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Abstract The separation and shock wave formation on the
aft-body of a hypersonic adiabatic circular cylinder were
studied numerically using the open source software Open-
FOAM.The simulations of laminarflowwereperformedover
a range of Reynolds numbers (8 × 103 < Re < 8 × 104)
at a free-stream Mach number of 5.9. Off-body viscous
forces were isolated by controlling the wall boundary condi-
tion. It was observed that the off-body viscous forces play a
dominant role compared to the boundary layer in displace-
ment of the interaction onset in response to a change in
Reynolds number. A modified free-interaction equation and
correlation parameter has been presented which accounts for
wall curvature effects on the interaction. The free-interaction
equation was manipulated to isolate the contribution of the
viscous–inviscid interaction to the overall pressure rise and
shock formation. Using these equations coupled with high-
quality simulation data, the underlyingmechanisms resulting
in Reynolds number dependence of the lip-shock forma-
tion were investigated. A constant value for the interaction
parameter representing the part of the pressure rise due to
viscous–inviscid interaction has been observed at separation
over a wide range of Reynolds numbers. The effect of cur-
vature has been shown to be the primary contributor to the
Reynolds number dependence of the free-interaction mech-
anism at separation. The observations in this work have been
discussed here to create a thorough analysis of the Reynolds
number-dependent nature of the lip-shock.
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1 Introduction

Flow separation and the near-wake structure behind blunt
bodies at hypersonic speeds have application primarily to re-
entry vehicle aerodynamics and ballistics. In recent years,
the fluid mechanics of hypersonic blunt body near-wakes
have become of interest because of planetary entry vehicle
development for past and current Mars exploration missions
[14,19,25,27,28,33]. These flows have been investigated
experimentally and numerically. However, these investiga-
tions have not focused on fundamental fluid mechanics and
were largely capsule specific. Many more general investi-
gations have been performed experimentally [13,18,24,30,
32,38,43], numerically and analytically [6–9,12,15,17,21,
26,31,36,40–42,44–47] for flows relevant to the laminar
near-wake problem. A significant dependence on Reynolds
number of the pertinent flow features is known. For exam-
ple, Dewey [18] showed that for both a cylinder, and awedge,
base pressure had a clear dependence on Reynolds number. It
was shown byHama [24], using various boat-tail geometries,
that the lip separation shock wave is primarily a viscous phe-
nomenon regardless of the aft-body geometry.McCarthy and
Kubota [32] showed that pressure distribution of a circular
cylinder at Mach 6 was Reynolds number dependent. Park et
al. [38], collected pressure data for a wide range of Reynolds
numbers and showed a predictable dependence of the pres-
sure minimum location based on Reynolds number. While
the flow topology of the near-wake base flow problem is
well observed, the understanding of the underlying Reynolds
number-dependent mechanisms can still be improved. A gap
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in knowledge exists due to the limited resources and capa-
bilities in the early work, and a lack of generality in modern
investigations. A logical next step in this field of study is
to use high-quality computational fluid dynamics (CFD) to
study the near wake of a simplified geometry. The mecha-
nism at separation can be analyzed through comparison to
other problems featuring strong viscous–inviscid interaction
such as shock wave boundary layer interactions. With mod-
ern computing power, a parametric analysis of the near-wake
fluid mechanics using the full compressible Navier–Stokes
equations is feasible. In the presentwork, the problem is stud-
ied through a series of CFD simulations of hypersonic flow
over an adiabatic circular cylinder in two dimensions. The
data gained from thisCFDstudywill be used to improve basic
mathematical descriptions of separation and lip shock forma-
tion. While some recent parametric studies exist [22,35,38],
to the best knowledge of the authors, such a parametric study
of the viscous–inviscid interaction in this flow problem has
never been performed.

The laminar near-wake flow topology and the viscous–
inviscid interactions referred to in this paper are shown in
Fig. 1. Viscous–inviscid interaction phenomena occur on the
body and in the wake, and are fundamental to understanding
this flow problem. In the present work, the terms weak and
strong interactions are used to distinguish between viscous–
inviscid interactions where separation does not occur, and
those that lead to separation and involve significant upstream
influence, respectively. On the aft-body, a strong interaction
leads to the formation of the lip separation shock. The reat-
tachment shock is created by a similarmechanism that occurs
at thewake reattachment point. Upstreamof thewake, aweak
interaction occurs on the body that alters the pressure distri-
bution and the boundary layer properties. These mechanisms
and their dependence on Reynolds number are the primary
motivation for this work.

