wing spoiler at
flight speed of a 1/18" scale model B-52. The analysis is meant to provide an accurate
model to give a prediction of flight performance to the pilot and to inform design of
the autopilot. The secondary goal of this thesis is to provide an example of CFD

implementation to be used in the creation of educational content.

D. BACKGROUND

The B-52 Stratofortress is a long-range bomber employed by the United States Air
Force, beginning service in 1955 [2]. The airframe has an enormous wingspan, which
causes the wings to flex greatly under their own weight. During flight, the wings to flex
upward and twist under aerodynamic forces. The use of traditional ailerons would place
significant torsional stress on the frame during rolling maneuvers. This torsional stress

causes wingtips to twist, in effect changing the local angle of attack (AoA). If the aileron



is deflected down, the wing will twist such that the local AoA is decreased, decreasing the
total lift.

Aileron is also a concern near landing when the aircraft is operating at low speed
and high AoA. Deflecting an aileron down affects the local flow around the wing and raises
the local AoA. Because the wing is already operating near stall conditions, this increase in

A0A exceeds that maximum lift AoA and causes the wing to stall and lose lift.

In both cases, lift is decreased instead of increased, and a left roll input may cause
a roll to the right. The implementation of spoilers solves both of these problems, and so

this system of control was chosen for use on the B-52 [3].

The spoilers also function to reduce lift and increase drag. In most landing cases,
the B-52 will use its spoilers symmetrically [4]. Its large wingspan and flaps give the
airframe a glider-like characteristic. The wings are creating so much lift, that the spoilers
are needed to diminish lift in order to land. This is done by depleting the aircraft’s Kinetic
and potential energy. The drag caused by the spoiler reduces the kinetic energy, and the
loss of lift causes the aircraft to drop in altitude, decreasing potential energy. Thus, it is
important to quantify how much the lift and drag forces change when deploying the

spoilers. CFD provides an inexpensive and time saving way to model these complex flows.

CFD functions by first creating a Computer aided design (CAD) model of the
volume in which the fluid will move. This solid model is then imported into the mesher,
software responsible for dividing the large fluid domain into small volumes. For each
volume, the conservation laws of mass, momentum, and energy are used to estimate the
conditions in the volume of interest based on the conditions in the other bordering volumes.
These calculations must be done iteratively, as there is no closed form solution to the
governing equations. Iterations are performed until a specified threshold of residual error
(typically just ‘residuals’) has been reached. Once the residuals become constant (to within
a small threshold) between iterations, the calculation is deemed to be converged and results
can be viewed and post-processed [5]. For simple flows and low-cost applications, CFD
studies may not be warranted. However, as the cost of the system or flow complexity



increases, and high-fidelity predictions are necessary, CFD is much preferred to creating

and testing scale prototypes.

For this reason, CFD plays a large part in the realm of aerospace design. If a design
can be tested and fine-tuned in a simulated environment, then the first physical model will
likely be close to meeting design specifications, requiring fewer physical changes to be

made.

E. THESIS OUTLINE

The following parts of the thesis follow the development and testing of different

CFD models of the wing.

Analysis of a 2-D model of the wing airfoil is described in Chapters Il and I11. For
this test, the spoiler was not considered. Aerodynamic characteristics of the airfoil at low
speeds were required to properly model the aircraft in a virtual environment for testing of

the autopilot. This also provided a starting point for analysis of the full wing.

Development of a 3-D model of the wing, including the spoiler, are covered in
Chapters 1V and V. The wing is tested at multiple angles of spoiler deployment at various

angles of attack.

Conclusions and recommendations for future work can be found in Chapter VI.



Il.  MODELING OF A 2-D REPRESENTATIVE AIRFOIL

This portion of the study aims to use ANSYS CFX in order to calculate the critical
parameters of the airfoil used on the model B-52. These values will be input into a computer
model of the B-52 in order to calculate the stability derivatives of the control surfaces. The
stability derivatives will inform the model’s autopilot on the proper positioning of control

surfaces on the model to ensure stable, coordinated flight.

A. AUTOPILOT

The autopilot code to be used in this model was developed by Ben Hogin [1]. In
designing this code, a flight model of the airframe was constructed using MachUp, a free
cloud-based aerodynamic modeling tool. This program requires input parameters that
describe the performance of the airfoil shape. These parameters are zero lift AoA,

maximum lift coefficient, C_, moment coefficient, C,, , at zero lift AoA, drag coefficient,

C,, at zero lift AoA, slope of the coefficients of moment and lift plots, and quadratic fit

for the drag polar. These values were calculated by testing the two-dimensional (2-D)
airfoil at various AoAs using CFD. The final values of these parameters are given in the

results section in Chapter I11.

