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ABSTRACT
The principle of aerodynamic reciprocity is founda-

tional in the study of fluid mechanics. A wind tunnel frame-
work is generally used to test aerodynamic performance and
this body-stationary convention has continued into the com-
putational regime. However, there is no practical reason
why the moving body/stationary fluid situation that corre-
sponds to reality cannot be used for computational mod-
elling. When the concept of ground effect aerodynamics is
studied, an extra boundary is required which must move,
and the extra boundary condition also adds complexity to
a computational simulation. The introduction of freestream
turbulence, as well as possible additional turbulent genera-
tion from the moving ground, raise the possibility of spu-
rious turbulent values, particularly when calculated using a
RANS based closure in a CFD model. Here, a ground ef-
fect aerodynamics study is undertaken computationally, us-
ing a body-stationary and a body-moving reference frame,
to examine any variation that occurs. Two models for tur-
bulence are implemented, the Realizable k-ε model and the
Reynolds Stress Model (RSM).

INTRODUCTION
Ground effect aerodynamics, in which a lifting surface

operates in close proximity to the ground, has relevance
to aircraft landing and takeoff, automotive operations (es-
pecially high-speed racing conditions) and also to the de-
sign and operation of wing in ground vehicles, or ekra-
noplans. Simulations of ground effect aerodynamics are
somewhat complicated by the need for a moving ground,
if a body-fixed reference frame is used - standard for most
aerodynamic investigations. Experimentally, this involves
the construction and careful implementation of a conveyor
system on the lower floor of the wind tunnel (Diasinos et al.,
2005), while computationally the implementation of a mov-
ing ground is relatively straightforward. For a computa-
tional solution, the accurate and appropriate specification

of boundary conditions is an important part of the solution
process and only the ground moving condition accurately
simulates ground effect aerodynamics (Barber et al., 1999)
(however studies still occur where stationary ground models
are used (Pillai et al., 2014)).

In general, for lifting wings near the ground, increased
lift and increased lift to drag ratio when approaching the
ground are found (Ahmed et al., 2007). Early work in
the field of ground effect frequently made use of incorrect
boundary conditions on the ground, leading to consider-
able confusion around the mechanisms causing the change
in aerodynamics performance (Barber et al., 2002). Pre-
vious work exclusively utilises body-stationary approaches
for both experimental and computational analyses.

The use of a body-stationary reference frame is the
most commonly used system of aerodynamic simulation
(though not necessarily in naval architecture where towing
tanks are common), using either a body-fixed wind tunnel
or body-fixed CFD situation to simulate the real-life case of
a body moving through a fluid. This principle of aerody-
namic reciprocity was defined in the 16th century, when Da
Vinci proposed that fluid flow is the same whether the body
moves through a medium at a given velocity or the medium
flows past the stationary body at the same velocity (Gia-
comelli, 1930). While the methodology is well-accepted,
the widespread commonality of the body-fixed solution and
the subsequent explanation of the flow features based on
the flow characteristics seen in this reference frame could
be problematic in certain cases. In particular, when the sit-
uation being examined includes another boundary, which
also must be taken into a different reference frame (such
as in ground effect aerodynamics), the body-fixed explana-
tions may obscure the true nature of the flow regime (Close
& Barber, 2014). The explanation of such characteristics
cause confusion to those unfamiliar with the change in ref-
erence frame, and in some cases the cause and effect of the
flow properties may be improperly or poorly explained.

A further consideration relates to the possible introduc-
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tion of greater levels of turbulence into the flow field, due to
a moving surface on the ground boundary. Reducing levels
of free-stream turbulence (or often simply unsteadiness), is
a well-known component to wind tunnel design. In a mov-
ing ground wind tunnel, the free-stream air and additionally,
the lower surface of the wind tunnel are moving, and poten-
tially turbulent generators. The use of RANS turbulence
closures may also contribute further numerical error in their
treatment of the generation terms for these moving surfaces.

While more sophisticated models for turbulence such
as DES and LES are increasingly seeing use in the study of
ground effect aerodynamics, RANS models are still com-
monplace, and particularly the use of eddy-viscosity based
models (Qu et al., 2015; Doig et al., 2014; Lee & Lee, 2013;
Qu et al., 2014).

The purpose of this study is to re-examine ground ef-
fect in both a body-stationary reference frame and a body-
moving reference frame to determine if any discrepancies
may occur.