Fig. 1 Near-wake flow topology

Part of the present work is the incorporation of simula-
tions with the no-slip boundary condition removed at the
wall. The boundary condition in these cases only enforces
flow tangency and does not produce a boundary layer. These
simulations are referred to from herein as slip simulations
(this is not meant to indicate any analogy to high Knudsen
number or slip regime flow). In the slip simulations, the effect
of viscosity is still present and therefore Reynolds number
can still be manipulated. It is known that in some cases a
separated region can be created in the absence of a boundary
layer due to the presence of shock waves. By doing this here,
the effects of viscous forces in the free shear layer and the
effects of viscous forces in the boundary layer can be isolated.
Through comparison of these results with the fully viscous
simulations the relative importance of the off-body viscous
effects and the boundary layer can be examined. Using this
approach, theReynolds number dependence of the separation
interaction onset is to be studied. It is known that the loca-
tion of the pressure minimum and thus the apparent onset
of the interaction is dependent on Reynolds number. This is
a combined effect of the incoming boundary layer and the
viscous mechanisms of compression in the near-wake. Slip
simulations remove one of these variable elements from the
flow and thus allow their respective relative importance to be
heuristically shown.

2 Free-interaction theory

In typical shock wave boundary layer interactions that lead
to separation, the separation shock wave is known to be a
result of the free interaction of the boundary layer with the
outer inviscid flow [16]. Hama showed that the lip separa-
tion shock in all cases was due to the viscous separation
effect [24]. The viscous separation effect can be described
as the shock formation due to the coalescing of compression
waves created by the gradual deflection of the external flow
by the boundary layer. Strong viscous–inviscid interactions
of this type are often explained using simple free-interaction
theory [11,13,16,20]. The free-interaction equation of Chap-
man [13] for uniform flow is given in (1).

p (x̄) − p (x̄o)

qo
= F (x̄)

⎡
⎣ 2C fo√

M2
e,o − 1

⎤
⎦
0.5

(1)

where

F (x̄) = [ f1 (x̄) f2 (x̄)]0.5 (2)

Here, x̄ is the normalized distance along the wall. The pres-
sure distribution and C f o are taken at the wall. Me,o and
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qo are properties at the boundary layer edge at the interac-

tion onset. The function f1 (x̄) = ∫ x̄
x̄o

(
∂τ̄
∂ ȳ

)
w
dx̄ represents

the integral in the streamwise direction of the shear stress
term in the boundary layer equation at the wall. The function
f2 (x̄) is the non-dimensional streamline deflection due to
viscous–inviscid interaction. F(x̄) is a correlation parameter
between the properties at the interaction onset and the sep-
aration pressure rise. This parameter has been found to be
nearly Reynolds number independent in uniform flow. Equa-
tion 1 was successfully used by Erdos and Pallone [20] to
model the pressure rise through a separation interaction.

Free-interaction theory was first extended to non-uniform
flow by Carrière et al. [11] who presented a generalized the-
ory for non-uniform flow in a pressure gradient p′. This is
shown in (3).

F
(
x̄, p′) =

√√√√
(
P − Po
qo

)(
ν̄(x̄) − ν(x̄)√

C fo

)
(3)

Here ν̄ and ν are the Prandtl–Meyer functions for unsep-
arated flow and separated flow, respectively. p′ is the
non-dimensional pressure gradient due to non-uniformity.
By including the difference in the Prandtl–Meyer func-
tion in this manner, the effect of the non-uniformity is
accounted for. Both F (x̄) and F

(
x̄, p′) have been use-

ful as predictive equations based on empirical data [11,20].
Non-uniform free-interaction theory has received renewed
attention recently for understanding and modeling of shock
wave boundary layer interactions in nozzles [1,10,29,37]. In
the present work, the primary goal is to derive an equation
that is more useful to the near-wake separation problem and
can be more readily used with CFD or experimental data to
provide insight into the physics.

