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Plasma-Based Control of
Shock-Wave / Boundary-Layer Interaction
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A numerical study of a Mach 14 compression ramp flow was carried out in order to
determine whether a moderate power input through a glow discharge actuator located
upstream of separation could lead to structural changes in the flow. First, detailed code
validation was carried out by comparing computed solutions to experimental measurements
of the baseline flow. Next, the effects of volumetric heating, heating at the wall, and
applied body forces were considered. To avoid computational expense in this initial study,
simplified models of glow discharge effects on the flow were used, rather than the detailed
model used in previous studies. The most beneficial effects were obtained with surface
heating and with an upstream-directed body force. With control applied, the shear layer
was seen to reattach on the ramp with a slightly shallower angle, leading to reduced velocity
and temperature gradients at reattachment, and consequently a reduction in the peak heat
flux. The changes were confined to a narrow strip downstream of each actuator, and the
integrated heat transfer rate to the entire model did not change significantly. Thus, this
form of control may be useful for mitigating local hot-spots, but is probably not useful for
reducing the overall heat load on this type of separated flow configuration. In future work,
the full glow discharge model will be applied to this flow, with emphasis on generating an
upstream body force with an applied magnetic field.

I. Introduction

Plasma actuators are currently considered to be a promising means of flow control.1–8 A number of
different plasma generation methods have been considered for flow control schemes, including DC glow
discharges, RF glow discharges, and dielectric barrier discharges, and control experiments have been carried
out both with and without the presence of an applied magnetic field. Significant control effects have been
observed in experiments on both high-speed6,7 and low-speed flow.3,4 Accurate modeling of such flow control
devices, however, requires consideration of many physical phenomena, particularly space charge effects or
sheaths, which are not incorporated into conventional fluid dynamics models.

Over the past few years, a prototype code (PS3D) has been written in order to model flow in the presence of
finite space charge effects, and examine the plasma sheaths present near electrode surfaces.9–18 The current
version of the code is three-dimensional, and includes the effects of an applied magnetic field. Options are
present in the code to model the motion of each species of charged particle with continuity/momentum
equations appropriate to a low-density regime14,16 or with a drift-diffusion equation appropriate to a high-
density regime.13,15

In previous papers, these detailed physical models have been applied to the study of glow discharge
actuators in high speed flow.13,15,17,18 Fully-coupled, three-dimensional computations were carried out
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recently, with preliminary investigations of the effect of an applied magnetic field.17,18 This detailed physical
modeling has shown that the primary interaction of the glow discharge with the bulk gas flow is through
dissipative heating, and through an electromagnetic body force if a sufficiently strong magnetic field is
applied.

The present work avoids the computational cost of this high-fidelity modeling by applying a simplified
plasma actuator model to the study of the control of a separated, Mach 14 compression ramp flow.19 The
object of the study is to determine whether a modest power input consisting of dissipative heating or
mechanical work localized near separation can lead to structural changes in the flow. Once suitable power
levels and locations are identified, further computations will be carried out using the detailed discharge
model.

II. Methods

An implicit, central-difference scheme was employed to solve the fluid conservation laws with model
source terms. The physical model and numerical procedure are described in this section.

The conservation of mass, momentum, and energy for the overall gas is expressed as:

∂ρ

∂t
+∇ · (ρu) = 0 (1)

∂

∂t
(ρu) +∇ · (ρuu−Σ) = f (2)

∂E
∂t

+∇ · (uE −Σ · u + Q) = f · u + S (3)

where ρ is the gas density, u is its velocity, Σ is the total stress tensor, E = ρ(ε + u2/2) is the total fluid
energy, ε is the internal energy, and Q is the heat flux. The source terms on the right hand sides of the
conservation equations include a body force f and a dissipative energy source S.

The total stress tensor Σ is given by the usual constitutive equation for a Newtonian fluid and the heat
flux Q follows Fourier’s heat conduction law:

Σij = −pδij + µ

(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3
µ

∂uk

∂xk
δij (4)

Qi = −k
∂T

∂xi
(5)

where p is the pressure, µ is the viscosity, and k is the thermal conductivity. The transport coefficients were
evaluated using the correlations given in Ref. 20. The working fluid (air) was assumed to be a calorically
and thermally perfect gas: ε = cvT and p = ρRT , where T is the temperature, cv is the specific heat, and R
is the ideal gas constant.