B. CFD TESTING
1. Geometry

Testing was conducted on a mid-span section taken from the 3-D model of the B-
52 wing. This section is similar to a NACA 63A210 airfoil, which was used in designing
the 3-D wing model. The section, shown in Figure 1, was provided by Dr. Kevin Jones [6].
It is important to note that the chord of the airfoil sits at a five-degree angle with respect to
the axes in the CAD drawing. For analysis of this model, the AoA presented is the true
AO0A with respect to the chord, unless otherwise noted. The chord length of this section is
0.367 m.



Figure 1. Mid-span section of model B-52 wing. Source: [6].

The coordinates were converted to a sketch within SolidWorks. The ANSYS CFX
solver requires a 3-D body as a geometry input, so a thin solid was created by drawing a
rectangle around the airfoil and extruding to a thickness of 1 mm. The edges of the fluid
domain were drawn a distance of 10 chord lengths from the airfoil. This space ensures that
the influence of the boundaries does not affect the calculation on the surface of the airfoil.

The final solid is shown in Figure 2.

Figure 2.  Fluid domain geometry for 2-D airfoil test
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2. Mesh

This geometry was imported into the ANSYS Meshing tool. A sweep method was
used to create the mesh, in which the mesh cells created perpendicular to the side faces.
Sweeping allows the 3-D geometry to be calculated as closely as possible to a true 2-D
study within the environment of the CFX solver. CFX is inherently a 3-D solver, and thus
requires a 3-D model to conduct a calculation. The sweep method is used to create mesh
that is only one volume division wide, so there is no flow calculation normal to the large

side planes.

In order to capture the flow effects at the surface of the wing within the boundary
layer, an inflation layer was created around the airfoil. The inflation layer is a tool used to
insert many points close to a surface. In most of the fluid domain, gradients are fairly small,
but near to surfaces these gradients become significant. Gradients are best resolved when
there are many mesh points in the area, and the inflation layer provides these points by
creating layers of points normal to a surface. Inflation layers also are meant to provide an
orthogonal structure to the mesh. Most turbulence transition models assume that the points
in the mesh are orthogonal, so a properly structured mesh will predict turbulent transition

more accurately.

Insertion of the inflation layer was done by selecting the symmetry face as the
geometry, and the edge of the airfoil on that face as the boundary. This tells the mesher to
create a 2-D mesh on the front face, and then use the sweep method to mirror this mesh on

the back face, creating a mesh one volume wide in the third direction.

In evaluating the inflation layer, one important parameter is the y+ value. This value
is a dimensionless distance that is related to the shear stress on the wing surface. It is used
to measure distance from the wing surface in boundary layer flow. Since it is non-
dimensional, it is not specific to any particular boundary layer conditions, and can be used

in the measurement of any boundary layer.

When investigating turbulent boundary layers, the boundary layer can be divided
into three distinct regions based on the fluid behavior. These regions can be loosely

delineated by their distance from the surface, as described by the y+ value. Fluid friction

7



on the wing is based on the fluid flow characteristics within the closest layer of the turbulent
boundary layer, the laminar sublayer, which is made up of the fluid in direct contact with
the wing surface. Generally, this region of the boundary layer extends to a y+ value of
about 5-7 [7].

To correctly predict drag and capture the fluid behavior in the laminar sublayer, it
Is important to have about five mesh points present within the laminar sublayer. The mesher
uses a geometric progression to place these points, so it is common practice to keep the y+
value of the first mesh point above the surface at about 1. This ensures that about five points
will be inserted below a y+ distance of 7. When the y+ is plotted, the y+ value of the first
point is displayed on the surface, as shown in Figure 3. If the value of y+ is greater than 1,
then the distance from the surface to the first mesh point should be made smaller, and vice

versa.

The y+ value is most important in areas where turbulent flow is predicted. The
transition from laminar to turbulent flow depends on the distance from the stagnation point
that the flow has traveled, so the value of y+ near the stagnation point is less important than

on the upper and lower surfaces of the wing.

[I73 o\
Figure 3. Y-plus values on airfoil surface



An edge sizing restriction was also used to create a large amount of points
surrounding the leading and trailing edges of the airfoil. These are areas of great interest
due to the rapidly changing fluid properties. It is important to insert enough mesh points in
these areas to capture the large gradients in pressure and velocity. The leading edge and

trailing edge meshes are shown in Figure 4.

Figure 4. Leading edge (left) and trailing edge (right) meshes

The final mesh is shown in Figure 5. The pictured mesh contains about 30,000
nodes. The characteristics of the inflation layer and edge sizing restriction are given in
Appendix A.

