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Abstract

A CFD study of the base flow environment during an aft supersonic store sepa-
ration was conducted using the Beggar CFD code. The geometry for the carrier was
a 10° half-angle cone and the store was a 10° half-angle cone with a cylindrical base.
Solid and hollow variations of the carrier were tested. Both geometries matched a
previously conducted wind tunnel experiment. The free stream was set to Mach 2.93
with a Reynolds number matching the wind tunnel environment (wind tunnel Re =
3.9x108/m). The Baldwin-Lomax (B-L), Spalart-Allmares (S-A) and Detached-Eddy
simulation (DES) turbulence models were were applied and their impact on com-
puted base pressures, near-wake regions, shock interactions and forces/moments on
the store and carrier was evaluated. Analyses varied from an atmospheric environ-
ment to an exact replica of a wind tunnel environment where the carrier was mounted

on a diamond-shaped sting.

Base pressure comparisons with empirical and theoretical models showed the
S-A turbulence model to be deficient in simulating base flows. When the flow field
was symmetric and free of complex turbulent structures, the B-L turbulence model
did a satisfactory job of computing the mean base pressure on the base of the carrier.
The DES turbulence model also provided satisfactory mean base pressures. DES also

computed a more defined recirculation region in the near wake than B-L.

The presence of a cavity on the carrier had implications on the near wake region,
but did not significantly affect force and moment results. The cavity caused higher
velocities in the near-wake and a delayed reattachment of the base flow. The store
surface pressures were lowered due to the delayed reattachment. Streamwise velocities

of Mach 0.1 were found inside the cavity.

The addition of the sting created an asymmetric environment which would not

be suitable for modelling an atmospheric case. Visual images of streamlines showed

v



flow being redirected around the carrier so symmetric conical flow was not being
achieved. This affected base pressure profiles and dropped the mean base pressure
computed by the DES turbulence model by 17.5% from the atmospheric case. The
force coefficients on the store were significantly affected by the sting’s presence when

compared to atmospheric and no-sting wind tunnel cases.
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STORE SEPARATIONS FROM A
SUPERSONIC CONE

I. Introduction
1.1 Motivation

The future of warfare will lead the Air Force to develop vehicles capable of high-
Mach flight while maintaining a low radar cross-section. The combination of the two
capabilities requires the use of internally carried stores [5]. The nature of supersonic
flight will cause major complications when the time comes for a store to be released.
If the store is released laterally, bay doors will have to open in an environment of high
dynamic pressures and the store will have to pass through a highly energetic shear
layer [22]. The resonance generated by supersonic flow past the payload bay may also
lead to weapon electronics deterioration and structural fatigue [5]. Another option is
an aft ejection through the wake region of the vehicle. This type of store separation
should be advantageous in a sense that the store will be introduced to subsonic flow
and low pressure air as it is released or ejected from the aircraft [3]. However, base
flows are inherently unsteady and any adverse effects should be studied to gain an
understanding of possible pitfalls to overcome. The following are concerns that have
to be taken into account in order to conclude whether or not an aft ejection is a

conceivable option:

1. Forces and moments on the store through the base region.
2. Pitch and yaw rates of the store upon immediate separation.
3. Drag differences on the lead vehicle and store.

Forces and moments are a concern because they are likely to fluctuate due to the
unsteady, turbulent nature of a base flow. This may affect whether or not the store

will be able to maintain structural integrity. Pitch and yaw rates are also important



since they will have to be within a predetermined tolerance for stability and control
purposes. Drag differences are important because there is a possibility of a drafting

effect occurring between the two vehicles, causing them to reconnect.

1.2 Research Goals

The current research effort is aimed towards providing a basic understanding
of the flow environment a store will be introduced to when being ejected out of the
base of a supersonic carrier. In order to do so, combining experimental test data and
computational fluid dynamics (CFD) simulations will be necessary. Experimental
research will serve as a guideline for CFD runs by validating flow physics. CFD
simulations can then record data for free flight cases which experimental cases cannot
duplicate due to wind tunnel effects. This data will then serve as a baseline for future

research where higher fidelity modelling can be achieved.

1.3 Beggar CFD code

The Beggar CFD code is used by the Air Force SEEK Eagle Office (AFSEO) at
Eglin Air Force Base, Florida. The AFSEQ is the certifying authority for all weapons
(conventional and nuclear) carried internally or externally on all aircraft [20]. Various
researchers [20,24,24,26] using the Beggar code give a good description of its capa-
bilities. It is a chimera grid solver, capable of numerically approximating solutions
to the Reynolds Average Navier-Stokes (RANS) equations, thin-layer Navier-Stokes
equations, or the inviscid Euler equations via finite-volume discretization of the gov-
erning equations. The chimera grid solver has the advantage of being able to use
overlapping structured grids for domain decomposition [25]. This gives Beggar the
ability to perform dynamic store separation simulations. The disadvantage of using
the chimera technique is the governing equations are not satisfied where there is an
overlapping region between grids. For a dynamic computation, the following is a

summary of Beggar’s step by step operations [26]:



1. Grids are assembled using a cookie cutter process.
2. Flow governing equations are solved.

3. Viscous stresses and pressures are integrated over a body’s surface to compute

forces and moments.

4. Equations of motion are solved to determine the new locations of the moving

bodies.

The process is then repeated. A more detailed explanation of the flow solver schemes

and discretization of the governing equations is presented later.

1.}/, Research Approach

Basic steps will be taken in order to understand the effects of a store in the wake
flow. The first step will be to get an accurate base pressure with CFD by comparing
to experimental data and analytical models. This will aid in the validation of a proper
turbulence model. Once this is done, CFD runs with the store in the wake flow can be
run in a free flight environment and a wind tunnel environment to quantify effects a
wind tunnel imposes on the test cases. As soon as the flowfield is understood within a
reasonable confidence using static solutions, initial conditions for a dynamic run can

be better approximated.

1.4.1 Step 1. Turbulence Model Validation.  With most CFD research comes
the validations of the flow solver and schemes used. The experimental testing by
Jung [16] along with store separation literature will provide insight into whether or
not CFD simulations are accurately representing what would be seen in real life.
Part of this validation problem lies in the inability of current flow solvers to simulate
massively separated turbulent flow behind the base of an object. The Beggar CFD
code incorporates the B-L, S-A and DES turbulence models. Each will be analyzed
so conclusions can be drawn towards which can most accurately model the base flow

during a supersonic store separation.



1.4.2 Step 2. Flowfield Validation with Store. ~ Wind tunnel testing has been
accomplished by Jung [16] using the same geometries as the current research effort.
This provides experimental data to compare with in order to find quantifiable differ-
ences between free flight cases. This will then allow a continuation of experimental
testing to be done in parallel with computational studies. A closer look at the wind

tunnel experiments is provided in the Chapter III.

1.4.3 Step 3. Force and Moment Analysis.  Dynamic separations will even-
tually be modelled with the Beggar CFD code. Free flight force and moment data
from initial static comparisons will help provide necessary knowledge of the flowfield
for preparation of dynamic store separations. Using an assumed set of inertial prop-
erties will allow ejection forces to be approximated. The force and moment analysis
will also provide another way to quantify wind tunnel and sting effects compared to

atmospheric CFD cases.

1.5 Previous Research

1.5.1 Supersonic Base Flow.  Although not much research has been done in
the past relating to the effects of a store in the near wake of a projectile, base flows in
general have been studied for over a century [19]. Various researchers [12,14,15,19,21]
have reported the base drag of a projectile can contribute anywhere from one-third to
two-thirds of a supersonic vehicle’s total drag. The Air Force is obviously interested
in this area since rockets, missiles, and other supersonic projectiles make up a large
part of its tactical inventory. Since base drag is the difference between the vehicle’s
frontal and base surface pressures acting along the streamwise axis, it’s important the
base pressure is modelled accurately by CFD simulations so ejection trajectories are

accurate [19].

In order to fully understand the base flow region, a more comprehensive descrip-
tion is needed. Figure 1 provides a schematic of a supersonic vehicle’s base. At the

corner of the base the freestream undergoes a sharp expansion. The turbulent bound-
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Figure 1:  Overview of base flow

ary layer separates from the base and becomes a free shear layer which separates the
outer inviscid flow from the inner recirculation region [7,8,15]. The free shear layer
is characterized by having a maximum stress at its own centerline, while the outer
edges have nearly no shear stresses. As the free shear layer bottlenecks down towards
the axis of symmetry, recompression shocks form in order to realign the flow. The
entrainment of mass from recompression causes the flow to reverse back towards the
base of the cone. The velocity of this reversed flow has been recorded at 30 percent of
the freestream velocity, with Mach numbers up to 0.5 [19]. The area created by the
reversed flow is the recirculation region. This area has forward and rear stagnation
points. The rear stagnation point marks the end of the recirculation region and the
start of the turbulent trailing wake [12,15,21]. The size of the recirculation region is
in direct correlation to the strength of the expansion waves, since it has an effect on
the angle the flow will be allowed to turn. A smaller recirculation region allows the
flow to turn more sharply, so there will be a stronger expansion. Since the expansion
is stronger, there will be lower pressure at the base and larger base drag [13]. Base

pressures are discussed in more detail later.



There is very little research available to gain a complete understanding of the
effects a store will have on the base flow, and vice versa. Any wind tunnel results ob-
tained for such cases have been viewed with skepticism since the presence of mounting
interferences and wind tunnel effects influence the results. Figure 2 from Jung [16]

shows a depiction of what can be expected from a qualitative standpoint if a conical
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Figure 2:  Graphical depiction of store in base flow

store with a cylindrical base is placed within the near wake of a supersonic conical
carrier. When the store is in near the carrier’s base, the shear layer reattachment will
be delayed due to the presence of the store’s base. At a point further downstream
the shear layer edges will be pushed outward away from each other and the flow will

not be allowed to come together at the axis of symmetry, reducing the strength of the



system of expansions and shocks. Next, the store will be at a point where the store
no longer geometrically forces the shear layer outward. The original turning angle
will once again be seen and the store’s effect on the carrier should be minimal. If the
ejection force is sufficient, the store will pass through the trailing wake signifying a

successful separation.

1.5.2 Base Pressure. The significance of base drag can be seen in Fig-

ure 3 from Lamb and Oberkampf [19]. The accurate prediction of base pressures is

0.014 r
0.012 |
0.010 |
0.008 |-

Cp

0.006 |-

0.004 |~

0.002

6 7 8 9 10 11 12
Moo

Figure 3: Components of total drag for a cone with a 2.9 degree half-angle [19]

extremely important since an accurate representation of drag is needed in order to
perform a dynamic separation. There have been many different studies within the last
half century related to finding accurate models of a supersonic/hypersonic vehicle’s
base drag. However, each study often uses different geometries or flow conditions
which make finding any experimental data to compliment one’s own research very
difficult. Nevertheless, correlations have been made using experimental data over
the years in order to have a simplified way of approximating the base pressure as a

function of flow parameters and geometry.



Mach number seems to be the most influential factor in determining correlations
for base pressure on supersonic projectiles [31]. Bulmer [10] produced in-flight test
data for 9° half angle cones in 1976 using Mach numbers ranging from 0.5 to 15.0.

Some of his results for base pressure coefficient are shown in Figure 4. Base pressures
0.6
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Figure 4:  Base pressure coefficients as a function of Mach number [10]

were recorded at radial distances from the center of the vehicle’s base (r/R) of 0.1
and 0.8. Figure 4 shows the high dependence on Mach number while also showing
that at different outward radial distances from the axis of symmetry, the base pressure
remains relatively unchanged. Bulmer’s [10] research is also free of wind-tunnel effects

so it is considered to be more accurate by other researchers of base flows.

