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ABSTRACT
One of the inherent difficulties in utilizing a ventilated test section wind tunnel is the interaction of the model flow field and the test section walls.  If high quality aerodynamic data is required for the system under test it is necessary to determine the impact of the test section walls on the flow field around the model.  A parametric study was undertaken using the CFD code USM3Dns to determine the impact of model size and wingspan on observed transonic wind tunnel wall interference.  The study used a simplified model of the Propulsion Wind Tunnel 16T test section as the test facility, and the NASA Common Research Model as the test article.  CFD solutions were acquire for both free-stream and wind tunnel simulations, and the difference between the two was the inferred wall interference.  Overall, the scale of the model, and thereby the model blockage, had the largest impact on the inferred transonic wall interference for both the lift and pitching moment coefficient.        
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NOMENCLATURE
1T	AEDC Model Tunnel 1T, 1 foot cross section transonic model tunnel
4T	AEDC Aerodynamic Tunnel 4T, 4 foot cross section transonic aerodynamic tunnel
16T	AEDC Propulsion Wind Tunnel 16T, 16 foot cross section transonic tunnel
a	Speed of sound
AEDC	Arnold Engineering Development Complex
b	Configuration wingspan in inches
b/w	Configuration wingspan to tunnel width ratio
BC	Boundary condition 
cbreak	Configuration chord at the Yehudi break of the wing in inches
croot	Configuration chord at the root of the wing in inches
ctip	Configuration chord at the tip of the wing in inches
cy/b	Configuration chord at non-dimensional span station y/b
	Mean aerodynamic chord 
 	Mean aerodynamic chord for inboard wing section
	Mean aerodynamic chord for outboard wing section
CAD	Computer aided drafting 
CD	Drag coefficient
CDFS	Free-stream simulation drag coefficient 
CDTi	Wing tunnel simulation drag coefficient, interpolated to free-stream calculated lift coefficient value 
CD_V	Viscous component of the drag coefficient
CL	Lift coefficient
CLFS	Free-stream simulation lift coefficient 
CLT	Wind tunnel simulation lift coefficient 
CLM	Pitching moment coefficient
CLMFS	Free-stream simulation pitching moment coefficient
CLMTi	Wind tunnel simulation pitching moment coefficient, interpolated to free-stream calculated lift coefficient value 
CLM_V	Viscous component of the pitching moment coefficient
Config	Configuration 
Cp	Pressure coefficient 
CpFS	Free-stream simulation pressure coefficient
CpT	Wind tunnel simulation pressure coefficient
CRM	NASA Common Research Model, a test geometry used for CFD validation cases
D.CD	Difference between free-stream and tunnel simulation drag coefficients
D.CD_V	Difference between free-stream and tunnel simulation viscous portions of the drag coefficients
D.CL	Difference between free-stream and tunnel simulation lift coefficients
D.CLM	Difference between free-stream and tunnel simulation pitching moment coefficients
D.CLM_V	Difference between free-stream and tunnel simulation viscous portions of the pitching moment coefficients
deg	Degrees
DSRC	Department of Defense Supercomputer Resource Center
FS	Free-stream
HAAS 	High angle automated sting test cart, commonly called Cart 1
HPCMP	High Performance Computer Modernization Program
M	Mach number
MAC	Mean aerodynamic chord
n	Outward, normal to test section wall
Ps	Static pressure
s	Configuration reference area
	Inboard wing section planform area, semi-span
	Outboard wing section planform area, semi-span
T	Tunnel 
V	Velocity
x	Stream-wise test section coordinate, positive downstream, in inches
xMRC	X coordinate of configuration moment reference center, in inches
xgrid	X coordinate in grid coordinates for calculations, in inches
(xLE)y/b	X coordinate of the wing leading edge at non-dimensional span location y/b 
(x/c)y/b	Non-dimensional length, referenced to wing chord at non-dimensional span location y/b
y 	Span-wise  test section coordinate, positive left when facing downstream, in inches
yMRC	Y coordinate of configuration moment reference center, in inches
y/b	Non-dimensional span, referenced to wing half-span
z	Normal test section coordinate, positive upwards, in inches
zMRC	Z coordinate of configuration moment reference center, in inches
α	Angle of attack, degrees
β	Angle of sideslip, degrees
∆Cp	Difference between free-stream and wind tunnel simulation pressure coefficient
∆s	Average grid spacing, surface or volume
γ	Ratio of specific heats, 1.4 for air
λ1	Taper ratio of wing from root to Yehudi break
λ2	Taper ratio of wing from Yehudi break to wingtip
Φ	Empirical porosity factor, non-dimensional
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[bookmark: _Toc446439472]CHAPTER I 
INTRODUCTION AND MOTIVATION
Since their introduction in the 1940s ventilated test section transonic wind tunnels have been the primary aerodynamic data source for nearly every military aircraft that flies in that regime [1].  One of the inherent difficulties in utilizing a ventilated test section is the interaction of the model flow field and the test section walls [2].  If high quality aerodynamic data is required for the system under test it is necessary to determine the impact of the test section walls on the flow field around the model.  This problem has been extensively studied since the introduction of ventilated wall test facilities, and several techniques exist to calculate and /or correct for wall interference [3], [4], [5], [6].
The techniques used for correcting wall interference broadly fall into two categories.  The first technique, mechanical wall interference reduction, is the use of a non-solid wall boundary to cancel wave reflections off the wall.  This correction methodology includes perforated ventilated wall, porous ventilated wall, slotted ventilated wall, and adaptive wall wind tunnels.  These tunnels employ plenum suction with open walls to reduce the thickness of the boundary layer, control Mach number, and attempt to eliminate wall interference in the test section.  The second technique used for wall corrections is computational.  This technique has increased in fidelity as computational capability has increased, from simple source and sink modeling methods to full computational fluid dynamics simulations of the test cell with viscous effects [3], [4], [5], [6].   Even when utilizing complex ventilated walls, no wall configuration has been shown to completely eliminate interference in the transonic regime from all model types [7].  Thus, a combination of the two techniques provides the best opportunity for removing wall interference from test data.                
The 16 foot transonic propulsion wind tunnel (16T) of the Arnold Engineering Development Complex (AEDC) utilizes a ventilated test section with perforated walls of 6% porosity, inclined stream-wise 60 deg, as presented in Figure 1[8].  The wall configuration was based upon the results of wall interference experiments in the 1 ft transonic model tunnel (1T) at AEDC [9].  Virtually every fixed wing aircraft in service with the Department of Defense that operates in the transonic regime has been tested at AEDC [1].        
[image: ]
[bookmark: _Ref433292966][bookmark: _Ref433272016][bookmark: _Toc448145295]Figure 1. Tunnel 16T Porous Wall Schematic [8]
   With the increased utilization of onboard aerodynamic models in aircraft, highly accurate transonic wind tunnel data is becoming even more important.  This will be especially true for the next generation of high altitude / long endurance ISR and bomber aircraft, which are expected to fly through the transonic speed range and utilize mid to high aspect ratio wings for aerodynamic efficiency, based upon legacy systems [11], [12].  The requirement for large model sizes, driven by the need to more closely match flight Reynolds number, is directly opposed to the need for smaller models to reduce transonic wall interference [13].  A firm understanding of the interference caused by the tunnel boundary conditions will be necessary for precise calculations of aircraft system performance.  The purpose of this study is to use computational tools to evaluate the impact of wind tunnel wall interference on a high aspect ratio model in the transonic regime when tested in a simulation of the AEDC Propulsion Wind Tunnel 16T.              


[bookmark: _Toc446439477]CHAPTER II 
LITERATURE REVIEW
[bookmark: _Toc446439473]Test Facility Descriptions
[bookmark: _Toc446439474]Propulsion Wind Tunnel 16T
AEDC Propulsion Wind Tunnel 16T is a closed-loop, continuous-flow, variable-density tunnel capable of being operated at Mach numbers from 0.06 to 1.60 and stagnation pressures from 120 to 4,000 psfa.  The tunnel stagnation temperature can be varied from approximately 60 to 160 deg F depending upon the available cooling water temperature. The tunnel is equipped with a scavenging system that removes combustion products when testing rocket motors or turbine engines.  The test section is 16-ft square by 40-ft long and enclosed by 60-deg inclined-hole perforated walls of six percent porosity. The side wall angle is variable from 1.5 deg convergence to 1-deg divergence. Two test section carts are used in 16T. Both may be used for large-scale aerodynamic, inlet, and afterbody model testing and one cart is configurable to perform captive trajectory sting (CTS) testing [14].  The general arrangement of the Tunnel 16T is presented in Figure 2.   The layout of Cart 1, the test cart typically used for aerodynamic testing, is presented in Figure 3 with the centerline pipe calibration equipment.  
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[bookmark: _Ref433272307][bookmark: _Ref433272299][bookmark: _Toc448145296]Figure 2. General Layout of Propulsion Wind Tunnel 16T [15]
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[bookmark: _Ref433272832][bookmark: _Toc448145297]Figure 3. Layout of the High Angle Automated Sting (HAAS) Test Cart (Pictured with Centerline Pipe Calibration Test Article) [16]