Figure 5. 2-D airfoil mesh



3. Setup

The calculation was initialized in the ANSYS CFX-Pre module. The initial test was
conducted with a zero AoA input with respect to the fluid domain axes, or 5° AoA with
respect to the chord. The inlet was given a normal flow velocity of 25 m/s. For air at 25°C
and a chord of 0.367 m, this correlates to a Reynolds number of 612,000. This velocity
would be used for each subsequent test, as it is an approximate airspeed of the model B-
52. The outlet was set to zero ambient pressure. The large side walls were set as symmetry
boundaries, to mirror the flow around the airfoil that would normally extend from this
quasi-2-D section. For the zero AoA test, the top and bottom were set as openings, to allow

flow into and out of the domain.

In order to change the incident AoA on the wing, the conditions on the top and
bottom surfaces were changed. For a positive AoA, both the inlet and bottom surfaces were
initialized as inlets using Cartesian coordinate velocity components. An image of this setup
is shown in Figure 6. For negative A0A, the same process was completed for the inlet and
top surfaces. To facilitate easy change in AoA (and flow velocity, if necessary), the velocity
components were coded using the ANSYS expression language. An example of these

variable definitions is shown in Table 1.

10



Figure 6. Boundary conditions for positive AoA
Table 1. Flow velocity and angle parameter definitions
Parameter Variable Expression
Normal Flow Velocity bigu 25 [m/s]
AoA AoA 5 [deg]
x-velocity component littleU bigU*cos(AoA)
y-velocity component littleV bigU*sin(AoA)

11




Because of the five-degree angle of the airfoil chord, an AoA of negative five
degrees programed into the CFD calculation would correlate to a zero AoA with respect to
the chord. Thus, five degrees was added to the input AoA value to obtain the true AoA

value.

A Shear Stress Transport turbulence model was used in this analysis, with a
gamma-theta model used for transition. This model is used in this simulation because of its
accurate prediction of flow separation onset, an important factor in low speed flows. It also

provides accurate drag prediction in flows that experience natural transition [5].

4. Solution

This information was sent to the solver module. The governing equations were
solved for each element during each iteration. The calculation was allowed to iterate until
the residual errors reached a constant value. This process was completed for tests at
multiple AoA. A sample plot of the mass/momentum residuals over the course of the
calculation is shown in Figure 7. It is important to ensure convergence in both
mass/momentum and turbulence residuals, as one may reach convergence before the other.
Both sets of residuals must be converged to provide the most accurate solution. The
calculation in Figure 7 was allowed to continue to run after the mass/momentum residuals

converged until the for turbulence residuals (not pictured) converged.

12
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Figure 7. Example residual plot

After completing each calculation, the results were compiled into a single file
directory for ease of processing data. Namely, a list of the x-direction force, y-direction
force, and z-direction torque (pitching moment) was recorded in a spreadsheet. A table of

this data is given in Appendix B.
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I11. DATA ANALYSIS FOR 2-D AIRFOIL

A DATA COLLECTION

After a solution was reached, the results were viewed using the CFX-Post module.
This was used to calculate lift, drag, and torque information that would be used to calculate
coefficients of lift, drag and pitching moment. It was also used to produce velocity and

pressure plots around the airfoil.

1. Lift, Drag, and Pitching Moment

To calculate lift, L, and drag, D, the CFX-Post module internal function calculator

was used to calculate forces on the wing in the x- and y-directions, F, and F, . These vectors

are not the lift and drag, but can be easily rotated to calculate these forces. Again, for this
test the wing sits at a five-degree angle. This additional five degrees was subtracted from

the input AoA before performing the vector rotation. The vector rotation is done using the

L] [cos(AoA) —sin(AoA)][ F, 1
{D}_[sin(AoA) cos(AoA)} F, 1)

Pitching moment is calculated using the function calculator to find the torque about

following equation.

the z-axis, z,. This vector represents the pitching moment of the airfoil. This value is

calculated about the leading edge of the airfoil.
Cy =71 (2)

2. Dynamic Pressure

The dynamic pressure, g, was calculated using the ANSYS expression language.
The values of velocity and density were sampled at the inlet. The expression used to

calculate this is shown in equation 3, with the ANSY'S expression in Equation 4.
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A @)

areaAve(0.5* Density *Velocity * 2) @ inlet 4)

The dynamic pressure is used to normalize the lift, drag, and moment values to

determine their non-dimensional coefficients, as shown in equations 5-8.

c, =P—P- (5)
q

c, = qLA (6)

Co=on ™

Cy - % ®)

In these equations, c represents the chord, s represents the span, A represents the
product s-c, the planform area, and p and p_ are the local and free stream pressures,
respectively. For this model, the chord length was 0.3670 m and the span was 0.001 m.