Equation 3 is useful and could be applied to an aft-body
assuming that the Prandtl–Meyer function ν̄ (x̄) along the
external streamline in attached flow is known. This would
require a separate simulation or experiment of unseparated
flow and is less convenient than using the CFD data or exper-
imental data alone. Additionally, in the case of an aft-body
there is always separation, thus making this approach less
feasible. In the present study we derive a different free-
interaction equation by applying the same assumptions as
Carrière et al. [11] but through a different process. Here,
the total streamline deflection is written as a linear combi-
nation of the streamline deflection due to viscous–inviscid
interaction (�ϕ) and geometry (�α). A possible improve-
ment for future work would be to separate the deflection
due to viscous–inviscid interaction (�ϕ) into a sum of the
deflection due to the attached boundary layer growth and the
separation growth as done by Carrière et al. [11]. By fol-
lowing the derivation process outlined by Délery [16] for
the Chapman [13] free-interaction theory, an equation in the

same form as (1) results. The resulting free-interaction equa-
tion is given in (4) and (5). The full derivation is given in the
Appendix.

p (x̄) − p (x̄o)

qo
= F∗ (x̄)

√
2C f o(

M2
e,o − 1

)1/2 (4)

where

F∗ (x̄) =
[
f1 (x̄) f2 (x̄) + L2

sep

δ∗
or

f1 (x̄) f3 (x̄)

]0.5

(5)

Certain parameters that disappear in the uniform flow
derivation remain and must be known. In the present work,
the onset of the interaction is assumed to be located in close
proximity to the pressure minimum. The properties at this
location are given the subscript (o). δ∗

o is calculated by exam-
ining the velocity profile in the direction normal to the surface
at the location of the pressure minimum. Lsep is taken as the
distance between the pressure minimum and the separation
location. The function f2 (x̄) is the non-dimensional effec-
tive streamline deflection due to viscous–inviscid interaction.
In general this function can accurately be assumed to be
f2 (x̄) = dδ̄∗

dx̄ . However, in the present case where the normal
pressure gradient is non-zerowe have elected to not explicitly
identify this term. Instead it is represented as f2 (x̄) = �ϕeff.
In contrast to Carrière et al. [11], here �ϕeff represents the
effective total streamline deflection due to viscous–inviscid
interaction. The third parameter, f3 (x̄) = �ᾱ, is the dimen-
sionless angle change due to cylinder surface curvature. This
equation is derived for a cylinder, but would also be appropri-
ate for a different geometry provided the radius of curvature
(r ) is relatively constant through the interaction region.

The function F∗ (x̄) is a correlation parameter between
the pressure rise in the interaction, and the properties at
interaction onset. Unlike the definition of the free-interaction
parameters F (x̄) or F ′ (x̄, p′), F∗ (x̄) includes the effect of
the viscous–inviscid interaction aswell as the curvature of the
aft-body.Thus their contributions to the total pressure rise can
be examined separately. It can be observed from (5) that the

term representing the effect of curvature (
L2
sep

δ∗
or

f1 (x̄) f3 (x̄))
is dependent on the length of separation. Thus, we can see
that interactions occurring over a smaller curve length have
less dependence on curvature and vice-versa. Similarly, in
interactions where there is no curvature ( f3 (x̄) = 0) there is
no dependence on separation length [i.e., F∗ (x̄) = F (x̄)].

Like Carrière et al. [11], in the present study we are par-
ticularly interested in the viscous–inviscid free-interaction
mechanism. Therefore it is desirable to subtract the effect of
surface deflection on the interaction parameter to recover the
classical free-interaction parameter F (x̄) = √

f1 (x̄) f2 (x̄).
This parameter can be calculated by rearranging (4) to give
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(6). This is derived in the Appendix.