[bookmark: _Toc446439475]Aerodynamic Wind Tunnel 4T
Transonic Wind Tunnel 4T is a mid-size (48- by 48-in. cross section) continuous-flow test facility designed for high productivity. The tunnel is primarily used to investigate static/dynamic stability and weapons separation control parameters for flight vehicles, and it provides high-quality, uniform airflow from Mach 0.05 to 2.46. This tunnel can be operated from an independent drive compressor up to Mach 1.3 or use the PWT Plenum Evacuation System (PES) for variable density capability operations up to Mach 2.46.  4T has a unit Reynolds number range of 0.02-7.1 million / ft., depending upon test conditions [17].  
The 4T test section is 4-ft square and 12.5 ft. long, enclosed by 60-deg inclined-hole perforated walls.  Porosity is variable from approximately 0- to 10-percent open. The two sidewalls are fixed, and the top and bottom walls are movable up to 1/2 deg from a position parallel to the test section centerline. The test section is enclosed by a 14-ft-square plenum chamber that can be evacuated, allowing part of the tunnel main flow to be removed through the test section walls to both generate supersonic flow and to alleviate wall interference. A schedule of wall porosity and wall angle is used as a function of Mach number [14].  The general arrangement of Tunnel 4T is shown in Figure 4.
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[bookmark: _Ref433278617][bookmark: _Toc448145298]Figure 4. Layout of PWT Aerodynamic Wind Tunnel 4T [18]
[bookmark: _Toc446439476]Transonic Model Tunnel 1T
Numerous wall interference experiments conducted at AEDC  were conducted in the Transonic Model Wind Tunnel (1T), which was a continuous-flow, non-return wind tunnel equipped with a two-dimensional, flexible nozzle and an auxiliary plenum evacuation system.  1T was capable of testing from Mach 0.2 to 1.5.  The test section was of square cross section nominally 12 in. square and 37.5 in. long. The tunnel was operated at a total pressure of approximately 2,850 psfa. The stagnation temperature could be varied from 80 to 120°F above ambient temperature to prevent visible condensation from occurring in the test section. The tunnel arrangement is shown in Figure 5 [19].  Tunnel 1T is currently not in an operational state. 
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[bookmark: _Ref433279079][bookmark: _Toc448145299]Figure 5. Layout of PWT Model Tunnel 1T [20]
[bookmark: _Toc446439478]Drivers of Transonic Wall Interference
[bookmark: _GoBack]The major driver of wall interference in transonic wind tunnel testing is the reflection off of the wall boundary of expansion and compression waves [7].  This reflection becomes important once the model under test reaches its critical Mach number, and areas of supercritical flow begin to appear on the model’s surface, as presented in Figure 6.  As the waves from the model impact the tunnel boundary, they reflect back towards the model as compression or expansion waves, depending upon the characteristics of the wind tunnel wall [21], [22].  Figure 7 illustrates the onset of transonic flow in a constrained environment; a closed-wall wind tunnel in this case.    
[image: ]
[bookmark: _Ref433360664][bookmark: _Toc448145300]Figure 6. Onset of Transonic Flow over a Generic Airfoil [23]
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[bookmark: _Ref433360802][bookmark: _Toc448145301]Figure 7. Onset of Transonic Flow over a Generic Airfoil in a Constrained Environment [23]
The three main drivers of ventilated wall characteristics are the test section Mach number, the wall boundary layer thickness, and the wall geometry.  In general, a 6% inclined porous wall of the type employed in 16T reduces the magnitude of the lift and drag interference of the tunnel at subsonic Mach numbers for models of less than 2% blockage [24].  It was also found that walls of varied or fixed 6% porosity minimized the supersonic wall interference where other wall types failed to do so [24].  These results did not show that the wall interference was eliminated, but that it was reduced when compared to test facilities with other wall configurations.           
As the wall boundary condition is dependent upon the thickness of the boundary layer, unit Reynolds number is a primary driver of the wall interference characteristics of a wind tunnel test section [2].  This is especially true in perforated wall wind tunnels, where the wall characteristics are tied very closely to the boundary layer thickness [25].  Operationally these tunnels rely upon plenum suction to remove a portion of the boundary layer from the wind tunnel wall, in addition to relieving blockage.
Another major driver of transonic wall interference is model geometry.  Early tests at AEDC demonstrated that for an axisymmetric cone-cylinder model increasing blockage up to 4% did not have a major impact on wall interference in a test section with 6% porosity, 60 deg inclined holes [8].  When lifting models of different aspect ratios were tested, however, it showed that both model aspect ratio and wingspan had large impacts on the observed wall interference [26]. 
Often, aerodynamic data from transonic tunnels is used in incremental form rather than absolute form.  Test customers have built their stability and control effectiveness databases on increments between configurations tested in the wind tunnel [2].  One of the inherent assumptions used in this procedure is that the tunnel induced effects are constant across configurations [2].  Tests of the same model between 16T and 4T have shown this to not be the case, and that wall interference can also be influenced by configurations changes on the same model [2].  These results did not suggest that all types on incremental data were suspect, but that configurations that caused major changes in the model’s pressure signature at the wall would change the interference characteristics [2].   
[bookmark: _Toc446439479]Ventilated Wall Wind Tunnel Development
[bookmark: _Toc446439480]Development of Fixed Perforated Walls for Transonic Wind Tunnels at AEDC
The design of ventilated wall transonic wind tunnels can be traced back to experiments carried out in the 1940s and 1950s.  The attainable speed of manned aircraft was increasingly approaching the transonic regime and adequate test facilities did not exist that were capable of simulating that speed range.  Using standard solid-wall tunnels was not possible, since the testable model size became impracticably small as the sonic limit was approached [7].
This shortfall in test facilities led to an investigation by NACA of ventilated test sections for use in the transonic speed regime [27].   According to Goethert, “since solid boundaries and open-jet boundaries produce wave reflections with opposite characteristics, the possibility exists of eliminating wave reflection by means of suitable mixing of open and solid boundaries” [28].  The early NACA tunnel utilized longitudinal slots to decrease the magnitude of the required subsonic velocity correction and during early testing discovered that the ventilated slots also relieved choking phenomena [7].  This study also indicated that, in addition to reducing wall interference, it would be possible to use the same wind tunnel for testing in the subsonic, transonic, and supersonic regimes [27].  The AEDC transonic tunnel 16T was designed to utilize this discovery and test from the subsonic through the supersonic speed range.  
Once it became possible to use the same wind tunnel for testing from the subsonic through the supersonic speed range, wall interference in these test facilities began to be investigated.  Early ventilated test sections generally used longitudinally slotted test section walls.  Experiments at AEDC determined that slotted wall wind tunnels had poor shock cancellation characteristics, and were generally limited to Mach numbers less than 1.05 [7], [28].  Goethert noted that, based upon tests in a 10 ft transonic tunnel, “the reflected-wave system of slotted walls extends over a considerably larger area than for perforated walls” [28].  Since 16T was intended to test up to Mach 1.60, other wall configurations were investigated.      
In the 1950s porous walls began to be investigated.  Theoretical work at Cornell Aeronautical Laboratory showed that “small grain” porous walls would be necessary to effectively cancel shocks from a wind tunnel model [7], [9].    Addition work at Ohio State University and AEDC confirmed the Cornell results, and demonstrated that a 22% porosity wall with holes normal to the flow was effective in cancelling out the bow shock from a 3-dimensional model [9].  The results of the Ohio State and AEDC studies were the basis for the design of the first set of walls for 16T.  For normally inclined perforated walls, the required porosities for shock cancellation and expansion wave cancellation were different at every Mach number tested , so another series of tests were undertaken in 1T to try and determine a more advantageous wall configuration for 16T [9].  These studies included slotted walls, perforated walls, and porous walls of various open area ratios and porosities [7], [8].  Goethert concluded that, “On the basis of comparative tests with a 1.1% blockage model and as a result of a large number of other tests, it can be stated that the greater potential for testing compete airplane models through the transonic Mach number range lies with suitably shaped perforated test sections, particularly when special emphasis is to be placed on the supersonic Mach number range” [7].  At this point inclined porous walls began to be investigated at AEDC.
Differential resistance walls are perforated walls with the ventilation holes inclined in the flow direction.  The driving force behind the development of the differential resistance wall was to reduce the amount of inflow into the test section from the plenum area [7].  Figure 1 presents a cross section of the differential resistance type wall used in the 16T test section.  This wall configuration was selected after a parametric study of several different hole inclination angles, wall thicknesses, and open area ratios [7], [22].  The 6% open area ratio, 60 deg inclined hole wall configuration was selected for 16T because it matched the compression wave cancellation properties of the 22% porosity normal inclination hole wall while also providing excellent resistance to inflow (a significant problem with using normal hole inclination walls) and better cancellation of expansion waves emanating from a model [7], [21].  These studies varied Mach number from 0.75 to 1.4, but focused on Mach 1.2 [7], [21], [22].              
All of the initial studies used to design the test section walls of 16T used axisymmetric models to ascertain wall interference [7], [8], [21], [28].  These were generally cone-cylinder type models of different blockage ratios, since analytic solutions were readily available for cone-cylinder aerodynamics in supersonic and subsonic flow.  Further testing on perforated wall configurations determined that the 16T wall configuration could not completely cancel the wall interference effects in the Mach range of 0.95 – 1.10 [8].  Despite this, no other wall configuration tested during this time frame was able to produce interference free results in the Mach range of 0.95 – 1.10 [8].  Estabrooks also showed that the 60 deg inclined, 6% porosity wall configuration used in 16T produced representative forebody drag results for a 0.5% blockage cone-cylinder model over the entire Mach number range tested and produced representative data for a 2% blockage cone-cylinder model over the entire Mach number range excluding Mach 1.0-1.10 [8].  The  Estabrooks study concluded that although the fixed porosity wall did a good job cancelling out wall interference, the open-area ratio required for minimum interference changed with Mach number [7], [8].   
[bookmark: _Toc446439481]Variable Porosity Test Sections 
After 16T became operational, variable porosity walls became of interest.  Estabrooks had demonstrated that the required porosity for the greatest reduction in test section wall interference was a function of Mach number [8].  This led to studies in 1T of variable porosity wind tunnel walls.  The variable porosity test section showed promise in reducing wall interference effects in the Mach number range of 1.05-1.10 [20].  These interference studies also used the AEDC 20 deg cone-cylinder model mentioned previously.  The results of this test series was used to develop the variable porosity test section walls used in PWT aerodynamic wind tunnel 4T [29].  
In the early 1970s AEDC began to investigate interference effects on lifting models in transonic test cells [30].  The first test to attempt to evaluate interference on lifting models used a modified F-111 test article with fixed wings.  This test article was used in both 16T and 4T, and the results compared against one another to evaluate wall interference effects in 4T [30].  This test series put forward a recommended porosity schedule for the tunnel based upon observed interference in the model lift coefficient and pitching moment [30].  At the conclusion of the study, it was thought that interference free data could be obtained between Mach 0.7 and 1.2 using the recommended porosity schedule for 4T [30].  Tests of the AGARD Calibration Model B in 16T and 4T the same year concluded that between Mach 0.2 and 1.0 there were no indications of wall interference in the 4T data [31].  Both studies did note differences in pitching moment and lift coefficient between the two facilities, but they were attributed to other causes.   
In 1974 an investigation was launched to determine causes of three-dimensional wall interference in 4T [10].  The purpose of the test was to identify the causes of pitching moment and axial force differences in the F-111 test from 1970 [10].  This test series used 16T as an interference free database while evaluating wall interference in 4T.  The test model was a straight wing aircraft model with large planform wings.  It was instrumented with pressure orifices on the centerline of the fuselage, midspan of the wing, and the midspan of the tail.  All forces and moment were calculated by integrating the pressures from these orifices [10].  This study concluded that for supercritical flow over the wing, “the compressive disturbance on the upper surface (of the wing) was never completely eliminated by porosity changes” [10].      
Tests of the ONERA calibration models in 16T, 4T, and the NASA Ames 11 foot transonic wind tunnel (11TWT) were designed to use ‘interference free’ data from 16T and 11TWT to determine wall interference effects in smaller wind tunnels.  This was part of a wind tunnel wall interference study between the Office National d’Etudes et de Recherches Aerospatiales (ONERA), NASA Ames, and AEDC.  The purpose of the study was to evaluate theoretical correction procedures and to establish and confirm guidelines for model sizing in transonic tunnels [32].  Two of the three models tested during this study were geometrically scaled versions of a wing / body / tail transport aircraft configuration.  This allowed scale and span effects to be evaluated on a high aspect ratio lifting model.  Based on the test data, no value of porosity in 4T was able to completely eliminate the wall interference from the test cell [32].  The ONERA model had slightly higher blockage and aspect ratios than the F-111 and AGARD models.  At this point in time, the adaptive wall wind tunnel began to be studied in earnest.     
[bookmark: _Toc446439482]Adaptive Wall Wind Tunnels
The adaptive wall concept combined evolving computational techniques with more advanced variable porosity walls to try and reduce wall interference online on a test-by-test basis [33].  As noted previously, the optimum porosity for zero-interference in a perforated wall wind tunnel is a function of Mach number [33].  Thus the ideal wall for wind tunnel testing would have to be adjusted for different Mach numbers and model configurations [34].  The wall configuration required to reduce the interference would have to be based upon both measurements of the wall and aerodynamic predictions of the unrestricted flow field about the model [19], [34].  Walls of this type, using longitudinally variable porosity and longitudinally variable plenum suction, came close to matching “free flight’ computational results in an AEDC study on two-dimensional adaptive wall concepts [19].  
The adaptive wall methodology provides better wall interference characteristics than a fixed porosity or variable porosity wind tunnel.  By varying the wall characteristics based upon the model geometry and expected flowfield, the theoretical interference can be reduced for any specific application.  This requires, however, significant computing resources and a much more complicated test cell arrangement.  The adaptive wall tunnel had to calculate a new CFD-type solution for each angle of attack, changed the wall characteristics, and then acquired the model aerodynamic data after the wall characteristics were set.   This made it much less productive than the current continuous sweep test technique used in the transonic test cells at AEDC.  In addition, it became accepted that adaptive wall technology would be unable to provide interference-free flow field conditions [35].  The lower test cell productivity, the high cost of retrofitting existing facilities, and the remaining wall interference were enough to justify not employ adaptive walls in the production transonic test cells (4T, 16T) at AEDC.  This established the need for computational assessments of the magnitude of wall interference in 16T.                
[bookmark: _Toc446439483]Computational Correction Routines
[bookmark: _Toc446439484]Global and Incremental Corrections
Computational correction routines for transonic wind tunnel tests can be broadly grouped into two categories, global and incremental corrections [23].  A global correction to transonic wind tunnel data uses measurements from near the wall boundary and tries to correlate that measurement with a free stream condition that would cause those boundary conditions [4], [23], [36].  This can be very difficult, and is very sensitive to the measured boundary conditions in the wind tunnel [37].  The global corrections are a spiritual descendant of the linear subsonic correction methodologies proposed by AGARD [23].
Incremental correction routines are more common for transonic facilities, since they do not require any additional test cell instrumentation.  This routine uses a confined CFD solution of the model, with the proper porous wall boundary condition, and a CFD solution of the model in an unconfined environment.  The difference between the two solutions is the interference due to the wind tunnel wall boundary [4].  The incremental wall interference analysis technique was selected for use in the current study.       
[bookmark: _Toc446439485]A Brief History of Transonic Wind Tunnel Wall Correction Methods
The first analytic solutions for perforated wall boundary interference in wind tunnels were presented by Lo and Oliver in 1970 at AEDC [38].  They presented a model based upon the inviscid, irrotational field equation for subsonic flow, and adjusted it for the porous wall boundary condition.  In this model, a horseshoe vortex was used as the model for the disturbance potential in the calculation of lift interference [39].  Solid blockage interference was modeled using a three-dimensional doublet, with the strength of the doublet proportional to the volume of the wind tunnel model.  Wake blockage interference was modeled with a point source, with the strength of the source held proportional to the value of the wind tunnel drag coefficient [38].  Other than the correction for the wall boundary condition, the methods presented in Lo’s report were typical of subsonic wall interference calculations made at the time.  
The subsonic corrections were applied to transonic flow by using the linear subsonic theory outlined previously with compressibility effects accounted for by using the Prandtl-Glauert scaling factor [40].  In the mid-1970s AEDC began to apply linear transonic theory to the wall interference problem [40].  This theory still relied upon the assumption that the flow field was inviscid and irrotational.  The transonic small perturbation equations were then employed to calculate the blockage interference due to the wind tunnel model in the perforated test section [40].  
Soon after linear transonic theory had been investigated at AEDC, research began into using integral equation methods to calculate wall and blockage interference in ventilated transonic tunnels [13].  One of the advantages inherent in using the integral equation method is that it can be applied to the nonlinear transonic integral equations, and then be applied to supercritical flow [13].  The linear transonic equations do not always provide satisfactory simulation of the physics of transonic flow when supercritical flow has appeared on a wind tunnel model [3].  This study demonstrated that applying the integral equation method to transonic flow was an accurate and efficient method for analyzing wall effects on a two-dimensional, non-lifting airfoil [13].             
In the early 1980s, global transonic wind tunnel corrections began to be investigated [41].  Early attempts at global corrections for three-dimensional models corrected the test section Mach number and angle of attack using solutions of the potential equations around simplified representations of test articles [41].  Pressure measurements outside of the wall boundary layer were necessary for utilization of this technique.  Since this was an inviscid method, it could not be applied when significant amounts of shock-boundary layer interaction occurred.   
AEDC first employed modern computational fluid dynamics to try and correct for transonic wall interference in 1987.  During this study, Donnegan and Benek solved the Euler equations using a computation routine with an improved porous boundary simulation of the wind tunnel wall [5]. This was one of the first applications of a Chimera grid mesh routine for wall boundary interference studies.  The solutions were in good agreement with the measured wall characteristics, and the pressure distribution trends agreed on the test article surface.  One of the shortcomings of this solution methodology was the lack of any simulation of viscous effects, which are what were thought to have caused the discrepancies between the CFD solutions and the wind tunnel data [5].    
During this same time frame, engineers at NASA Langley began to modify their aerodynamic analysis code to calculate wall interference at transonic speeds.  Instead of using the linear transonic equations or early CFD methods, the researchers at Langley used a small disturbance flow solver with a homogenous boundary condition representative of solid, open, porous, or slotted walls [42].  This code solved a non-conservative form of the transonic small disturbance equations.  This derivation was similar to the linear transonic equations employed previously by AEDC, in that it was based upon an approximation of the potential flow equations [42].  This caused the Langley correction routine to have some of the same drawbacks as the AEDC linear transonic routine, namely a lack of fidelity when shock-boundary layer interactions were prevalent.
  Further research at AEDC in the late 1980s suggested that for “Group 1” transonic flows (flows that are subcritical) experimental three-dimensional wind tunnel data could be corrected for wall effects using an inviscid methodology [3], [43].  This was another application of the ‘global’ correction type.  This research used several inviscid Euler solvers, along with wall boundary conditions measurements from wind tunnel tests, to calculate the magnitude of the wall interference correction necessary to the wind tunnel test data [43].  Once the flow became supercritical, however, viscous effects began to significantly impact the wall interference and the inviscid correction routines performed poorly [3].  It was suggested by Sickles that viscous thin-layer Navier-Stokes (TNS) solutions could be used for efficient calculations of transonic wall interference effects while taking into account viscosity, such as shock-boundary layer interaction [3], [43].  The TNS solutions were not employed for the Sickles AEDC study due to the high computational load required (for the time period) [43].  
In the early 1990s AEDC performed a computational investigation of transonic wall interference on the Space Shuttle Launch Vehicle in 16T.  For this study, the AEDC perforated wall boundary condition was incorporated into the NASA Ames Overflow CFD solver to study the impact of wall interference on a 3% scale model [44].  Overflow is a structured grid Navier-Stokes code developed by NASA, which included viscous effects through various turbulence models.   This study was an application of the incremental correction routine, where a free air and simulated wind tunnel solutions were calculated and the difference between the two was the interference.   Wall interference was greatest for this configuration at the mid-section of the vehicle.  Computations were performed with and without the porous wall boundary condition; including the boundary condition improved correlations between the CFD and test data in both pressure distributions and coefficient data [44].
Wall interference assessment and correction research became a lower priority at AEDC in the late 1990s and early 2000s.  During this time frame CFD codes were becoming more capable as computer processing power increased exponentially, and wall interference research continued at other facilities.  At the German-Dutch wind tunnel DNW-HST, the wall interference models were based entirely upon ENFLOW CFD solutions [45].  Maseland concluded that, “comparisons of sectional pressure distributions obtained in free air and tunnel simulations for the test article showed consistent wall interference effects with increasing model size” [45].  Hashimoto simulated the ONERA M5 model in the JAXA 2x2 m transonic wind tunnel using CFD.  His research indicated that increasing grid density while faithfully reproducing the test section geometry brought the computations into good agreement with test data [6].  