Phenomenological models of dissipative heating and body forces were considered, and their effects on the
flow were evaluated. The volumetric heating model had the form:

S =
Q

π3/2a3
exp

(
− r2

a2

)
(6)

and was added to the total energy equation. Note that
∫∞
0 S4πr2dr = Q. The variable r represents the

distance from the center (xc, yx, zc) of the heating: r =
√

(x− xc)2 + (y − yc)2 + (z − zc)2. The applied
body force had the analogous form:

f =
2Q

U∞π3/2a3
exp

(
− r2

a2

)
ex (7)
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and was added to the momentum equations, with f · u added to the total energy equation. Note that
1
2U∞

∫∞
0 fx4πr2dr = Q, so that the net mechanical power delivered to the fluid is about the same as the

heating specified in Eq. (6). The surface heating model had the form:

qw =
Q

πa2
exp

(
− r2

a2

)
(8)

and was applied as a boundary condition. Note that
∫∞
0 qw2πrdr = Q. The variable r represents the distance

along the wall (y = 0) from the center of the heating: r =
√

(x− xc)2 + (z − zc)2.
The conservation laws were solved using an approximately-factored, implicit scheme, related to those

developed by Beam and Warming21 and Pulliam.22 Applying the standard transformation from physical
coordinates (x, y, z) to grid coordinates (ξ, η, ζ), the conservation equations (1)–(3) can be written in the
form:

∂U

∂t
+

∂E

∂ξ
+

∂F

∂η
+

∂G

∂ζ
=

∂Ev

∂ξ
+

∂F v

∂η
+

∂Gv

∂ζ
+ S (9)

where the usual notation23 is used: U is the the vector of dependent variables, E is a flux, U = U/J ,
E = (ξxE + ξyF + ξzG)/J , etc.

Writing Eq. (9) as ∂U/∂t = R, and discretizing in time, we have:

(1 + θ)Un+1 − (1 + 2θ)Un + θU
n−1 = ∆tRn+1 (10)

where θ = 0 for an implicit Euler scheme and θ = 1/2 for a three point backward scheme. We introduce
subiterations such that U

n+1 → U
p+1, with ∆U = U

p+1 − U
p. The right hand side Rn+1 is linearized

in the standard ‘thin layer’ manner. Collecting the implicit terms on the left hand side, and introducing
approximate factoring and a subiteration time step ∆t̂ gives:

[
I − ∆t̂

1 + θ
(B + δξA1 + δξR1δξ + Diξ)

]
×

[
I − ∆t̂

1 + θ
(δηA2 + δηR2δη + Diη)

]
×

[
I − ∆t̂

1 + θ
(δζA3 + δζR3δζ + Diζ)

]
∆U =

− ∆t̂

1 + θ

{
(1 + θ)Up − (1 + 2θ)Un + θU

n−1

∆t
−Rp −DeU

p

}

(11)

where B is the source Jacobian, and A1−3 and R1−3 are flux Jacobians. The spatial derivatives are evaluated
using second order central differences.

The symbols Di and De are, respectively, the implicit and explicit damping operators described by
Pulliam.22 The explicit damping operator uses a nonlinear blend of second- and fourth-order damping.24

In the implementation of the computer code, multi-level parallelism is exploited by using vectorization,
multi-threading with OpenMP commands,25 and multi-block decomposition implemented through MPI com-
mands.26 Further, the code is set up to run in either a time-accurate mode, or with local time stepping to
accelerate convergence.

It was found to be efficient in many cases to compute an initial solution using a low-storage fourth-order
Runge-Kutta time-integration method (e.g., see Sec. 6.6.8 of Ref. 23) and local time-stepping, and then to
compute the final solution using the implicit method with a global time-step.
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III. Results

Two- and three-dimensional calculations were carried out for a series of Mach 14 compression ramp flows
originally studied by Holden and Moselle.19 The ramp configuration consists of an initial flat plate of length
L = 0.439 m and width W = 0.610 m mounted parallel to the freestream, followed by a second plate, inclined
to the freestream by an angle θ. The flow conditions are listed in Table 1.