F (x̄) = √
f1 (x̄) f2 (x̄)

=
⎡
⎣

(
p (x̄) − p (x̄o)

qo

)2
√
M2

e,o − 1

2C fo

− L2
sep

δ∗
or

f1 (x̄) f3 (x̄)

⎤
⎦
0.5

(6)

The resulting free interaction parameter, rather than being
a function of Prandtl–Meyer functions, is a function of the
boundary layer properties through the interaction region.
Additionally, it is a correlation between the fraction of the
pressure rise due to viscous–inviscid interaction and the prop-
erties at interaction onset, not the overall pressure rise. In
order to use the above equation, an accurate estimate or
measurement of the surface normal gradient in shear-stress
through the interaction region is required. The parameter
f1 (x̄) can be explicitly calculated from the simulation results
using the viscous stress tensor τ and (7).

f1 (x̄) = δ∗
o

|τwo|
x̄∫

x̄o

(∇ · τ) · t̂d x̄ (7)

3 Simulation details

3.1 Solver and setup

The open sourceCFDsoftware,OpenFOAMv.2.2.1,with the
solver, rhoCentralFoam, was used to simulate the problem.
The flow is assumed to be laminar, in equilibrium, and a
continuum. The gas is treated as an ideal gas. The solver
rhoCentralFoam is a density-based solver of the unsteady,
compressible Navier–Stokes equations as shown in (8)–(10)
[23].

∂ρ

∂t
+ ∇ · (ρu) = 0 (8)

∂(ρu)

∂t
+ ∇ · (ρu2) − ∇ p − ∇ · τ = 0 (9)

∂ρE

∂t
+ ∇ · (u(ρE)) + ∇ · [up] + ∇ · (τ · u) + ∇ · j = 0,

(10)

where ρ, u, p, j , τ , and E represent the density, veloc-
ity, pressure, diffusive heat flux, viscous stress tensor, and
total energy density, respectively. This solver has been used
successfully to model hypersonic flow problems with strong
shock waves [3–5,23].

3.2 Boundary conditions and geometry

Simulations were performed at approximatelyMach 5.9 over
a range of free-streamReynolds numbers (8×103 to 8×104).
The cylinder diameter (0.032m) was used as the character-
istic length scale. Mach number was fixed at the inlet by
specifying a constant static temperature (158K) and veloc-
ity (1552 m/s). Reynolds number was then fixed with inlet
pressure. Simulations were performed with, and without, the
no-slip condition at the wall. The mesh was generated using
the native OpenFOAMmeshing utility, blockMesh. The geo-
metric setup is shown in Fig. 2. The mesh independent grid
consisted approximately 8 million hexahedral elements.

3.3 Gas properties modeling

Characterizing hypersonic flow using similarity parameters
such as Mach number and Reynolds number is inherently
limited by the dependence on temperature-dependent gas
properties. Therefore, any quantitative comparisons made
here are gas- and inlet-property specific. General qualita-
tive relationships between parameters should still hold for
different gases and inlet conditions. Nitrogen was selected
as the working fluid because it has low dissociation below
3000K, has similar properties to air, and is often used in high-
speed wind tunnels. A 7-coefficient NASA thermodynamics
relation, based on the NIST-JANAF [34] thermochemical
tables was used to model gas thermodynamic properties. The
polynomials are given in (11)–(13). Here, a1–a7 are coeffi-
cients dependent on the particular gas used, cp is the constant
pressure-specific heat capacity, H is the enthalpy, and S is
entropy. The polynomial coefficients utilized have been val-
idated against the NIST database from 100 to 6000K.

Fig. 2 Simulation domain (not to scale)
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cp
R

= (a1 + a2T + a3T
2 + a4T

3 + a5T
4) (11)

H

R
= (a1T + a2T

2/2 + a3T
3/3 + a4T

4/4 + a5T
5/5 + a6)

(12)
S

R
= (a1 ln T + a2T + a3T

2/2 + a4T
3/3 + a5T

4/4 + a7)

(13)

Sutherland’s law is used to model the fluid viscosity, and is
given in (14). Here μo is the reference viscosity, T is the
temperature, To is the reference temperature and C is the
Sutherland constant. The static temperatures of the simula-
tion stay within the acceptable range for the NIST-JANAF
polynomials and Sutherland’s law [2,39].

μ = μo
To + C

T + C

(
T

To

)3/2

(14)

The modified Eucken method given in (15) is used to
model the thermal conductivity, κ . Here, cv is the constant
volume-specific heat capacity, and Rg is the specific gas con-
stant.

