To be presented at AIAA 22nd Fluid
Dynamics, Plasma Dyanmids, and Laser
Conference, 6/24-26/91, Honolulu, HI

A PARABOLIZED NAVIER-STOKES ANALYSIS
OF WAKE/BOUNDARY-LAYER FLOW

ALONG A CABLE IN TOWt SAND—91-0878C

DE91 011497
Daniel W. Barnettet

Computational Aerodynamics Division
Sandia National Laboratories
Albuquerque, New Mexico

M Mach number
77 Surface normal, or modified surface
normal
Abstract P Pressure
A parabolized Navier-Stokes analysis of a turbulent, P Ratio of local density to density at
compressible, wake/boundary-layer flow field for a ca- edge f’f ﬂat. plate boundary layer
ble in tow is discussed. It is assumed that the cable is Re Nondimensional Reynolds number
being towed by a missile-like configuration whose total Re Reynolds number per unit length
drag coefﬁgent is 'known. The cal?le is gssumc?d to be , Radial direction
perfectly aligned with the missile axis and is subjected to ) )
its wake. Modeled in the analysis is the far wake behind ro Radius of cable or cylinder
the missile, coupled with the turbulent boundary layer 70 Law-of-the-wall coordinate, u/v"
growth along. the cablfa. An analyticaI. starting solution T Temperature
for a parabolized Navier-Stokes code is presented. The . loci
starting solution is applicable downstream of the towing U ou Streamwise velocity
body’s near wake and, therefore, circumvents the com- u+ Law-of-the-wall coordinate, u/v*
plex task of computing the towing body’s flow field. An P Friction velocity, \/Tw./pw
algebraic wake/boundary-layer turbulence model is used Radial velocit
to simulate turbulent flow in both the decaying wake ¢ cloctty
and growing boundary layer along the cable. Results are X, Pz Axial (2) and axis-normal (y,z) Carte-
presented for a towing-body freestream Mach number of sian coordinates
5 and a Reynolds number of 36.0 x 106 per ft at select z Rao’s variable, xu+
distances along a thin cable.
Greek
Nomenclature . . )
6 Kinematic boundary layer displace-
b Wake width ment thickness
! Boundary 1 height
B Constant, = 5.5 d oundary fayer icig
. A Diff
Cd Forebody total drag coefficient, based Herence
on cross section T Klebanoff intermittency factor
Cd, Integrated skin friction drag coeffi- K Constant, = 0.4
cient, based on cross section . .
. P Dynamic viscosity
d Forebody reference diameter ] o ]
V Kinematic viscosity
tlhis work performed at Sandia National Laboratories sup- ..
ported by the U.S. Department of Energy under contract No. DE- b Vorticity
AC04-76D P00789. fi Ratio of momentum thickness over
~Senior Member of Technical Staff boundary layer
This paper is a work of the U.S. Government and is not subject P Density

to copyright protection in the United States.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available

original document.



T Shear stress

Subscripts

bl Boundary layer

cl Centerline

e Edge conditions

t Incompressible, inner

max Maximum

0 Outer

Pi Flat plate

t Turbulent

w Wake, wall value

00 Freestream conditions
Superscripts

n An arbitrary exponent

+ Law-of-the-wall coordinate
Introduction

The objective of the current analysis is to determine
the drag of a cable in tow and subjected to a compress-
ible, turbulent, high Reynolds-number, wake/boundary-
layer flow. The cable is assumed to be in tow behind a
missile-like configuration at zero angle of attack and per-
fectly aligned with the missile axis. The entire length of
the cable is subjected to the missile’s wake. The diame-
ter of the cable is assumed small relative to the towing
body diameter. Such an analysis is applicable, for exam-
ple, to an antenna protruding from a base of a missile
or reentry vehicle.

It is well known that flow field properties at the edge
of a far wake flow field are constant. Pressure across the
wake is typically assumed to be constant as well. These
assumptions are identical to those made for flat-plate
boundary layer flow. A cable in tow, immersed in a wake,
generates an axial boundary layer that grows subject to
edge conditions imposed by the wake. The growth of
the towing-body wake and cable boundary layer are in-
herently coupled. It is intuitive that, although coupled,
a wake with an embedded boundary layer would retain
a boundary-layer-like nature.