Although Mach number is important, it alone cannot correlate all of the different
factors that can change base pressure. One of the earliest studies of base pressures
was done by Chapman [11] in 1951. He studied the effects of Reynolds number,

length to height ratio, and boundary layer state on cones, ogives, cone-cylinders,



ogive-cylinders and wedges. One significant finding of his research showed that if a
boundary layer had transitioned to turbulent before arriving at the base, the Reynolds
number effect was less significant than if the boundary layer was still laminar. This

can be seen by comparing Figure 5(a) to Figure 5(b). This is important for the present
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Figure 5: Variation of base pressure coefficient with Reynolds number for Mach
2.0 [11]

study since for the remainder of the research it will be assumed that the boundary
layer has transitioned from laminar to turbulent since the Reynolds number based on
streamwise length of the carrier was found to be 2.12x10%/m. With this in mind, a
change in Reynolds number should not drastically affect the calculation of the vehicle’s
base drag when its boundary layer is in a turbulent state. Chapman also concluded
the base pressures in laminar and turbulent cases were both a linear function of length

to height ratio, with laminar cases showing less of an effect than turbulent cases.

There have been numerous empirical models for base pressure developed based
on experimental research, most of which place dependence on Mach number and
geometry. Lamb and Oberkampf developed such a model by taking experimental base

pressure data from a number of past experiments on long cylinders and correlating to



the Crocco number, C given by

N

C = (1 + %M‘Q) : (1)

ry_

where, 7, the ratio of specific heats, is 1.4. This parameter varies between zero and
one, so it was useful to scale the large variation in Mach number (M) from all of the
test data to a normalized value for correlation purposes. The correlation equation for

normalized base pressure is given by

5 —0.05+0.967 (1 — C2) (2)

y4!

where the subscript 1 denotes flow conditions between the conical shock and the
expansion at the base. Lamb and Oberkampf then related the data for a cylinder to
that of a cone by using a conversion from Bulmer’s [9] work that factored in edge
conditions near the base of the cone (denoted by a subscript e). After substituting

back in Mach number, the final equation for normalized base pressure is shown as

2 177
1
Ps _ <&> [0.025 +0.906 (1 +1— Mf) ] (3)

Poo P

where

J:i (4)

In (%)
with the cone half-angle (6¢) in degrees. For sharp cones, it has been shown that the
values of the edge conditions can be assumed to be those values just after the shock
using inviscid numerical solutions. These values can be obtained using the Taylor-
Maccoll method [2]. The correlation for normalized base pressure is limited to 6¢’s
of less than 20 degrees due to lack of data available for - variation. Base pressure

coefficient can then be obtained using the following

_ 2 PB
Crs = TMZ, (poo 1) )
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Another method which has been more recently developed is that of van Raalte
and van Oudheusden, where the base flow is considered to be two-dimensional and
symmetric. They noticed that most models in the past have placed emphasis on
Mach number along with some scaling term for geometry as the foundation for an
equation for base pressure, ignoring Reynolds number effects. As shown previously in
Chapman’s testing, Reynolds number is still a major factor when dealing with laminar
boundary layers entering the base flow. Van Raalte and van Oudheusden utilized a
predictor-corrector method to find an equation for base pressure which took the state

of the boundary layer and the Reynolds number into account. The predictor

- i
2 0.18 (y — 1) M ]
= 1 ~1
e = 012, { { 10820 -1 M7 ©)

is a modification of Korst’s theory [18]. It uses conservation of mass in the mixing layer

to obtain a base pressure as a function of Mach number alone [16]. A one-dimensional
momentum equation provides a Gaussian velocity profile in the turbulent shear layer,
and is solved using an integral of momentum balance. This is further simplified by
considering the turbulent mixing layer to be a quasi-laminar compressible mixing
layer. [31] The corrector then factors in Reynolds number effects and scaling due to
the expanding boundary layer, the basis of which was found through boundary layer

theory and assuming an adiabatic process. The corrector is

L/h
Cp.., = A
DPcor \/R—eL

+B (7)

where L/h is the length to base height ratio and Rey, is the Reynolds number based
on the length of the cone. The coefficients A and B are:

A= () % ()
M2 1+2352 M7 \ 00150 (8)

B=—_2

T AMZ,
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The final value of C},, can then be formulated using C,,,, and C,,,, as follows:
C
Gy = 222208 )

giving an analytical model of base pressure coefficient which takes into account Reynolds

number, Mach number, scaling factors and the boundary layer state.

The two models from van Raalte and van Oudheusden, and Lamb and Oberkampf
provide a quick approach for approximating base pressure. One is an empirical model
based solely on Mach number, while the other is an analytical model which adds
Reynolds number and geometric effects. These will allow CFD comparisons of base
pressure for free flight cases presented later. The coupling of the two should yield

similar approximations and a way to help validate CFD flow schemes.

Herrin and Dutton produced experimental results of the near wake flow around
a cylinder in Mach 2.5 flow with a Reynolds number of 52x10°/m at the nozzle exit
of their wind tunnel. Their wind tunnel experiments are well known in the base
flow community and have been used widely for CFD validation of supersonic base
flows [15]. Their work is important because they document the pressure distribution
along the base as well as provide insight and correlations to important flow features
inside the near wake. They show the mean pressure distribution on the base of their
cylinder to be fairly uniform, which is what can be expected for the current research.
Figure 6 is a qualitative reproduction of the base pressure profile from Herrin and
Dutton [15]. Their mean base C, for their test setup was -0.102, using an area
weighted average. Key features show the lowest base pressure towards the center of
the base and the highest pressures towards the outer edges. The pressure on the outer
edges was noted to be 3.9% higher than the pressure at the center [15]. Although
the current research has a different geometry and flow conditions, one can expect the
same type of distribution with a lower base pressure due to the larger turning angle
around the base. This can be used as a general guideline when validating a turbulence

model and other flow schemes.

12
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Figure 6:  Herrin and Dutton base pressure profile (M = 2.5) [15]

1.5.3 Near Wake Region. Base pressure alone does not quantify all of
the effects of the base region. The recirculation region and reattachment point are
also important flow features since they help to define the geometry of the near wake
region. As previously shown in Figure 1, a recirculation region is inherent to all
supersonic base flows. The rear stagnation point defines where recirculation ends and
is approximately where the flow is reattached, thus creating reattachment shocks.
This is important to the current study since the store will be inserted directly through
these flow features. It is also important in deciding which turbulence model to use

since each will produce different recirculation velocities and reattachment points.

In addition to their studies on the base pressure distribution, Herrin and Dutton

provide streamwise velocity plots along the centerline of their cylinder. Figure 7 is a
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Figure 7:  Herrin and Dutton streamwise velocity profile (M = 2.5) [15]

reproduction of their work. The distance along the centerline is taken from the base,
and is non-dimensionalized by the radius of the cylinder (x/R). They recorded these
velocities using a laser Doppler velocimeter (LDV). The recorded location of their
rear stagnation point was at 2.65 x/R. Their maximum reverse velocity occurred at
approximately 1.5 x/R and was 27% of the freestram velocity. With CFD, these
quantities can be easily measured and compared. Again, values are expected to
be different, but they present a comparison to get a good idea of what should be

happening in the near wake.
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II. Theory
2.1 Governing Equations

The governing equations for viscous fluid flow in three dimensions are the Navier-
Stokes equations, which are based on the conservation laws of mass, momentum and
energy in an arbitrary control volume [6]. The integral form in cartesian coordinates
is shown to be: .

9y + f (ﬁ - ﬁv>d5‘ —0 (10)

ot
v S

where Cj is the vector of conserved variables, F. is the vector of convective fluxes and
F., is the vector of viscous fluxes shown below. Convective transport quantities in the
fluid are represented by F’;, and viscous effects are taken into account by F_”U The

volume and surface area of the element are represented by V and S respectively [6].

p p 0
U puV + pn, TeaNa T ToyMy + Tz
Q =1 pv |, F, = pvV +pny | F, = TyzNa + TyyTy + TyaNs (11)
pw pwV + pn, TaaNag + ToyNy + To2Ny
| B | | (Ee+p)V | | Ounz + Oyny + 0,1, |

The components of velocity in a cartesian coordinate system which make up the
velocity vector, lj, are u,v, and w. E; is the total energy. The density is p and the
contravariant velocity is

V=U-i (12)
and
Op = UTgg + VTgy + WTy, + kg—z
Oy = UTyy + VTyy + WTy, + k% (13)
O, = UTyy + VT + WT,, + k%—f
are the terms which incorporate viscous stresses and heat conduction. The thermal

conductivity constant is denoted with a k, and T is the temperature. The values

Tez)TyysTezsTey @Dd 75, are components of the symmetric stress tensor 7 shown in
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Equation 14
Tex Toy Tz
(14)

T= Tys Tyy Tyz

Tzz Tzy Tz
which originate from analyzing a fluid element’s volumetric state in a flow field. This
includes the element’s dilatation, rigid body rotation and shear deformation while
under stress [27]. Applying Stokes’ hypothesis, A+ % i = 0 reduces the normal viscous

stresses to

Tz = 204 [g—; — gdiv (ﬁ)}
Tyy = 20 [g—Z — zdiv ((7)] (15)
Toe = 204 [%—f — gdiv (ﬁ)}

Even though Stokes’ hypothesis is an educated guess, it can be accepted because it
has been proven to be accurate in a large number of experiments. These equations are
valid with the assumption that the fluid of interest is Newtonian and isotropic [27].

To close the system of equations, the ideal gas law is used [13].

Beggar uses non-dimensional quantities in its flow solver, but uses dimensional
quantities for body-to-body and flow-to-body interactions [29]. In order to non-
dimensionalize the Navier-Stokes equations, the values in Equation 11 are replaced
with the following values denoted by an asterisk:

P=Ppoc B =Eipoctd, P=p Pty (16)

t= t*La’—;f U=1U V=0 W=wWam
where oo subscripts denote freestream values. This non-dimensionalization provides
the advantage of having normalized values when solving numerically. Also, the vari-
ance of Mach, Reynolds, and Prandtl number will be independent of one another in

a flow solver that uses non-dimensional quantities [30].

In many cases the governing equations can be simplified. For example, high

Reynolds number flows often exhibit thin boundary layers compared to the size of
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the body of interest. In such a case, the viscous contributions can be ignored and the
result is the Euler equations [6]. Although the research presented in this study does
meet the criteria for high Reynolds number, fully viscous equations of motion were
used in Beggar due to the inability of the inviscid solver to calculate a solution near
the abrupt turning of the flow at the base of the conical geometries. Also,a shear
layer is an important flow feature for this research which cannot be computed with

an inviscid solver.

