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NUMERICAL SIMULATIONS OF FLOW-INDUCED VIBRATIONS ON ORION
P-3C

1 INTRODUCTION

Wall-mounted sensors and other devices that extend across external boundary layers into
the freestream are present in many aero- and hydrodynamical applications. Although the
size of these devices are usually small compared with the overall size of the vehicle, they
can have significant impact on the performance, and in some cases even impose highly
undesirable operational restrictions. One such example is the radome mounted on the Orion
P-3Cs operated by the Royal Norwegian Air Force, see figure 2.1. Recent

measurements [7, 8] have revealed significant structural vibrations due to this device. These
low-frequency vibrations are in fact so severe that operational restrictions have been
imposed on the aircraft.

This report gives a preliminary assessment of the fluid dynamical implications of the
radome at different freestream velocities. The study is based on a computational fluid
dynamics (CFD) approach which constitutes a feasible alternative to more expensive
wind-tunnel or full-scale tests in order to assess aerodynamical implications of new
configurations. The objective of this preliminary study is to compute the time-dependent
force that arises due to the massive flow separation downstream of the radome. If CFD is
found to be a useful tool to describe the unsteady phenomena observed during flight, it can
also be used to assist the development of an improved design.

2 SOME FLUID DYNAMICAL ASPECTS

The terminology flow-induced vibrations alludes to the coupling between the forces exerted
by the surrounding fluid motion on the mechanical structure, and to the dynamical response
of the structure itself. This is in general a two-way coupling. However, we will neglect any
deformation of the structure in this study and only consider the aerodynamical forces
(pressure and viscous) that act on the radome.

Many hundreds of investigations of circular cylinders with large aspect ratios (H/D > 1,
see figure 2.3) in cross flow have been reported over the years, see e.g. [2]. At large aspect
ratios, the flow field remains virtually two-dimensional since end-wall effects can be
neglected. There are however some other complicating features relevant for the present case
that needs to be considered.

It is instructive to make a qualitative description of the complex flow field in the vicinity of
the radome with reference to the well-documented effects related to large aspect ratio

cylinders in a cross flow. Some of these classical results are therefore briefly summarized in
the next section. Another, and an even more important, motivation of this is that there exist
no reference data that enables us to perform quantitative validations of our computations. It



Figure 2.1: A backwards view of the radome under the airplane. Photo by @istein Lundberg,
FFI.

IS therefore of utmost importance to establish confidence in our results based on qualitative
comparisons with other relevant studies, including the classical infinite cylinder case. A
rather comprehensive literature survey has therefore been conducted.

2.1 Infinite cylinders in cross-flow

Huerre and Monkewitz [6] described the absolute and convective instabilities in the near
wake region of infinitely long cylinders as the primary mechanisms for the shedding
behaviour. Controlling bluff-body flows in general could thus be achieved by affecting the
flow field in this region. There exist experimental evidence that the two-dimensionality of
the flow field remains a valid assumption as long as H/D > 5, in which case the classical
results for infinitely long cylinders hold true [1].

Another important effect is the interaction between the two boundary layers with opposite
sign of the vorticity (V x U), that form on each side of the cylinder and the positions of the
flow separation. The classical Karman vortex street that forms downstream of the cylinder
is strongly affected by this dynamic interaction.

The dominating frequency of the shedding motion is usually expressed in term of a
dimensionless parameter referred to as the Strohaul number which is defined as

St — {]_D’ 2.1)



Figure 2.2: A rare meteorological phenomenon caught by LANDSAT 7 on 9/15/1999, taken
from www. ef | ui ds. com In the lower left corner of the picture is Alejandro Selkirk Is-
land, a squarish island that rises almost vertically 1 mile above the southern Pacific. A
boundary layer that sandwiches a saturated, unstable layer of clouds between two more sta-
ble layers is broken by the island, causing a formation of vortices known as a Karman Vortex
Street.
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where f is the dominating shedding frequency, D is the cylinder diameter and U, is the
freestream velocity, see figure 2.3. St has been found to vary in the range 0.1 < St < 0.5,
depending on the Reynolds number

Re = U=l (2.2)

v

where v is the kinematic viscosity. This non-dimensional parameter describes the ratio
between inertial and viscous forces acting on a fluid element.