A suitable computational approach to determining
cable drag is appropriate since analytical expressions,
wind tunnel data, flight test data, or other computa-
tional analyses are not known to exist for this type of

flow field. Widely-used parabolized Navier-Stokes (PNS)
codes offer an accurate, efficient solution method for
high-speed, boundary-layer type flows. PNS codes solve
the three-dimensional or axisymmetric, steady, Navier-
Stokes equations using a spatial marching algorithm.
Formulation of the PNS equations disallows regions of
reverse flow. These codes require a starting solution
as an initial condition to marching the governing equa-
tions. + It is plausible that, given suitable initial condi-
tions, a PNS analysis is possible for the wake/boundary-
layer flow on the cable.

A straight-forward method of obtaining suitable PNS
initial conditions on the cable is to first solve the flow
field over the towing body. This would require Navier-
Stokes solutions over at least a portion of the towing
body, most notably the base. This is a time-consuming,
compute-intensive process. A significant savings in time
and resources can be realized by developing an analytical
starting solution aft of the towing body that couples
both the wake and the cable boundary layer. For a PNS
analysis to be applicable, the starting solution must be
valid downstream of the recirculating base flow region.

Presented below is the development of an analyti-
cal starting solution applicable for a PNS code for the
turbulent wake/boundary-layer flow along a cable. The
starting solution was formed by computing and merging
calculated wake and cable boundary layer profiles aft of
the towing body near wake. Knowledge of the towing-
body drag coefficient and reference diameter allows de-
termination of a wake/boundary-layer velocity profile on
the cable, as will be discussed.

Development of a wake/boundary-layer turbulence
model is also discussed since the flow was assumed tur-
bulent. The standard two-layer, algebraic Cebeci-Smith
turbulence model was modified to account for length
scales appropriate for the wake and for compressibility
effects. The model also accounts for transverse curva-
ture effects which occur when the boundary layer height
becomes large relative to the diameter of the cable.

Sandia’s parabolized Navier-Stokes (PNS) code
SPRINTI1-3 was used to compute the flow field.
SPRINT is an extensively modified descendant of the Air
Force Wright Aeronautical Laboratories' PNS code.4,5
Results are presented for sea level flight conditions of
the towing body at Mach 5 and a Reynolds number of
36.0 x 106 per ft. A constant, specified temperature of
Tw = 5400fZ was enforced along the cable. Freestream
temperature was Too = 540°/i. The total drag coeffi-
cient and reference diameter of the towing vehicle are



Cd = 0.30 and d = 1.00 in, respectively. The cable is
assumed to be perfectly smooth and rigid. Cable diam-
eter is 0.040 in.

Development of the PNS Starting Solution

The development of a PNS starting solution begins
by considering the physics of wake flow and boundary
layer flow on a cable, then merging these flow fields in
a physically valid manner. It should be emphasized that
merging of the wake/boundary-layer flow was the ap-
proach used only for patching together the initial condi-
tions for the PNS code. While marching downstream of
the starting location, the numerical solution automati-
cally accounts for the influence these two flow fields have
on each other and on the freestream.

First, consider the wake behind a vehicle with a flat
base flying at supersonic speed. A wake in high-Reynolds
number flow can be divided into three regions: near wake
(or recirculation) region, neck (or transitional) region,
and far wake (or viscous wake) region. Fig. | illustrates
fundamentals of wake flow in a supersonic stream. Alber
and Lees6 describe the near wake behind a step in detail,
for both laminar and turbulent approaching boundary
layers. This flow is depicted in Fig. la. The extent
of the recirculation region, i.e., the distance from the
base to the rear stagnation point, is longer for low Mach
numbers. Extent of the near wake has been found to
be less than 5 — 10 body diameters downstream of the
base.6-9

The far wake illustrated in Fig. 1b commences sev-
eral body diameters downstream of the point where the
wake shock emerges from the viscous wake. The far
wake can commence at axial distances of x/d = 5 or
more, as measured from the base of the vehicle.7 The
distinct lip and wake shocks, obvious in the near wake
and transitional region, have coalesced and are collec-
tively referred to as the wake shock. Flow field prop-
erties at the edge of the wake are constant, as is the
pressure across the wake.8 Hence, dp/dy = 0 across the
wake. These assumptions are identical to those made for
flat-plate boundary layer flow. Hence, similarity profiles
prevail in the far wake. By the term “similarity” is meant
that the wake velocity profiles become similar in shape
when normalized by variables or parameters character-
istic of the flow field. The characteristic variables for
a wake are its local centerline velocity and width. The
existence of similarity will prove to be extremely useful
in the analysis that follows.