2.2 Discretization and Solver Schemes

Since there is no exact solution to the Navier-Stokes equations, time and space
must be discretized so that the solution can be numerically integrated. Rizk et al [26]
have a detailed formulation of how this was implemented into the Beggar code. Phys-
ical space is discretized using finite volumes while time is discretized into intervals.
Once discretized, physical coordinates (x,y,z) are represented in the computational
domain as body fitted curvilinear coordinates (£,7,(), which bound volumes that con-
tain discretized flow variables. If i,j,k are cell indices in the £,7,( coordinate system,

the discretized equations using the first order Euler implicit time discretization are

-\ n+1
AQ "
Jz',j,k (Tt) + Rz,;:li =0 (17)
1,5,k
where
n+1 = = H17
Rijk = [5§F +0,G +0cH ik (18)

and the central difference operators J¢, 0, and J; operate on the fluxes (F, G, H)
for the curvilinear coordinates obtained using the Steger-Warming scheme discussed
later. The incremental vector of conserved variables is A(Q. The incremental time

is At and J; ;j represents the curvilinear cell volume at an i,j,k coordinate. Using
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Newton’s method to iterate through time leads to

£ AQnt+1m+1 AR mtlm An4-1,m+1 AR ntlm An+1,m+1
JW -+ [(%) AQ + + + (OQ) AQ + +
(19)
~(O+1.m_AAOn ~
_ [ jlarnoad) | Rnﬂ,m]
which are the flow governing equations for an individual grid for all cells where
)
e = e (G, @ ) (20

and the m superscript denotes the number of Newton iterations. The vectors ]%,
Q and AQ are values which are updated by solving the governing equations. The
vectors AQ and @ are updated by boundary conditions (“phantom or ghost cells”)
and Q is a vector which refers to flow values in interpolated cells that contain solutions
from overlapping grids. Phantom cells that are within an interpolated region are kept
constant through a Newton iteration. The diagonal matrix J contains the cell volumes
and the diagonal matrix AT is used to replace the fixed time step with a variable
time step in the subsequent iterations. The incremental solution for the next Newton
iteration (AQ"“””“) is found by applying the symmetric Gauss-Seidel relaxation

scheme to equation 19, which yields

[l'rH—l,m + (1 _ (I))Dn—f—l,m] AQn-f—l,m—l—l,H-l/Q + ((I)Dn-f—l,m + un+1,m) AQn+1,m+1,l+¢ _
_ [j@”“’:;f@" T Rn+1,mi| _ (%)"H’m AQrLm+L
(21)
where the number of inner iterations is [. When & = 1 the inner iteration will do
a forward sweep and when & = 0 will perform a backwards sweep. The variables
[ntlm - pntlm and U™L™ are lower, block and upper diagonal matrices which split

AQ™ ™+ into coefficients. For each inner iteration, boundary conditions are applied

explicitly and then implicitly at convergence of the inner iterations [26].
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2.2.1 Steger-Warming Scheme.  The Steger-Warming scheme is a flux-vector
splitting scheme. This type of scheme uses upwinding to distinguish wave propaga-
tions in both directions, so it is one of the more advanced spatial discretization tech-
niques [6]. Its formulation is based on dividing the vector of convective fluxes into

positive and negative contributions shown as
F,=F'+F~ (22)
where the fluxes are defined by

B = A%,G = (MA*MY) §

A (23)
A= =5 (A £[Ac])
and _ -
A, 0 0 O
_ 0 Ay 0 O
A, = (24)
0 0 A; O
0 0 0 A4

is the diagonal matrix containing the real eigenvalues A; [6]. There are other dis-
cretization methods available in Beggar, such as Roe’s method, but the Steger-

Warming scheme is the only one used in the current research.

2.3 Turbulence Models

In turbulent flows, air molecules move in a completely random nature which
causes mixing of the various fluid layers. This mixing can be highly energetic, increas-
ing momentum and energy between other molecules and boundaries which increase
skin friction values and heat transfer [6]. This phenomenon is viscous in nature and
occurs at high Reynolds numbers. This is important for this research since supersonic

base flows are inherently highly turbulent with high Reynolds numbers.
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The Navier-Stokes equations can resolve turbulence at all scales, however the
current computational capabilities required to do so are not available for High-Reynolds
number flows [23]. This approach to CFD is called direct numerical simulation (DNS).
According to Blazek, the number of grid points needed for DNS spatial resolution is

94 and the cpu time is proportional to Re3, therefor instead of

proportional to Re
simulating turbulence directly it has to be modelled instead. The different types of
modelling approaches are based on capturing different scales of turbulence. These
turbulent disturbances are three-dimensional and are referred to as eddies. Large
eddy simulations (LES) are the next step down from DNS, simulating the large eddy
structures while the turbulence occurring at smaller scales is modelled. Reynolds
Averaged Navier-Stokes turbulence models attempt to model all turbulence scales us-
ing a single length scale. RANS models are the most basic. In between RANS and
LES are hybrid RANS/LES models which do exactly what their name implies [23].
Figure 8 from Nichols [23] gives a visual representation of the turbulence spectrum
and what the different types of turbulence approaches model. There are a number of

different models within these subcategories that have been developed over the years.

The three different turbulence models compared in this research were Baldwin-Lomax,

Inertial
A Energy Production Range Dissipation
| | |

. RANS ————=
? Hybrid RANS/LES —=>
c LES
k=3
o
-l

-

L og(Wave number)

Figure 8: Region of turbulent energy spectrum modelled by different turbulence
model approaches [23]
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Spalart-Allmaras and Detached Eddy Simulation. Each of these are discussed in more

detail.

2.3.1 Baldwin-Lomaz. The B-L turbulence model is an algebraic model.
Algebraic models are also referred to as zero equation models because they do not
include any partial differential equations to compute the Reynolds stresses [32]. The
B-L model is based on Prandtl’s mixing length hypothesis, where the effects of turbu-
lence are modelled through the eddy viscosity u; [4]. This coefficient is separated into
an inner and outer formulation by dividing a turbulent boundary layer into an inner
and outer region [23]. The inner region formulation for the eddy viscosity coefficient
is

where |w| is the magnitude of vorticity

i (e (v ow) (0w o’ %)
wi= Jdy Ox 0z Oy or 0z

and [, is the mixing length

.
lm = KYwall [1 - €AL+:| (27)

The law-of-the-wall parameter, y™, is

+ _ pwu/;rywall (28)
w

where the subscript w represents conditions at the wall, y,q; is the distance away
from the wall and
Tw

Pw (29)

Uy =
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is the friction velocity. The outer region formulation for eddy viscosity is

(:u't)outer = pKCCPFwakeFkleb (30)
where
Uz,
Fwake = min {ymameax: kaymax F i/ } (31)

Frax and ymax are the maximum quantities from

F) = o ] (1= ¢ ) (32)

and Uy is the difference between the maximum and minimum velocities in the

profile. Fjep, is the Klebanoff intermittency factor
—1

1+55 (%ﬂ (33)

ymax

Fk:leb =

Values for various constants are

A+ - 26, Ccp - 16, Ck:leb - 03
Cor = 025, k = 04, K = 0.0168

The B-L turbulence model is useful when applied to problems that are charac-
terized by a single length scale such as attached boundary layers. However, major
shortcomings of the B-L model include a lack of turbulent transport terms and a
tendency to switch between F,,, values in complex flows that contain multiple shear
layers [23]. Wilcox [32] comments that the B-L turbulence model is completely unre-
liable for separated flows, which describes the conditions in the wake of a high-Mach
projectile. The model will be implemented, studied and compared because of its

simplicity and because it is supposed to be computationally forgiving.

22



2.3.2  Spalart-Allmaras. ~ The Spalart-Allmaras (S-A) turbulence model in-
cludes a transport equation for turbulent viscosity, making it a one equation model.
According to Spalart and Allmaras, the model is based on empiricism, dimensional
analysis, Galilean invariance and selective dependence of molecular viscosity [28].
The turbulence variable v is used in the standard S-A equation and has dimensions
of viscosity, and the eddy viscosity is v, = U f,1 [23]. The S-A model equation is

ov - ov

o+ Ui = é (V- [(v+9) VD] + Ca (VO)Y + P(3) D (&) (34)

Ox;

where production term P(7) and destruction term D(7) are given by

P(0) = Cy (le + Lm) D(%) = Cu1 fu <§>2 (35)

Kk2d?

with d being the distance from the nearest wall. The following set of functions com-

pletes the system

X
—1- X
f112 1+va1 (36)
14C8,\
9+ Cis (37)
3
X
foo= =775 38
TR+ (38)
g=7+Cyo (r®—r) (39)
r = v (40)

(lw| K2d? + D fy2)

with the following constants

Cy = 01355, 0 = 2/3, Cpp = 0.622
Cwl = Cbl/liz + (1 + Cbg)/O', k = 041
Cw2 == 03, Cvl =71
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The S-A turbulence model has shown to be capable of making realistic predic-
tions of shear flows, with the exception of jet like flows [32]. One drawback commented
on by Nichols [23] is S-A tends to overdamp some unsteady flows. This could be an
issue since base flows are inherently unsteady. However, S-A should be better suited
than B-L for separated flows. Overall, S-A is a widely used model because of its
numerical stability and ease of implementation on both structured and unstructured

grids and will be included in studies for this research.

2.8.8 Detached-Eddy Simulation.  Detached-Eddy Simulation (DES) is an-
other turbulence model that will be used for this study. It is based on S-A, but is
modified to use the best parts of RANS and LES turbulence models. On one hand,
RANS does a good job with attached boundary layers and has low grid resolution
requirements, while LES models separated flows more accurately but has a high re-

quirement for grid resolution in the streamwise direction [13].

Each piece of DES should be explained in more detail. The RANS approach
takes the basic flow variables and breaks them into mean and fluctuating parts. Af-
ter inserting them back into the Navier-Stokes equations and performing ensemble
averaging, the basic structure of the Navier-Stokes equations is maintained with the
exception of two additional terms. One adds transport terms to the viscous stress
tensor. The other adds a vector of turbulent heat flux to the energy equation [6].
LES, on the other hand, approaches turbulence modelling from the vantage point of
resolving large eddies accurately and using subgrid-scale models to approximate the
smaller scales [13]. The LES approach is based on observations that Large eddies
transport more turbulent energy so they should not be modelled. The small scale
eddies tend to be easier to model since they posses easily discernable traits compared

to large-scale eddies [6].
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The DES model is formed by modifying the wall destruction term of the S-A
model (equation 35). The wall distance d is replace with d, given by

C:Z = min(d, CDESA) (41)

where d is the distance to the nearest wall, A is the grid spacing and Cpgs is 0.65
for structured grids. If d < A the model acts like a RANS model and if d > A the
model acts like a Smagorinski LES model. This means one can refine the grid spacing

in areas of interest to switch to the LES model [13].
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III. Methodology
3.1 Geometries

The geometries for the carrier and store are generic and do not represent any
specific vehicles or payloads. The carrier geometry is a cone with a spherical nose,
hollowed out to fit the store within. A solid carrier was also examined. The store is
conically shaped with a spherical nose and a cylindrical aft section. Figure 9 shows
the geometry for both the carrier and store. All values are non-dimensionalized by
the carrier vehicle’s base diameter (D = 21.75 mm). The positive x-axis is defined
as going in the direction of the free-stream, while the y-axis is out of the top of the
wind tunnel and the z-axis is coming out of the side when one is viewing the flow
going from left to right down the positive x-axis. This should not be important for
atmospheric flight cases since the conical flow should be symmetric at zero degree
angle of attack. However, the wind tunnel cases with the sting present should show
asymmetric effects. The tips of both vehicles are spherical with diameters of 0.046

units (1/2 mm radius). All cases for CFD were run at separation distances (x/D) of

2.73

1.0

( 10.0 deg

— 0.46 —

( 10.0 deg

152 |

Figure 9:  Carrier (top) and store (bottom) non-dimensionalized
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Figure 10:  Separation distance (x/D)

either 0.22, 0.92 or 2.23 units between the base of the carrier and nose of the store
as shown in Figure 10. Experimental cases by Jung were run at the same separation

distances, however additional data was taken at 0.0, 0.46, 1.5, and 2.9 x/D.

Wind tunnel simulations included a sting. Its geometry is shown in Figure 11.
Sting dimensions are non-dimensionalized by the base diameter of the carrier model.
The sting is swept back 40° from vertical and has a 9? half-angle from the centerline.
The rationale for this sting design was that a swept back sting would allow the flow
interrupted by the sting at the attachment point time to return to conical flow by
the time it reaches the base. The shape of the sting was chosen to be a symmetric
diamond (instead of a rod or other shapes) because it should allow the flow to return

to near free stream conditions. Its size was driven in part by the the hollow portion

0.25

161

Figure 11:  Sting setup [16]
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Figure 12:  Schlieren images of diamond strut effects [16]

used to obtain pressure data. Jung conducted studies on the effects of varying the
half-angle of the diamond as well as its length. The experiments showed that the
shape of the sting had little effect, albeit detectable, on the reattachment point in the
trailing wake, and a minimal effect on the overall shape of the base flow region [16].
Figure 12 provided by Jung [16] gives a visual comparison of the base flow using

schlieren images.