[bookmark: _Toc286145908][bookmark: _Toc446439486]CHAPTER III
MATERIALS AND METHODOLOGY
[bookmark: _Toc446439487]Computational Codes and Methods
	The USM3Dns unstructured computational fluid dynamics code was applied for this study.  USM3Dns is a 3 dimensional, unstructured CFD code developed by NASA that employs a tetrahedral cell-centered finite volume Navier-Stokes flow solver [46].   AEDC previously applied a porous wall boundary condition in USM3Dns, so that it could be applied to model porous wall AEDC test cells [47].  The Spalart-Allmaras (S-A) one equation turbulence model was employed to model viscous flow for this study [48].  All solutions were run fully turbulent for both the free-stream and wind tunnel cases.   Unstructured grids for USM3Dns were prepared using the Pointwise™ software suite [49].  Tetrahedral cells were extruded off of the model and wind tunnel wall surface grids using the Pointwise ™ T-Rex tool to model the viscous layer.  Pointwise was selected as the grid generation utility due to the author’s familiarity with the software, and the ease of creating unstructured grids with Pointwise.  
[bookmark: _Toc446439488]Models & Geometry
	It was desired to use the ONERA M5 calibration model as the test model for this effort.  However, CAD geometry for the M5 model was not available in time to support this study.  Instead, the NASA Common Research Model (CRM) CAD geometry was used as the test article.  The CRM was developed and built by NASA in order to create a modern experimental database for CFD code validation [50].  It was a high aspect ratio transport type configuration, with a design cruise Mach number of 0.85 and cruise lift coefficient of 0.5 [50].  In addition, the geometry for the CRM was Distribution A (publically available).  These considerations made the CRM a good candidate for a transonic wall interference study.  Figure 8 presents a three-view and an isometric view of the baseline semi-span CRM geometry, as used for this study.  The standard CRM CAD geometry included flow-through engine nacelles; they were omitted for this study for simplicity.  In addition, only the starboard half of the CRM was used for computations to reduce the processing load of running a large CFD grid.
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[bookmark: _Ref434391322][bookmark: _Toc448145302]Figure 8. CRM Model Geometry
	The original CRM CAD geometry was provided in an IGES file at flight scale, thus it had to be scaled to a reasonable wind tunnel model size to be used for the current study.  Goethert recommended a model span no larger than 50% of the test section width if quality drag data were desired at transonic speeds [7].  NASA recommends a model span to tunnel width ratio of no larger than 0.5-0.7 for testing at transonic speeds in the Unitary Plan Wind Tunnel [51].  Based upon these recommendations several modified CRM geometries were created, ranging in wind tunnel model scale from three to six percent and ranging in the span to tunnel width ratio from 0.5 to 0.77.  Table 1 presents the configuration number for each CRM model investigated, the model scale tested for each configuration, each configuration’s reference area (S), wing span (b), mean aerodynamic chord (MAC), aspect ratio (AR), tunnel width to model span ratio (b/w), and model blockage percentage.  
[bookmark: _Ref434481257][bookmark: _Toc446437607]
Table 1. CRM Model Geometries
	Configuration
	1
	2
	3
	1.1
	1.2
	2.1
	3.1
	4