At Re < 10° the boundary layers on the cylinder are laminar and thus also nearly
two-dimensional. In the range 2 x 10° < Re < 3.5 x 10° the boundary layers become
transitional and undergo a laminar-to-turbulent transition. In transitional boundary-layers,
patches of laminar and turbulent motions co-exist. Due to the enhanced mixing of
momentum, turbulent boundary layers do in general exhibit flow separation significantly
further downstream than laminar boundary layers; the flow separation line on the cylinder
surface has therefore a tendency to become wave-like in a transitional boundary layer rather
than straight as observed for laminar, or fully turbulent, boundary layers. This lack of
coherence along the cylinder axis is believed to suppress the classical shedding behaviour.
In fact, it has been observed that the near-wake region becomes narrower and disorganized
and the characteristic shedding motion is virtually annihilated in this range of Re, see

e.g. [2].

At Re > 3.5 x 10° the vortex street is re-established and the shedding motion re-appear. At
such high Re, the boundary layers have undergone a change of character from a transitional
to a fully developed state. The axial coherence is thus increased which constitutes a
possible explanation for the re-appearance of the shedding. This was first discovered by
Roshko [9]. However, there are still a number of fundamental aspects of high Re bluff body
flows that remain unanswered. These are all related to the physics of turbulence.

It should finally be mentioned that detailed laboratory measurements at Re > 10° are
difficult to conduct. The difficulty lies in the fact that the range of turbulent scales at high
Re are so large that they are very difficult to measure; the scales are simply too small to be
captured by present measurements technology . The remedy to this problem would be to
attain a high Re by a large diameter D and small kinematic viscosity v, rather than by
increasing the velocity U,,. Figure 2.2 shows a rare meteorological phenomenon that
confirms the re-establishment of the Karman vortex street at extreme Re.

2.2 Small aspect ratio effects

A schematic of the present case is shown in figure 2.3. It is rather different from the
idealized infinite cylinder case: Firstly, the small aspect ratio H/D = 1, and secondly that
the incoming boundary layer thickness 6 ~ O(H). The small aspect ratio implies a

1The largest turbulent scales are in the order of the diameter D, whereas the smallest spatial scales are
d ~ D/Re** m. With D = 0.65 m and Re = 106, d ~ 2 x 10~% m!
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Figure 2.3: Schematic of the radome.

significant flow three-dimensionality. The end-wall effects are expected to be very different
since one end-wall is mounted on a plane wall whereas the other is free. The presence of the
plane wall will force the flow towards a two-dimensional state since the wall-normal
velocity component is suppressed in the vicinity of the wall [11]. However, the
wall-mounted radome will introduce an adverse pressure gradient which deflects the
incoming two-dimensional boundary layer such as it becomes strongly three-dimensional.
The three-dimensionality is mainly characterized by the continuous generation of one or
more horseshoe shaped vortices that wrap around the base of the radome. These interact
strongly with the near wake of the radome and the interaction is expected to increase with
increased boundary layer thickness, i.e. with decreased H /¢ [10].

The free end of the radome will also contribute to a significant three-dimensionalization of
the flow field and continuously generate arch, or wake, vortices which shed downstream,
cf. [10]. Those experimental results also suggested that these wake-vortices seem to
dominate the unsteady forcing of small-aspect-ratio cylinders (H/D < 2.5). The
importance of end-wall effects, or the wake-vortices, were further elucidated by Farvier [4]
who found that the level of fluctuating pressure peaked very close to the free end, rather
than in the region where the classical infinite-cylinder applies.

3 COMPUTATIONAL APPROACH

The numerical simulations are done with the commercial code Fluent 6.0, which uses the
finite volume method. The accuracy of the obtained results from such simulations can be
highly dependent on the spatial and temporal resolution of the simulations. The spatial
resolution is given by the computational grid, while the temporal resolution is given by the
time-step of the numerical solution.
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Figure 3.1: Full 21 x 7 m two-dimensional geometry with subdivisions.

The spatial grid is constructed by dividing the area around the radome into several volumes,
and each of these volumes are divided into small grid cells. The goal is to make the grid
inside each volume detailed enough to capture the smallest relevant features of the flow.