3.2 Experimental Methodologies

Explanation of the wind tunnel environment and methodologies used by Jung
[16] is necessary in order to compare to experimental results. The wind tunnel used
was a supersonic blow-down tunnel, which utilizes a converging-diverging nozzle and
a variable area diffuser for a range of Mach numbers. With a nominal stagnation

pressure of 38 psi, the tunnel had a freestream static pressure of 1.17 psi and a test

28



Figure 13:  AFIT supersonic wind tunnel [16]

section static temperature of 110 degrees Kelvin. This yielded a wind tunnel free
stream Mach number of 2.93 and a Reynolds number of 3.9x10%8/m [16]. The wind
tunnel has a square cross-section of 2.5 inches on a side. A picture of the tunnel is
shown in Figure 13. The primary goal of the experimental research conducted by Jung
was not to accurately predict a store separation, but rather to investigate and quantify
effects the wind tunnel and sting were having on the flow physics of the current
problem. Real-time sequences of Schlieren images were used for visual evidence of
the base flow region. The Schlieren system took pictures using an exposure time of
1 ps at 20,100 frames per second (fps) for larger images and 94,500 fps for smaller
images. Filtering and binning were not used. A power spectrum density study was
then performed using the schlieren imaging system to analyze and record frequency

data and related Strouhal numbers during the experiments [16].

Pressure sensitive paint (PSP) was also used in experimental testing. It enabled
pressure data to be captured from the carrier and store to compare with analytical
models and past experiments. The theory behind PSP is certain materials will fluo-

resce inversely proportional to pressure. Molecules within the PSP are excited to a
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higher energy state by photons from a light source and get back down to their original
state by either fluorescing at the visible wavelength or through oxygen quenching [16].
Oxygen quenching is the process by which oxygen molecules absorb energy from ex-
cited molecules via the oxygen molecule’s vibrational mode. The higher the pressure,
the more oxygen molecules are present to absorb energy from excited molecules. This
limits the amount of luminescence from the PSP by giving excited molecules a higher
chance to return to their original energy state through oxygen quenching. In order
to capture this, a detector is used in conjunction with the light source and PSP. The
PSP Jung [16] used was from Innovative Scientific Solutions, Inc, which had a pres-
sure sensitivity of approximately 6 percent per psig at 1 atm and a response time of
0.3 s. The response time is too large to take into account any high frequency pressure

changes, so all PSP data is assumed to be time averaged.

Pressure transducers were also mounted in the carrier cavity and on the outside
of the store. Pressure data was sampled at 200 kHz for a half second. The transducers
were used to capture differences on the store and in the carrier due to the presence of

the store and to verify pressure data from the PSP system.

Notable conclusions drawn from experimental research are as follows [16]:

1. The diamond strut caused the reattachment shock to move closer to the base

2. The interaction of the conical shock from the carrier and oblique shock from
the sting created a vertical pressure gradient causing asymmetric effects in the

wake region.

3. The store caused the base pressure on the carrier to rise as it was moved aft,
where maximum effect was noted at a distance approximately equal to half of

the carrier vehicle’s base diameter.

4. The cavity present in the carrier lowered its base pressure
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3.3 Computational Methodologies

Beggar uses blocked, patched, and overlapping grids to compute solutions around
complex dynamic geometries. From an efficiency standpoint, the grid assembly pro-
cess is simplified greatly if grids made for a common rigid object are not overlapping.
In Beggar, a collection of non-overlapping grids is called a superblock [1]. For a better
understanding of the various superblocks and how they interact with each other, refer

to Figure 14. Three main groups of grids are used—background grids (in red), grids

L.
(a) Carrier su- (b) Store superblock (c) Wind tunnel su-
perblock perblock

(d) Atmosphere su- (e) Sting and interface su-
perblock perblocks

Figure 14:  Various superblocks

around the carrier (in green), and grids around the ejected store (in dark blue). The
two remaining grids used were the interface mesh (in purple) and the mesh around the
sting (in light blue). In general, an interface grid is a grid used to patch together su-
perblocks that don’t have enough cells overlapping to make an accurate interpolation
during the cutting process. During CFD simulations of the experimental environment,

the sting grid and background grid did not have enough cells overlapping in the front
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near the carrier nose, so the interface mesh was used. For the store and carrier grids,
a “C-O” topology was used, while the wind tunnel grid and interface grid were both
cartesian meshes. The background grid for the free flight cases also used a “C-O”

topology and the sting grid used an “H-H” topology.

There were many variations of the store/carrier in different background envi-
ronments. Table 1 shows the different grid cell counts. The carrier grids with a cavity
did not change the number of cells for the carrier in a significant way to differen-

tiate between the two. Once the grids were overset, the minimum amount of cells

Table 1:  Cell count for superblocks (millions)
Carrier | Store | Sting | Interface | Wind-Tunnel | Atmosphere
25-31| 16 0.7 0.14 2.2 1.6

contained per CFD run was 5.7 million cells (atmospheric) and 7.74 million cells for
the wind-tunnel with sting case. Initial grid spacing for the carrier and the store was
found to be 1.4x107* and 2.1x10™* respectively (non-dimensional) using a y* of 1.
The grid stretching factor for grid growth normal to the frontal surface of each vehicle
was 1.25. Carrier and store grids were revolved with equal spacing around the axis of
symmetry, dividing the entire 360 degree rotation into 4 blocks, each with 25 equally
spaced points along the circumference. Carrier grids with a sting attached used 40
grid points along each lower quarter revolution to allow the sting to be properly at-
tached during the oversetting process. This is why the carrier grid cell count varies

from 2.5 to 3.1 million cells in Table 1.

As previously mentioned in Chapter 2, the viscous Navier-Stokes equations were
implemented by the flow solver. Mach number and Reynolds number were set to
match the conditions in the experimental wind tunnel. Once initialized, the flow solver
was set to calculate time accurate data starting at a non-dimensional dt of 1x10*
and ramping up an order of magnitude every 200 iterations until the non-dimensional
dt reached 1.0 (2.54x10~* seconds of physical time). Once this was accomplished, the

solver was run from 4000 to 8000 iterations to get a solution (approximately 1 to 2
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seconds total). Force and moment data were recorded every time step and used to
determine when the flow was fully developed by observing the point at which oscilla-
tory values had become stationary over time. This was done for all x/D distances and
turbulence models. Data was taken from both the store and carrier, with variations

of the carrier being hollow and solid.
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IV. Results
4.1 Free Flight - No Store

The carrier in free flight will be used to compare against wind tunnel and sting
effects. It will also give an idea of turbulence model accuracies since no other dis-
turbances can be the cause of inaccurate data. Figure 15 shows the carrier in free

flight using contours of Mach and DES as the turbulence model. Comparisons with

m=3.785

—
W

0.000

Figure 15:  Contours of mach for carrier in free flight, Mach = 2.93

B-L and DES will be presented in a more quantifiable way using data from the near
wake. For the remainder of the results presented in this chapter, all flow variables
presented have been averaged out to at least a half second of physical time unless

specified otherwise.

4.1.1 Base Pressures in Free Flight.  Initial runs using all of the turbulence
models for a free flight CFD case will give a general idea of the accuracy of each model
when predicting base pressure without wind tunnel or mounting effects. The carrier
vehicle’s base pressure coefficients will be compared to the empirical and analytical

models reviewed earlier for accuracy, as well as the work from Herrin and Dutton for
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consistency. CFD plots of C,, are shown with empirical and theoretical values in

Figure 16. The plots were taken from both horizontal and vertical strips of data from
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Base pressure coefficients on carrier in free flight compared to theoretical

and empirical values

the carrier vehicle’s base, as Jung [16] did in his experimentations. Computations for

the theoretical and empirical models required an inviscid approximation of certain flow

parameters immediately following the conical shock, which were obtained using the

Taylor-Maccoll method for cones. The Mach number aft of the shock was computed as

2.651 and the pressure across the shock was 1.53. The Lamb and Oberkampf empirical

model estimated a C),, of -0.119 using equations 3, 4 and 5. The van Raalte and van

Oudheusden analytical model estimated a base pressure of -0.102 using Equations 6

through 9 (Re;, = 2.12x10°%).
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As one can see, the base pressures for B-L and DES fall between the predicted
values. S-A base pressures were by far the least accurate of the three turbulence
models when comparing against empirical and analytical results. The S-A model
computed exactly the same mean pressure distribution horizontally and vertically,
showing no traces of randomness. In results obtained by Kawai and Fujii for super-
sonic base flow over a cylinder, the pressure distribution they compute for S-A has the
same shape as the current research shows. This is apparently a common phenomenon
for RANS turbulence models on supersonic base flows [17]. An explanation of this in
S-A can be related to its tendency to over-damp unsteady solutions [23]. Figure 17
shows further evidence of the dissipative nature of S-A in unsteady flows as the time
history of x force coefficients on the carrier reveals the S-A case has reached steady

state.
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Figure 17:  S-A x force coefficients on carrier in free flight
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Previous research has shown the B-L turbulence model to be unreliable for sep-
arated flows. However, B-L shows reasonable accuracy for base pressure coefficients
when comparing to theoretical and empirical values, which implies base pressure does
not significantly depend on capturing separated flow features within the near wake
of the vehicle. This shows the inviscid flow features remain the dominant factors in
computing the mean base pressure, while viscous effects show the turbulent structures
present in the subsonic near wake are responsible for oscillatory behavior in base pres-
sure. DES also shows a reasonably accurate depiction of the base pressure compared
to the two models. Interestingly, both B-L. and DES are very close to computing the

same C,, at the center of the base.

Both B-L and DES pressure distributions do not completely follow the same
shape of Herrin and Dutton’s, where the lowest pressure should be found in the center.
However, the pressure is still fairly uniform. A cause for concern in the B-L C,,’s
is the drop in pressure near the outer edges. This may be an effect of not capturing
the shear layer accurately. DES captures the pressure rise towards the outer edges.
The S-A pressure distribution is obviously not correct, since the pressure towards the

center is the highest.

Since B-L has shown it can provide reasonable approximations of base pressure,
it will be included in further studies, even though the separated wake will be com-
pletely unreliable. DES will be included because it also shows a reasonable accuracy
for base pressure coefficient (compared to theoretical values) and has proven itself in
previous research to provide better depictions of separated flows than B-L. The S-A
turbulence model will not be included in any further studies because of its tendency

to damp out unsteadiness in the flow and its inaccurate calculation of base pressure.

4.1.2 Near-Wake Region in Free Flight. Another way to analyze the tur-
bulence models is to take data from the near-wake region. From what is known of
base flows at the present, important features include a recirculation region, a free

shear layer and reattachment shocks. Figure 18 shows this region for the B-L and

37



=5.79

Pay g o |

A

!
( :W J
j )
I
",ﬁ_
|

i

?v«&m&m fm

m”&é&&&w: I AL RAEEVEN
i AR AN
AW
R AL AT RN Yoyl KKKKKZKKKZKKKKM_{;
j }E%pwrp@xg@2245225«255?{5/./?(5%
P lrdirpppeseprretove vy Yy g{y_zggy_zggzz?/_((%?%
Kh&hkkhww»hhrhrrwrrvv;e%f_eekzzzzzgzzy_zzgzrw_z,e e

+

A

: ﬁ\\x\&x 7 m N

0 AR

DES

)

Near-wake vectors for atmospheric cases colored by Mach number

Figure 18

38



DES turbulence models. The recirculation area is shown with a coordinate surface
of velocity vectors on the x-y plane within the shear layer. The shape of the shear
layer is captured with contours of Mach number with the threshold set to capture
only features outside of the shear layer. Velocity vectors and Mach contours are both
colored by Mach number. The B-L turbulence model computed a solution that is
symmetric by outer shape, but the inner wake region shows asymmetric behavior
when comparing the top and bottom regions. This can be seen since velocity vectors
in the lower half of the near wake appear larger than the top half. Also, the majority
of velocity vectors along the base are pointing downward. The recirculation region
for the B-L near-wake is almost non-existent. The DES near-wake is symmetric by
shape and by inner velocity vectors. When comparing the two models, it is apparent

the DES model is predicting more recirculation than the B-L model.

