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Abstract: In this piece, we focus on the'synergistic' use 
of experimental and computational fluid dynamics (EFD 
and CFD, respectively), whereby the same researcher 
runs both sets of simulations simultaneously. In 
particular, case studies from ground effect aero­ 
dynamics are presented, in which CFD and EFD were 
applied in the design of the primary facility. We next 
detail three case studies to illustrate the value of 
combining CFD and EFD analyses and the insights they 
provide. The analysis of a Formula-style front wing and 
wheel, the investigation of compressible flow ground 
impact aerodynamics, and the investigation of dimple 
flow (to improve aerodynamic performance) are the 
case studies. CFD has been used to not just supplement 
an experimental investigation, but also design the 
studies itself in several cases. It was found that laser-
based, non-intrusive experimental procedures made for 
a great supplement to CFD. A novel post-processing 
approach has been devised, using the kriging and co-
kriging estima­ tors, to build correlations between the 
frequently dissimilar data types seen in the massive 
datasets discovered through experimental and 
numerical simulations. 
 
INTRODUCTION 
 

Simulating ground-effect aerodynamics Both CFD 
and EFD (experimental fluid dynamics) are often 
employed in the aerodynamics discipline. It is more 
typical, however, for the studies to be done 
independently by two different groups of 
researchers and then compared after the fact using 
two distinct datasets. In many cases, crucial (to the 
CFD practitioner) information is lacking, making it 
challenging to numerically duplicate the 
experimental circumstances. Although error analysis 
and comparison might be tedious, CFD can often be 
made to more accurately represent physical 
phenomena by simplifying the experiment. 
therefore, it's no longer a valid basis for evaluating 
the trial results. The ideal situation would be for 
computations and experiments to be con­ ducted in 
a "synergistic" fashion, where each approach informs 
the other, and where the final product of the 
research is enhanced because of t he collaboration 
between the two methods. This article provides case 
examples of synergistic research that combines CFD 
and EFD to better understand ground-effect 
aerodynamics. Each scenario involves the same  
 
 
 
 

 
 
investigator doing both computational and 
experimental experiments, with data from one kind 
of analysis informing the other (Fig. 1). 
At UNSW, ground effect aerodynamics has been a 
hotspot for scholarship over the last decade. Some 
related factors have been discussed in our group.   

 
 
 
 
 
 
 
 
 

 

Fig. 1 Synergistic integration of CFD and EFD 

fascinating domain of aerodynamics, and in every 
instance, CFD and EFD have been heavily used, in a fully 
integrated fashion. In many cases, this has been done 
because researchers want to examine a larger, more 
realistic version of the problem at hand. For example, 
while it is impossible to study a full-size Formula One 
car, good measurements can be made for a much 
smaller experimental case, and CFD can be performed 
for either case. More realistic results may be achieved 
by the combined use of CFD and EFD by integrating the 
findings and designing the overall approach for 
acquiring the flow field information. Our researchers 
are not restricted to a single field of expertise; instead, 
they must be well-versed in both CFD and EFD. 
Moreover, our team has been actively studying how to 
combine the two methods [2-4]. Only by combining 
them can the full benefits of integration be realized; for 
instance, tests will be planned with the CFD model in 
mind. Changing the proposed experiments somewhat 
may help with setting a more suitable limited CFD 
boundary condition. 
To accurately experiment with ground effect for low 
ground clearances, such as those used in the automo­ 
tive industry, a moving ground facility is required. Using 
computational fluid dynamics (CFD) examples of the 
many alternative ground plane representation 
techniques, we see that the flow field around the 
aerofoil is significantly altered by switching to an 
alternate approach [5]. 
Although subsonic applications have been the primary 
focus of ground effect aerodynamics research [6, 7], 
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transonic and supersonic applications in which ground 
proximity is an important parameter do exist, such as 
land speed record cars, low-flying military aircraft, or 
projectiles close to the ground or solid obstacles. 
Supersonic ground-effect aerodynamics investigations 
need careful consideration of the following factors: 
 