κ = μcv

(
1.32 + 1.77Rg

cv

)
(15)

3.4 Assumption of laminar flow

The flow features of interest are assumed to be predominantly
laminar for the Reynolds numbers investigated in this work.
There is significant uncertainty in this assumption given the
highly complicated nature of transition in supersonic free-
shear layers. The Reynolds number range was selected based
on ranges investigated in comparable studies [22,32]. To
increase confidence in this assumption, the highest Reynolds
number case (Re∞ = 80,000)was found to satisfy the empir-
ical correlation from Lees [30].

4 Simulation results

4.1 Model validation and grid independence

Numerical grid independence was performed at the maxi-
mum Reynolds number (Re∞ = 8 × 104) by examining
changes in the pressure distribution and separation location.
A Richardson extrapolation was used to estimate the uncer-
tainty of the working grid. A 2.7% difference in pressure
distribution, and 0.2◦ difference (<0.2 % measured from
the forward stagnation point) in separation location were
found between the mesh-independent grid and the Richard-
son extrapolated result. The relatively high error in pressure
is due to the low pressures on the aft-body. The maximum
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Fig. 3 Comparison of wall pressure distribution to the results of
McCarthy and Kubota [32]

change in pressure normalized by the post-shock stagnation
pressure is 0.07%. A less dense mesh was used in the slip
cases as there was no boundary layer to resolve at the wall.

The numerical solver and setup were validated by com-
parison to the experimental data fromMcCarthy and Kubota
[32]. These simulations were used as a first step to ensure
the accuracy of the open-source solver (rhoCentralFoam),
and to ensure the physics were adequately captured. Fig-
ure 3 shows a comparison of the pressure distribution in the
base region at two Reynolds numbers. The pressure distri-
bution is known to be a net result of the viscous–inviscid
interaction between the boundary layer development and the
external inviscid flow. The results of the simulation show rea-
sonable agreement with the experimental data. Some error is
present because the free-streamMach andReynolds numbers
reported by McCarthy and Kubota are approximate or nom-
inal values, and thus may not exactly match the simulated
values. Data at different Reynolds numbers were available
and showed similar agreement.

4.2 Analysis and discussion

4.2.1 Slip vs. no-slip simulations

The purpose of the comparison of slip and no-slip simula-
tions was given in the introduction. The difference between
the slip and no-slip simulations is illustrated in Figs. 4 and 5
at a representative Reynolds number (Re∞ = 4×104). Syn-
thetic Schlieren and streamlines are used to clearly show the
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Fig. 4 Flow-field topology for flow with no-slip boundary condition
(Re∞ = 40,000)

Fig. 5 Flow-field topology for flow with slip boundary condition
(Re∞ = 40,000)

important flow features. All of the pertinent flow topology is
present despite the absence of a boundary layer on the wall.
As expected, the generation of the separated near-wake does
not require the presence of a boundary layer and is required
due to gas dynamics effects. This can be explained as fol-
lows: in order for the flow to remain attached (i.e., no wake),
the flow would need to undergo an instantaneous deflection
of 90◦ at the base stagnation point, which is impossible. This
abrupt deflection first leads to a shock wave, and the vis-
cous recirculation region is formed after. This is why the slip
simulations are an appropriate simplified analog to the fully
viscous near-wake simulations.

The pressure distributions for the slip and no-slip cases
are examined in Figs. 6, 7 and 8. The pressure distribution
through the separation region is shown for the slip and no-
slip cases at the same free-stream Reynolds numbers. The
separation point is marked for both cases. The point of flow
reversal occurs at the peak of the pressure rise in the slip
case because there is no stagnation pressure deficit due to a
boundary layer. In the no-slip case, the interaction is spread
over a length of a fewboundary layer thicknesses on the body.
This is also visible in the synthetic Schlieren images in Figs.
4 and 5. The dip in pressure along the base visible in Figs.
6, 7 and 8 is due to the regions of localized compression and
expansion noted by Grasso et al. [22]. We can see that all of
the pertinent flow features are present in the slip simulations
and thus we have successfully created a scenario where the
off-body viscous effects are isolated from the viscous effects
in the boundary layer.