A quantitative approach to defining important features in the near-wake region

is shown in Figure 19. It is similar to the work of Herrin and Dutton where the u

1
BL
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..
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Figure 19: Non-dimensional streamwise velocity in near-wake region along center-
line
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velocity is non-dimensionalized by the free stream velocity and plotted against the
non-dimensional distance from the carrier’s base. Data from both turbulence models

are included.

The rear stagnation point for both turbulence models can be seen by where their
plots cross the x axis where U/Uy is 0. This occurs at approximately 3.2 x/R for both.
The maximum reverse velocity occurs at 1.5946 x/R for DES and is approximately
36% of the freestream velocity, while the B-L maximum reverse velocity occurs at 2.1
x/R and is approximately 33% of the freestream velocity. With a freestream Mach
number of 2.93, the maximum velocity using DES is Mach 1.06 and B-L is Mach 0.992.
The major difference between the two turbulence models is the location of maximum
reverse velocity. DES computes a solution where the maximum reverse velocity is
closer to the vehicle’s base. This data will be compared to the wind tunnel without

a sting data in order to quantify wind tunnel effects in the near-wake.

4.2 Wind Tunnel - No Store

Wind tunnel cases are important because they provide the first step in changes
between the experimental setup and free flight. Effects of the wind tunnel include
reflected shock/expansion interactions as well as encased flow, which will not allow

any flow out of the fixed area for a given cross-section. Figure 20 shows the carrier in
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Figure 20:  Contours of mach for carrier in wind tunnel, no-sting, Mach = 2.93
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the wind tunnel without the sting using contours of Mach computed using the DES
turbulence model. As one can see, the shock interactions from the wind tunnel walls
create a more complicated environment to analyze store ejections. The base pressure

profiles and the near-wake will be used to quantify any differences.

4.2.1 Base Pressures in Wind Tunnel.  The wind tunnel environment with-
out a sting should still be symmetric. Figure 21 shows the pressure distribution on
the base of the carrier in the wind tunnel without a sting mount, with freeflight val-

ues. Values still fall within the theoretical and empirical base pressure coefficients.
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~0.13F B-L - Vertical
B-L — Horizontal

==DES - Vertical
-0.141 ===DES - Horizontal

=== Theoretical VR and vO

===Empirical L and O
-0.15f

1 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Distance from Center, r/R

Figure 21: Mean base pressure coefficients on carrier base without sting

Even though the flow is enclosed by the wind tunnel, major changes from free flight
are not, expected since there is no physical object to reflect major disturbances back
upstream through the subsonic flow. Mean base pressures computed from free flight
data are -.110 for B-L and -.112 for DES. These values are averages of the vertical
and horizontal means for each model. The mean base pressure coefficient values for

the wind tunnel cases are -.1095 for B-L and -.112 for DES. This results in a 0.5%
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change for B-L and no change for DES. Based on this, it can be said the reflected
shocks interfere with the wake downstream, but do not appear to have an effect back
upstream when speaking strictly in terms of base pressure. Qualitatively speaking,

the reflected shocks intersect at approximately 4 x/D (x/R = 8).

4.2.2  Near-Wake in Wind Tunnel.  Figure 22 shows a comparison of the non-

dimensional centerline velocities for free flight and wind tunnel cases. The centerline

1~

B-L - Atmospheric

® DES - Atmospheric
—A—B-L - Tunnel
—©- DES - Tunnel

0.8

u/U

Figure 22: Non-dimensional streamwise velocity in near-wake for free flight and
wind tunnel cases along centerline

profile shape is maintained when comparing to free flight cases, but subtle differences
are noted. For wind tunnel runs, the maximum reverse velocities reached on the
centerline were 33.1% of the freestream for B-L and 37.2% for DES. This marked a
2.0% increase from free flight for B-L and an 2.5% decrease for DES. The location
for maximum reverse velocities did not change for either turbulence model. There
was also no change in the location for reattachment for either turbulence model. The
full recirculation regions are shown in Figure 23 for both turbulence models using

the same contour and vector attributes that were used in Figure 18. The DES wind
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tunnel near-wake looks unchanged from free flight while the B-L wind tunnel near-
wake is more symmetric than its free flight case. After comparing wind tunnel and
free flight cases, it has been shown the wind tunnel does not significantly affect base
pressures or the main features in the near-wake of the carrier vehicle when a store
is not present. The quantitative comparisons in the near-wake were between 0.0 and
3.15 x/D, which is within the point at which the reflected shocks were qualitatively
found to intersect (x/D = 4).

4.3 Shock Reflections

Before going further it is necessary to describe the effects the shocks will have
on wind tunnel solutions. Downstream of the carrier near-wake, reflected shocks
will interfere with the flow. The accuracy with which these shocks are captured will
effect comparisons between experimental and CFD data. Since geometries and flow
conditions have been set to match experimental runs, the intersection of shocks should
ideally occur at the same points. Figure 24 shows visual comparisons of the reflected
shocks. CFD solutions have over-predicted the length at which the reflected conical
shock and reattachment shock intersect. If flow conditions are identical, the cause is
most probably due to the inviscid boundary conditions set for the tunnel walls. In
reality, there will be a boundary layer present which should be taken into account.
This would have dramatically increased the number of grid cells needed within the
wind tunnel background grid, which would have made running a large number of test
cases impractical. The impact of this when comparing CFD to experimental solutions
is the CFD solutions will have a slightly delayed reaction to reflected shocks as the
store is moved downstream. The shock system should remain the same for different
turbulence models as is shown in Figure 24 because these are not viscous effects. The
experimental and CFD cases also show there is not a pronounced difference in the

shock intersection locations due to an aft cavity being present on the carrier.

To get an idea of what interference roles shocks play, Figure 25 shows a coordi-

nate surface of the difference in C, from the free flight carrier superblock and carrier
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Figure 24: Base flow visualization comparisons - Re = 3.9210°/m
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Figure 25:  Difference in C, between free flight and wind tunnel (no store) cases

superblock in the wind tunnel (no sting) using DES. The values between -0.005 and
0.005 have been removed. The area where the shock is reflected is evident due to the
change in pressure. The pressure in the area between the nose shock and carrier is
relatively the same between the free flight and the stingless wind tunnel environment.
This is expected since shocks are inviscid phenomena. The pressure around the store

will thus be affected only when it passes through the reflected shock.

The free flight wind tunnel comparison is the cleanest example as far as inter-
ference effects go. The addition of the sting will cause even more flow field disruption.
Figure 26 shows a comparison of the shock environment of the wind tunnel case with
a sting relative to the atmospheric case using DES. Bluish colors represent the at-
mospheric pressure contours and red-orange colors are wind tunnel pressure contours
with the sting. The coordinate surface was placed on the x-y plane and both carrier
models are solid. As one can see, reattachment shocks are no longer symmetric due
to the sting interference. This will cause force and moment differences on the store
since the flow field is no longer symmetric about the x-z plane. Figure 27 shows the
same data on a horizontal plane. The same contour details apply to Figure 27 as
were applied to Figure 26. The reattachment shocks appear to be symmetric and
match up well with the free flight case. The shock off of the cone does not match up

because of its interaction with the oblique shock from the sting. Since the leading
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shock is essentially weaker, the Mach number at the base is higher than it would have
normally been in free flight, which creates a stronger expansion. This is evident as
the red contour lines show the expansion region is thicker. Since the flow is turned at
a steeper angle the flow reattaches itself quicker, which is shown by a close up view

of the near-wake in Figure 28.
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Figure 28:  Close-up of expansion region and reattachment shocks (x-z plane)

Drag and pressure effects that will be felt by the store are three dimensional
and cannot be fully explained by two coordinate planes. The three dimensional as-
pect of the problem can be seen in Figure 29 where iso-surfaces of pressure gradient
magnitude were chosen to show both shocks and expansions. The conical structure
behind the model is the reattachment shock. The three dimensional nature of the
shock interactions will present difficulty in examining the sting/tunnel effects on the

store using cut planes.



Figure 29: DES three dimensional shock interactions in wind tunnel environment
with sting

4-4 Wind Tunnel with Sting - No Store

4.4.1 Base Pressures in Wind Tunnel with Sting. CFD and experimental
data can be compared directly for cases with a sting present. Asymmetry of the
flowfield due to the sting can also be studied. Figure 30 shows base pressure profiles
for atmospheric and wind tunnel (with sting) cases, compared to experimental results.
The experimental values are a guideline for the CFD solutions. It should be noted that
the pressure is very low so precise PSP data could not be extracted. However, at the
center of the base the pressure was taken using a static pressure port, which reflects
the most accurate experimental data point. Free flight values will be referenced when

computing percent changes due to the sting.
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Figure 30: Mean base pressure coefficient comparisons with sting

B-L computed a decrease in mean base pressure of 11.8% when a sting is present
and DES computed a decrease of 17.5%. Using Figure 3 for a rough estimate of total
drag shows at Mach 3 the base drag accounts for approximately 85% of the total
drag for a slender cone. Keeping this in mind, a 17.5% decrease in base pressure
would significantly effect the total drag if this data was taken during wind tunnel

experimentation.

The asymmetric effects due to the sting can also be seen in the vertical pressure
profile for CFD cases. Experimental cases do not show any significant biases due to
the sting. The horizontal pressure profile on the base is fairly uniform. The drop
in base pressure and asymmetry of the vertical pressure distributions can both be

explained using simple inviscid analysis of the flow field.

First, due to the sting, there is a vertical pressure gradient which causes the

flow to become asymmetric. Figure 31 shows the surface pressure distributions for
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experimental and CFD cases. For the CFD case, the turbulence model used was B-
L. The diagonal lines in the PSP are due to slight imperfections in the model build
and paint application. It can be assumed that there should be almost no difference
between DES and B-L for these surface pressure coefficients since the only turbulent
activity taking place on these surfaces is a turbulent boundary layer, which both
turbulence models have been proven to be reasonably accurate at capturing. Overall,

agreement between the CFD and PSP results is reasonable.

The conical shock and oblique shock off of the sting is clearly creating a pres-
sure gradient, which causes the flow to be redirected towards the top of the carrier.

Figure 32 shows this with streamlines seeded near the front portion of the sting where
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Figure 31: CFD and PSP comparisons of sting effects
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the carrier is attached. The surface contours are colored with pressure coefficient and

the streamlines colored with density. The asymmetry of the flow is apparent.

Figure 32:  Asymmetric effects of sting

At the top of the PSP image in Figure 31 there is a region of high pressure
which does not appear in the CFD solution. Initially, the cause of this was theorized
to originate from a shock due to an upstream imperfection in the wind tunnel, which
was reflected until it impinged on the upper surface of the carrier. It is visible in
Figure 33. These are Mach waves according to Jung [16], which originate from a slight
misalignment of joints between the wind tunnel stilling chamber and test section.
This was proven by measuring the angle between the freestream direction and wave of
interest and comparing to Mach angles from a Prandtl-Meyer table [2]. The measured
angle was approximately between 19° and 20°. The Mach angle from the Prandtl-
Meyer table lies between 19.8° and 20.2° (values taken from Mach 2.95 and Mach 2.90
respectively). Higher resolution of the measured angle was not possible, but if the
angle measured from the wind tunnel Mach wave was larger, it could be considered a

weak shock, which would effect the flow downstream.