This flow has been used as a benchmark case in a number of previous computational studies.27–32 Magne-
tohydrodynamic flow control studies were carried out by Updike et al.,32 who demonstrated that a relatively
large-scale MHD device applied at the corner could eliminate separation completely if a sufficiently strong
accelerating force were applied. The present study focuses, in contrast, on a more localized glow discharge-
based control with much lower input power levels.

Parameter value
M 14.1
ReL 1.04× 105

Tw/T∞ 4.1
W/L 1.39
θ 15◦, 18◦, 24◦

Table 1. Flow conditions for the Holden-Moselle19 experiments.

A. Validation and Baseline Flow Structure

An initial set of two-dimensional calculations was carried out for each of three ramp angles (15◦, 18◦, and
24◦) on a relatively coarse grid (202× 60× 5) and on a finer grid (404× 120× 5). Uniformity was imposed
along the z-direction in all the two-dimensional calculations.

Figure 1 shows the flow field predicted on the fine grid for each case. The pressure fields are shown in
Figs. 1a, 1c, and 1e for the 15◦, 18◦, and 24◦ cases, respectively. A close-up view of each of the corresponding
temperature fields is shown with selected streamlines in Figs. 1b, 1d, and 1f. In each case, a weak shock
is seen emanating from the plate leading edge, generated by the hypersonic boundary layer displacement
effect. A strong oblique shock, due to the turning angle θ of the ramp is seen farther downstream. In the
intermediate region near the corner, the 15◦ case displays incipient separation (Fig. 1b), the 18◦ case has a
very small small separated zone (Fig. 1d), and the 24◦ case has a large recirculating zone (Fig. 1f). A shock
/ compression-wave system appears with flow separation, and these waves interact with the leading edge
shock and ramp shock in a complex manner near reattachment. (Hung and MacCormack27 have identified
this as an Edney33 Type VI interaction.) There is a striking thinning of the boundary layer in this region,
often called the ‘neck’.27 Farther downstream, the boundary layer displays non-monotonic density and
temperature profiles, reflecting the embedded shear layer generated by the shock intersection near the neck.

Figure 2 shows profiles of the properties along the wall for each computational case, along with the
experimental measurements of Holden and Moselle. The pressure coefficient is defined as Cp = 2(pw −
p∞)/(ρ∞U2

∞), the heat transfer coefficient as Ch = qw/[ρ∞U∞(H∞ −Hw)], and the skin friction coefficient
as Cf = 2τw/(ρ∞U2

∞), where H is the total enthalpy and the subscripts∞ and w indicate that the quantity is
evaluated in the freestream or wall, respectively. Overall, the trends are similar to those observed in previous
two-dimensional calculations.27–32 The pressure and heat transfer coefficients tend to be over-predicted near
reattachment in all cases. Separation and reattachment locations are predicted adequately for the 15◦ and
18◦ cases, but separation occurs too early in the 24◦ case on the finer grid, possibly because of the inherent
three-dimensionality of this flow.
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Note that the pressure overshoot (peak greater than the inviscid pressure rise corresponding to the flow
turning angle θ) increases with increasing ramp angle (Figs. 2a, 2d, and 2g). Similar trends are seen in heat
transfer and skin friction. These trends indicate the increasing strength of the interaction at reattachment
with increasing ramp angle.

To examine the issue of spanwise nonuniformity in the 24◦ case, three-dimensional calculations were
carried out on 202× 60× 60 and 404× 120× 120 grids. The results are summarized in Fig. 3. A diagram of
the wall boundary conditions is shown in Fig. 3a. To allow for the finite width of the plate, a portion of the
bottom of the computational domain was assigned a no-slip boundary condition to represent the plate and
ramp. Near the spanwise boundaries, either slip or outflow boundary conditions were used, as indicated in
the figure.

A contour plot of the magnitude of the skin friction and trajectories of the skin friction vector field τ ·n,
where τ is the shear stress tensor and n is the wall-normal unit vector, are shown in Fig. 3b. Note that the
degree of spanwise nonuniformity in this solution is less than that observed by Rudy et al.,30 who used a
coarser grid and slightly different boundary conditions. Temperature contours are shown in Fig. 3c, along
with ribbons of streamlines originating in the recirculating zone in the centerplane. These ribbons illustrate
the three-dimensional, spiraling flow near the ramp corner.