	Description
	4%  CRM model
	5% CRM model
	6% CRM model
	4% CRM model, 10% increased wingspan
	4% CRM model, 20% increased wingspan
	5% CRM model, 10% increased wingspan
	6% CRM model, 10% increased wingspan
	3% CRM model

	Scale 
	4.15%
	4.98%
	5.81%
	4.15%
	4.15%
	4.98%
	5.81%
	2.70%

	S (in^2)
	1099.24
	1582.91
	2154.51
	1209.16
	1319.09
	1741.20
	2369.96
	465.32

	S / 2 (in^2)
	549.62
	791.45
	1077.26
	604.58
	659.54
	870.60
	1184.98
	232.66

	b (in)
	96
	115.2
	134.4
	105.6
	115.2
	126.72
	147.84
	62.46

	b/2 (in)
	48
	57.6
	67.2
	52.8
	57.6
	63.36
	73.92
	31.23

	MAC (in)
	13.59
	16.31
	19.02
	13.59
	13.59
	16.31
	19.02
	8.84

	b/w
	0.5
	0.6
	0.7
	0.55
	0.6
	0.66
	0.77
	0.33

	Blockage, %, α=0 
	0.63%
	0.91%
	1.24%
	0.68%
	0.85%
	0.98%
	1.33%
	0.27%

	Blockage, %, α=5 
	0.71%
	1.02%
	1.40%
	0.84%
	0.88%
	1.21%
	1.64%
	0.30%

	x MRC (in)*
	55.02
	66.02
	77.03
	55.02
	55.02
	66.02
	77.03
	35.80

	y MRC (in)*
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	z MRC (in)*
	7.38
	8.86
	10.34
	7.38
	7.38
	8.86
	10.34
	4.80

	* The moment reference center was measured in the body axis of the model, positive x aft, positive y spanwise, and positive z upwards.  It was measured from a refernce point just off the nose of the model.  



Initially, AutoCAD was used to scale the provided IGES geometry down to Configuration 1, the 4% CRM model.  The 4% geometry was then output as an IGES file and imported into the Pointwise software suite.  The geometry at this point existed as a database within the Pointwise software.  One of the utilities included in Pointwise was a scaling tool that could be used on databases, and applied in any combination of the three dimensions.  The scaling tool was used to scale the 4% geometry to 5%, 6%, and 3% of full scale as Configurations 2, 3, and 4 respectively.  
	To determine the impact of increased wingspan on wind tunnel wall interference nearly independent of scale, extended wingspan geometry was required.  The pointwise scaling utility was employed to extend the wingspan of Configurations 1, 2, and 3.  The wingspan was extended by scaling the wing IGES database only in the span-wise plane.  This left the root and tip chords of the wing unchanged, but extended the wingspan by the desired amount.  Configurations 1.1, 2.1, and 3.1 were versions of Configurations 1, 2, and 3 respectively with their wingspans extended 10%.  Configuration 1.2 was Configuration 1 with the wingspan extended 20%. 
Figure 9 presents a planform view of the CRM wing with the salient geometric features called out [50].  Equations 1-8 were used to calculate the reference area and mean aerodynamic chord for all models.  This approach was used in lieu of simply scaling the reference quantities provided for the CRM in reference [50], so that the calculation of reference areas and MACs for the extended wing configurations was consistent with the linearly scaled configurations.  The wing was split for mean aerodynamic chord and reference area calculations at the Yehudi break, which was located at 37% of the semi-span.  This made it possible to treat the wing geometry as a combination of two trapezoids, simplifying the reference calculations.  The wing reference area was the sum of the two trapezoidal areas, and the mean aerodynamic chord was the weighted average of the mean aerodynamic chord of the two trapezoidal wing sections.       
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[bookmark: _Ref445988457][bookmark: _Ref445988446][bookmark: _Toc448145303]Figure 9. CRM Wing Geometry
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Grid Generation
	All grid generation was performed in Pointwise, due to the author’s familiarity with the software.  Grid spacing on the model’s surface (geometry) was 0.1 inches for all configurations.  The grid spacing for the far-field boundary of the free-stream cases was 10 inches.  The far-field boundaries were 580 inches (+/- 5.5 fuselage lengths of Configuration 1) from station 0, just off the nose of the model.  The far-field boundary for the free-stream cases was modeled as a hemisphere.  The viscous layer over the model was grid using a Δs value of 0.000104 for all configurations but Configuration 4.  Configuration 4 used a Δs value of 0.0000745.  Pointwise’s TREX grid utility was employed to create the viscous layer of cells using the given Δs value, a growth rate of 1.3, the minimum number of cells set to 1, and the maximum number of TREX cells set to 40.  After creating the viscous layer cells TREX then finished gridding the volume with isotropic cells.  Figure 10 presents an image of a typical free-stream grid for Configuration 1.  A single free-stream grid was created for each configuration, which USM3Dns would then rotate to set angle of attack [46].  To reduce computational workload, all grids were created half-span, with the x-z plane set as the plane of symmetry.  
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[bookmark: _Ref446073389][bookmark: _Toc448145304]Figure 10. Free-stream Grid for Configuration 1
	The wind tunnel simulation grids were built to be mirrored around the symmetry plane, much like the free-stream grids.  The 16T test section was simulated as an 8 ft. x 16 ft. x 40 ft. volume.  Since the purpose of the study was to evaluate the impact of the test section walls on the test article, no provision was made to model the HAAS strut or a sting assembly.  Since the bulge in the aft test section was designed to relieve the blockage of the HAAS strut, it also was not modeled for this study.  The wall boundaries of the test section were grid with a stream-wise spacing of 4 inches.  The viscous layer for the walls was created using the same settings as the configuration under test, with Δs set to 0.000104.  A unique grid was created for each configuration at each angle of attack tested in the wind tunnel simulation.  Figure 11 presents a typical wind tunnel simulation grid for Configuration 1.  Average grid sizes were between 70 and 75 million cells for both the free-stream and wind tunnel simulations.                  
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[bookmark: _Ref446073420][bookmark: _Toc448145305]Figure 11. Typical Wind Tunnel Grid for Configuration 1
[bookmark: _Toc446439490]Flow Conditions and USM3Dns Solver Settings
	All solutions were run at Mach 0.85 and a unit Reynolds number of 3 million / ft.  These conditions were selected because Mach 0.85 is solidly in the transonic speed range while being the design cruise point for the CRM, and a unit Reynolds number of 3 million / ft is near the center of the 16T test envelope at Mach 0.85 [50], [14].  Total temperature was set to 100 deg F for all solutions, which is typical of 16T at Mach 0.85 from the author’s experience.  Solutions were run every one degree of angle of attack from zero to five degrees.  This angle of attack range was chosen for study to bracket the cruise lift coefficient of the CRM of 0.50 and provide a sufficient range of points to identify trends with angle of attack in the wall interference [50].  All solutions were acquired at zero angle of sideslip.  USM3Dns required an individual input card for each case run.  An example input card for a free-stream case was included as Appendix 1.  The input card included provisions for all of the flow solver settings, in addition to the simulation initial conditions and model specific geometry.  
	For the current study USM3Dns was run in steady state mode.  Overset grids would have been very useful for the wind tunnel cases, but were not employed due to the author being unfamiliar with overset grid software.  For most solver settings, the recommended settings from the USM3Dns user manual were employed [52].  The MINMOD limiter was applied, since supersonic flow was expected to be observed on the upper surface of the wing [52].  The viscosity parameter was set to 2 for all solutions, which specified full viscous calculations with the S-A one equation turbulence model [52], [48].  All solutions were run for 8000 iterations on the Navy DSRC Shepard, which provided sufficient convergence for all cases.  Shepard is a Cray XC30 supercomputer, rated for 817 TFLOPS [53].   Solution times were on the order of 4 hours per case, with each case run on 480 processors.  Figure 12 presents a typical convergence plot for a free-stream case.              
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[bookmark: _Ref446338324][bookmark: _Toc448145306]Figure 12. Convergence Plot for Configuration 1, 0 deg Angle of Attack, Free-stream Simulation
[bookmark: _Toc446439491]USM3Dns Boundary Conditions 
	The boundary conditions for the free-stream simulation were relatively straightforward.  The two halves of the hemisphere were set to characteristic inflow and outflow (boundary condition 3), which was designed for subsonic cases.  The CRM model was set to be a viscous surface, so the no-slip boundary condition was applied (USM3Dns boundary condition 4).  The tangent flow boundary condition was applied to the symmetry plane.  After observing post-processed flow simulation images, it was clear that the using these boundaries on the free-stream cases provided a good simulation of Mach 0.85 flow [52]. 
	The boundary conditions for the tunnel simulations were, by necessity, more complex than the free-stream cases.  For the test section inflow, several boundary conditions were used to try and set flow conditions in the tunnel to those desired.  Based upon test volume Mach number distributions, the characteristic inflow boundary condition (BC 3) was selected for all the wind tunnel flow cases.  This provided the best flow quality throughout the test section while still providing realistic viscous forces.  The test section exit was modeled with a fixed pressure boundary condition (BC 1002), which was set equal to static pressure for this study.  The static pressure was calculated by USM3Dns based upon the input Mach number, Reynolds number, and total temperature.  The CRM model was set to be a viscous surface, so the no-slip boundary condition was applied (USM3Dns boundary condition 4).  The walls of the wind tunnel test section were modeled using the methods outline in Reference [47], which allowed for modeling porous boundaries without having to grid and model a plenum.  The porous boundary condition (BC 2400) required that a porosity and back pressure be set for each porous region.  The back pressure and porosity had to be set in both a .mapbc boundary conditions file and .porosity porosity file.  Appendix 2 presents a typical wind tunnel test case boundary condition file, and Appendix 3 presents a typical porosity file.  
[bookmark: _Toc446439492]Data Reduction and Analysis
	USM3Dns included a module to calculate force and moment coefficient internal to the code.  The force and moment coefficients were non-dimensionalised using the input Mach number, reference dimensions, and Reynolds number.  The lift, drag, and pitching moment coefficient were analyzed for wall interference in this study.  The lift coefficient was studied as a function of angle of attack.  The drag and pitching moment coefficients were analyzed as a function of lift coefficient.  All force and moment coefficient plots were created using the AEDC developed Datamine software, due the ease with which it could create large numbers of plots [54].  Interference from the tunnel walls was inferred from the difference between the free-stream and tunnel solutions in lift coefficient at fixed angle of attack and in pitching moment and drag coefficient at fixed lift coefficients using Equations 9 - 11.
	Some level of interference was expected on the lift coefficient for the tunnel simulation cases.  In order to compare the tunnel and free-stream simulations at the same lift coefficient, some form of data interpolation had to be employed.  Akima splines were used to interpolate the calculated tunnel simulation pitching moment coefficient and drag coefficient data from the values for the tunnel case to the CFD calculated values of life coefficient from the free-stream simulations [55].  The difference between the two simulations was then presented as a function of lift coefficient.  
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	USM3Dns produced a flow field file for every solution.  This file contained the grid, x, y, and z coordinates for every cell, the fluid density at every cell, the total energy of every cell, and the three components of momentum at every cell.  Tecplot 360™ was used to post-process the USM3Dns flow files and calculate velocity, pressure, sonic speed, Mach number, and pressure coefficient for the flow field using Equations 13 – 18.  These equations were applied to both the free-stream and wind tunnel simulations.  The difference between the pressure coefficients over the model from a free-stream and tunnel simulation at a single angle of attack was calculated using Equation 19. 
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	After calculating the flow parameters, Tecplot™ macros were coded to create ∆Cp images overlaid on the model geometry and Cp profiles as a function of the non-dimensionalized chord length.  Equation 20 was used to calculate the non-dimensional chord length.  Cp contours were taken at 25%, 50%, 75%, and 95% of the wing semi-span to determine any trends with span location.  All Cp contour plots presented both the free-stream and wind tunnel simulation data.  Table 2 presents the wingspan locations pressure profiles were taken at for each configuration.  Figure 13 presents an example of the span-wise locations Cp profiles were extracted from for Configuration 1.  
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[bookmark: _Ref446321020][bookmark: _Toc446437608]Table 2. Span-wise Locations of Pressure Profile Plots
	Config
	25% b/2 (in.)
	50% b/2 (in.)
	75% b/2 (in.)
	95% b/2 (in.)
	b/2 (in.)