METHODOLOGY
Two three-dimensional models are developed: the first

is called “stationary”, indicating that the airfoil is station-
ary with the fluid moving past it, and the second is called
“moving”, indicating that the airfoil is moving in a still at-
mosphere. It is possible to simulate a stationary flow field
by using a moving reference frame model. Although in-
tended for use in turbomachinery studies for rotor-stator in-
teraction, the constant velocity of an airfoil moving through
stationary air is simulated by implementing a steady veloc-
ity of the coordinate system attached to the wing. The main
variation is that rather than using the absolute velocity, the
relative velocity is employed in the conservation equations
and it is given by

Ṽr = Ṽ −Ṽt (1)

in which Ṽt is the translational velocity of the frame of
reference attached to the airfoil, so the equations of conti-
nuity and momentum are then written in the relative frame.

The test-case used is a computational model based
on detailed experimental data obtained by Zerihan (Zeri-
han & Zhang, 2000). A chord length of 223.4 mm and
span of 1100 mm gave an aspect ratio of 4.92, and the
inverted T026 wing is studied at 3.45o angle of incidence
and a clearance of h/c (height/chord) = 0.179. Computa-
tional models are run as symmetric about the wing midspan
and the freestream air conditions matched those used in the
Southampton Low-Speed Wind Tunnel (Zerihan & Zhang,
2000). The pressure-based implicit coupled solver was
utilised to achieve steady-state simulations. Simulations
were run using a second-order node-based upwinding dis-
cretization scheme and the convergence criteria set for when
aerodynamic forces ceased to change by more than 0.02%
over 1000 continued iterations, and a point velocity mon-
itor placed near the centre of the prominent lower vortex
also ceased to change by more than 0.02%. The simulations
were solved across 64 processors on the UNSW Australia
Trentino cluster.

The calculated Reynolds number for the simulations
(based on chord-length) was of 4.54x105. In the experi-
mental setup a grit strip was located at 0.1c on both the

pressure and suction surfaces of the wing was used to en-
able transition and this was computationally modelled for
the validation (further models used a fully turbulent do-
main). The reader is directed to our earlier work for details
of this validation and the mesh refinement study (Keogh
et al., 2015). A multi-block, completely structured mesh-
ing technique was employed and y+ values remained below
one over the wing, endplate and ground plane. The three-
dimensional mesh consisted of 7.6x106 cells with 117 in the
spanwise direction and and 185 in the chordwise direction.
Following a boundary location sensitivity study, the down-
stream boundary was located at 50c, and the walls, roof and
inlet at 10c from the wing.

(a) isometric view of mesh

(b) mesh across the midspan of the wing

Figure 1. Description of the mesh structure used, consist-
ing of 7.6x106 cells in a fully structured domain. The down-
stream boundary is located at 50c, and the walls, roof and
inlet at 10c from the wing.

For the stationary case, the upstream boundary is a ve-
locity inlet set to 30ms−1 and the top and side walls of the
domain are set as stationary walls without shear stress, in or-
der to simulate an infinite boundary. The ground surface is
set as a moving wall at 30m−1 and the downstream bound-
ary is set as a uniform zero pressure.

In the moving case, the upstream boundary is set to
a mass flow inlet (with zero flux), the downstream bound-
ary as uniform zero pressure and the top and side walls of
the domain are set as stationary walls. The ground surface
is set as a moving wall with zero absolute velocity and the
surface of the airfoil is treated as a solid boundary and given
a velocity of -30ms−1 . The entire fluid zone for the mov-
ing case is also defined as a moving reference frame, being
given a translational velocity of -30ms−1.

The Reynolds averaged Navier Stokes (RANS) equa-
tion, as follows, is solved.

ρ
∂Ui

∂ t
+ρU j

∂Ui

∂x j
=− ∂P

∂xi
+

∂
∂x j

(
2µS ji−ρu′ju

′
i

)
(2)

where ρu′ju
′
i is the Reynolds stress tensor (often written

simply as τi j). Two equation models, such as k-ε models,
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make use of the Boussinesq eddy viscosity approximation
to find the Reynolds stress tensor as a product of the mean
strain rate tensor and an eddy viscosity. We can then repre-
sent τi j as:

τi j = µtSi j−
2
3

µt
∂uk

∂xk
δi j (3)

where µt is the turbulent viscosity and Si j is the modu-
lus of the strain rate tensor:

µt = fµ ·Cµ
ρk2

ε
(4)

and

Si j =
∂ui

∂x j
+

∂u j

∂xi
(5)

The value calculated for the turbulent viscosity is de-
pendent upon factors including the freestream turbulence
intensity, solid boundaries and the flow history effect, which
can persist for long distances (Wilcox et al., 1998).