The calculation of lift, drag, moment, and their associated coefficients are given in

Appendix B.

B. ANALYSIS
1. Boundary Layer

Figure 8 shows selected features of the boundary layer around the airfoil at 5° AoA.
Near the leading edge, the flow is laminar. This continues until the flow separates, just past
the widest part of the airfoil. A separation bubble forms here in the adverse pressure
gradient, where pressure rises in the flow direction. Separation triggers the transition from

laminar to turbulent flow, which reenergizes the flow, and causes it to reattach to the airfoil.
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Figure 8.  Boundary layer features

2. Pressure Coefficient

The pressure coefficient is a normalized pressure at each point on the surface of the
airfoil. If the pressure coefficient is integrated with respect to position, the lift coefficient
is obtained. Figure 9 shows a pressure coefficient plot at a 5° AoA (with respect to chord).
The top half of the plot represents the suction side of the airfoil, and the bottom shows the
pressure side. The lower peak shows the stagnation point. The bump in the upper half

shows the position of the separation bubble.
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Figure 9.  Pressure coefficient for airfoil at 5° AoA

3. X-Wall Shear Stress

The x-wall shear stress is a measure of the frictional shear stress on the surface of
the airfoil. While not equal to total drag, integrating this value with respect to position
yields the friction drag. Figure 10 shows an x-wall shear stress plot at a 5° AoA (with
respect to chord). The stagnation point occurs where the lower line crosses zero after
reaching its minimum. The negative wall shear here comes from the back flow around the
leading edge of the wing from stagnation to the upper surface. The small section just after
0.2 meters where the plot dips below zero shows the separation bubble. Downstream, a
negative wall shear comes from flow in the negative x-direction, indicating a recirculation

bubble has formed, caused by the separated flow.
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Figure 10. X-wall shear stress for airfoil at 5° AoA

4. Lift Curve

Analysis of the data was conducted using MATLAB’s curve fitting tools. The lift
coefficient is plotted against AoA in Figure 11. In Figure 11, as with Figure 12 and
Figure 13, the AoA is taken with respect to the chord, removing the influence of the

5° built in AoA.
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Figure 11. Lift curve for B-52 airfoil

From this plot, values for the lift curve slope, the zero-lift AoA, and maximum lift
coefficient were derived. The lift curve slope was calculated by performing a linear
regression on the first nine points (before the plot begins to peak). The zero-lift AoA was
calculated by interpolating the regression for a corresponding lift coefficient of zero. The
maximum lift coefficient was taken as the highest point on the plot. VValues for these airfoil

parameters are found in Table 2.

5. Moment Curve

The moment coefficient is plotted against AoA in Figure 12. Here, the moment is

calculated about the leading edge of the airfoil.
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Figure 12.  Moment curve for B-52 airfoil

From this plot, values for the moment curve slope and the zero-lift moment
coefficient were derived. The moment curve slope was calculated by performing a linear
regression on the first nine points (before the plot begins to peak). The zero-lift moment
was calculated by interpolating the regression at the value of zero-lift AoA found

previously. Values for these airfoil parameters are found in Table 2.

6. Drag Polar

The drag polar for the airfoil is shown in Figure 13. This plot shows the relationship
between drag and lift on the airfoil. The point at which the curve reaches a minimum shows
the operating point where the least drag occurs. This may not be the optimum operating
point, as there are points which produce greater lift without increasing the drag

significantly.
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Figure 13. Drag polar for B-52 airfoil

From this plot, values for the drag polar quadratic fit and the zero-lift drag
coefficient were derived. A second order polynomial fit was conducted for the first nine
points. Beyond the ninth point, the plot cannot be modeled accurately using a quadratic
function. This point also marks the beginning of nonlinear behavior on the lift curve plot,
and is outside the normal AoA range of operation. The zero-lift drag coefficient was
calculated by interpolating this fit at a lift-coefficient value of zero. Values for these airfoil
parameters are found in Table 2.

Table 2. 2-D Airfoil Parameters
Parameter Value
Zero-Lift AoA -0.0350 rad
Lift Curve Slope 3.46e-3 1/rad
Zero-Lift Moment Coefficient 0.0548
Moment Curve Slope 1.79e-3 1/rad
Zero-Lift Drag Coefficient 7.54e-3
Drag Polar Fit, 2" order Term -8.89e-3
Drag Polar Fit, 1% order Term 0.0250
Maximum Lift Coefficient 1.41
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IV. MODELING OF A 3-D WING WITH SPOILER

A GEOMETRY

Testing was conducted using a 1/18™ scale model of the wing. The half span of the
model is 1.566 m in length, but about 0.09 m was lost when the fuselage was removed. The

CAD drawing of the wing was provided by Dr. Kevin Jones [8], shown in Figure 14.