Next, consider only the boundary layer flow along a
cable or cylinder in the axial direction. Boundary layer

growth is dependent on the edge Reynolds number. The
edge Reynolds number is typically computed by deter-
mining the boundary layer height to be 95 — 99% of the
height from the wall or surface to where freestream, or
edge, conditions prevail. For a long cable, the boundary
layer height can grow so large that transverse curvature
effects significantly alter what might otherwise be a Bla-
sius profile.

Finally, consider the merging of a wake and a bound-
ary layer. Typically, the displacement thickness due to
the boundary layer would displace the wake outward by
the same amount. For the current analysis, it is desirable
to merge the flow fields very near (but downstream of)
the stagnation point associated with the near wake. The
diameter of the cable is assumed small compared to the
wake diameter near this region. It may then be hypoth-
esized that the boundary layer displacement thickness
induces a higher-order effect on the wake flow which
can be ignored in the development of a PNS starting so-
lution. On the other hand, the effect of the wake flow on
the boundary layer is significant since edge conditions for
the boundary layer are found within the velocity profile of
the wake. The velocity defect associated with the wake
is greatest near the near-wake stagnation point. Hence,
its effect on the boundary layer must be accounted for.

Listed in Table | are incompressible laminar and tur-
bulent growth rates for an axisymmetric boundary layer
(assuming the boundary layer height is much smaller
than the cylinder diameter), an axisymmetric wake, a
flat plate boundary layer, and a plane two-dimensional
wake. The author was unable to find growth rates for
an axisymmetric boundary layer which is large relative
to cylinder diameter. Note that for turbulent flow, the
growth rates for the axisymmetric and flat plate bound-
ary layer (both z4/5) are greater than the axisymmetric
wake (x1/f3) and the plane two-dimensional wake (x1°2).
Hence, it is expected that the boundary layer of the
merged wake/boundary-layer flow field will grow at a
rate faster than the wake and become the dominant fea-
ture far downstream of the towing vehicle. As will be
seen, the computations have indicated this to be the
case.

The methods used in generating the forward-body
wake profile, cable boundary-layer profile, and the
merged wake/boundary-layer profile for the SPRINT
starting solution are discussed below.

Forebody Wake Profile

No analysis could be found representing compress-
ible velocity profiles across the wake. Hence, the fol-



laminar  turbulent
Axisymmetric b.l. (6 <£ ro) x1/2 x4/5
Axisymmetric wake x1/2 x1/3
Flat Plate Boundary Layer x1/2 X-t/s
Plane 2-D Wake x1/2 x1'1

Table 1: Laminar and turbulent power laws for
streamwise growth of incompressible boundary layers
and wakes.

lowing development incorporates an incompressible wake
profile which will be used as part of a starting solution
for SPRINT, a compressible flow field code. Perturba-
tions arising from this compressibility mismatch quickly
dampen as SPRINT is marched along the cable, as will
be discussed.

Assume that velocity profiles in the far wake region
are similar, that the turbulent mixing length is propor-
tional to the wake width 6(x) (after Prandtl), and that
the momentum defect associated with the wake profile
remains constant far downstream. Then the velocity de-
fect profile for a turbulent, incompressible, axisymmetric
wake is given by

where Aumar = UeilW — Uci.10 Using an analysis similar
to that discussed in Ref. 8 for a plane wake, it can be
shown that the velocity defect along the centerline of an
axisymmetric wake is given by the expression
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From Lyons, et ai,ll the width of the turbulent far wake
behind cones flying at Mach numbers of from 5.0 to 7.7
can be correlated by the expression
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where x is measured from the base of the vehicle. Hence,
the decay of the centerline velocity can be expressed by
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The continuity equation in cylindrical coordinates
can be used together with Eqgs. | and 2 to give the w
velocity profile in the radial, or r, direction. Hence, the
axial and radial velocity profiles for an incompressible,
turbulent, axisymmetric wake are given by

As expected, the negative sign on the last equation in-
dicates that the radial flow of a wake is inward, i.e.,
towards the centerline.