4.2.2 Strong interaction onset

The location of the strong-interaction is important for deter-
mining the size of the near-wake and the lip separation shock
location. In the case here where the wall has a slip condition,
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Fig. 6 Pressure distributions through separation region for slip and
no-slip boundary (Re∞ = 80,000)
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Fig. 7 Pressure distributions through the separation region at various
free-stream Reynolds numbers—slip case
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but the ratio of viscous and inertial forces in the external
flow is still manipulated, the jump location should still be
a function of the Reynolds number. The only mechanisms
that can act to alter the location of this jump in the slip case
is the subsonic region downstream in the near-wake and the
off-body viscous forces. If there were no Reynolds number
dependence, the jump would be fixed and would indicate a
purely inviscid mechanism. Through comparison of the slip
and no-slip cases, it is observed that the pressure minimum
moves with a similar direction and magnitude in both cases
in response to an increase in Reynolds number (Figs. 7, 8).
This leads to the conclusion that the dominant mechanism
to move separation upstream is the same in both cases. The
overall location of the interaction onset is determined by the
balance between the upstream and the near-wake forces. The
relative displacement of the interaction onset location for a
given geometry in response to a change in Reynolds is pre-
dominantly due to a change in the ratio of viscous to inertial
forces in the wake.

4.2.3 Shoulder expansion and weak viscous–inviscid
interaction

The importance of the shoulder expansion to the formation
of the lip shock has been documented by Hama [24] as
well as Weiss and Weinbaum [44–47]. This is most often
referring to the rate of expansion that is dependent on the
shoulder geometry. A less explored effect in the expansion
region is the Reynolds number dependence that arises due to
weak-viscous–inviscid interaction on geometries with grad-
ual shoulder expansions. For example, in the present case
of the cylinder the shoulder expansion is not sudden. As
illustrated in Fig. 1, the flow expanding around the cylin-
der undergoes a weak interaction between the shear flow
and the expansion fan in the external flow near the shoul-
der. This flow feature is Reynolds number dependent and
has not received extensive study regarding its impact on the
near-wake. This interaction affects the rate of flow expansion
around the body. Because of this effect, the weak interac-
tion will affect the Mach number, pressure, and boundary
layer properties at the onset of the strong viscous–inviscid
interaction. Figure 9 shows the Mach number at the edge
of the viscous layer (≈0.99Ue) as a function of the angle
from the forward stagnation point. As the Reynolds number
is decreased, the weak-interaction between the shear flow
on the body and the external flow becomes more significant
and therefore the flow expands less. It is known that a higher
expansion, in general, should result in a stronger lip shock
wave. Thus it would appear that the Reynolds number effect
on the shoulder expansion will in turn affect the strength of
the lip shock. However, the rate of expansion is still primar-
ily a geometric effect and thus the relative importance of the
weak interaction will depend on the geometry.
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Fig. 9 External Mach number Me vs. angle from forward stagnation
point (◦)

10
4

10
5

0.08

0.1

0.12

0.14

0.16

0.18

Reynolds Number (Re∞)

L se
p/r

10
4

10
5
0.8

1

1.2

1.4

1.6

1.8

L se
p/δ

o*

L
sep

/r L
sep

/δ
o
*

Fig. 10 Separation length vs. Reynolds number

4.2.4 Separation shock and the strong viscous–inviscid
interaction

The formation of the lip separation shock is analyzed here
using the free-interaction theory discussed in Sect. 2. It was
noted that the separation length is fundamentally important
to the effect of curvature on the free-interaction. In Fig. 10
the separation length is shown vs. free-stream Reynolds
number. These curves show the expected relationship of
Lsep/δo and Lsep/r with increasing Reynolds number. As the
Reynolds number is decreased, the separation length normal-
ized by cylinder radius (Lsep/r ) increases. The opposite is
true for separation length normalized by displacement thick-
ness (Lsep/δ

∗
o). The product of these two parameters is the

coefficient of the curvature term and increases with Reynolds
number. Therefore the simulation results have shown that
the importance of the surface curvature to the overall free-
interaction decreases with increasing Reynolds number.
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Fig. 11 F∗ (x̄) profiles at various Reynolds numbers

Figure 11 shows the parameter F∗(x) at various Reynolds
numbers calculated using wall pressure gradient and the
properties at the interaction onset. It is clear that without
correcting for the effect of the surface curvature there is a
significant Reynolds number dependence. By examining (4)
we can see that the implications of this observation are that
two flows with the same Mach number and shear stress will
result in a different profile of dimensionless shock strength
on a body of curvature. However, this only indicates that
the overall interaction is Reynolds number dependent and
does not address the question of similarity of the underlying
viscous–inviscid interaction mechanism.