This model is not fully accurate to the real B-52, as the coordinates for the airfoil
could not be found. A NACA 63A210 airfoil was used as a close match based on
photographs of the real aircraft, with 14% thickness at the root and 8% thickness at the tip.
The wing also has a 2° washout, where wing is twisted so the tip chord AoA is 2° less than
that of the root [4], [9]. For this analysis, the root AoA will be used as the reference. The
wing was modeled as closely as possible to the actual B-52, however, due to the large
difference in operating Mach number and Reynolds number between the model and the

real aircraft, fully replicating the airfoil shape was not deemed essential

Figure 14. Wing geometry. Source: [8].
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The spoiler was then removed from the wing geometry and saved as a separate part
file. This allowed the spoiler to be moved independent of the wing when placed in an
assembly. The spoiler is shown in Figure 15. It is notably different from that of the real B-
52 due to its lack of drag-inducing fingers. However, due to the small scale of this model,
modeling of the drag fingers is impractical. Thus, the CFD tests will not account from these

features.

Figure 15. Spoiler geometry

The fluid domain was drawn as a box with dimensions that extend from the wing
10 root chord lengths in all directions. Then the wing and spoiler geometries were removed
from the box using the SolidWorks cavity tool. The cavity in which the spoiler resides
when not deployed was ignored for this analysis, as flow in this region is typically at low
speed and recirculatory in nature. The final fluid domain geometry is shown in Figure 16.
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Figure 16. Full wing fluid domain

The cavity process was repeated for the three spoiler angles to be tested: 42° (fully
deployed), 20°, and 0° (fully retracted). These geometries were then imported into the
ANSYS Meshing tool.

B. MESH
1. General Mesh

The mesh was created using an automatic meshing method. An inflation layer was
implemented to capture the boundary layer on the wing. The meshing tool was not able to
create an inflation layer behind the spoiler. However, behind the spoiler the boundary layer
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is separated and recirculatory, so the value of an inflation layer is diminished in this portion
of the mesh. It is still important to ensure enough points are present in the area behind the
spoiler to properly resolve the flow. This is especially true near the top edge of the spoiler,

where a large shear flow may occur, causing large pressure and velocity gradients.

A face sizing restriction was enforced to ensure enough points were present on the
surface of the wing, especially near the leading-edge stagnation point. At this point, the
flow characteristics change quickly due to the rapid acceleration of the flow. The use of a
curvature algorithm placed a greater concentration of points along the curve of the leading

edge to capture the flow dynamics near the stagnation point.

2. Mesh Study

When meshing in 2-D, dense meshes can be created without considering RAM size
compute time. This is not the case when meshing in 3-D, as mesh sides grow rapidly, taking
significantly more memory and time to create. Thus, it is worthwhile to create mesh that is
small enough to reduce memory space and compute time, without sacrificing solution
accuracy. In order to confirm the quality of the mesh, several meshes of varying sizes were

tested with the same initial conditions. The results of the mesh study are shown in Table 3.

Table 3. Mesh study results
Nodes Lift [N] Drag [N] L/D Cm
2 million 94.977 6.649 14.283 1.284
9 million 97.551 6.371 15.312 1.329
16.4 million 97.273 6.410 15.175 1.324

The meshes with 9 million and 16.4 million nodes produced similar results in all
categories. The 9 million node mesh was chosen for calculation in order to reduce

computational time, while still maintaining sufficient accuracy.
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3. Mesh Verification

In addition to the mesh size study, qualitative methods were also used to confirm
the ‘goodness’ of the mesh. First, the mesh was checked to ensure that it captured the
boundary layer effects within the inflation layer by checking the y+ values, wall shear
stress, and the velocity profile. A plot of the y+ value on the wing is seen in Figure 17, and

x wall shear stress in Figure 18.
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Figure 17. y+ values on the wing surface
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Figure 18. X wall shear stress on the wing surface
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Based on Figure 18, transition does not occur until after separation of the flow, at
about the % chord. In this turbulent region, the y+ value is about 5. This particular mesh
should be altered to have a thinner inflation layer in this turbulent region to lower the y+
value and better predict drag. Due to limited time and memory constraints, this study was
unable to improve the mesh beyond this state, so the drag predictions based on this model
are preliminary. Lift predictions are likely accurate, as lift is based more on pressure
distribution than friction.

To visualize the boundary layer, first a plane was drawn parallel to the flow
direction at the location of interest. The plane is colored to show the flow velocity.
After creating the plane, the option to view mesh lines was selected. Then a line was
drawn perpendicular to the wing surface in the same location of the plane. This line was
used as a seed point for a set of vectors set to display the velocity. This setup is shown in

Figure 19.