The above equations will be collectively referred to
as the "Lyons-Prandtl wake velocity profile."

Cable Boundary Layer Profile

Assume that a turbulent boundary layer profile can
be predicted by the well-known power law

(7

For turbulent profiles, n is typically taken to be 7 or 9.
Eckert12,13 showed that the compressible boundary layer
height for axial flow along a cylinder (or cable) is given
implicitly by

/ n—+3 ™2n "\
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Here, 6 is the boundary layer thickness on the cylinder
and 6pi is the flat plate boundary layer height at the
same Reynolds number, Uzx/utz, as for 6. The function
fi represents the ratio of momentum thickness for the
flat plate over 8pl and is given by the expression

n

n
o i — Pn+2
n+1P+\ n+2 " ©)

~ N —

0y
Jo 1+ 7 TM2[X-(F)2/"]



Pn = p/pz, the ratio of the local density to the density
at the boundary layer edge for the flat plate. The com-
pressible boundary layer height for a flat plate, ratioed
to the incompressible height, is given by
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where
A
" (12)
(n+2)(n-t-1)’
6i = 0.381x/2e-1/5 (13)
Te n+l - (14

Hence, 6pi can be calculated from the expression

z (15)

Once the boundary layer thickness on the cable or
cylinder is determined from Eq. 8, a suitable bound-
ary layer velocity profile must be calculated. The profile
should account for boundary layer thicknesses on the or-
der of the radius of the cylinder, in which case tranverse
curvature effects become important. Hence, a more gen-
eral expression than that given by Eq. 7 is needed, even
though that equation was used to determine boundary
layer thickness. An appropriate expression can be found
in Rao’s modification of Spalding's composite formula
for the inner law of the wall and the logarithmic overlap
region of the boundary layer.l14 Rao’s modification leads
to the equation

(16)
which must be solved implicitly for u.

The “w," or radial, velocity will not be considered
in the formulation of the cable boundary layer profile
for the starting solution. There are several reasons for
this. First, the boundary layer influence is extremely
small immediately downstream of the near-wake stag-
nation point. Second, the flow in this region is mainly
wake dominated, and the radial velocity component has
been included in the wake formulation. Third, the fi-
nite difference equations in SPRINT do account for the
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w" velocity term and will very quickly generate this

velocity as the equations are marched along the cable.
Fourth, any perturbations introduced into the marching
solution due to the initially-missing velocity are expected
to quickly damp. For these reasons, ignoring this radial
velocity component in the comparatively small boundary
layer did not hinder generating a valid starting solution.

Eqs. 8 and 16 will be collectively referred to as the
"Eckert-Rao boundary layer profile."

Merged Wake/Boundary-Layer Profile

The Eckert-Rao boundary layer profile and the Lyons-
Prandtl wake profile must be merged to generate a start-
ing solution to the SPRINT code, assuming no-slip con-
ditions at the wall. The merged starting solution will
then simulate axial, viscous flow of a wake at a speci-
fied location along the cable. The starting solution must
be generated close to the near wake to computationally
couple the wake and boundary layer as soon as possible.
This is also desirable from the standpoint of allowing
numerical perturbations arising from the starting profile
to damp as far upstream as possible.

The boundary layer height in the wake is determined
via an iterative process, as follows. First, the freestream
velocity is used to determine the edge Reynolds number
with which the boundary layer edge is calculated from
the Eckert-Rao boundary layer profile. The wake ve-
locity at this boundary layer edge location is calculated
from the Lyons-Prandtl wake profile. This velocity is
then used to calculate the new location of the edge of
the boundary layer, and the process is repeated. This
method converges very quickly, typically with little or no
change in results after approximately five iterations. A
short computer code was written to perform the neces-
sary iterations and format the output for use in starting
the SPRINT code.