	1
	12
	24
	36
	45.6
	48

	1.1
	13.2
	26.4
	39.6
	50.16
	52.8

	1.2
	14.4
	28.8
	43.2
	54.72
	57.6

	2
	14.4
	28.8
	43.2
	54.72
	57.6

	2.1
	15.84
	31.68
	47.52
	60.192
	63.36

	3
	16.8
	33.6
	50.4
	63.84
	67.2

	3.1
	18.48
	36.96
	55.44
	70.224
	73.92

	4
	7.81
	15.62
	23.42
	29.67
	31.23
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[bookmark: _Ref446329133][bookmark: _Toc448145307]Figure 13. Pressure Profile Plot Span-wise Locations for Configuration 1
[bookmark: _Toc446439493]Sensitivity of Solutions to Inlet Boundary Conditions  
	The wind tunnel simulation cases proved to be extremely sensitive to the test section inlet boundary condition.  Initially, the jet boundary condition was used to model the test section inlet, based upon the recommendations of USM3Dns users at AEDC.  For this boundary condition the free-stream pressure ratio, temperature ratio, and specific heat ratio had to set in the input card.  Figure 14 presents the Mach number distribution down the symmetry plane of the tunnel for a Configuration 1 case where inflow BC 101 was employed.  The Mach number distribution down the length of the tunnel was very good.  Figure 15 presents the difference in the viscous and total drag coefficient between a free-stream and tunnel simulation for the 4% model.  The majority of the difference between the two cases was due to the viscous forces from the wind tunnel simulation.  This seemed unrealistic, since the Reynolds numbers set in the free-stream and wind tunnel simulations were the same at 3 million / ft.  Since the point of the study was to infer wall interference from the difference between free-stream and wind tunnel simulations, this was not an acceptable result.  
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[bookmark: _Ref446338744][bookmark: _Toc448145308]Figure 14. Configuration 1 Symmetry Plane Mach Number Distribution, 4 deg Angle of Attack, Inlet BC 101, Tunnel Simulation
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[bookmark: _Ref446339762][bookmark: _Toc448145309]Figure 15. Difference in Viscous and Total Drag Coefficient Between Free-stream and Tunnel Simulations for Configuration 1, Inlet BC 101
	After conferring with other USM3Dns users at AEDC about the viscous forces problem, it was recommended that the special inflow boundary condition (BC 1001) be used.  BC 1001 was developed to be an inflow condition for internal flow problems, and as such was suggested for some wind tunnel simulations [52].  It enforces a constant free-stream entropy and total pressure while extrapolating velocity from downstream to set the static pressure at the boundary.  After re-running all the tunnel simulations with BC 1001 as the inflow boundary condition, problems were noted with some of the solutions.  Figure 16 presents the symmetry plane Mach number distribution for all six angles of attack for Configuration 2.1 tunnel simulations with BC 1001 as the inlet boundary.  Note the streams of low Mach number extending from the nose of the model upstream to the inlet boundary at several angles of attack.  These streams of low Mach and high pressure ended up causing major differences in the force and moment coefficients due to the uneven Mach number distribution throughout the test volume.  This also was not acceptable for the current study, since it would not be possible to separate the impact of the wind tunnel walls from the uneven Mach number distribution for the limited number of cases where the low Mach regions existed.  
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[bookmark: _Ref446234077][bookmark: _Toc448145310]Figure 16. Configuration 2.1 Symmetry Plane Mach Number Distribution, Inflow BC 1001, Tunnel Simulation
	After viewing the results from BC 1001, it became apparent that another solution was required for the inlet boundary on the tunnel cases.  Two addition boundary conditions were investigated.  A subset of the wind tunnel simulation cases were run with the inlet boundary set to BC 0 and BC 3. Boundary condition 0 enforces free-stream conditions on the inflow boundary based upon the input Mach number, angle of attack, and angle of sideslip [52].  It was recommended for use on supersonic inflow cases.  Boundary condition 3 is the characteristic inflow boundary discussed earlier.  Configuration 1 and Configuration 3.1 were selected for this subset study, Configuration 1 to give a small model baseline and Configuration 3.1 since most of the errors observed in the BC 1001 runs occurred on the larger models (Configurations 2.1 and 3.1).  Figures Figure 17 and Figure 18 present symmetry plane Mach number distributions from all four inlet BCs for Configuration 1 and Configuration 3.1 at 4 degrees angle of attack.  Numerically, the force and moment coefficient results from BC 0 and BC 3 were identical.  However, at 4 degrees angle of attack both configurations had a small spot at the inlet of high Mach number flow followed by a shock for BC 0.  This seemed to be a local phenomenon, and did not propagate downstream for any of the test cases it was observed in.  Out of an abundance of caution, BC 3 was selected as the final inlet BC for the wind tunnel simulations, due to its uniform Mach number distribution throughout the test volume and reasonable viscous force and moment coefficient values.  
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[bookmark: _Ref446234280][bookmark: _Toc448145311]Figure 17. Effect of Inflow BC on Symmetry Plane Mach Number Distribution for Configuration 1, 4 degrees Angle of Attack, Tunnel Simulation
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[bookmark: _Ref446234287][bookmark: _Toc448145312]Figure 18. Effect of Inflow BC on Symmetry Plane Mach Number Distribution for Configuration 3.1, 4 degrees Angle of Attack, Tunnel Simulation
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CHAPTER IV 
RESULTS, DISCUSSION, AND CONCLUSIONS
[bookmark: _Toc446439495]4% Models, Configurations 1, 1.1, and 1.2 
	Figure 19 presents the lift coefficient and the lift coefficient difference between the free-stream and tunnel simulations as a function of angle of attack for all 4% configurations.  All of the tunnel simulations had a lower lift coefficient as a function of angle of attack when compared against the corresponding free-stream case.  For angles of attack lower than 3 degrees, increased wingspan corresponded with higher lift coefficient interference as a function of angle of attack.  This trend reversed at 3 degrees angle of attack and above.  
	Figure 20 – Figure 22 present the total and viscous pitching moment and drag coefficient as a function of lift coefficient for Configurations 1, 1.1, and 1.2, respectively.  Figure 23 presents the difference between the free-stream and tunnel simulation for the pitching moment and drag coefficient as a function of the lift coefficient for all three configurations.  The difference between the tunnel and free-stream simulations in the viscous pitching moment and drag coefficients was very small for all three configurations.  The difference in the viscous drag and pitching moment coefficients was less than one count (CD/CLM = 0.0001) across the entire angle of attack range.  In addition, the differences between the viscous pitching moment coefficients was two orders of magnitude lower than the difference in the total pitching moment coefficient for all configurations.  Increasing model wing span for the 4% model seemed to cause an increase in the pitching moment coefficient interference above a lift coefficient of 0.5.  Below CL = 0.5, the interference in the pitching moment coefficient was nearly equivalent between all three 4% models.  The difference in the drag coefficient between the wind tunnel and free-stream simulations was within +/- 7 counts across the lift coefficient range investigated.  Near the cruise lift coefficient of 0.5, the difference in the drag coefficient between simulations was within +/- 5 drag counts for all the 4% configurations.  
	Figure 24 and Figure 25 present typical ∆Cp plots for Configuration 1 at 0 and 4 degrees angle of attack, respectively.  Figure 58-- Figure 112 in Appendix 4 present the change in pressure coefficient over the model between the free-stream and tunnel simulations for Configurations 1, 1.1, and 1.2.  In general, lower angles of attack exhibited much smaller differences between the free-stream and tunnel simulations in pressure coefficient.  As angle of attack increased, large differences (>0.1 ∆Cp) were observed between the two solutions.  This was most likely the cause of the increasing difference in pitching moment coefficient between the two solutions as the lift coefficient increased.  The shift in the pressure coefficient over the wing was likely due to a shift in the shock location on the upper surface of the wing.  These conclusions agree with the experimental observations and conclusions of Refs [56] and [26].  
	Figure 26 and Figure 27 present pressure profile plots of the Configuration 1 CRM wing at four span-wise locations for both the free-stream and wind tunnel simulations at 0 and 4 degrees angle of attack, respectively.  Data are presented for 25%, 50%, 75%, and 95% of the wingspan for each configuration.  Figure 203 - Figure 220 in Appendix 5 present the pressure profile plots for all the 4% configurations investigated.  The wind tunnel simulation had a lower suction peak and overall lower suction as a function of x/c than the Free-stream case at 4 deg angle of attack.  This held true for all of the 4% configurations above 2 degrees angle of attack.  At lower angles of attack the free-stream and wind tunnel simulations agreed fairly well at the four span-wise stations investigated for the 4% configurations.   