Figure 19. Boundary layer overlaid on mesh
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The boundary layer profile (created by the vectors) is shown in black. The boundary
layer extends to the point where the profile becomes constant. If this constant value is
contained within the inflation layer, when combined with y+ values near 1 in the turbulent
region, then it can be concluded that the mesh adequately captures the boundary layer

dynamics.

The color of the plane can also be used to determine if the boundary layer is
captured within the inflation layer of the mesh. The blue areas are slower and appear nearest
to the wing boundary. This visually displays the no-slip condition on the wing surface.
Traveling away from the wing, the flow speeds up and the colors go from blue to green to
orange to red. This constant red color represents a constant flow velocity, indicating the
end of the boundary layer. While this is not the free stream, it is far removed enough from
the wing surface to be free of the viscous influence. Since this change to a constant color
falls inside the inflation layer, it can again be concluded that the mesh captures the

boundary layer effects.

4, Final Mesh

The final meshes for the three spoiler test cases are shown in Figure 20. Each mesh
had the same characteristics within the ANSYS Meshing tool with regard to the inflation

layer and element sizing around the wing. These values are shown in Appendix A.
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C. SETUP

The boundary conditions were initialized similarly to the 2-D airfoil. Initial testing
was done at 25 m/s flow velocity, but was later reduced to 19 m/s. This was determined to
be a more accurate flight speed for the prototype based on the predicted weight of the model
and the lift results from the initial tests at 25 m/s at the design AoA of 5° with spoiler down.
Using the assumption that lift is proportional to the flow velocity squared, it was calculated

that the wings would be able to lift the model flying at 19 m/s.
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The front and bottom of the domain were made inputs with x-velocity and y-
velocity initialized using the method outlined in Table 1. The back of the domain was set
as an outlet, and the top and free side set as openings. The side to which the wing geometry
is attached was initialized as a symmetry boundary, as the flow at this point is parallel to
the boundary and flow is not expected to cross the boundary. An image of the boundary
conditions is shown in Figure 21.

Figure 21. Full wing boundary conditions

Each spoiler angle was tested at AoA of 4°, 5°, and 6°, the most common flight
angles for the model. When attached to the fuselage, the wing will have an inherent 5°
AO0A. The additional test angles were chosen to show variation of properties about the
design point.
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D. SOLUTION

After loading the setup file into the solver, the solution was iterated until the
residuals reached a constant value (to within a small threshold). An example plot is shown

in Figure 22.
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Figure 22. Example residual plot for 3-D calculation
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V. ANALYSIS OF 3-D WING

A LIFT, DRAG, MOMENT

The lift and drag and their associated coefficients were calculated using the same
process as in Chapter 1. The moment was again calculated using the torque value from the
ANSYS function calculator. However, the point about which the torque was calculated was

not located at the leading edge, but rather at the origin of the geometry.

First, the center of pressure (COP) is calculated by taking a weighted average of
the total force on the wing. The formula for the x-component of the COP is shown in
equation 9, with its equivalent in the ANSYS expression language in equation 10. These
same expressions can be used to calculate the y- and z-components of the COP simply by
substituting y or z for x. The COP is the point through which the lift acts.

F
Xeop = % = (©)

arealnt(X *(Pressure + Shear)) @ DefaultDomainDefault /

. 10
arealnt(Pressure + Shear) @ DefaultDomainDefault (10)

Knowing the COP, the moment about the z-axis can be transposed to the leading

edge of the wing using equation 11 and the schematic in Figure 23.

M
M LE — —Z(XCOP - XLE) (11)

CoP
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Figure 23. Transposition of pitching measured moment

Again, to calculate the pitching moment coefficient, the torque value is divided by
the dynamic pressure and the chord. However, since the chord varies along the span of the

wing, a representative chord must be determined, termed the mean aerodynamic chord.

The mean aerodynamic chord is calculated using a graphical method as shown in
Figure 24. The chord length at the root is placed on either end of the tip chord, and vice
versa [10]. In this calculation, the root chord is taken as if the taper was projected to the
centerline [11]. Lines are drawn from the end of the root chords to the ends of the tip chords
forming an “x”. The chord length at this intersection point is the mean aerodynamic chord.
For this model the mean aerodynamic chord length was 0.4041 m.
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Figure 24. Graphical determination of mean aerodynamic chord.