In the same manner that the scale of the grid cells decide how small spatial features the
numerical simulation can represent, the time-step limits the accuracy of the dynamical
evolution. Spatial and temporal resolution can to some extent be chosen from knowledge of
the simulated physical processes, but numerical experiments are also necessary to perform
simulations with the optimal balance between high physical relevance and acceptable
computational time.

3.1 Two-dimensional simulations

A set of two-dimensional simulations were done as a preliminary step, to experiment with
the setup for the full three-dimensional case. Because two-dimensional grids are simpler to
define and change and the simulations run much faster than in three dimensions, these tests
played an important role in deciding the size of the computational domain and the type of
boundary conditions. The effects of compressibility were also studied in the
two-dimensional simulations.

The full two-dimensional computational domain is shown in figure 3.1, which also show
how the domain is divided into smaller areas to have better control of the final grid. The
most important features to have in mind in the grid design are the thin boundary layer at the
solid surface of the airplane body and the radome, and the separation and complex dynamics
that occur in the area under and behind the radome. The grid must be detailed enough to
represent these features well, with a smooth transition to areas further away where less
detail is needed. A portion of the grid around the radome surface is shown in figure 3.2,

The smallest grid cells are at the solid surfaces, and the grid thickness is based on the
following assumptions:

A velocity range of 90 < U,, < 250 (m/s), corresponding to Mach numbers
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Incompressible Compressible

Uso [MIS] |Ulmax [MIS]  Fy [N]  [Ulmax [M/s] - Fy [N]

90 165 1866 170 2152
150 278 8106 287 7004
250 464 12530 408 29920

Table 3.1: Summary of two-dimensional results.

Boundary Incompressible  Compressible

Inflow Velocity inlet  Mass flow inlet
Outflow  Pressure outlet  Pressure outlet
Lower Symmetry Symmetry

Surface Wall Wall

Table 3.2: Boundary conditions in the two-dimensional simulations.
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Figure 3.3: Full 24 x 10 x 7 m three-dimensional geometry with subdivisions.

A weakness in that particular compressible simulation was that the velocity at the inflow
boundary was not equal to U, but varied between 200 and 225 m/s. This was presumably a
consequence of having too small distance from the inflow boundary to the obstacle in front
of the radome, combined with the fact that in a compressible calculation only the mass
inflow can be specified, instead of setting the inflow velocity directly as in the
incompressible case. Pressure far-field conditions were also tested both at the inflow and
outflow boundaries, as well as specifying larger mass inflow, but neither improved the
situation. To avoid this problem in future compressible simulations, the inflow boundary
should be further away from the obstacle at such high speeds.

There were no problems at the other boundaries in the two-dimensional calculations, which
indicates that boundary conditions were properly chosen and that the domain was
sufficiently large to avoid boundary effects to interfere with the important physics around
the radome. The preferred boundary conditions for the two-dimensional calculations are
summarized in table 3.2.

3.2 Three-dimensional simulations

The three-dimensional grid was built up following the same principles as in two dimensions
— small subvolumes around the radome mimicking its form, and larger volumes outside
these to obtain a sufficiently large computational domain. The 32 subvolumes used for these
simulations are shown in figure 3.3, where the radome is drawn in grey. To avoid the
problems with high speed inflow mentioned in the previous section, the distance from the
radome to the inflow boundary was doubled to 8 m.

As in the two-dimensional grid, the thinnest grid cells at the solid surfaces are 0.5 mm
thick, and the grid resolution at the radome surface is almost as fine as in the
two-dimensional grid. There are 120 cells around the radius of the cylinder, corresponding
to an average cell width of 17 mm at the foot and smaller than that at the actual hemisphere.



Figure 3.4: Grid at the surface of the radome and the adjacent airplane surface.

The grid is also finer at the backside of the radome than at the front, in order to resolve the
important dynamical flow features in the wake, while it is fully symmetric around the

y = 0-plane dividing the radome in the streamwise direction. The surface grid at the
radome and the nearest parts of the airplane surface is shown in figure 3.4.

The main difference from the two-dimensional grid is that the three-dimensional cells grow
much faster away from the surface boundary layers, to keep the total number of cells on a
reasonable level. As an example, there are 50 grid points along each diagonal edge starting
at the radome foot, while the corresponding edges in the two-dimensional grid had 120 grid
points. Still the dominant physical effects seem to be sufficiently resolved, partly due to the
fact that the three-dimensional structures are more compact than the corresponding
(non-physical) effects in two-dimensional simulations.