This explains the vertical pressure gradient on the base of the carrier, but does
not completely explain why the mean pressure is so different from symmetric cases.
If the pressure is much lower on the base, inviscid flow relations should be sufficient
in explaining why this happens since base pressure is heavily dependent on Mach
number and the angle at which the flow is expanded. Since the current problem
poses three dimensional effects, expansion angles are hard to quantify and compare

around a circular body due to the asymmetric effects of the sting. An alternate
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Figure 33:  Schlieren image of shock reflecting off of the carrier

way of explaining this is the Mach number approaching the base on all sides of the
carrier must be greater when a sting is present than Mach numbers experienced by
symmetric cases. Based on free flight and no sting wind tunnel cases, it was shown
that wind tunnel encasement played a negligible role in changing the base pressure.
The addition of a sting, however, causes such a large base pressure difference that the
sting must play a significant role in increasing the effective Mach number around the

base.

Figure 34 is a contour plot of Mach number on the y-z plane immediately before
the base of the carrier for the previously discussed flight cases. White is the upper
limit of the color bar, Mach 3.0. The sting has interrupted the flow in such a way
that an area of higher Mach numbers is seen around the base of the carrier with the
sting when compared to symmetric cases. Higher Mach numbers lead to an increase
in the angle of expansion around the base, which lead to lower base pressures. This
explains why CFD runs are lower relative to other CFD runs, but does not explain the
significant difference between experimental and CFD values. There are a number of
variables that can factor into this, but they are all speculation. Figure 34 also shows

the difference in boundary layers due to the stings presence just before expansion.
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Figure 34:  Contours of Mach number at the base of the carrier for various cases
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The atmospheric and no-sting cases have a uniform boundary layer profile around
the circular geometry, while the wind tunnel cases with a sting show turbulent effects
creating a much thicker boundary layer in certain regions. The top portion of the
circular base has a thick boundary layer due to the redirected vertical flow off of the
sting. The bottom portion has tear drop shaped boundary layer profiles where the
boundary layers between the sting and carrier are most likely interacting and causing

vortical flow.

The difference between turbulence model base pressures can be compared by
analyzing the expansion region. DES must be computing stronger expansions at the
base than B-L when the sting is present, since the base pressure values are lower. This
is shown to be the case as shown in Figure 35, where pressures and densities are plotted

through a vertical data line which passes through the expansion fan at the base. Both
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Figure 35:  Pressure and density changes through expansion and shear layer for DES
and B-L turbulence models
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turbulence models have the same pressure and density before the expansion region.
The DES turbulence model case expands both the density and pressure over a larger
distance, equating to a larger/stronger expansion region. The data line is well into
the near-wake, where the flow values hold constant throughout. This proves nothing
within the near wake is causing the pressure and density differences. The pressure
rises slightly at the end of the expansion for both turbulence models, which ultimately

brings the B-L pressure even higher than the DES pressure.

The pressure rise at the end of the expansion is due the presence of a lip shock.
It can be seen more clearly in Figure 36, which shows the near-wake region using
density contours. The number of contours is the same for both turbulence models.
Jung [16] observed lip shocks in his research only when a store was present in the
wake and the carrier model had a cavity. Van Raalte and Oudheusden explain the
lip shock is a recompression phenomenon that occurs in order to adjust the static
pressure in the boundary layer with the expansion that occurs at the base [31]. It is
clear the lip shock is stronger for the B-L turbulence model than the DES model. This
helps to explain the lower pressures along the base that the DES model computes.
Since lip shocks are associated with the boundary layer as it is transitioned to a shear
flow, the different strengths of the lip shocks can be attributed to the ability of each
turbulence model’s ability to capture separated flows. This shows a major difference
in base pressure calculations for the current research is traced back to the turbulence
model used in the flow solver. The inability of the B-L model to capture a shear layer
can also be seen in figure 36. The shear layer is smeared out compared to the DES

case.

4.4.2 Near-Wake in Wind Tunnel with Sting.  Vectors in the near-wake are
shown in Figure 37. As one would anticipate, symmetry has clearly broken down.
Both turbulence models show a recirculation region in the upper corner near the
shoulder of the base, and the rest of the wake revolves around this point. Velocity

vector scaling is kept the same as atmospheric and no-sting wind tunnel cases in
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(b) DES

Figure 36:  Lip shocks for B-L and DES turbulence models (x-y plane)

order to show the relative velocities of each case to one another. The asymmetry
will definitely have an effect for cases in which a store is present in the wake. Since
symmetry is no longer present in the near-wake, non-dimensional velocity comparisons
along the centerline are not relevant. Figure 38 shows velocity vectors in the x-z plane.
Symmetry is maintained as one would expect. Qualitatively speaking, the vectors in

the x-z plane can be considered a better representation of the near-wake region.
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4.5 Cavity Effects

Up until now, all cases examined have been those where the carrier is completely
solid. It enabled the capture of base pressure profile and comparison to experimental
data. In real life, the store ejection would take place out of a cavity. It is therefore
necessary to examine the cavity’s effect on the flow field since it may have an effect on
the recirculation region, thus having an impact on the strength of the expansion and
base drag. Figure 39 shows the non-dimensional u velocities for the cavity compared
to the velocities of the solid runs without a store present using the DES turbulence

model.

0.8

A Atmospheric — Cavity
Wind Tunnel - Cavity — No Sting
Atmospheric - Solid

® Wind Tunnel — Solid — No Sting

Figure 39: Non-dimensional streamwise velocity in the near-wake of the carrier

The plot shows the velocities inside the cavity are relatively benign deep inside
the cavity. At -.6798 and -.5282 x/R for the atmospheric and wind tunnel cases

respectively, there is a point of maximum forward velocity within the cavity. This
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Figure 40:  Velocity vectors colored by Mach number for free flight (DES)

Figure 41:  Velocity vectors colored by Mach number for wind tunnel (DES) - no
sting

61



Mach

Figure 42:  Velocity vectors colored by Mach number for wind tunnel (DES) - sting

value is approximately one half of a percent of freestream for both, which is equivalent
to 0.1465 Mach. Using the solid cases as a reference, the maximum reverse velocity
for the atmospheric case increased by 21.8% with the addition of the cavity and the
wind tunnel case increased by 14.3%. The location for the maximum reverse velocity
moved closer to the base by 5% and 4.5% for the atmospheric and wind tunnel cases
respectively. The reattachment points were in the same location at 3.44 x/R, which
is 7.5% further downstream of the solid cases. These changes show the recirculation
region to have more energy than the solid cases, and encompass a longer span aft
of the base before reattachment is reached. For a visual representation of the cavity
and near-wake regions refer to Figures 40 through 42. Velocity vectors are colored by
Mach number as they were in previous studies of solid test cases. The cavity region
for the atmospheric and no-sting wind tunnel cases are not symmetric as expected.
This is because the flow there is nearly stagnant, making it difficult to get a time
averaged solution in a half second. The cavity region for the wind tunnel case with

a sting contains higher velocities and a region of recirculation. The near-wake for

62



the atmospheric and no-sting wind tunnel cases are symmetric when the cavity is
present, as they were during tests with a solid carrier. The near-wake for the cavity

wind tunnel case with a sting shows no symmetry as the solid case did.

4.6 Force and Moment Analysis

Beggar is able to calculate force and moment data over specified entities. This is
obviously important during dynamic 6DOF simulations since the movement of stores
depends on knowing these. Using it on static cases enabled the capture of force and
moment coefficient data on the store and carrier vehicle for comparison. These force
and moment coefficients are defined in Beggar as shown in equations 42 and 43. The
reference area for each is the maximum cross-sectional area and the reference length is
the diameter. For the store, A,.; and L,.; were 66.46 mm? and 9.2 mm. The carrier
Ayey and L, were 363.350 mm? and 21.512 mm. F, and M, are computed using
non-dimensional quantities. The forces and moments of the other axes are found in

the same manner.

2F,
= —— 42
CFSC M2A7-ef ( )
2M.
Crg = ~——— 4
M M2ArefLref ( 3)

Figure 43 shows an example of the raw force data recorded. The unsteady nature of the
base flow region is apparent. The mean values are really what is of interest in the force
history data because in most store ejection applications the inertial properties can
be considered large enough that high-frequency oscillations will not impact the store
trajectory. Table 2 shows those mean values on the store taken for the B-L turbulence
model. Assumptions will be necessary to analyze this data. The atmospheric case will
be defined as the baseline when comparing the coefficient data. Since everything in the
atmospheric cases is symmetric about the x-axis, everything but C'r, is expected to be
very small. All force and moment values in Table 2 other than Cp, are of magnitude
1072 or less. It can therefore be assumed that values of the same magnitude or less

can be considered negligible, which leaves only the drag coefficients for data analysis.
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Figure 43:  B-L x force coefficients on the store at 0.93 x/D

This assumption can also be applied to the wind tunnel case with no sting since it is
also symmetric about the x axis. Wind tunnel data with a sting will be discussed and
compared later since a direct comparison to the symmetric cases will not be helpful
until effects of the wind tunnel are understood. Also, force and moment coefficients
on the carrier are skewed because of the presence of the sting so the integration of
pressures on that surface will not be correct. Appendix A shows the tabular forms of

the rest of the force and moment data for the store and carrier.

4.6.1 Store Force and Moment Analysis. Looking at C'p data reveals im-
portant trends between wind tunnel (no sting) and atmospheric drag data. For the
remainder of the force and moment analysis, triangles on the plots denote free flight

cases and squares are wind tunnel runs. Filled in symbols are data points where a
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Table 2:  B-L forces/moments on store with hollow carrier - Re = 3.9210%/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 -0.061756 0.00032513 -0.0013674 0 0.00010908  -0.00085503
0.92 0.043351 0.0019995 0.00087691 0 0.00078839  -0.0010773
2.23 0.20784  0.0011715 -0.0008095 0 -0.002766 0.0011826
Wind Tunnel - No Sting
0.22 -0.037282 0.00070583  0.0014111 0 0.00021881  0.00022445
0.92 -0.058456 0.0025514 -0.0023404 0 6.581e-005 -0.00032723
2.23 0.10812  -0.0020036  0.0010261 0 0.00096195  0.0032809
Wind Tunnel - Sting
0.22 -0.039496 -0.034932  0.0014415 0 -0.00026191  0.0018985
0.92 0.099735 -0.083916  0.0017702 0 0.00090343 0.013829
2.23  0.22291 -0.021402  -0.0033744 0 -0.0077307 0.10107

solid carrier was used. Figure 44 shows the store drag coefficient data for B-L and
DES turbulence models with a cavity in the carrier for both atmospheric and wind

tunnel cases. Both turbulence models show a suction back to the carrier vehicle at

0.25—

A B-L Atmospheric
E B-L Tunnel
DES Atmospheric

D DES Tunnel

0.2—

0.1—

005 A
o
o
A
[m]
-0.05
[m]

05 1 15 2 25
x/D

Figure 44: Turbulence model comparison of wind tunnel and atmospheric drag co-
efficients on store with a hollow carrier, Re = 3.9x10%
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0.22 x/D for wind tunnel and atmospheric cases. At 0.92 x/D the free flight case for
both turbulence models has already transitioned to positive drag while the wind tun-
nel cases are still experiencing negative drag. The wind tunnel effects can therefore
be shown to have a major impact on the store’s drag between 0.22 and 0.92 x/D. It’s
clear that the encasement of the flow field in the wind tunnel causes this. Figure 45
shows pressure contour plots of both the atmospheric and wind tunnel cases overlayed
in order to show difference in base pressures on the store. Orange-red colors are the
wind tunnel pressure contours and bluish colors are atmospheric. The much denser
distribution of blue pressure contours at the base of the store shows qualitatively the

much stronger expansion which has formed at the base when the store is in the at-

Figure 45: Expansion comparison using pressure contours on store at 0.22 x/D for
free flight and wind tunnel (no-sting) cases
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mosphere. The reattachment shock for the atmospheric case is also more prominent
due to the stronger expansion region. The turbulence model used was DES for this

comparison, but the B-L. model also shows this wind tunnel effect based on drag data.