 
presentation of the ground. While a moving ground 
would provide the best physical realism in a wind 
tunnel setting with a stationary model [6, 7], it is not 
feasible at supersonic speeds. Moving the object 
through still air using a rocket-sled testing facility [8] or 
a ballistic range [9] may seem like the simpler option, 
but this method comes with a number of drawbacks, 
including the increased complexity of all diagnostics 
related to free-flight measurements, high costs, and 
possible restrictions on access by the military. 
In contrast, supersonic blowdown tunnels are rather 
widespread and easily accessible; this article describes 
a research that looked into whether or not the best 
methods for simulating ground effects at lower speeds 
might be used at higher speeds for supersonic 
applications in blowdown tunnels. A look is next taken 
at the transonic case study. Since generating a dynamic 
ground in CFD is so simple, numerical modeling played 
a crucial role in this procedure (Fig. 2). Two 
experimental alternatives that were less desirable than 
the ideal one were then evaluated. 
CFD was utilized in the preliminary phases of the design 
of the transonic trials, first to establish circumstances 
at which early commencement of shock waves was 
expected owing to the ground effect, and then to 
modify the design of the sting and endplates to cause 
little interference to the flow on the wing (s). This 
numerical software found that the tunnel walls and 
endplates would still have a significant impact on the 
flow. Two-dimensional (2D) (2D) 
 

Fig. 2 Role of transonic experiments in cooperation 
with CFD 
 

The experimental program's computational fluid 
dynamics (CFD) analysis confirmed the need for a 
comprehensive three-dimensional (3D) representation 
of the equipment. It was only by comparing the high-
fidelity numerical findings to the wind tunnel data that 
we were able to learn about aspects of the flow-field, 
such as transient shock movement and boundary layer 
behavior, that couldn't have been identified from the 
experiments alone. 
 
an overview of experimental and computational 
methods 
 
 
Subsonic experimental measurements were taken in a 
235 x 340 mm2 UNSW moving ground wind tunnel (see 
Fig. 3). Screens designed to reduce turbulence are 
placed between the intake fairing and the 7.8:1 
contraction ratio portion, and a 5-Hp fan is utilized to 
push the air down the tunnel. The laser doppler 

anemometry (LDA) recorded free stream flow 
angularity was less than 0.2o and indicative of a well-
mixed test section flow. 
 
The highest speed of the test segment is 15 m/s, and 
the turbulence severity is 1%. 
The utilization of non-intrusive measurement methods 
that generated copious quantities of field data (for 
better comparison with numerical findings) was a top 
priority throughout the design phase of this facility, 
which was intended for projects with a substantial CFD 
component. Throughout the tunnel, measurements are 
taken using three different major systems. 
Use of several He-Ne and Nd-YAG lasers, smoke for 
seeding, and digital camera recording to create a 
qualitative flow field visualization. 
Particle imaging velocimetry (PIV) quantitative analysis 
performed in-house. The main laser for the PIV system 
is generated by an EKSPLA NL301-2G unit, which 
consists of two lasers (each having a Nd:YAG rod, flash-
lamp, and Pockels Cell) and a dichroic mirror to split the 
green wavelength (532 nm) from the red wavelength 
(660 nm). 
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Fig. 3 225 x 340 mm2 UNSW wind tunnel 
 

infrared (1064 nm) (1064 nm). VidPIVv4.6 from ILA 
GmbH, a commercially available image analysis 
program, may be used to process the collected 
pictures. 
Analyses performed quantitatively using a Dantec 3D 
LDA system. The main beam is supplied to the 
transmitter box from a Coherent INNOVA 70C 5W 
Argon Ion (Arg-Ion) laser, and from there it is 
distributed to the LDA probe heads. The lightweight 
three-axis traverse system supports the 85 mm probe 
heads, which operate in a 3D coincident backscatter 
mode. The high throughput was made possible by a 
novel alignment method that made use of a CCD 
camera to align the beam to a resolution of only 5 
pixels. 
To enable laser flow measurement methods to be 
employed anywhere in the tunnel, the tunnel walls 
(and many model components) were made from high 
grade perspex. If you use atomized vegetable oil for 
LDA or PIV, you'll receive particles with a diameter of 1 
mm and a slip velocity of less than 1 percent. 
 