The full three-dimensional grid consists of 1 687 500 cells, and the same boundary
conditions were used as in the two-dimensional simulations, with additional symmetry
boundary conditions in the transversal direction.

Three-dimensional compressible simulations were not carried out at this preliminary stage
of the project, as the compressible effects observed in the two-dimensional simulations
were rather small. In a more thorough investigation of these processes, compressible
simulations should be done for at least the highest background velocities.

Each of the three time-dependent simulations reported in the next section ran for one to two
weeks on 12 processors on SGI Origin 3800. Another important task in a further study is to
search for more optimal calculations by experimenting with grids and time-steps.
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Figure 4.1: Instantaneous wall friction lines. Flow from left to right in the figure.
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4 RESULTS

4.1 Flow field

Figure 4.1 depicts the instantaneous wall friction lines at U, = 90 m/s. These lines display
the direction of the wall shear stress along the wall, i.e. ~ 0U);/0z,, where the subscripts ||
and n denote the tangential and wall-normal directions at the wall, respectively These
patterns reveal a very complex flow pattern, both upstream and downstream of the radome.
Several vortices are formed upstream of the radome. These are folded around the base in a
horseshoe shape; horseshoe vortices. Imprints of a series of wake vortices generated on the
radome surface are also clearly visible in the near wake region. These flow patterns have
previously been reported, which indicates that the present computations are able to
reproduce some of the most dominating features observed in experimental studies,

cf. e.g. [10], despite the very high Re. Another interesting feature is the separation on the
spherical dome, which seems to suggest generation of concentrated vortices that would
form a vortex chain. This has been noted by for instance Dallmann et al. [3], who consider
the flow over a sphere.

Figure 4.2 shows the instantaneous streamwise wall shear stress, 1.(0U/0zy)|\yq)l- The
flow separation position on the radome is clearly seen, as well as the backflow associated
with the horseshoe vortex upstream of the radome. It is also very encouraging that the
computations seem to capture the well-known streak-like structures of the turbulent
boundary layer that forms on the radome. The flow separation region downstream of the
radome is relatively short, approximately D, which is a consequence of the
three-dimensionality of the problem. The preliminary two-dimensional computations
showed significantly larger separation regions. This invalidates any attempt to analyse this
problem by two-dimensional time-dependent computations.

In an attempt to quantify the flow structures in the vicinity of the radome, isocontours of the
parameter

1
Q=3 (WijWij — SiSi) (4.1)
where
_1/oU; oU;
and
_1(oU; 0oU;

denote the instantaneous vorticity and rate-of-strain, respectively, are displayed in figure
4.3. Both the horseshoe vortices (B) in front of the radome as well as the wake-vortices (A)
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Figure 4.2: Instantaneous distribution of the wall friction in the streamwise z-direction.
Blue regions indicate backflow (in the negative x-direction) whereas red regions indicate
large positive shear. Flow in positive z-direction.
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Figure 4.3: Isocontours of ) = %V2p. A: Wake vortices; B: Horseshoe vortices; C: Stream-
wise elongated vortices. Flow in positive x-direction.
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in the near-wake region are clearly visible. It is also very interesting to observe that the thin
boundary layer on the radome consists of elongated streamwise structures (C), which is a
well-known feature of turbulent boundary layers. These are fully consistent with the
streak-like structures’ discussed above and indicated in figure 4.2. ?

4.2 Forces
4.2.1 Available structural measurements

Previously conducted measurements [7, 8] have revealed very large amplitude vibrations.
Measurements were conducted on several different locations on the aircraft, with and
without the radome, and it is clear from the results that the radome caused an unsteady
shedding that resulted in low frequency vibrations (f ~ 5 Hz). This frequency is
considerably lower than what would be expected if the flow were governed by the same
physical mechanisms as observed for infinite cylinders in a cross flow2. The challenge is
thus to be able to reproduce low frequency oscillations which seem to be a consequence of
the geometry of the radome rather than some universal behaviour of infinite cylinders. It is
however difficult to use these experimental findings for quantitative comparisons with the
simulations, so the verifications will necessarily have to be based on a qualitative
assessment of the results.