Looking at Figure 44, it is also apparent that the drag on the store is increasing
as the store is brought away from the carrier. This is expected since the store is being
pulled further away from the carrier and will eventually have supersonic flow turning
at its base, giving it more base and skin friction drag. Skin friction will obviously

have much less of an impact than base drag.

There are no discernable trends when comparing the two turbulence models
in Figure 44 to show that one is more accurate than the other for force computing
purposes. From what is already known of turbulence modelling, B-L is not supposed
to be reliable for computing free shear layers or massively separated flows. This was
shown to be the case when looking at the near-wake in Figures 18 and 23 where B-L
was not able to simulate symmetry of the recirculation regions. From that standpoint,

DES should be giving more accurate force and moment estimations.

As explained earlier, Chapman concluded from his experiments that if the
boundary layer state before the base corner had already transitioned to turbulent,
the effects of Reynolds number did not have a significant impact on base pressure.
This should be the case for this CFD research, since the boundary layer on the carrier
has transitioned to turbulent (Re;, = 2.12x10°). The Reynolds number effects for
high-Mach flow on the store is shown in Figure 46 for the B-L turbulence model with
a cavity present on the carrier. This shows Reynolds number does not have a major

impact on the drag experienced by the store for these CFD runs.

The effects of the cavity on the carrier are also of interest since there is no
avoiding it in a dynamic separation. Figure 47 shows store drag coefficients with and
without a cavity present on the carrier. The store has more drag when the carrier
is solid for all cases (both turbulence model and flight environment) except the B-L

wind tunnel runs at 0.22 and 0.92 x/D. Jung [16] found the presence of a cavity in
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Figure 46: B-L turbulence model comparison of Reynolds number effects on store
with cavity present

the carrier decreased the surface pressures on the frontal portion of the store. This
would cause the store to have less drag, assuming the base pressures on the store are
not significantly effected by the cavity. The lower surface pressures on the store can
be explained by previous comparisons of u velocities in the near wake of the carrier,
which showed the cavity caused a delayed reattachment. Since the rear stagnation
point would be further aft, the velocities around the store would be less for the cavity
case than the solid case. The drag decrease on the store due to the presence of a
cavity are small in comparison to the effects the wind tunnel had when comparing to
free flight drag data. In other workds, the reflected shocks have more of an impact

on the drag measured on the store than the cavity’s presence in the carrier. This is
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Figure 47:  Comparison of cavity effects on store, Re = 3.9x10®

expected since shocks will change inviscid properties in the areas of interest, which

have a large impact on base drag.

4.6.2 Carrier Force and Moment Analysis. The carrier Cp values are im-
portant because they allow comparisons to drag data for the store. Since the carrier
will most likely be at terminal velocity or decelerating, there could be a reconnect if
the store separates back into the free stream and catches up with the carrier. This

would obviously happen only if the store and carrier maintained the same path.

When the store is in the near-wake of the carrier, the shear layer will not be
allowed to reattach as it was when the store was absent. Since the shear layer will
turn into the centerline at a smaller angle, the expansions off of the carrier’s base
will be weaker. This should create lower drag for the lead vehicle since base pressures

will be higher. Figure 48 shows drag comparisons on a hollow carrier in different
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Figure 48: Comparisons of drag coefficient on the hollow carrier as a function of
store position

environments. At 0.22 x/D, the drag on the carrier is higher in the atmosphere than
in free flight. Figure 49 shows the difference in C}, with the store present using DES
values. Values between -.005 and 0.005 have been removed. One can see the wind
tunnel causes pressure differences in the near-wake with the store present, which was
not the case when the same analysis was previously done without the store (Figure 25).
The encasement of the flow is causing this to happen since all other variables in the
simulation are identical. It is theorized that reflected shocks downstream are creating
disturbances in the subsonic wake, which are then propogated back upstream to the
carrier. Since the difference between atmospheric and wind tunnel C}’s is negative,

the effect is higher drag on the atmospheric carrier.

From 0.22 to 0.92 x/D, the DES and wind tunnel cases have almost identical

drag values, but the B-L case shows a drastic difference. Since effects in the wake are
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Figure 49: Difference in C, between atmospheric and wind tunnel (with store at
0.22 x/D) cases using DES

—0.0631

—0.121%2

less reliable using B-L, this was not studied in detail and are attributed to turbulence
model error. The DES C, comparison at 0.92 x/D is shown in Figure 50 and shows
the pressures in the wake of the carrier agree more than when the store was at 0.22
x/D. This shows the store having less of an effect on the carrier as it is moved aft. At
2.23 x/D the drag values are nearly identical for all cases since the disturbances in the
wake have all washed out so the flow has nearly returned to free stream conditions.
The wind tunnel data point at 0.22 x/D for the B-L turbulence model was not looked
into in more depth because we know that B-L results are not as accurate as the DES
results. The trend in drag on the carrier for free flight cases does what is expected.
As the store is brought away from the carrier, the shear layer can be turned into
the centerline at a steeper angle, thus allowing a stronger expansion and higher base

pressures.

Figure 51 shows the carrier drag coefficients relative to the store’s drag coeffi-

cients. At the lowest separation distance, the frontal area of the store is completely

71



Figure 50: Difference in C, between atmospheric and wind tunnel (with store at
0.92 x/D) cases using DES

blocked by the carrier so the store has less drag. As the store makes its way back
into the freestream, the drag difference between the two gets smaller. In order to get
a better idea of the drag relations, Table 3 shows the differences in drag coefficient
between the carrier and store normalized by the carrier’s drag coefficient for that re-
spective case. A value of 1 would mean the store has no drag and a zero value would
mean the store has the same drag as the carrier. As one can see, at 0.22 x/D the store
has values greater than 1 because this is the station where all cases showed the store
being pulled back towards the carrier. At 0.92 x/D, the atmospheric cases transition
to positive drag and the tunnel cases remain in a suction state. At 2.23 x/D, various

results are seen. The B-L cases in free flight show nearly the same drag as the carrier.

Table 3:  Drag differences normalized by carrier vehicle drag coefficient

B-L, Re =1.0x10°/m | B-L, Re =3.9x10°/m | DES, Re =3.9x10°/m

Atmos Tunnel Atmos Tunnel Atmos Tunnel
x/D = 0.22 1.34 1.28 1.34 1.26 1.15 1.40
x/D =092 | 0.78 1.47 0.76 1.47 0.76 1.10
x/D =223 | -0.02 0.48 0.01 0.48 0.19 0.54
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Figure 51:  Comparisons of store and carrier drag coefficients

Interestingly, the B-L case with a higher Reynolds number has achieved drag greater
than the carrier’s and is denoted by the negative value for the normalized drag dif-
ference. Generally speaking, this shouldn’t happen since the store is in the carrier’s
wake and the flow around it should never reach greater than freestream speeds. Since
B-L cases show the store’s drag is nearly the same as the carrier’s at far separation
distances, the turbulence model is probably washing out any wake that may have
developed off of the carrier so freestream conditions are once again achieved. This
seems possible since B-L is not suited for separated flows. DES however, does not
show the drag on the store to be as high as the carrier’s. The difference is related to

each turbulence model’s ability to compute separated flows.

4.6.3 Drag on Store With Sting.  In future wind tunnel experimentation, it

may be worth while to take drag data from the store if one can quantify the effects the
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sting has on force measurements. The data presented in this section is for cases where
the cavity is present on the carrier. Figure 52 shows the drag measurements on the
store with the sting present compared to the previous results in the atmosphere and

wind tunnel without a sting. Sting cases have significantly higher drag coefficients
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Figure 52:  Store Cp comparisons for all test environments

than all wind tunnel cases without a sting and most atmospheric cases. There are
no quantifiable trends that can be used to describe what differences the addition of
the sting causes. However, in a previous analysis the Mach number at the base of
the carrier with a sting was shown to be greater than the wind tunnel case without
a sting. This would carry through the wind tunnel so that the store would have a
larger Mach number around it, which would cause higher drag. The wind tunnel case
without a sting should be the baseline for this since the wind tunnel encasement is

already taken into account. Interestingly, most of data the in Figure 52 shows the
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sting cases match up more closely with the atmospheric cases than the no-sting wind

tunnel runs.

Also of interest, are force and moment coefficient differences along other axes.
Force data along the z axis (lateral forces) and moment data about the y axis (yaw)
are still negligible since symmetry is still maintained. These plots are included in
Appendix A for reference. The force data along the y axis (vertical) and the moment
data about the z axis (pitch) are expected to change due to asymmetric flow. The y
forces on the store with the sting present are shown in Figure 53 with the atmospheric
and no-sting wind tunnel data. Atmospheric and no-sting data are close to zero as
expected. As the store is moved in the aft direction, the variation between symmetric
test case results grow. All differences of the sting case to symmetric cases are negative,
with the furthest deviation occurring at 0.92 x/D. The y force coefficient is 74% of the
drag coefficient at 0.92 x/D. The y forces can therefor by considered to be significantly
effected by the sting’s presence. Figure 54 shows surface pressure coefficients for the
store at 0.92 x/D. The top surface pressures have a greater net pressure than the
surface pressures acting on the bottom, even though the zone of highest pressure is

found on the bottom.

Figure 55 shows the moments about the z axis for the sting cases compared to
symmetric cases. The atmospheric and wind tunnel data are close to zero as expected.
At 0.22 x/D, the Cyy, for the sting is negligible. As the store is moved further aft,
Chr, grows larger and is positive. A positive C)y, value is attributed to a nose down
pitching moment. The Cp, on the store at 0.92 x/D previously studied showed the
top portion had higher pressures on the frontal surface than the bottom surface in

Figure 54, which would cause a nose down pitching moment.
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Figure 53:  Store Cr, Comparisons for all test environments

pm 0.324

=70.095

pm 0.324

=70.095

(b) Bottom

Figure 54: (), on the top and bottom of the store at 0.92 x/D using DES
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V. Conclusions and Recommendations
5.1 Conclusions

This thesis summarizes results of a CFD analysis of the environments a store will
pass through when it is ejected from the rear of a supersonic carrier. The fundamental
elements of understanding this phenomena rely on base pressures, near wake studies
and force/moment analyses on both the carrier and store. Experimental results also
provided a unique way to compare flow structures and pressure data in order to

validate computational results.

Turbulence models available for Beggar were compared. From earlier studies, it
was found that the S-A turbulence model was not suitable for base flow research due
to its tendency to dissipate unsteady solutions to steady state, which also led to inac-
curate base pressure calculations on the carrier. The B-L and DES turbulence models
computed mean base pressures with reasonable accuracy when compared to theoreti-
cal and empirical models. Differences were seen between the turbulence models once
the flow was past the carrier’s base. These differences were magnified significantly
when the sting was added to the flow. The B-L turbulence model computed much
higher base pressures than DES with the sting present. Since DES is historically
proven to be satisfactory at capturing shear layers and separated flow while B-L is
not, it can be concluded that B-L solutions with the sting present are unreliable. For
a quick computation of mean base pressure in a symmetric environment, however, the

B-L turbulence model gives valid approximations.