Centerline profiles are compared to the experimental measurements in Figs. 3d-f. The results are quali-
tatively similar to the results of the corresponding two-dimensional calculations shown in Figs. 2g-i, except
that the size of the separated zone is much more accurately predicted by the three-dimensional computations.

B. Effects of heating and body force

With the ability of the code to simulate the baseline flow validated, a series of exploratory studies of the
effect of volumetric heating (Eq. 6), body forces (Eq. 7), and surface heating (Eq. 8) were carried out. All
the computations were three-dimensional, and carried out on a 202 × 60 × 60 grid. The following baseline
values were used in each case: Q = 100 W, xc = L/2 = 0.220 m, yc = 0.008 m (or zero for surface heating),
zc = 0 m, and a = 0.005 m.

Figure 4 shows the effects of heat addition on the surface properties at the centerline. Three cases are
shown: the baseline flow, volumetric heat addition (Eq. 6), and surface heat addition (Eq. 8).

Overall, the surface heating had the greatest effect, perhaps because the added energy remained localized
near the wall. The pressure peak near reattachment was somewhat broadened and reduced with the presence
of heating (Fig. 4a). Because of the varying wall and total temperatures, a modified heat transfer coefficient
Ch = qw/[ρ∞U∞H∞] is shown in Fig. 4b. Heat transfer to the plate is increased just downstream of the
‘actuator’ location, but is decreased at reattachment. The skin friction distribution shows similar behavior,
and indicates that both separation and reattachment are shifted slightly downstream with heating.

To illustrate the reasons for the reduction in reattachment heat transfer and skin friction with heating,
Figs. 4d-f show boundary layer profiles near separation and reattachment, as well as a portion of the density
field near reattachment. Heating is seen to produce slightly fuller velocity profiles upstream of separation.
This difference produces a subtle change in the angle at which the shear layer contacts the ramp (Fig. 4f),
leading to reduced wall-normal derivatives of velocity and temperature (Fig. 4e), and thus reduced fluxes at
the wall near reattachment.

Analogous plots for the effect of an applied body force are shown in Fig. 5. Three cases are shown: the
baseline case, a case with an applied force as in Eq. (7), and an analogous case with a negative (upstream)
body force.

The downstream directed force is seen to have a slightly deleterious effect on the flow. Both heat transfer
(Fig. 5b) and skin friction (Fig. 5c) increase somewhat near reattachment. The size of the separation bubble
is decreased because of the acceleration of the near-wall portion of the boundary layer by the body force
(Fig. 5d), and greater wall-normal derivatives occur near reattachment (Fig. 5e).

In contrast, an upstream body force has a strikingly beneficial effect. This is a somewhat surprising
result, given that such a force would be expected to, and indeed does, slow the flow and promote separation,
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as illustrated in the larger separated zone seen in the skin friction plot of Fig. 5c. The result seems to be
analogous to that observed with heating: a small alteration in the angle at which the shear layer impinges
on the ramp can lead to a significant decrease in the strength of the interaction at reattachment (Fig. 5f).

Additional cases were considered with multiple control elements. The effects of each control case on the
peak heating at reattachment are summarized in Table 2. It is seen that all the control cases, except the
downstream directed force, significantly reduce the peak heat transfer rate.

Case x/L Cf Ch = qw

ρ∞U∞H∞
Cp

Baseline 1.28 2.25× 10−2 2.05× 10−2 0.741
Surface Heating 1.30 1.58× 10−2 1.73× 10−2 0.668
Surface Heating x 5 1.32 1.77× 10−2 1.80× 10−2 0.731
Volumetric Heating 1.29 1.86× 10−2 1.90× 10−2 0.707
Volumetric Heating x 5 1.30 1.97× 10−2 1.91× 10−2 0.741
Downstream force 1.27 2.59× 10−2 2.19× 10−2 0.731
DS Force & Vol. Heating (50 W each) 1.28 2.15× 10−2 2.03× 10−2 0.722
Upstream Force 1.30 1.83× 10−2 1.86× 10−2 0.723

Table 2. Conditions at peak reattachment heating (z/L = 0): effect of control.

The control effects described above tended to be confined to a strip downstream with a characteristic
width of the same order as that of the control actuator. Figure 6 shows skin friction lines (trajectories of
the wall shear stress vector field) and heat transfer coefficient for surface heating cases with one and with
five actuators. Control is seen to introduce a significant degree of spanwise nonuniformity. For the spacing
considered here, multiple actuators did not seem to interfere with each other.