4.2.2 Numerical results

Results for three different freestream velocities (U, = 90, 150, 250 m/s) are presented in
this section. The time variation of the transversal force coefficient per unit area

F,

Cy=+2—-. 4.4
Y (4.4)

is shown in figure 4.4. Here F,, denotes the force on the radome in the y-direction. Figure
4.5 displays the corresponding power spectra

o(/)
o(f) = 2
(3002D)

2Such structures can on the other hand not be observed on the plane wall. This is most likely due to an
insufficient spatial resolution in the streamwise (z) and spanwise (y) directions; the computational grid is not
fine enough to capture these small scale structures in this region. However, this not a major deficiency and it is
not believed to invalidate any conclusions drawn from the present preliminary study.

375-130 Hz depending on the magnitude of the freestream velocity.

(4.5)




22

uao

0.15

0.1r 1

0.051 ' 1

-0.05¢ i

_0.17 i

sec

U150
0.15 w

0.05¢ 1

-0.05¢ 1

_0.1’ 4

0 0.2 0.4 0.6 0.8
sec

U250
0.15 w

0.1r i

0.05¢ 1

-0.05¢ 1

0 0.2 0.4 0.6 0.8
sec
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Figure 4.6: Time-evolution (left) and scaled power spectrum (right) of the scaled transversal
moment C'm,,.

as a function of f, where ¢( f) is the power spectrum of F,,. The amplitude and the
dominating frequency of the transversal force increase with increased freestream velocity;

F90m/s F150m/s
y ~Y y A
Y Y

The dominating frequencies increase at U, = 150 and U,, = 250 m/s but there exist
secondary peaks at f ~ 9and f = 5 Hz, respectively, that are close to the dominating
frequency f ~ 6 Hz at U,, = 90 m/s.

During the U,, = 250 m/s computation, it was decided to also monitor the fluctuating
moment about the transversal y-axis at (z, y, z) = (0,0, 0). The transversal moment
coefficient per unit volume is defined as

M,
Cmy, = %p(/{}go 4.7)
where M, is the moment about the y-axis, and the corresponding power spectrum
O, (f) = _ Imlf) (4.8)

(1pU2.D)’

where ¢,,,(f) is the power spectrum based on M, are shown in figure 4.6. It is very
interesting to note that the dominating frequency of the transversal moment is significantly
lower than the transversal force in figure 4.5.

The present results are summarized in table 4.1. It should be noticed that the resolution of
the U, = 250 m/s computations in this preliminary study is probably marginal, and those
results may therefore not be as accurate as for the two other freestream velocities.
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Us [MIS]  fr, [HZ]  far, [Hz] St Re H/0|e=—5p/2

90 7 — 0.05 8.5 x 10° 6.5
150 25 — 0.11 1.4 x 107 8.1
250 29 13 0.08 2.4 x 107 9.7

Table 4.1: Summary of three-dimensional results.

The tendency of an increased dominating frequency with increased H/§ (or Re) is
consistent with experimental results, although the magnitude of St is smaller than those
reported in [10] (St ~ 0.15) for a small aspect-ratio wall-mounted cylinder. However, this
discrepancy can partly be related to the differences in geometry. In their study, Sakamoto
and Arie [10] did not consider a free end with a spherical shape which is characteristic of
the radome. Moreover, Dallmann et al. [3] argued that the dominating Strohaul frequency
for a sphere is lower than for a cylindrical shape, Stgphere ~ 0.80 Steyiinder, Which brings our
results in much closer agreement with measured structural vibrations. This observation also
suggests that observed shedding might not only be attributed to the classical shedding
caused by the cylinder, but instead to the spiraling vortices generated on the spherical end
wall in combination with the wake-vortices. The classical Von Karman vortex street visible
in figure 2.2 does consequently not seem to be the dominating physical mechanism that
drives the unsteady forcing of the radome.

5 CONCLUSIONS

The objective of the present study was to establish whether or not numerical flow
computations could reproduce the low frequency shedding caused by the radome observed
in previous measurements [7, 8]. It has been shown that the present computations indeed
capture such low frequency vibrations. The results are also in good qualitative agreement
with existing literature with respect to the complexity of the flow field. It can therefore be
concluded that the CFD methodology described in this report seems a viable tool for
improved design of the radome with the objective to reduce the amplitude of the unsteady
fluid forcing.
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