All results were obtained from sea level flight con-
ditions of the towing body at Mach 5 and a Reynolds
number of 36.0 x 106 per ft. It is assumed that pressure
and density are constant across the wake/boundary-layer
for the starting solution. A constant, specified temper-
ature of Tw = 580°i? was enforced along the cable.
Freestream conditions were enforced at the top of the
wake. Freestream temperature was Too = 540°72. Im-
posing freestream boundary conditions at the edge of
the wake is an approximation based on the assumption
that the “far-field” flow aft of the towing vehicle has
returned to essentially freestream conditions.

With the wake/boundary-layer velocities, pressure,
density, and boundary conditions thus specified, the
starting solution for SPRINT is completely specified.



Wake/Boundary-Layer Turbulence Model

Turbulent boundary layer and wake flow is assumed
along the cable. The development of a wake/boundary-
layer turbulence model must account for turbulence both
in the wake and in the boundary layer. The SPRINT
code contains variations of two algebraic, two-layer, eddy
viscosity turbulence models: that of Baldwin-LomaxI5
and of Cebeci-Smithl6. These models allow determi-
nation of the turbulent eddy viscosity by dividing the
boundary layer into two layers, an "inner" and an "outer"
region.

Preliminary solutions were obtained using the
Baldwin-Lomax turbulence model. This model intro-
duced significant, non-physical perturbations into the
axial pressure distribution along the cable. Reasons for
this behavior have been documentedl!7,18 and pertain to
the differential form of the outer eddy viscosity model.
Hence, the Baldwin-Lomax model was replaced by the
Cebeci-Smith model for the results presented herein.
The latter model uses an integral form for the outer
eddy viscosity which acts to smooth perturbations. The
previously-observed perturbations were not observed us-
ing the Cebeci-Smith model for the present calculations.

In this work, a modified form of the two-layer
Cebeci-Smith model was developed to account for
wake/boundary-layer turbulence. The inner eddy viscos-
ity model is that of Cebeci-Smith, modified to account
for the possibility of transverse curvature effects. Modifi-
cations were also made to the outer eddy viscosity model
to account for wake turbulence and the possibility that
the cable boundary layer might become large enough to
dominate the wake flow. As was shown in Table 1, the
boundary layer thickness increases faster than that of'the
wake width for axisymmetric turbulent flows with small
boundary layers. Hence, the outer eddy viscosity model
for the wake becomes invalid should the boundary layer
thickness approach the wake width. When this occurs,
the standard form of the Cebeci-Smith outer eddy vis-
cosity model supercedes the wake outer eddy viscosity
model.

Details of the wake/boundary-layer turbulence model
are as follows. For thin boundary layers (Sn “C ro), the
expression for the inner eddy viscosity is given by

(A<)« = pR"00U {0.4jV [1—

Square brackets enclose the compressible form of the
Van Driest damping term. Transverse curvature effects
for ~ ro are accounted for in the above equation by
two modifications.16 First, the substitute expression

v r0In Ty <18)

is used. Second, the entire right hand side of Eq. 17 is
multiplied by the quantity r/ro.

An outer eddy viscosity model for the wake is devel-
oped in a form analagous to that deduced by Whitel( for
jets. His assumption is that the eddy viscosity for jets
must be scaled by the jet centerline (maximum) velocity
and the jet width. The analagous form for wakes is that
the eddy viscosity must be scaled by the velocity defect,
Aumar, and the wake width, 6(x). When a boundary
layer exists in the core of the wake due to axial flow
along a cylinder, as shown in Fig. 2, the modified wake
width is then given approximately by the expression

6,(i) = 6(x)-|-2(5°-|-ro-6) . (19)

where the kinematic displacement thickness 6* for flow
past an axisymmetric body of radius ro is given by

S +roy-27">*"(vZ2-)rJr
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Q0
Eq. 20 is derived by noting that the width of the
wake alone will be displaced by the physical presence
of the cable and its boundary layer displacement thick-
ness. Hence, the wake outer eddy viscosity model, which
assumes the existence of a boundary layer in the wake’s
core, is given by