Two models for closure of the equations are utilised,
the Realizable k-ε model and the linear pressure-strain
Reynolds Stress Model (RSM) (Launder, 1989). In the stan-
dard k-ε model, the model coefficients are constant and de-
rived from experiments; in the Realizable k-ε model, Cµ is a
variable and the model now ensures positivity of the normal
stresses (Shih et al., 1993).

The RSM achieves closure of Equation 2 by the use of
additional transport equations for the six Reynolds stresses
(Launder et al., 1975), and therefore avoids the use of the
eddy viscosity assumption on which the k-ε models are
based. It is a physically more complete model, accounting
for flow history, curvature effects, turbulent transport and
anisotropy of turbulent stresses.

By implementing the two types of models, with their
associated levels of complexity, the effect on turbulent gen-
eration can be examined.

Table 1. Description of cases studied

Name Reference frame Turbulence model

A stationary realizable k-ε

B stationary RSM

C moving realizable k-ε

D moving RSM

RESULTS AND DISCUSSION
Pressure contours on the symmetry plane are presented

in Figure 2, in which the expected general equivalence of
the reference frames is apparent. The increase in downforce

(a) case A (b) case C

(c) case B (d) case D

Figure 2. Pressure contours on the plane of symmetry, for
the wing at a Reynolds number of 4.54x105 and angle of in-
cidence of 3.45o. Cases A and B are in the body-stationary
reference frame and cases C and D are in the body-moving
reference frame. Cases A and C utilize the Realizable k-ε
model and cases B and D utilize the RSM.

for a wing in ground effect is seen from the significant in-
crease in low pressure existing between the wing suction
surface and the ground surface.

There are some small differences, however, between
both the use of the turbulence model (cases A,C and cases
B,D) and the use of the reference frame (cases A,B and
cases C,D). These variations are seen particularly on the up-
per surface near the trailing edge, and in the suction peak
on the lower surface. Taking case A as the baseline, case B
varies in peak pressure by 7%, case C by 2% and case D by
11%.

Considering now the velocity contours on the sym-
metry plane in Figure 3, the use of the different reference
frames is clear. Cases A and B are in the typical body-
stationary reference frame, where the freestream velocity
of 30 ms−1 is visible throughout most of the flowfield. The
slow velocity wake is seen downstream of the wing and be-
neath the wing a high velocity region exists, which is noted
as the cause of the pressure increase (and therefore increase
in downforce).

In our earlier work (Close & Barber, 2014), we found
that the representation of ground effect flowfields in a body-
moving reference frame was beneficial in explaining the
fluid dynamics producing the altered aerodynamic charac-
teristics. The fluid is seen to be pushed forward at the lead-
ing edge, and then under the wing surface, where the high
speed air cause the pressure change between the wing sur-
face and the ground. In the wake region, the air is dragged
along with the wing. A small region beneath the wing
trailing edge experiences the flow moving both towards the
leading edge, next to the wing surface, and away from the
leading edge, in the region between the wing surface and
the ground.

This is demonstrated in Figure 4, where the velocity
on a line located along the symmetry plane and at a location
2/3 c from the leading edge is plotted. The abrupt change
in velocity direction for the body-moving cases is seen, in
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(a) case A (b) case C

(c) case B (d) case D

Figure 3. Velocity contours on the plane of symmetry, for
the wing at a Reynolds number of 4.54x105 and angle of in-
cidence of 3.45o. Cases A and B are in the body-stationary
reference frame and cases C and D are in the body-moving
reference frame. Cases A and C utilize the Realizable k-ε
model and cases B and D utilize the RSM.

Figure 4. Velocity on a line located along the symmetry
plane and at a location 2/3 c from the leading edge. Cases A
and B are in the body-stationary reference frame and cases
C and D are in the body-moving reference frame. Cases A
and C utilize the Realizable k-ε model and cases B and D
utilize the RSM.

contrast to the velocity curves for the body-stationary cases.
The effect of the velocity change on the generation of

turbulence is seen in Figure 5. The region closest to the
wing surface is shown here to highlight the variation be-
tween the four cases. Case A and C show negligible differ-
ence however a (very) small variation is observed between
cases B and D. Given that these cases utilize the second
order RSM closure, the existence of discrepancy due to cur-
vature or flow history is more likely to be apparent and the
turbulent production generated by the interaction with the
mean flow is likely to be better represented. However given
the magnitude of this difference it cannot conclusively be
attributed to the reference frame variation.

Considering now the effects in the three-dimensional
plane, the turbulence intensity is found on the ground plane.