To guarantee the wind tunnel built would provide the 
necessary flowfield, many CFD models were created 
before construction began. Using the use of a 3D model 
of the tunnel's intended environment, the optimal 
placement with respect to the walls was determined 

[10]. Several potential configurations of the tunnel's 
moving ground and the removal of the boundary layer 
at the tunnel's leading edge were simulated in a 
comprehensive 2D model. It was anticipated that the 
ground's motion would introduce turbulent energy into 
the flow, thus CFD was used to first design for the most 
consistent flow possible and the least amount of 
turbulence possible across the test segment. Two-
dimensional finite-volume numerical methods were 
used for the calculations. Advanced wall treatment due 
to pressure gradients is possible in Reynolds-averaged 
Navier-Stokes (RANS) simulations using the k-e RNG 
turbulence model with a grid size of 350 000 points and 
wall y=142*. In the 340 x 225 mm2 cross-section test 
section, 10 m/s was the desired operational free 
stream velocity (ReH = 2.8 x 105). Numerical study and 
research into existing facilities [11, 12] informed the 
development of the intake for the contraction and the 
test section expansions. The tunnel and moving ground 
were built internally, and measurements were made 
using the LDA system to verify the flow-field in the test 
section after the design was finalized. The 2D probe 
used to conduct the LDA measurements was tilted 
downwards towards the belt so that the readings 
would be as near as possible to the belt's surface. 
Several locations throughout the test portion were 
used to collect velocity profiles;  
 

 
 

Fig. 4 Velocity profile in test section, and comparison 
with CFD results 
 

 
Figure 4 depicts a common CFD comparison, which 
involves the evaluation of numerical forecasts against 
2D LDA and Pitot-static data (where u is the local 
velocity and Uo is the freestream velocity). Although 
the CFD model predicted that the boundary layer 
would be fully eliminated at the ground, this did not 
happen in practice. Nonetheless, both the height and 
the change in velocity inside the boundary layer are 
small enough to be ignored. 
In our lab, we often run CFD simulations with the help 
of the Fluent finite volume RANS solver (some research 
is carried out using LES but this is not detailed in this 
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article). Gambit, a mesh generator, is often used to 
create new meshes. The need of validation and 
verification is emphasized to adhere to the guidelines 
set out by Roache [13] and the AIAA [14]. Our in-house 
cluster is an SGI Altix 4700 64-bit shared memory 
system with 128 Dual-Core 1.6-GHz CPUs and 1 TB 
RAM, while our remote ac3 (ac3.edu.au) cluster is 
situated in Australia and runs Fluent on Linux. 
By directly monitoring the velocity dis­ tribution and 
turbulence intensity for the relevant test using the 3D 
LDA system, correct boundary conditions were 
attainable for comparisons with tests in the moving 
ground wind tunnel. The models used in the wind 
tunnel and the tests included full CAD data, therefore 
the numerical model's dimensions were accurate to 
within the typical manufacturing tolerance of 0.01 mm. 
 
Summary 
 
This article provides three concrete examples to 
illustrate the unified procedure of  

using CFD and EFD: 
aerodynamics of a formula-style racing car's wing and 
wheel; aerodynamics of high-velocity (compressible) 
flow ground effect conditions; the flowfield in a dimple, 
which might be utilised to improve aerodynamic 
performance. 
 
When used in tandem, CFD and EFD may provide 
massive data sets for otherwise equivalent setups. 
Point velocities, temperatures, pressures, turbulent 
components, etc., are examples of spatially-located 
data that may be found dispersed over a computational 
domain or experimental area of interest. Both datasets 
include room for mistake and ambiguity, yet a 
comparison must be done nevertheless. In many cases, 
the initial data from the field is compared visually, 
point by point, and with a fair amount of qualitative 
judgment. It would be very helpful if there was a 
meaningful and quantifiable mechanism to compare, 
interpolate, and cross-correlate the various spatial 
data. In the article's closing paragraphs, the kriging 
estimator is presented as a potential method for 
combining the two datasets in a logical fashion. Now, 
the second case study (including the interaction 
between the wing and the wheel) is utilized to illustrate 
the utility of the newly created approach. 
 