~ 0w = 0.0168/ieoopAumaxb'ju, 2n

where the Klebanoff intermittency factor for the wake,
7w, >s given by

-1
7w= 1+55 Q22

As has been discussed, growth of the boundary layer
height is faster than growth of'the wake width. Hence, it
is possible for the eddy viscosity of the boundary layer to
be higher than that of the wake's for long cable lengths.
In this case, the standard form of the Cebeci-Smith outer
eddy viscosity model is used and is given by the equation



(Mt)0,n = O.0lGSReoopUcjiS ’yti (23)

where Uein represents the velocity at the edge of the
boundary layer. The intermittency factor for the bound-
ary layer, yn, is given by

Tw = (24)

The outer eddy viscosity for the merged wake/boundary-
layer flow field is chosen from the largest value calculated
from Eq. 21 or Eq. 23.

Boundary layer height for the wake/boundary-layer
turbulence model is determined using the starting solu-
tion iterative procedure discussed previously. The only
difference is that the numerically-determined velocity
profile (instead of Rao's modification, Eq. 16) is used in
Eckert’s equation, Eq. 8. Also, the local displacement
thickness, Eq. 20, is added to the wake thickness, Eq.
3, to get the corrected wake thickness.

Computational Comparisons and Results

To the author's knowledge, no flight, experimental,
or other computational results are known to exist for a
long cable in tow. This precludes direct, independent
verification of the present computational results. How-
ever, some manner of validation of the present analysis
was felt necessary. Two efforts were undertaken to at
least provide information as to whether the computed
profiles were intuitively correct.

The first validation effort involved comparing the an-
alytical Eckert-Rao boundary layer profiles with compu-
tational results from the SPRINT code for freestream
(no wake) edge conditions. The purpose in this effort
was to gain confidence in the accuracy of the Eckert-Rao
profiles. For this case, the cable was assumed to have a
9.46 deg conical tip. A conical step-back procedure was
used to generate a starting solution for SPRINT. Results
are presented in Fig. 3 for z = 15.0 in and x = 50.0 in.
Agreement is seen to be very good. Also, the calculated
boundary layer thickness was found to be relatively in-
sensitive to the velocity profile exponent "n”. For exam-
ple, the boundary layer height 15 in along the cable was
calculated to be 0.1056 in for n = 7 and .1094 in for
n = 12. At 50 in, the results also compared favorably
at 0.1929 in for n = 7 and 0.2000 in for n = 12. These
comparisons validate the use of the Eckert-Rao boundary
layer profile in constructing the boundary layer region of
the wake/boundary-layer starting solution for SPRINT.

The second validation effort involved comparing
Lyons-Prandtl wake profiles (no cable) with computed
wake/boundary-layer profiles and the computed bound-
ary layer profiles (no wake) from above, at select cable
locations. The purpose in this effort was to gain con-
fidence in the accuracy of the Lyons-Prandtl profiles.
The wake/boundary-layer solutions and cable boundary
layer profiles (no wake) were computed using SPRINT.
The starting solution for the wake/boundary-layer solu-
tions was formed at a point along the cable 15.00 in
from the base of the towing body, downstream of the
near wake. The solution was input to the SPRINT code
which was marched to the 38.34 in station. Fig. 4 indi-
cates the amplitude of the initial oscillation is relatively
large but damps within 5 in (5 base radii). Similar be-
havior was observed when the solution was started at a
point 30.00 in from the base. An extremely low value of
artificial viscosity (ce = 0.005 in SPRINT) was used so
as not to significantly influence the solution once the os-
cillations damped. Large values of smoothing would de-
crease the amplitude of the oscillations but might signif-
icantly influence the solution farther downstream. The
oscillations occur for several possible reasons. One rea-
son is that the merged wake/boundary-layer profile used
in the starting solution was developed using incompress-
ible wake relations. Another is that the radial velocity
is not considered in the formulation of the initial cable
boundary layer profile. Still another is that the influence
of the wake on the cable boundary layer is taken into
account via the boundary layer's edge velocity but the
effect of boundary layer displacement thickness on the
wake is initially ignored.