The presence of the wind tunnel caused little change in the near-wake when
compared to free flight values. Mean base pressure deviations from atmospheric cases
were less than 0.5% for the B-L turbulence model and negligible for the DES turbu-
lence model. In the near-wake, differences in the main flow features (rear stagnation
point and maximum reverse velocity) were negligible. Symmetry was maintained in
the near-wake. A visual comparison of pressure differences showed the inviscid fea-
tures of the flow remain the same until the conical shock from the carrier is reflected

off of the tunnel wall. This is significant because all changes between the sting and
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no-sting wind tunnel cases in the near-wake can be attributed to the presence of a
sting. Drag studies on the store showed the wind tunnel had an effect outside of the
near wake. When clean wind tunnel cases were compared to free flight data, the store
remained in a “suction” state longer than atmospheric cases did. This is significant
because experimental efforts to record drag on the store will remain difficult even if
a mount is placed in the wind tunnel that does not impinge on the flow. It’s impor-
tant to accurately model this transition because it will have implications on dynamic

separations.

As previously mentioned, the presence of a sting changed average base pressure
calculations on the carrier. In addition to this, the base pressure profile and near-
wake was void of symmetry due to the sting. Force and moment data on the store
showed that the sting caused significant changes in drag as well as y forces and z
moments. The three-dimensional nature of the shock interactions showed that two-
dimensional views of the test section were not sufficient to analyze everything that is
happening in the wind tunnel. The shock interactions come from multiple angles and
are too complex to quantify. It is concluded that the sting has implications on the

flow passing the carrier.

5.2 Recommendations

5.2.1 FEzperimental. The present CFD thesis along with the experimental
studies were initial efforts to lay groundwork for future work relating to supersonic
store separations. Since CFD depends heavily on experimental testing for validation,
and vice versa, the most immediate recommendation would be to correct the asymme-
try in the wind tunnel environment. This could be accomplished by redesigning the
sting or wind tunnel to be better suited for axisymmetric low as Jung recommended

in his thesis.

5.2.2 CFD. Running more x/D cases can be done immediately following

this thesis. Jung was able to run many more than three cases so there is more data
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available for comparison. Also, there are large distances between the store separation
distances in the current CFD study that need to be filled. For instance, when the store
was between 0.22 and 0.92 x/D (atmospheric), it transitioned from negative drag to
positive drag somewhere in between. It would be beneficial to determine the exact
x/D where the drag becomes positive and whether the change is subtle or abrupt. An

abrupt change may have implications on dynamic store separations.

One aspect not covered in detail by this thesis is a time step study. Due to
time constraints and available computer resources, an in depth study of the time step
was not performed. Previous works using LES and DES (unstructured) used time
steps on the order of 10~7 and 1075 to produce results which they considered to be
valid [13,14]. For the current research the dt was 2.5x10™*, which may have been too
high to capture smaller frequency oscillations due to turbulence. Since the present
work is more interested in mean values, the time step will probably not make a major

difference in the forces and moments computed, but it is worth investigating.

Another aspect of this thesis which can be studied in more detail is the effect of
grid oversetting on the flow solver. By oversetting grids, the equations which govern
the flow are no longer conservative at the interpolation points. This can have a major
effect on the solution if the cells interpolating from one another have different cell
sizes. There are ways to limit this effect during static runs with cutting methods and
settings in Beggar, but the most one can do during a dynamic separation is to design

grids in a way that will minimize these effects as one is passed through the other.

There is obviously much left to do in order to produce a dynamic store sepa-
ration. Most of this has to do with finding valid inertial properties for a store and
defining them in Beggar. Ejection forces must be large enough to be able to suc-
cessfully clear the store from the carrier. The AFSEO office has data pertaining to
external weapons releases that can provide a baseline ejection force to use for initial

dynamic simulations. Applying constraints on the store as it leaves the cavity may
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also be needed so the store does not collide with the cavity on its way out. This can

all be done in the input deck of Beggar.
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Tables of Forces/Moments

Appendiz A. Forces and Moments

Table 4:  B-L - Store with Solid Carrier - Re = 1.0210%/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 -0.052445 0.0014612  0.00073306 0 0.000277 2.2047e-005
0.92 0.051928 0.0064112 0.001173 0 -0.00039105  -0.001318
2.23 0.2111 0.0080393  0.0012438 0 0.0026302 -0.0092938
Wind Tunnel - No Sting
0.22 -0.06861 -0.0033121  -0.010858 0 -0.0059985  0.00079602
0.92 -0.058703 0.00043263 0.0001018 0 5.7356e-005  0.0011343
2.23  0.11496 0.00012074 0.0012199 0 -0.0041465 0.0035841
Wind Tunnel - Sting

022 -0.025392 -0.040847 0.0020154 0 _ -0.0017412 _ 0.0069004
0.92 0.096358 -0.085526  0.0016003 0  0.0026811  0.010224
223 0.21996 -0.0079025 -0.005707 0  -0.014027  0.078847

Table 5:  B-L - Store with Hollow Carrier - Re = 1.0210°/m

Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 -0.059356 -0.0017508 -0.0013293 0 -0.00076038 -0.00011222
0.92 0.037987 0.0021318  -0.0018938 0 -0.00016378  -0.0023763
2.23  0.20964 -0.002495  -0.0035224 0 -0.0015678  -0.00063986
Wind Tunnel - No Sting
0.22 -0.039281 -0.0036121 -0.00041752 0 0.00081193 -0.00019561
0.92 -0.054634 -0.0023865 0.00053494 0 -0.0020897  0.00097306
2.23  0.10796 -0.002264 -0.001906 0 -0.0012999 0.0024951
Wind Tunnel - Sting

0.22  -0.030094 -0.032304 0.00050056 0 -0.00054438  0.0037651
0.92 0.097546  -0.082526  0.00076164 0 0.0013931 0.0088596
2.23  0.20741 -0.020363  -0.0036233 0 -0.007195 0.11108
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Table 6:  B-L - Hollow Carrier - Re = 1.0210/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 0.17515  2.142¢-005  1.4551e-005 0 -0.00021454  0.00013759
0.92 0.17178  8.2844e-005 -9.6298e-006 0 0.00021033  0.00014663
2.23 0.20554 -0.00015421 -9.3711e-005 0 -8.8545e-005  4.6824e-005
Wind Tunnel - No Sting
0.22  0.14206  7.0559e-005  0.00016368 0 -0.00030358  5.9506e-005
0.92 0.11733  -1.095e-005 -2.7954e-005 0 -3.9545e-005 -1.5908e-005
2.23  0.20571 6.1631e-006  3.0898e-005 0 0.00042577  -0.0001554
Wind Tunnel - Sting
0.22 0.010271  -0.028234 0.00013878 0 0.00023735  -0.0015174
0.92 0.18317  -0.082668  -2.5918e-005 0 0.00014715 -0.069691
223 0.20994  -0.082712  -2.1626e-005 0 0.00013304 -0.069596
Table 7:  B-L - Hollow Carrier - Re = 3.9210%/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 0.18246 3.5052e-005  0.00010871 0 -0.00030593  3.1666e-005
0.92 0.18157 -0.00013493  -4.493e-005 0 3.6619¢-005 -0.00035261
2.23 0.20926 -2.977e-005 -2.7569e-005 0 0.0002868  -0.0004834
Wind Tunnel - No Sting
0.22 0.14614 -4.4517e-005 -6.2814e-005 0 7.8941e-005 3.7894e-005
0.92 0.12308 3.7006e-005  4.8259e-005 0 4.825e-005  2.7089e-005
2.23  0.20975 -5.1506e-005 -5.5715e-005 0 0.00030391  -0.00024905
Wind Tunnel - Sting
0.22 0.19046  -0.082996 5.6596e-005 0 7.2712e-005  -0.071051
0.92 0.18894  -0.082573  -1.1088e-005 0 0.00017311  -0.070561
2.23 0.21638  -0.082625 6.1355e-006 0 0.00015008  -0.070573
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Table 8:  DES - Store with Solid Carrier - Re = 3.9210%/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22  -0.025069 5.0056e-006 -0.00021065 0 -4.7575e-005 -0.0001729
0.92 0.052608  -0.0013617  0.0030202 0 -0.00062942  -0.0035285
223 0.17823 -0.0038815 0.002085 0 -0.0015108  0.0038707
Wind Tunnel - No Sting
0.22 -0.062478 0.006919 -0.025835 0 -0.01009 -0.0039303
0.92 -0.0093688 -0.0058463 -5.8617e-005 0 0.0012205  0.0018168
2.23  0.11088 0.0064157  -0.00043174 0 -0.0037027  -0.0068432
Wind Tunnel - Sting
0.22  0.005042 -0.043723 0.0091594  -8.5204e-005  0.0022253 0.011512
0.92  0.15631 -0.10702 0.0014932  3.2325e-005  0.00081309  0.055318
223 0.16952 -0.033413  -0.00064389 0 -0.0067136 0.11637
Table 9: DES - Store with Hollow Carrier - Re = 3.9210%/m
Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 -0.027288  0.0015627  0.00060638 0 -0.00037977  3.5474e-005
0.92 0.043529  0.00016018  -0.0024851 0 -0.0016734  -2.4865e-005
2.23 0.1714 -0.0059615  0.0035849 0 0.0013028 0.0040946
Wind Tunnel - No Sting
0.22  -0.060109  0.00062537 -0.00026272 0 -0.00035557  0.00039734
0.92 -0.018441 -0.00065358 -0.00077727 0 -0.0013455  4.3928e-005
2.23  0.097267 -0.004085 0.0046031 0 0.0035434 0.0038236
Wind Tunnel - Sting
0.22 -0.0048539  -0.037354 0.0027615 0 0.00076393  0.0046014
0.92  0.15769 -0.11606 0.00032316 0 0.00026142 0.061897
223 0.17416 -0.034037 0.0017352 0 -0.0032162 0.11447
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Table 10:  DES - Solid Carrier - Re = 3.9210%/m

Atmospheric
x/D CFx CFy CFz CMx CMy CMz
0.22 0.17712 0 0 0 2.4162e-005 -5.4103e-005
0.92 0.17849 -3.7776e-005  3.8794e-006 0 0.00076179 0.0014884
2.23 0.21339 0 2.8339e-005 0 0.00056564  -0.0002991
Wind Tunnel - No Sting
0.22 0.17918 0 2.4267¢-005 0 0.0011365 0.0003869

0.92 0.17997 2.5588e-006 -8.8044e-007 0 -0.00084268 -0.00039328
223 0.21379 1.1005e-006 -2.7679e-005 0 0.00042885  0.00054816

Wind Tunnel - Sting

0.22 0.19157  -0.086206 5.4147e-005 0 -0.00029318  -0.077322
0.92 0.21199  -0.086191 5.5027e-005 0 0.00019322 -0.077651
2.23 0.22268 -0.0862 5.5027e-005 0 0.0001876 -0.077398

Table 11:  DES - Hollow Carrier - Re = 3.9210%/m

Atmospheric

x/D CFx CFy CFz CMx CMy CMz

0.22 0.17746 -0.00015614 -0.00019917 0 0.00060609  -0.00044738
0.92 0.17899 -1.1886e-005 6.7298e-005 0 -0.00033355 -0.00016756
223 02111  2.2301e-005  6.3195e-005 0 0.00019131  0.00012527

Wind Tunnel - No Sting

0.22  0.15159 -1.9947e-005 -0.00011459 0 3.1141e-005  -0.00020846
0.92 0.18062 -0.00028372  0.00024757 0 -0.00022256 -0.00023254
223 0.21142 -0.00016657 -2.4047e-005 0 6.4083e-005 -0.00026308

Wind Tunnel - Sting

0.22 0.19002  -0.086503 0.00012734 0 -1.6429¢-005  -0.077788
0.92 0.21171 -0.086049 2.5808e-005 0 0.00019262 -0.077758
223 0.22294  -0.086173 8.7769e-006 0 0.00025536 -0.077522
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A.2 Plots of Forces/Moments
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