INDIVIDUAL CASES 
 
Examples: dimples on wings 
 
Embedded dimples on a flat surface have been shown 
to be effective in blending the boundary layer [15–17]. 
The dimple flow structure has been the subject of 
previous computational studies, with just a few flow 
visualization experiments available for comparison. The 
dimpleo shape and dimple-based Reynolds number 
utilized as references in various examinations by 
different researchers did not always match up, making 
it difficult to validate and verify the numerical model 

employed in these studies. In this investigation, the 
impact of dimples added to ground effect wings to 
improve aerodynamic performance was studied using 
the recently created tunnel without the moving ground 
facility. At first, the flow inside of a single dimple was 
investigated using LDA and PIV. The dimple had a depth 
of 8 14 19.8 mm and a print diam- eter of D 14 90 mm, 
for a dimple depth-to-diameter ratio ( ) of 8/D 140.22. 
Using the dimple print diameter as a proxy for the 
Reynolds number (ReD), we get 9.0 x 103 for the test 
section height H/D & 3.55. Researchers compared the 
dimple's velocity as measured in the lab to that seen in 
the real world.  

 
 

Fig. 5 Fully structured hexahedral mesh on the dimple 
surface 

 
same wind tunnel shape, Reynolds number, and 
turbulence intensity are applied to a steady-state RANS 
CFD model. The dimple's grid is completely organized, 
using hexahedral pieces throughout the board (Fig. 5). 
After the numerical model had been verified, we could 
use the verified findings to learn more about the flow 
field. 
In the laboratory, a dimple of the same size was used to 
replicate the results. The LDA probes were placed such 
that their beams would record three velocity 
components down to the surface of the dimple without 
being interrupted by the spanwise rim of the dimple. 
The results were impacted up to 2 mm from the 
surface, despite the fact that anodizing the surface 
matt black helped reduce light reflection off the 
aluminum. 
PIV cross-correlation analysis is "smoother" than the 
LDA, which only collects point measurements, since it 
uses a grid of 64x64 pixels and a 12-pixel overlap to 
resolve the flow field. Using LDA, we were able to 
collect information from 
 
The PIV camera was configured to take 1000 picture 
pairs in 1.5 s at an average data rate of 1500 Hz and a 
peak of 3500 Hz above the dimple, with a sample rate 
of 2000 samples (over 180 s). Only the streamwise and 
normal veloci- ties are measured since the PIV system is 
only 2D. By matching the intake boundary condition 
velocity and turbulence intensity with the experiment, 
the numerically projected boundary layer is more in 
line with the LDA observed boundary layer upstream of 
the dimple (Fig. 6). 
The streamwise flow component is characterized by an 
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area of reversed flow under the dimple rim from y/D -
0.05, which decreases in size and strength as the 
distance from the leading edge of the dimple increases 
(Figs. 7 and 8).  

 
Fig.  6 Boundary layer profile 30 mm upstream of 

dimple, 8BL & 24.3 mm 

 
 

 

Fig. 7 Position 1 u/Uo turbulence model comparison 

ReD ¼›9.0 x 103 

The crease deepens. Beyond the first shear layer 
separation from the dimple's leading edge is the 

recirculation area. When one approaches the dimple's 
downstream face, the shear layer at y/D & 0.05 begins 
to collapse. Comparing the LDA and PIV data with the k-
e standard and k-c SST turbu- lence models, the latter 
two fare better. 
The stream-wise velocity profiles predicted by the 
conventional, RNG, and realizable k-e turbulence 
models are comparable. The dominant aspect is the 
absence or very little amount of reversed flow in the 
LDA and PIV data; in fact, the streamwise flow 
component is reversed only at position one for y/ D -
0.125, but in the experimental data, it is reversed at all 
three places. Weak shear layer shown by almost linear 
u/Uo profile between locations 1 and 3. The k-e 
turbulence models largely under-predict the 
streamwise flow within the dimple, albeit there is some 
resemblance to the experimental flow profile. 
At all three locations, the laminar model more 
accurately captures the general trend of the observed 
streamwise velocity profile than does the Spalart-
Allmaras model. As compared to LDA and PIV data, the 
magnitude of the reversed flow is somewhat smaller, 
suggesting a larger-scale'stalled' flow zone just below 
the dimple rim. Although the laminar model predicts a 
larger'stalled' flow zone in line with the dimple rim (y/D 
14 0) than the actual flow recirculation, which is 
located deeper under the rim of the dimple (y/D -0.05), 
the shear layer anticipated by this model is similarly 
located higher. Nevertheless, the initial recirculation in 
the upstream surface of the dimple predicts a 
significantly wider recirculation zone, with stronger 
reversed flow than found in the actual findings, 
suggesting the one equation Spalart-Allmaras 
turbulence model over-estimates the experimental 
data. Because of the increased recirculation of the flow, 
the shear layer is predicted to be located significantly 
higher than in experiments. 
Below the dimple rim (y/D 0), the streamwise projected 
flow profiles for the Reynolds stress model inside the 
dimple show a decent degree of consistency. The shear 
layer and boundary layer streamwise flow is well 
predicted above the dimple rim, in contrast to the LDA 
and PIV findings, which exhibit poor agreement. 
In an effort to provide an explanation for the outcomes 
seen in the experimental data, a visualization of the 
CFD flowfield was used (using the k–c SST turbulence 
model). Figure 9 displays the pathlines within the 
dimple, revealing two lateral vortex cells that sit just 
below the dimple's outer rim. At low Reynolds 
numbers, as seen in Fig. 9(a), two symmetric vortex 
cells are created, with their core fluid coming from the 
upstream half of either side of the dimple.  
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Fig. 8 Normalized streamwise velocity LDA ReD ¼›9.0 x 
103 