[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\FM_plots\FM_alpha\CL_alpha_4pct.png]
[bookmark: _Ref446314977][bookmark: _Ref446314948][bookmark: _Toc448145313]Figure 19. Free-stream and Wind Tunnel Simulation Lift Coefficient and Difference in Lift Coefficient as a Function of Angle of Attack for Configurations 1, 1.1, and 1.2
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[bookmark: _Ref446315010][bookmark: _Toc448145314]Figure 20. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 1
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[bookmark: _Toc448145315]Figure 21. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 1.1
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[bookmark: _Ref446315021][bookmark: _Toc448145316]Figure 22. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 1.2
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[bookmark: _Ref446315079][bookmark: _Toc448145317]Figure 23. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configurations 1, 1.1, and 1.2
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[bookmark: _Ref446336223][bookmark: _Toc448145318]Figure 24. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 1 at 0 degrees Angle of Attack
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[bookmark: _Ref446315095][bookmark: _Toc448145319]Figure 25. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 1 at 4 degrees Angle of Attack
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[bookmark: _Ref446336452][bookmark: _Toc448145320]Figure 26. Pressure Coefficient Profiles for Configuration 1, Free-stream and Wind Tunnel Simulations, 0 degrees Angle of Attack, 4 Span-wise Locations
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[bookmark: _Ref446315156][bookmark: _Toc448145321]Figure 27. Pressure Coefficient Profiles for Configuration 1, Free-stream and Wind Tunnel Simulations, 4 degrees Angle of Attack, 4 Span-wise Locations
[bookmark: _Toc446439496]5% Models, Configurations 2 and 2.1
	Figure 28 presents the lift coefficient and the lift coefficient difference between the free-stream and tunnel simulations as a function of angle of attack for Configuration 2 and Configuration 2.1.  All of the tunnel simulations had a lower lift coefficient as a function of angle of attack when compared against the corresponding free-stream case.  For angles of attack lower than 3 degrees, increased wingspan corresponded with higher lift coefficient interference as a function of angle of attack.  This trend reversed at 3 degrees angle of attack and above.  These results were similar to those of the 4% configurations.  
Figure 29 and Figure 30 present the total and viscous pitching moment and drag coefficient as a function of lift coefficient for the tunnel and free-stream simulations of Configurations 2 and 2.1, respectively.  Figure 31 presents the difference between the free-stream and tunnel simulation for the pitching moment and drag coefficient as a function of the lift coefficient.  The difference between the tunnel and free-stream simulations in the viscous pitching moment and drag coefficients was very small for both configurations.  The difference in the viscous drag and pitching moment coefficients was less than one count (CD/CLM = 0.0001) across the entire angle of attack range.  This was expected with both the tunnel and free-stream simulations being run at the same Reynolds number.  In addition, the differences between the viscous pitching moment coefficients was two orders of magnitude lower than the difference in the total pitching moment coefficient for all configurations.  Increasing model wing span for the 5% model did not cause a consistent change in the pitching moment coefficient interference observed.  The difference in the drag coefficient between the wind tunnel and free-stream simulations was within +5/-10 counts across the lift coefficient range investigated.  
	Figure 32 and Figure 33 present typical ∆Cp plots for Configuration 2 at 0 and 4 degrees angle of attack, respectively.  Figure 113 - Figure 148 in Appendix 4 present the change in pressure coefficient over the model between the free-stream and tunnel simulations for Configurations 2 and 2.1 for all conditions investigated  In general, lower angles of attack exhibited much smaller differences between the free-stream and tunnel simulations in pressure coefficient.  As angle of attack increased, large differences (>0.1 ∆Cp) were observed between the two solutions.  This was most likely the cause of the increasing difference in pitching moment coefficient between the two solutions as the lift coefficient increased.  The shift in the pressure coefficient over the wing was likely due to a shift in the shock location on the upper surface of the wing.  These conclusions agree with the experimental observations and conclusions of Refs [56] and [26].  
	Figure 34 and Figure 35 present pressure profile plots of the Configuration 2 CRM wing at four spanwise locations for both the free-stream and wind tunnel simulations at 0 and 4 degrees angle of attack, respectively.  Data are presented for 25%, 50%, 75%, and 95% of the wingspan for each configuration.  Figure 221 - Figure 232  in Appendix 5 present the pressure profile plots for all the 5% configurations investigated.  The wind tunnel simulation had a lower suction peak and overall lower suction as a function of x/c than the free-stream case at both 0 and 4 deg angle of attack.  This held true for all of the 5% configurations at all angles of attack.  The magnitude of the difference between the two solutions grew as angle of attack, and thereby lift coefficient, increased.   
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[bookmark: _Ref446340436][bookmark: _Toc448145322]Figure 28. Free-stream and Wind Tunnel Simulation Lift Coefficient and Difference in Lift Coefficient as a Function of Angle of Attack for Configurations 2 and 2.1
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[bookmark: _Ref446340789][bookmark: _Toc448145323]Figure 29. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 2
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[bookmark: _Ref446340801][bookmark: _Toc448145324]Figure 30. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 2.1
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[bookmark: _Ref446340833][bookmark: _Toc448145325]Figure 31. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configurations 2 and 2.1
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[bookmark: _Ref446341312][bookmark: _Toc448145326]Figure 32. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 2 at 0 degrees Angle of Attack
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[bookmark: _Ref446341319][bookmark: _Toc448145327]Figure 33. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 2 at 4 degrees Angle of Attack
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[bookmark: _Ref446341449][bookmark: _Toc448145328]Figure 34. Pressure Coefficient Profiles for Configuration 2, Free-stream and Wind Tunnel Simulations, 0 degrees Angle of Attack, 4 Span-wise Locations
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[bookmark: _Ref446341457][bookmark: _Toc448145329]Figure 35. Pressure Coefficient Profiles for Configuration 2, Free-stream and Wind Tunnel Simulations, 4 degrees Angle of Attack, 4 Span-wise Locations
[bookmark: _Toc446439497]6% Models, Configurations 3 and 3.1
	Figure 36 presents the lift coefficient and the lift coefficient difference between the free-stream and tunnel simulations as a function of angle of attack for Configuration 3 and Configuration 3.1.  All of the tunnel simulations had a lower lift coefficient as a function of angle of attack when compared against the corresponding free-stream case.  For angles of attack lower than 3 degrees, increased wingspan corresponded with higher lift coefficient interference as a function of angle of attack.  This trend reversed at 3 degrees angle of attack and above.  These results were similar to those of the 4% and 5% configurations.  
Figure 37 and Figure 38 present the total and viscous pitching moment and drag coefficient as a function of lift coefficient for the tunnel and free-stream simulations of Configurations 3 and 3.1, respectively.  Figure 39 presents the difference between the free-stream and tunnel simulation for the pitching moment and drag coefficient as a function of the lift coefficient.  The difference between the tunnel and free-stream simulations in the viscous pitching moment and drag coefficients was very small for both configurations.  The difference in the viscous drag and pitching moment coefficients was less than one count (CD/CLM = 0.0001) across the entire angle of attack range.  This was expected with both the tunnel and free-stream simulations being run at the same Reynolds number.  In addition, the differences between the viscous pitching moment coefficients was two orders of magnitude lower than the difference in the total pitching moment coefficient for all configurations.  Increasing model wing span for the 6% model did not cause a consistent change in the pitching moment coefficient interference observed.  The difference in the drag coefficient between the wind tunnel and free-stream simulations was within +/- 7 counts across the lift coefficient range investigated.  
	Figure 40 and Figure 41 present typical ∆Cp plots for Configuration 3 at 0 and 4 degrees angle of attack, respectively.  Figure 149 - Figure 184 in Appendix 4 present the change in pressure coefficient over the model between the free-stream and tunnel simulations for Configurations 3 and 3.1 for all conditions investigated  In general, lower angles of attack exhibited much smaller differences between the free-stream and tunnel simulations in pressure coefficient.  As angle of attack increased, large differences (>0.1 ∆Cp) were observed between the two solutions.  This was most likely the cause of the increasing difference in pitching moment coefficient between the two solutions as the lift coefficient increased.  The shift in the pressure coefficient over the wing was likely due to a shift in the shock location on the upper surface of the wing.  These conclusions agree with the experimental observations and conclusions of Refs [56] and [26]. 
	Figure 42 and Figure 43 present pressure profile plots of the Configuration 3 CRM wing at four span-wise locations for both the free-stream and wind tunnel simulations at 0 and 4 degrees angle of attack, respectively.  Data are presented for 25%, 50%, 75%, and 95% of the wingspan for each configuration.  Figure 233 - Figure 244 in Appendix 5 present the pressure profile plots for all the 6% configurations investigated.  The wind tunnel simulation had a lower suction peak and overall lower suction as a function of x/c than the free-stream case at both 0 and 4 deg angle of attack.  This held true for all of the 6% configurations at all angles of attack.  The magnitude of the difference between the two solutions grew as angle of attack, and thereby lift coefficient, increased.   
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[bookmark: _Ref446403517][bookmark: _Ref446403505][bookmark: _Toc448145330]Figure 36. Free-stream and Wind Tunnel Simulation Lift Coefficient and Difference in Lift Coefficient as a Function of Angle of Attack for Configurations 3 and 3.1
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\FM_plots\FM_CL\Config3.png]
[bookmark: _Ref446403561][bookmark: _Toc448145331]Figure 37. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 3
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[bookmark: _Ref446403567][bookmark: _Toc448145332]Figure 38. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 3.1
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[bookmark: _Ref446403584][bookmark: _Toc448145333]Figure 39. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configurations 3 and 3.1
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[bookmark: _Ref446403846][bookmark: _Toc448145334]Figure 40. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 3 at 0 degrees Angle of Attack
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[bookmark: _Ref446403852][bookmark: _Toc448145335]Figure 41. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 3 at 4 degrees Angle of Attack
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[bookmark: _Ref446403943][bookmark: _Toc448145336]Figure 42. Pressure Coefficient Profiles for Configuration 3, Free-stream and Wind Tunnel Simulations, 0 degrees Angle of Attack, 4 Span-wise Locations
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[bookmark: _Ref446403949][bookmark: _Toc448145337]Figure 43. Pressure Coefficient Profiles for Configuration 3, Free-stream and Wind Tunnel Simulations, 4 degrees Angle of Attack, 4 Span-wise Locations