The heat transfer integrated over the surface qnet =
∫∫

qw · n dS was computed to determine the net
effect of each control case. The results are shown in Table 3. (Note that the reductions in heating to the
flat plate portion of the model for the surface heating cases are somewhat misleading because the domain of
integration includes a region of opposite sign at the actuators.) Although significant local decreases in heat
transfer have occurred (see Table 2 and Fig. 6), the net heat load is seen to remain nearly the same. Close
inspection of Fig. 6 indicates that the heat transfer is strongly reduced directly downstream of each actuator
near the reattachment hot spot, but outboard of that region the heat transfer is moderately increased over
a large area. Thus, this form of control may be useful for mitigating local hot-spots, but appears to have a
negligible effect on the net heat transfer.

Case Total Flat Plate Ramp
Baseline 17.1 kW 2.7 kW 14.5 kW
Surface Heating −0.2 % −1.0 % −0.1 %
Surface Heating x 5 −1.1 % −7.1 % 0.0 %
Volumetric Heating +0.1 % +0.9 % 0.0 %
Volumetric Heating x 5 +1.1 % +7.2 % 0.0 %
Downstream Force +0.3 % +0.8 % +0.2 %
DS Force & Vol. Heating (50 W each) +0.2 % +0.8 % +0.1 %
Upstream Force −0.3 % −0.4 % −0.2 %

Table 3. Effect of control on net (integrated) surface heat transfer.
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IV. Summary and Conclusions

Over the past several years, a program has been underway to develop a capability to numerically simulate
experiments with plasma actuators and evaluate their potential for flow control applications. Toward this
end, a three-dimensional computer code has been written to provide detailed physical modeling of plasma
actuator behavior. In recent work, fully-coupled, three-dimensional calculations of a DC discharge in a
hypersonic crossflow have been carried out. This detailed physical modeling has shown that the primary
interaction of the glow discharge with the bulk gas flow is through dissipative heating, and through an
electromagnetic body force if a sufficiently strong magnetic field is applied.

The present work has avoided the computational cost of high-fidelity modeling by applying a simplified
plasma actuator model to the study of the control of a separated compression ramp flow. The object of the
study was to determine whether a modest power input consisting of dissipative heating or mechanical work
can lead to structural changes in the flow if localized to a sensitive region of the flow near separation.

The computer code was first validated against experiment for three Mach 14 compression ramp flows
originally studied by Holden and Moselle,19 who measured wall pressure, heat transfer, and skin friction
on the model centerline. Two-dimensional calculations were carried out first. Adequate comparison with
experiment was obtained for the 15◦ and 18◦ ramp cases, but the streamwise extent of the separated region
was too large for the 24◦ case. This latter case was re-examined with three-dimensional calculations, and
much better agreement with experiment was obtained.

Three-dimensional calculations of the 24◦ ramp case were then carried out for different model control
actuators. The effects of volumetric heating, heating at the wall, a downstream body force, an upstream
body force, and combined cases were considered. In each case a total input power of 100 W was applied to
each actuator, mounted halfway down the initial flat plate.

The most beneficial effects were obtained with surface heating and with an upstream-directed body force,
which caused the shear layer to reattach on the ramp with a slightly shallower angle, leading to reduced
velocity and temperature gradients at reattachment. The changes were confined to a narrow strip downstream
of each actuator, and the integrated heat transfer rate to the entire model did not change significantly. Thus,
this form of control may be useful for mitigating local hot-spots, but is probably not useful for reducing the
overall heat load on such a separated flow configuration.

In future work, the full glow discharge model18 will be applied to this flow, with emphasis on generating
an upstream body force with an applied magnetic field.
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Figure 1. Flow structure, two-dimensional computations, 404× 120 grid.
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(g) Pressure coefficient, 24◦ ramp.
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Figure 2. Properties along the wall centerline: experiment and two-dimensional calculations.
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Figure 3. Results of three-dimensional computations of 24◦ ramp flow.
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Figure 4. Effect of heating on flow structure.
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Figure 5. Effect of body forces on centerline properties.
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Figure 6. Effect of heating on surface streamlines and wall heat transfer distribution.
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