Figure 12 shows the interaction parameter F (x̄) calcu-
lated from simulation data using (6) and (7). The curves
nearly collapse onto a single profile over an order of mag-
nitude increase in Reynolds number. Thus we can make
the conclusion that like the free-interactions at separation
in classical SWBLI, this component of the free-interactions
leading to laminar near-wake separation obey a similarity
that is mostly Reynolds number independent. This fraction
of the overall pressure rise leading to the lip separation shock
is Reynolds number independent. We can further conclude
that the Reynolds number dependence seen in the parameter
F∗ (x̄) is a consequence of the interaction occurring over a
finite length on a body of curvature.

From Fig. 12, at separation (x̄ = 1) the value of the inter-
action parameter is nearly constant (≈0.5). This is noticeably
lower than those for a regular shock wave boundary layer
interaction in laminar flow (≈0.8 for general SWBLI). A
likely reason for the lower-strength interaction in these flows
is that the boundary layer on the aft-body has less momen-
tum close to the wall compared to a flat plate. A similar
justification is often used for the increased value of this
parameter in turbulent flow.A smallReynolds number depen-
dence is still seen in F (x̄) after the correction for surface
curvature. This dependence could be due to the assumption

Fig. 12 F (x̄) profiles at various Reynolds numbers

that the compression can be approximated by an effective
linearized isentropic compression occurring at the external
inviscid streamline, or the neglected unseparated boundary
layer growth (as accounted for by Carrière et al.). Addition-
ally, the flow has a non-zero normal pressure gradient, and
remains rotational away from the wall as was discussed by
Weiss andWeinbaum [47]. The non-similar nature of the flow
and the Reynolds number dependence of the weak viscous–
inviscid interaction on the forebody may also contribute to
this remaining dependence.

4.2.5 Analysis summary

By examining (4) and (5), we can form a summary regard-
ing the origin of the Reynolds number dependence in the
strong interaction leading to the lip separation shock. The part
of the viscous–inviscid interaction represented by the term
f1 (x̄) f2 (x̄) has been shown here to be mostly Reynolds
number independent. The term representing the effect of

curvature (
L2
sep

δ∗
or

f1 (x̄) f3 (x̄)) decreases the strength of the
pressure rise at separation with decreasing Reynolds num-
ber. The remaining variables are C fo and Me,o. The value
of these variables are determined by the combined effect of
the weak-interaction, and the off-body viscous forces in the
near-wake. This effect determines the distribution of C f and
Me along the body and the location of the interaction onset xo
(shown using the slip-simulations). Through this process we
have isolated and further explained the underlying Reynolds
number dependencies of the aft-body strong interaction lead-
ing to the formation of the lip shock.

5 Conclusion

Flow over an adiabatic circular cylinder was simulated over a
range of Reynolds numbers at a free-streamMach number of
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5.9. Simulation results showed close agreement with exper-
imental wall-pressure distributions. Slip simulations were
performed to create a limiting scenario where a near-wake is
formed in the absence of a boundary layer. A comparison of
slip and no-slip simulations was performed in order to iso-
late the off-body viscous effects in the near-wake. A similar
Reynolds number dependence of the onset location of strong
interaction was present in both cases. This demonstrated that
the off-body viscous effects play a dominant role in the rel-
ative displacement of the interaction onset location due to
a change in Reynolds number for a given geometry. A free-
interaction equation and a correlation parameter F∗ (x̄)were
presented specifically for the strong (lip-shock) interaction
on a cylindrical aft-body. It was shown using this correlation
parameter that the effect of curvature on the lip-shock forma-
tion is dependent on the Reynolds number. It was shown that
the free-interaction parameter F (x̄) could be recovered alge-
braically from F∗ (x̄) to isolate the component of the pressure
rise due to the viscous–inviscid interaction. Using this it was
shown that the profile of F (x̄) (and therefore its effect on
the overall strong interaction) is Reynolds number indepen-
dent. Additionally, the value of F (x̄) at separation was lower
than that of a general shock wave boundary layer interaction.
These observations were then combined with an examina-
tion of the free-interaction equation derived. The result was
a thorough analysis of the Reynolds number dependence of
the separation process and subsequent pressure rise leading
to the lip shock.
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Appendix: Derivation of free-interaction for a cylin-
drical aft-body