[bookmark: _Toc446439498]3% Model, Configuration 4 
Figure 44 presents the lift coefficient and the lift coefficient difference between the free-stream and tunnel simulations as a function of angle of attack for Configuration 4.  All of the tunnel simulations had a lower lift coefficient as a function of angle of attack when compared against the corresponding free-stream case.  These results were similar to those of all other configurations studied, however Configuration 4 demonstrated the smallest lift interference of any configuration.  
Figure 45 presents the total and viscous pitching moment and drag coefficient as a function of lift coefficient for the tunnel and free-stream simulations of Configurations 4.  Figure 46 presents the difference between the free-stream and tunnel simulation for the pitching moment and drag coefficient as a function of the lift coefficient.  The difference between the tunnel and free-stream simulations in the viscous pitching moment and drag coefficients was very small for this configuration.  The difference in the viscous drag and pitching moment coefficients was less than one count (CD/CLM = 0.0001) across the entire angle of attack range.  This was expected with both the tunnel and free-stream simulations being run at the same Reynolds number.  In addition, the differences between the viscous pitching moment coefficients was two orders of magnitude lower than the difference in the total pitching moment coefficient for all configurations.  
The difference in the drag coefficient between the wind tunnel and free-stream simulations was much larger than any other configuration studied.  At this time, no explanation has been found as to why the tunnel drag coefficient was significantly lower than the free-stream simulation.  The difference between the two solutions decreased as lift coefficient increased.  This would indicate a difference in the zero lift drag coefficient.  Since the difference in the viscous portion of the drag coefficient was very small, this leads to the conclusion that the pressure portion of the zero lift drag coefficient may be the cause of the difference.    
	Figure 47 and Figure 48 present typical ∆Cp plots for Configuration 4 at 0 and 4 degrees angle of attack, respectively.  Figure 185 - Figure 202 in Appendix 4 present the change in pressure coefficient over the model between the free-stream and tunnel simulations for Configuration 4 for all conditions investigated  In general, Configuration 4 at all angles of attack exhibited much smaller differences between the free-stream and tunnel simulations in pressure coefficient than the other configurations tested.  As the smallest model, it was expected that the amount of pressure interference due to the tunnel boundaries would be smaller than the other configurations tested.  The observed differences between the free-stream and wind tunnel simulations did not seem to be large enough to cause the differences noted in the drag coefficient data.  
	Figure 49 and Figure 50 present pressure profile plots of the Configuration 4 CRM wing at four span-wise locations for both the free-stream and wind tunnel simulations at 0 and 4 degrees angle of attack, respectively.  Data are presented for 25%, 50%, 75%, and 95% of the wingspan for each configuration.  Figure 245 - Figure 250 in Appendix 5 present the pressure profile plots for all the 3% configurations investigated.  The two simulations had nearly identical pressure profiles at 0 degrees angle of attack.  The wind tunnel simulation had a lower suction peak and overall lower suction as a function of x/c than the free-stream case at 4 degrees angle of attack.  The differences between the two solutions were much smaller than the differences observed for the larger configurations.  The magnitude of the difference between the two 3% model solutions grew as angle of attack, and thereby lift coefficient, increased.     
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[bookmark: _Ref446404379][bookmark: _Toc448145338]Figure 44. Free-stream and Wind Tunnel Simulation Lift Coefficient and Difference in Lift Coefficient as a Function of Angle of Attack for Configuration 4
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[bookmark: _Ref446404408][bookmark: _Toc448145339]Figure 45. Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 4
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[bookmark: _Ref446404434][bookmark: _Toc448145340]Figure 46. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configuration 4
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[bookmark: _Ref446404592][bookmark: _Toc448145341]Figure 47. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 4 at 0 degrees Angle of Attack
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[bookmark: _Ref446404599][bookmark: _Toc448145342]Figure 48. Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations for Configuration 4 at 4 degrees Angle of Attack
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[bookmark: _Ref446404644][bookmark: _Toc448145343]Figure 49. Pressure Coefficient Profiles for Configuration 4, Free-stream and Wind Tunnel Simulations, 0 degrees Angle of Attack, 4 Span-wise Locations
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[bookmark: _Ref446404649][bookmark: _Toc448145344]Figure 50. Pressure Coefficient Profiles for Configuration 4, Free-stream and Wind Tunnel Simulations, 4 degrees Angle of Attack, 4 Span-wise Locations

[bookmark: _Toc446439499]Impact of Model Scale and Wingspan on Wall Interference
	Figure 51 presents the lift coefficient and change in lift coefficient between free-stream and tunnel simulations for Configurations 1, 2, 3, and 4.  These were the baseline configurations, without any wingspan extension.  The first trend that became immediately obvious was the dependence of the lift coefficient interference on the scale, and thereby blockage, of the model.  As would seem intuitive, increased model scale corresponded directly with an increased magnitude of lift coefficient interference.  The increase seemed to be nearly linear as a function of model blockage.  
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[bookmark: _Ref446406570][bookmark: _Toc448145345]Figure 51. Free-stream and Wind Tunnel Simulation Lift Coefficient and Difference in Lift Coefficient as a Function of Angle of Attack for Configurations 1, 2, 3, and 4
	Figure 52 presents the change in total and viscous pitching moment and drag coefficient between the free-stream and wind tunnel simulations as a function of lift coefficient for Configurations 1, 2, 3, and 4.  As presented in previous sections, the differences between the free-stream and tunnel simulations in the viscous components of the pitching moment coefficient and drag coefficient for all configurations was very small.  The interference in the pitching moment increased as scale increased, but it was not as linear as the lift coefficient interference.  There was no clear trend in the total drag coefficient interference between model scales.  
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\FM_plots\FM_CL\baseline_configs_dcxx.png]
[bookmark: _Ref446410997][bookmark: _Toc448145346]Figure 52. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for Configurations 1, 2, 3, and 4
	Figure 19, Figure 28, and Figure 36 presented the impact of increasing the wingspan on the observed lift coefficient interference for Configurations 1, 2, and 3 respectively.  Generally, increasing the wingspan increased the lift coefficient interference for the lower portion of the angle of attack envelope, and decreased the observed lift coefficient interference for the higher angles of attack studied when compared against the baseline cases.  This may be an effect of the decreased leading edge wing sweep caused by scaling the wingspan only in one dimension.    
	Figure 23, Figure 31, and Figure 39 presented the impact of increasing the wingspan on the difference between the free-stream and wind tunnel simulation viscous and total pitching moment coefficients and viscous and total drag coefficients.  There was no discernible trend with increased wingspan and wall interference in the drag coefficient or the pitching moment coefficient.  This held true for all the configurations studied.  
	Figure 53 presents the lift coefficient and the lift coefficient difference between the free-stream and tunnel simulations as a function of angle of attack for all the configurations investigated.  The most important conclusion drawn from this figure is that the wingspan extensions had a much smaller impact on the lift coefficient interference than the model scale and blockage.  Figure 54 presents the differences between the free-stream and wind tunnel simulations in the viscous and total pitching moment and drag coefficients for all the configurations studied.  The differences in the pitching moment coefficient, much like the lift coefficient, were much more dependent upon model scale than upon wingspan.  There were no readily apparent trends in the drag coefficient interference between model scales and wingspans.  
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[bookmark: _Ref446413336][bookmark: _Toc448145347]Figure 53. Lift Coefficient and Change in Lift Coefficient between Free-stream and Wind Tunnel Simulations for All Configurations Studied
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[bookmark: _Ref446413799][bookmark: _Toc448145348]Figure 54. Differences in Free-stream and Wind Tunnel Simulation Total and Viscous Pitching Moment and Drag Coefficients for All Tested Configurations