Presented in Fig. 5 are velocity profile compar-
isons for the forebody wake, cable boundary layer, and
wake/boundary-layer at various distances along the ca-
ble. For correct comparisons, cable length for the bound-
ary layer calculations should be measured from the near-
wake stagnation point since this is where the boundary
layer originates in the wake/boundary-layer flow. Since
this point is unknown and the extent of the near-wake
stagnation region is assumed small relative to the ca-
ble lengths, cable boundary layer calculations are mea-
sured from the base of the towing body.
case, the wake/boundary-layer profile is higher than ei-
ther the wake or boundary layer profile at that loca-
tion. This is expected since the displacement thickness
of the boundary layer also acts to displace the wake
width. The figures show that the near-wall profile of the
wake/boundary-layer lies between the wake profile and

In each



Cable length Cdj, Cdj.

(inches) no wake in wake
38.37 0.0123 0.0048
77.74 0.0248 0.0147
117.11 0.0373 0.0252
156.48 0.0497 0.0361
235.22 0.0744 0.0582

Table 2: Integrated skin friction coefficient data for
various cable lengths.

the cable boundary layer. This is also expected since
the wake velocity profile has a mitigating effect on the
boundary layer (no wake) velocity profile. Further exam-
ination shows that boundary layer growth occurs faster
than wake growth. Far downstream, the boundary layer
will dominate the wake. This conclusion was inferred
from the incompressible wake and boundary layer growth
rates presented in Table 1.

Presented in Fig. 6 are wake/boundary-layer profiles
of local quantities at select distances along the cable.
Presented in Fig. 6a is the local Mach number ti/a and
the density p/poo in Fig. 6b. It is apparent that the wake
effects have diminished at the longer cable length. The
flow becomes dominated by the large boundary layer.
Note the steep density gradients near the wall due to
the specified temperature of the cable in Fig. 6b.

The cable integrated skin friction drag coefficient
Cdj is presented in Fig. 7 as a function of cable length.
The numerical data are presented in Table 2. Results for
the "cable alone, no wake” (no towing body) and "cable
alone, in wake” (behind towing body) are compared. As
expected, the effect of the wake is to reduce the drag on
the cable. In this case, a drag reduction of approximately
20% is observed at the longest cable length.

Summary and Conclusions

An efficient computational method using a parabo-
lized Navier-Stokes code has been developed to deter-
mine the wake/boundary-layer flow field along a cable
in tow. Total drag and reference diameter of the towing
body are assumed known. An analytical starting so-
lution developed for the PNS code has been presented.
The starting solution was used to initialize computations
immediately aft of the near wake of the towing body. A
wake/boundary-layer turbulence model has also been de-
veloped to model wake decay and boundary layer growth
along the cable. These developments were used to de-

termine the flow field and aerodynamic drag along the
cable. No wind tunnel data, flight test data, analytical
solutions, or other computational analyses are known to
exist for long cables in tow. Computational compar-
isons indicate that the methods used to generate turbu-
lent wake/boundary-layer profiles are valid. These meth-
ods offer the computational analyst a significant savings
in time and resources by circumventing the compute-
intensive task of solving the flow field over the towing
body.
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a) Near-wake flow

b) Far-wake flow

Figure 1: Fundamental aspects of high Reynolds num-
ber, turbulent, supersonic wake flow.

Figure 2: Sketch of wake/boundary-layer profile illus-
trating length scales.
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a)x = 15 in

b) x = 50 in

Figure 3: Comparison of boundary layer profiles for
Mach 5 axial flow over a cable (ro = 0.020 in;
Reynolds number = 36.0 x 106 per f1).

M HDT

Figure 4: Pressure ratio p/poo 38 a function of dis-
tance along the cable.
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a) Local Mach number
a) x = 38.34 in
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b) Density
b) x = 117.11 in

Figure 6: Wake/boundary-layer profiles at select dis-
tances along the cable.

c) x = 23522 in
Cable Length (inches)
Figure 5: Profiles of forebody wake, cable boundary
layer, and wake/boundary layer. Figure 7: Integrated skin friction drag coefficient vs.
cable length illustrating wake effects.
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