Figure 5. Turbulence intensity on a line located along the
symmetry plane and at a location 2/3 c from the leading
edge (showing only the region closest to the wing surface for
clarity). Cases A and B are in the body-stationary reference
frame and cases C and D are in the body-moving reference
frame. Cases A and C utilize the Realizable k-ε model and
cases B and D utilize the RSM.

(a) case A (b) case C

(c) case B (d) case D

Figure 6. Turbulence intensity contours on the ground
plane, noting a symmetry plane reflection as been used for
clarity. Cases A and B are in the body-stationary reference
frame and cases C and D are in the body-moving reference
frame. Cases A and C utilize the Realizable k-ε model and
cases B and D utilize the RSM.

While shear rates will be negligible for most regions of the
moving ground - as the ground is either moving at the same
speed as the air, or both ground and air are stationary - it was
considered that the disturbed flow beneath the wing may
contribute to a reference-frame induced flow-field variation.
In Figure 6, negligible difference is found between the k-
ε model cases, A and C. A small variation is seen for the
RSM model cases, B and D, in the region beneath the wing.
Again, this difference is very small, but it is significant that
the variation has been observed only in the more accurate
RSM model.

A further examination of the three-dimensional effects
is seen in Figure 7, which displays the velocity magnitude
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(a) case A, velocity (b) case A, turbulence intensity

(c) case C, velocity (d) case C, turbulence intensity

(e) case B, velocity (f) case B, turbulence intensity

(g) case D, velocity (h) case D, turbulence intensity

Figure 7. Velocity and turbulence intensity contours on a
plane 1 c downstream from the leading edge. Cases A and B
are in the body-stationary reference frame and cases C and
D are in the body-moving reference frame. Cases A and C
utilize the Realizable k-ε model and cases B and D utilize
the RSM.

and turbulence intensity contours on a plane one chord-
length downstream of the wing trailing edge. It is noted
that some variation among all four cases, in these images
where the vortex structure can be visualized (as is the vis-
cous boundary layer beginning to form on the ground sur-
face). The vortex structure forms off the edge of the end-
plate, with a primary vortex forming inside the endplate and
a secondary vortex formed outside the upper edge of the
endplate (Keogh et al., 2015). In the body-moving models,
the vortices are seen as regions of high speed air, with a very
clear ground influence (which is not observed as clearly in

(a) Lift coefficients

(b) Drag coefficients

Figure 8. Lift and drag coefficients for the four cases stud-
ied. Cases A and B are in the body-stationary reference
frame and cases C and D are in the body-moving reference
frame. Cases A and C utilize the Realizable k-ε model and
cases B and D utilize the RSM.

the body-stationary cases). The peak velocity varies be-
tween the turbulence models. The k-ε model predicts a
higher level of turbulent flow within the vortex, however
the overall shape is similar between the four cases. Both
closure models show minor variation between the moving
and stationary implementations.

There are some small differences to be noted in the
force coefficients calculated for the four cases (Figure 8). It
is not surprising to see some variation between the two clo-
sure models, but there is also a variation between the mov-
ing and stationary cases, however only for the RSM mod-
els. This result follows from the small variations noted in
the flow field for the two cases, and it is expected that some
discrepancy would be then noted in the integrated forces.

CONCLUSIONS
A comparison of moving and stationary reference

frames was conducted for two RANS turbulence models,
to determine any discrepancies that may arise from the nu-
merical implementation of the turbulence present in each
frame. In the stationary case, the wing is assumed to be in
a body-stationary reference frame, such as in a wind tunnel
situation. This framework is also used for CFD models of
aerodynamic problems. The real-life case, of course, relates
to a body-moving reference frame, in which the air is quies-
cent until disturbed by the wing. In a body-stationary prob-
lem, we introduce a non-physical level of turbulence into
the oncoming air. In a moving ground problem, this non-
physical disturbance is further compounded by the introduc-
tion of a moving surface along the lower boundary which
will in turn generate additional turbulent (or unsteady) dis-
turbances into the freestream.
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Flow features in both reference frames were presented
to demonstrate the difference in the flow field explanations
that can occur, and this was highlighted for the region be-
neath the wing. Minor differences in results were found,
for both velocity and turbulence parameters. Variation was
found between turbulence models also, as expected.

While some variation in reference frame results may
be attributed to the numerical solution and boundary con-
ditions (which were necessarily variant between reference
frames), the larger increase in discrepancy for the RSM
datasets does suggest some reference frame origin for the
error.

However all differences were of a very small value and
unlikely to prove any difficulty in using the commonly im-
plemented body-stationary situation. A further study mak-
ing use of extreme ground effect (less than 5% clearance)
is planned, to determine if the error grows in this type of
condition.
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