[bookmark: _Toc446439500]
CHAPTER V 
RECOMMENDATIONS FOR FUTURE WORK AND SUMMARY OF CONCLUSIONS
[bookmark: _Toc446439501]Limitations of Current Study and Plans for Future Work
	There were several limitations to the current study.  First, there was no wind tunnel data from the CRM in 16T to validate the wind tunnel simulations.   Changes in testing standards should await a case study with a validation data set.  Next, only a single Mach number and Reynolds number were analyzed.  For a complete transonic wall interference program, a much larger portion of the testing envelope should be studied.  While studying a larger portion of the test envelope, sideslip cases should also be addressed.  The current study only used zero angle of sideslip to take advantage of model and test section symmetry to lower the required computational load.  In addition, the current study did not model the entire test cell; only the test section was modeled.  To get a better understand of wall interference in the test section, the wind tunnel nozzle through the end of the test section should be simulated to better model the boundary layer height at the test section entrance.  
	  There are plans to address most of the current study’s limitations in follow-on studies.  The study is going to be re-run using a large scale model previously tested in 16T.  By necessity, this follow-on study would also include the model sting, HAAS strut, and test section bulge to properly stimulate the test article flow field.  In addition, several transonic Mach number / Reynolds number combinations will be investigated at various angles of attack and sideslip.  Both wings-level-yaw and pitch-roll sideslip combinations will be studied in a separate investigation.  Another follow on study would also model the test section from the nozzle through the aft end of the test section, to determine the solution sensitivity to test section inlet boundary layer thickness.  While the current study only used USM3Dns, it has been proposed to recreate the study using NASA’s OVERFLOW structured CFD solver and DoD HPCMO’s KESTREL CFD code.  This would provide a larger database of wall interference results to investigate, and would allow for an evaluation of the available CFD codes to determine which one was best suited for studying wall interference.  It is also the author’s intent to perform a turbulence model sensitivity study in USM3Dns to determine if the selection of the S-A model over the more complex options degraded the current study’s results.  Additionally, USM3Dns offers an option in free-stream cases to set a desired lift coefficient and the solver will iterate until it converges on that lift coefficient [52].  It would be better to re-run this study setting CLFS = CLT.  This should provide more accurate results than interpolating calculated drag and pitching moment coefficient data as a function of the lift coefficient from the free-stream case to the measured lift coefficient of the wind tunnel simulation.   
[bookmark: _Toc446439502]Summary
	A computational parametric study was performed using NASA’s USM3Dns CFD code to determine the impact of wingspan and model scale on transonic wind tunnel wall interference at Mach 0.85 and a unit Reynolds number of 3 million / ft.  The NASA Common Research Model was used as the test article, and a simplified model of the AEDC Propulsion Wind Tunnel 16T test section was used as the test facility.  Force and moment coefficients, pressure profile plots, and pressure contour plots were post-processed from CFD solutions to evaluate the difference between free-stream and wind tunnel simulations at six angles of attack.  Models were created at 3%, 4%, 5%, and 6% of full scale based upon wind tunnel model sizing criteria.  Additional models were created with extended wingspans for the 4%, 5% and 6% models to evaluate the impact of wingspan on wall interference.  Model blockage ranged from 0.27 – 1.64%.  Overall, the scale of the model, and therefore the blockage, had the largest impact on the inferred transonic wall interference for both the lift and pitching moment coefficient.  No model size was free of wall interference.   
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 Appendix 1:  Typical Free-stream Simulation Input Card
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[bookmark: _Toc448145349]Figure 55. USM3Dns Input Card for Configuration 1 Free-stream Case, 3 deg Angle of Attack
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[bookmark: _Toc448145350]Figure 56. Typical Wind Tunnel Simulation Boundary Condition File
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[bookmark: _Toc448145351]Figure 57. Typical Wind Tunnel Simulation Porosity File
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[bookmark: _Ref446437862][bookmark: _Toc448145352]Figure 58. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145353]Figure 59. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145354]Figure 60. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145355]Figure 61. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145356]Figure 62. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145357]Figure 63. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145358]Figure 64. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145359]Figure 65. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145360]Figure 66. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145361]Figure 67. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145362]Figure 68. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\4pct\NEW2\4pcta3delt_top.jpeg]
[bookmark: _Toc448145363]Figure 69. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145364]Figure 70. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145365]Figure 71. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145366]Figure 72. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145367]Figure 73. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145368]Figure 74. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145369]Figure 75. Configuration 1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Toc448145370]Figure 76. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145371]Figure 77. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145372]Figure 78. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145373]Figure 79. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\4pctb10\NEW2\4pctb10a1delt_iso.jpeg]
[bookmark: _Toc448145374]Figure 80. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145375]Figure 81. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145376]Figure 82. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145377]Figure 83. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145378]Figure 84. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145379]Figure 85. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145380]Figure 86. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145381]Figure 87. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145382]Figure 88. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145383]Figure 89. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145384]Figure 90. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145385]Figure 91. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145386]Figure 92. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145387]Figure 93. Configuration 1.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Toc448145388]Figure 94. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145389]Figure 95. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145390]Figure 96. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145391]Figure 97. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145392]Figure 98. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145393]Figure 99. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\4pctb20\NEW2\4pctb20a2delt_bot.jpeg]
[bookmark: _Toc448145394]Figure 101. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145395]Figure 102. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145396]Figure 103. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145397]Figure 104. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145398]Figure 105. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145399]Figure 106. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145400]Figure 107. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145401]Figure 108. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145402]Figure 109. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145403]Figure 110. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145404]Figure 111. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Ref446437863][bookmark: _Toc448145405]Figure 112. Configuration 1.2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Ref446438039][bookmark: _Toc448145406]Figure 113. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145407]Figure 114. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145408]Figure 115. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145409]Figure 116. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145410]Figure 117. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145411]Figure 118. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145412]Figure 119. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145413]Figure 120. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145414]Figure 121. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145415]Figure 122. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\5pct\NEW2\5pcta3delt_iso.jpeg]
[bookmark: _Toc448145416]Figure 123. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145417]Figure 124. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145418]Figure 125. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145419]Figure 126. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145420]Figure 127. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145421]Figure 128. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145422]Figure 129. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145423]Figure 130. Configuration 2, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Toc448145424]Figure 131. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\5pctb10\NEW2\5pctb10a0delt_iso.jpeg]
[bookmark: _Toc448145425]Figure 132. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145426]Figure 133. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145427]Figure 134. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145428]Figure 135. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145429]Figure 136. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145430]Figure 137. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145431]Figure 138. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145432]Figure 139. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145433]Figure 140. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145434]Figure 141. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145435]Figure 142. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145436]Figure 143. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145437]Figure 144. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145438]Figure 145. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145439]Figure 146. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\5pctb10\NEW2\5pctb10a5delt_iso.jpeg]
[bookmark: _Toc448145440]Figure 147. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Ref446438060][bookmark: _Toc448145441]Figure 148. Configuration 2.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Ref446438348][bookmark: _Toc448145442]Figure 149. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145443]Figure 150. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145444]Figure 151. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145445]Figure 152. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145446]Figure 153. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145447]Figure 154. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145448]Figure 155. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\6pct\NEW3\6pcta2delt_iso.jpeg]
[bookmark: _Toc448145449]Figure 156. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145450]Figure 157. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145451]Figure 158. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145452]Figure 159. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145453]Figure 160. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145454]Figure 161. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145455]Figure 162. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145456]Figure 163. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145457]Figure 164. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145458]Figure 165. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145459]Figure 166. Configuration 3, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Toc448145460]Figure 167. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145461]Figure 168. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\6pctb10\NEW2\6pctb10a0delt_top.jpeg]
[bookmark: _Toc448145462]Figure 169. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145463]Figure 170. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145464]Figure 171. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145465]Figure 172. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145466]Figure 173. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145467]Figure 174. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145468]Figure 175. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145469]Figure 176. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145470]Figure 177. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145471]Figure 178. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\6pctb10\NEW2\6pctb10a4delt_bot.jpeg]
[bookmark: _Toc448145472]Figure 179. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145473]Figure 180. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145474]Figure 181. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
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[bookmark: _Toc448145475]Figure 182. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145476]Figure 183. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Ref446438353][bookmark: _Toc448145477]Figure 184. Configuration 3.1, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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[bookmark: _Ref446438473][bookmark: _Toc448145478]Figure 185. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145479]Figure 186. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145480]Figure 187. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 0 deg Angle of Attack, Top View
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[bookmark: _Toc448145481]Figure 188. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145482]Figure 189. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145483]Figure 190. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 1 deg Angle of Attack, Top View
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[bookmark: _Toc448145484]Figure 191. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145485]Figure 192. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145486]Figure 193. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 2 deg Angle of Attack, Top View
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[bookmark: _Toc448145487]Figure 194. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145488]Figure 195. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145489]Figure 196. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 3 deg Angle of Attack, Top View
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[bookmark: _Toc448145490]Figure 197. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145491]Figure 198. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Isometric View
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[bookmark: _Toc448145492]Figure 199. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 4 deg Angle of Attack, Top View
[image: C:\Users\1398092437C\Desktop\Thesis\CFD\Schuman_files\CP_images\3pct\NEW3\3pcta5delt_bot.jpeg]
[bookmark: _Toc448145493]Figure 200. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Bottom View
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[bookmark: _Toc448145494]Figure 201. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Isometric View
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[bookmark: _Ref446438485][bookmark: _Toc448145495]Figure 202. Configuration 4, Difference in Pressure Coefficient between Free-stream and Wind Tunnel Simulations, 5 deg Angle of Attack, Top View
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Appendix 5:  Pressure Coefficient Profile Plots for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438160][bookmark: _Toc447883747][bookmark: _Toc448145496]Figure 202. Configuration 1, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883748][bookmark: _Toc448145497]Figure 203. Configuration 1,1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883749][bookmark: _Toc448145498]Figure 204. Configuration 1, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883750][bookmark: _Toc448145499]Figure 205. Configuration 1, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883751][bookmark: _Toc448145500]Figure 206. Configuration 1, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883752][bookmark: _Toc448145501]Figure 207. Configuration 1, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883753][bookmark: _Toc448145502]Figure 208. Configuration 1.1, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883754][bookmark: _Toc448145503]Figure 209. Configuration 1.1, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883755][bookmark: _Toc448145504]Figure 210. Configuration 1.1, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883756][bookmark: _Toc448145505]Figure 211. Configuration 1.1, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883757][bookmark: _Toc448145506]Figure 212. Configuration 1.1, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883758][bookmark: _Toc448145507]Figure 213. Configuration 1.1, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883759][bookmark: _Toc448145508]Figure 214. Configuration 1.2, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883760][bookmark: _Toc448145509]Figure 215. Configuration 1.2, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883761][bookmark: _Toc448145510]Figure 216. Configuration 1.2, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883762][bookmark: _Toc448145511]Figure 217. Configuration 1.2, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883763][bookmark: _Toc448145512]Figure 218. Configuration 1.2, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
[image: 4pctb20a5]
[bookmark: _Ref446438175][bookmark: _Toc447883764][bookmark: _Toc448145513]Figure 219. Configuration 1.2, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438279][bookmark: _Toc447883765][bookmark: _Toc448145514]Figure 220. Configuration 2, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883766][bookmark: _Toc448145515]Figure 221. Configuration 2, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883767][bookmark: _Toc448145516]Figure 222. Configuration 2, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883768][bookmark: _Toc448145517]Figure 223. Configuration 2, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883769][bookmark: _Toc448145518]Figure 224. Configuration 2, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883770][bookmark: _Toc448145519]Figure 225. Configuration 2, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883771][bookmark: _Toc448145520]Figure 226. Configuration 2.1, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883772][bookmark: _Toc448145521]Figure 227. Configuration 2.1, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883773][bookmark: _Toc448145522]Figure 228. Configuration 2.1, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883774][bookmark: _Toc448145523]Figure 229. Configuration 2.1, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883775][bookmark: _Toc448145524]Figure 230. Configuration 2.1, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438289][bookmark: _Toc447883776][bookmark: _Toc448145525]Figure 231. Configuration 2.1, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
[image: 6pcta0]
[bookmark: _Ref446438401][bookmark: _Toc447883777][bookmark: _Toc448145526]Figure 232. Configuration 3, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883778][bookmark: _Toc448145527]Figure 233. Configuration 3, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883779][bookmark: _Toc448145528]Figure 234. Configuration 3, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883780][bookmark: _Toc448145529]Figure 235. Configuration 3,3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883781][bookmark: _Toc448145530]Figure 236. Configuration 3, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883782][bookmark: _Toc448145531]Figure 237. Configuration 3, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883783][bookmark: _Toc448145532]Figure 238. Configuration 3.1, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883784][bookmark: _Toc448145533]Figure 239. Configuration 3.1, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883785][bookmark: _Toc448145534]Figure 240. Configuration 3.1, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883786][bookmark: _Toc448145535]Figure 241. Configuration 3.1, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883787][bookmark: _Toc448145536]Figure 242. Configuration 3.1, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438405][bookmark: _Toc447883788][bookmark: _Toc448145537]Figure 243. Configuration 3.1, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438530][bookmark: _Toc447883789][bookmark: _Toc448145538]Figure 244. Configuration 4, 0 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883790][bookmark: _Toc448145539]Figure 245. Configuration 4, 1 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883791][bookmark: _Toc448145540]Figure 246. Configuration 4, 2 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883792][bookmark: _Toc448145541]Figure 247. Configuration 4, 3 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Toc447883793][bookmark: _Toc448145542]Figure 249. Configuration 4, 4 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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[bookmark: _Ref446438539][bookmark: _Toc447883794][bookmark: _Toc448145543]Figure 249. Configuration 4, 5 deg Angle of Attack Pressure Coefficient Contours for Free-stream and Wind Tunnel Simulations
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5% Model, 0% wingspan extension
Mach 0.85, 0 deg AoA
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5% Model, 0% wingspan extension
Mach 0.85, 4 deg AoA
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6% Model, 0% wingspan extension
Mach 0.85, 0 deg AoA
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6% Model, 0% wingspan extension
Mach 0.85, 4 deg AoA
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3% Model, 0% wingspan extension
Mach 0.85, 0 deg AoA
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3% Model, 0% wingspan extension
Mach 0.85, 4 deg AoA
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4% Model, 0% wingspan extension
Mach 0.85, 0 deg AoA





image59.jpeg
4% Model, 0% wingspan extension

Mach 0.85, 0 deg AoA
X
Y





image60.jpeg
4% Model, 0% wingspan extension
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