The following derivation follows closely the derivation given
by Délery [16] for the Chapman [13] free-interaction theory.
Starting with the boundary layer momentum equation in the
streamwise direction at the wall the following simple rela-
tionship can be found. In these derivations, x refers to the
streamwise distance, and y refers to thewall normal distance.

dp

dx
=

(
∂τ

∂y

)

w
(16)

Integrating both sides:

p (x̄) − p (x̄o) =
x∫

xo

(
∂τ

∂y

)

w
dx (17)

Introducing the non-dimensional variables τ̄ = τ/τwo, ȳ =
y/δ∗

o ,qo = 0.5γ pe (xo) M2
e,o andC f o = τwo/qo the equation

becomes:

p (x̄) − p (x̄o)

qo
= C f o

Lsep

δ∗
o

f1 (x̄) (18)

where:

f1 (x̄) =
x̄∫

x̄o

(
∂τ̄

∂ ȳ

)

w
dx̄ (19)

This is the first equation needed to define the interaction. The
second equation represents the pressure rise due to external
flow deflection.

√
M2

e,o − 1

γ M2
e,o

dp

p
= dϕ (20)

In its linearized form:

√
M2

e,o − 1

γ M2
e,o

�p

p
= �ϕ (21)

The following is the only significant difference from the
derivation of Chapman [13,16]. The streamline deflection
angle ϕ in the case of a cylinder is the sum of the deflection
from viscous–inviscid interaction and the deflection of the
cylindrical aft-body. As well, because we know that there is
vertical pressure gradient and rotational flow, the deflection
is actually an effective angle that would result in the given
pressure rise. In the general case of flat-plate flow it is a good
assumption that the compression is only due the displace-
ment thickness growth dδ∗/dx . Here we do not specify that
this is the specific viscous–inviscid mechanism. Therefore:

√
M2

e,o − 1

γ M2
e,o

�p

p
= �ϕeff + �α, (22)

where �ϕeff is the effective angle change due to viscous–
inviscid interaction.�α is the angle change due to the surface
deflection of the cylinder. If we assume that�ϕeff scales with
δ∗
o/Lsep, and�α scaleswith the angular length of the interac-
tion θsep = Lsep/r and introducing the same dimensionless
variables as the previous step, we can get the following func-
tion:

p (x̄) − p (x̄o)

qo
= 2√

M2
e,o − 1

[
δ∗
o

Lsep
f2 (x̄) + θsep f3 (x̄)

]

(23)
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The function f2 (x̄) is the dimensionless effective angle
change due to viscous–inviscid interaction. In the flat-plate
case this can be assumed to be equal to dδ̄∗

o/dx̄ . The function
f3 (x̄) is the dimensionless angle change due to the cylinder
angle. Multiplying (18) and (23) and taking the square root
we get the following:

p (x̄) − p (x̄o)

qo
=

√
2C f o(

M2
e,o − 1

)1/2
[
f1 (x̄) f2 (x̄) + L2

sep

δ∗
or

f1 (x̄) f3 (x̄)

]0.5

(24)

or

p (x̄) − p (x̄o)

qo
= F∗ (x̄)

√
2C f o(

M2
e,o − 1

)1/2 (25)

The above equation is in the same form as the free-interaction
theory equation from Chapman [13]. However, the interac-
tion parameter is denoted F∗ (x̄) because it incorporates
both the effect of the geometry and the free-interaction.
This equation would also be appropriate for a geometry
other than a cylinder provided the radius of curvature is
relatively constant throughout the interaction region. Equa-
tion 24 can be rearranged for the free-interaction parameter
F (x̄) = √

f1 (x̄) f2 (x̄) to give:

F (x̄) = √
f1 (x̄) f2 (x̄)

=
⎡
⎣

(
p (x̄) − p (x̄o)

qo

)2
√
M2

e,o − 1

2C f o
− L2

sep

δ∗
or

f1 (x̄) f3 (x̄)

⎤
⎦
0.5

(26)
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