B. EFFECT OF SPOILER ANGLE
1. Lift

Figure 25 shows the effect of the spoiler on the lift coefficient. As was expected,
the lift increases with AoA, and decreases with greater spoiler angle. The decrease is linear
with respect to AoA, as the three plotted lines are equally spaced. However, it is not linear
with respect to the spoiler angle. The decrease from 0° spoiler to 20° spoiler is greater than
from 20° to 42°. If the spoiler were to continue to be deployed, eventually a minimum lift
coefficient would be reached. The beginning of this curve to asymptote can be seen in the

plot.
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Figure 25.  Lift coefficient vs. spoiler angle for AoA of 4°, 5°, and 6°.

The lift was modeled using a quadratic fit in the spoiler angle direction and linear
fit in the AoA direction using the MATLAB ‘ploy12’ fit function. The fit is given in
equation 12 with « is the AoA, and S is the spoiler angle. The r-square value for this

regression was 0.9998.

C, =0.157 +0.0683c —0.00227S —4.79x10° S +2.23x107°S? (12)

2. Drag

Figure 26 shows the effect of spoiler angle on the drag coefficient. Due to the y+
values of the calculation, drag values are not as accurate as desired. However, the trends

displayed here likely will exist on a higher fidelity model.
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Figure 26. Drag coefficient vs. spoiler angle
for AoA of 4°,5° and 6°.

The drag remains relatively constant as the spoiler angle is increased to 20°, but
increases greatly moving from 20° to 42°. This large change in drag may be due to the fact
that the 20° spoiler does not affect the flow as much as the fully extended spoiler. Velocity
plots of the flow around the wing at the three spoiler angles are shown in Figure 27. These

plots are taken near the center of the spoiler.

37



Figure 27. Velocity plots for spoiler angles of 42°, 20°, and 0° at inlet
velocity of 19 m/s.

The boundary layer around the 20° spoiler does not seem to affect the flow as much
as the 42° spoiler case. The 20° spoiler creates a bubble of slower moving air that sits in
between the wing and the spoiler, but it does not bother the flow above it. The air flows
from the high edge of the airfoil to the top of the spoiler. This is not the case for the 42°
spoiler. The spoiler completely disrupts the flow, causing it to make a large turn, and
creating a lot of vorticity in the flow, as indicated by the chaotic wake behind the spoiler.
This vorticity can be linked to the large increase in drag on the wing. While this vorticity

does exist in the 20° spoiler case, the wake is smaller, causing less drag.
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This effect is also visible in the motion of the separation bubble, seen in blue on the
upper surface of the wing. Separation bubbles form in adverse pressure gradients, as
pressure rises moving in the direction of flow. As the spoiler angle increases, the separation
bubble moves forward along the wing. The spoiler causes the flow to slow down, raising
its pressure. This high-pressure region affects the flow forward of it, causing the pressure
gradient to become more severe, and causing earlier separation. While separation causes

less skin friction drag, it indicates greater pressure drag.

3. Pitching Moment

Figure 28 shows the effect of spoiler angle on the pitching moment coefficient
about the leading edge of the root chord. As the spoiler angle is increased, the pitching
moment decreases, indicating a lesser tendency for the nose to pitch down. This is caused

by the loss of lift at increasing spoiler angle.
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Figure 28. Drag coefficient vs. spoiler
angle for AoA of 4°, 5°, and 6°.
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4. Rolling Moment

On the B-52, the spoilers are used to control roll. Standard ailerons control roll by
increasing lift on one wing and decreasing lift on the other simultaneously. Since the
spoilers can only decrease lift, they are used individually to control roll. This roll ability is
expressed using the rolling moment, a measure of the change in lift as it acts on the
longitudinal axis of the aircraft. In this case, the moment is nondimensionalized by the
dynamic pressure, planform area, and span. The span is used here instead of the chord as
the rolling moment arm is based on where the lift acts along the span of the wing vice its
position along the chord length. The rolling moment coefficient as a function of spoiler

angle is shown in Figure 29.
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Figure 29. Rolling moment coefficient vs. spoiler angle for
A0A of 4°,5° and 6°.

This plot is similar to the lift coefficient plot, as rolling moment is derived from lift.
As the spoiler angle is increased, the rolling moment drops. However, this becomes
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important when the spoilers are not used symmetrically. The wing with spoilers deployed
will lose lift, and the greater lift on the opposite wing will cause the aircraft to roll. The
difference in rolling moments caused by each wing will be the total rolling moment that

the aircraft experiences, and can be used to calculate roll rate.

5. Yawing Moment

When using the spoilers unsymmetrically, a greater drag force is created by the
spoiler that is deployed. This imbalance induces a yaw moment. Again, the moment is
nondimensionalized by the dynamic pressure, planform area, and span. The yawing

moment coefficient as a function of spoiler angle is shown in Figure 30.

0.024 T T T T T T T T

0022 1 7

0.02

0.018

0.016

0.014

Yawing Moment Coefficient

0.012

0.01

DDDE 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45
Spoiler Angle [deg]

Figure 30.  Yawing moment coefficient vs.
spoiler angle for AoA of 4°, 5°, and 6°.

The yawing moment remains relatively constant as the spoiler angle is increased to
20°, but increases greatly moving from 20° to 42°. This plot is similar to the drag
coefficient plot, as rolling moment is derived from drag. This also means that the yawing

moment coefficients are not as accurate as desired.
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The yawing moment becomes important when the spoilers are not used
symmetrically. The wing with spoilers deployed will have greater yawing moment. The
difference in yawing moments caused by each wing will be the total yawing moment that
the aircraft experiences, and can be used to calculate yaw rate. This occurs at the same time
as a change in roll when spoilers are used asymmetrically. The yaw induced will turn the
aircraft in the same direction as the roll. This effect will keep the aircraft in coordinated
flight. On the B-52, this effect is magnified due to the drag fingers on the spoilers.

6. Pressure Coefficient

The pressure coefficient at three spoiler angles is plotted in Figure 31. These plots

are taken near the midpoint of the spoiler at 5° AoA.
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Figure 31. Pressure coefficient on the wing surface at 5° AoA.

Note the similarity between the blue line on this plot and that in Figure 9. As the

spoiler angle increases, the pressure on the upper surface of the wing is affected greatly. In
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the 20° spoiler angle case, the lift is mostly lost on the back side of the sing, downstream
of the spoiler. When the spoiler is fully deployed, the effects are felt all the way at the

leading edge, and the red line does not peak as high as the other test points.

As noted earlier, the integral of the pressure with respect to area yields the lift. Seen
in Figure 25, as the spoiler angle increases, the lift decreases. This can be observed Figure
31 as well, albeit more subjectively. This effect is much more pronounced on the red 42°
line, which in turn produces less lift.

7. X-Wall Shear Stress

The pressure coefficient at three spoiler angles is plotted in Figure 32. These plots
are taken at the same location as those of the pressure coefficient.
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Figure 32. X wall shear stress on the wing surface at 5° AoA

43



Again, the blue line resembles the x-wall shear stress plot in Figure 10. In this plot
we can observe the movement of the separation bubble from about 0.22 m with 0° spoiler
to about 0.16 m with 42° spoiler. It is also notable that when the spoiler is not raised, the
separation bubble forms at the location of the spoiler. However, this is most likely only

coincidence, as the separation bubble will move based on flight speed and AoA.
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VI. CONCLUSIONS AND FUTURE WORK

A CONCLUSIONS

From the CFD analysis of the spoilers at low speeds, the spoiler was found to
increase drag and decrease lift with increasing spoiler angle. The change in lift was able to
be modeled using a polynomial fit. However, the drag was much less predictable; it
remained relatively constant from a 0° spoiler angle to 20° spoiler angle, but grew sharply
from 20° spoiler angle to 42° spoiler angle. This prediction of performance would be

improved by testing more spoiler angles in between those tested in this thesis.

This thesis also provides a methodology for CFD testing. The process is described
through building a fluid domain, creating and evaluating a mesh, inserting boundary

conditions, and ensuring proper solution convergence.

B. FUTURE WORK

The next step of this project would be to further refine the mesh to improve the drag
estimation. This should be followed by testing a greater range of spoiler angles, especially
in the range between 20° and 42°. This would improve the fit of a regression model and

better describe the non-linear characteristics of the wing spoiler.

In addition, wind tunnel testing of a wing section with a spoiler would provide a
physical means of validating the results of the CFD study. This wing section need not be a
scale replica of that tested in the CFD environment, only enough to provide a proof of

concept.
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APPENDIX A. MESH CHARACTERISTIC VALUES

Table 4. Inflation layer characteristics of 2-D airfoil

Characteristic Value
Inflation Method First Layer Thickness
First Height Layer le-4m
Maximum Layers 30
Growth Rate 1.1

Table 5. Edge sizing restriction characteristics of 2-D airfoil
Characteristic Value
Element Size 5e-3m
Growth Rate 1.2
Curvature Normal Angle 1.0°
Local Min Size 5e-4m

Table 6. Inflation layer characteristics of 3-D wing

Characteristic Value
Inflation Method First Layer Thickness
First Height Layer 5e-4 m
Maximum Layers 20
Growth Rate 1.2

Table 7. Face sizing restriction characteristics of 3-D wing
Characteristic Value
Element Size 5e-3m
Size Function Curvature
Growth Rate 1.2
Curvature Normal Angle 7.5°
Local Min Size 5e-4m
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APPENDIX B. 2-D TEST RESULTS
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APPENDIX C. 3-D TEST RESULTS
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