 

 

 
 

Fig. 9 3D flow field in the dimple 
 

encompassing the whole area of the dimpled surface. 
Chew and Khoo [18] observed that when the Reynolds 
number is raised, the flow field in the dimple becomes 
asymmetric, with one vortex cell becoming dominant. 
This is shown in Figure 9(b). Also, the weaker 
organism's central fluid is clearly visible. 
 
 
 
When the flow approaches the dimple, a vortex forms 
on the downstream half of the dimple's surface. 
 

In Fig. 9, the pathlines are colored by w/ Uo, revealing 
the extent of the positive and negative spanwise flow 
zones as well as the peak positive and negative values. 
Since the spanwise velocity intensity (w) on the 
downstream face of the dimple is increased by the 
stronger vortex cell at the higher Reynolds number, 
fluid is now fed from the downstream face of the 
dimple into the weaker vortex area. When the 
Reynolds number increases, this hinders the 
development of the vortex in the right side of the 
dimple. With the help of the dimple's enlarged positive 
area of spanwise velocity, the primary vortex is able to 
grow in length. 
 
The experimental study does not provide this level of 
detail about the flow field, but a careful comparison 
with the available experimental data provides 
confidence in the numerical conclusions and makes the 
3D information clear. 
Case study 2: wheel and wing 
 

The aerodynamics of racing cars are often studied in 
isolation, with researchers examining things like 
inverted wings in ground effect [19], diffusers [20], 
cylinders [21], and exposed wheels [22-24]. In this 
research, we employed the mobile ground wind tunnel 
with an ancillary numerical analysis to investigate the 
front wing and wheel aerodynamics in Formula One 
style. 
 
Two numerical models, one representing the wind 
tunnel and the other the full-scale racing vehicle 
condition, were created. The validation gap for full-
scale circumstances was addressed by comparing wind 
tunnel findings with the corresponding CFD since 
experiments could not be undertaken (Fig. 10). The 
purpose of this full-scale computer model is to 
accurately simulate the environmental factors that 
affect the performance of a combined wing and wheel 
on a standard open-wheel racing vehicle. The Reynolds 
number was calculated using a model of a full-size 
NACA4412 wing and wheel (chord and diameter, 
respectively, of 562.5 and 660 mm). 
 
1.28 x 106, determined from the span of the wings, and 
1.50 x 106, calculated from the diameter of the wheels. 
Because of its widespread use in research on ground-
effect aerodynamics, the NACA4412 profile was chosen 
for this analysis. The experimental setup was recreated 
in the scaled CFD model, with the mesh utilized shown 
in Fig. 11. Attempts were made to preserve as many of 
the full-size computational model's properties as 
feasible. When compared to wind tunnel models, the 
wing chord and wheel diameter are spot-on (75 and 88 
mm, respectively, giving a scale of 1:7.5). Using the 
wing chord as the standard, the wind tunnel tests (and 
corresponding CFD simulations) were run at a Reynolds 
number of 5.11 x 106. (or 5.98 x 106 based on the 
wheel diameter). Not enough force was applied to the 
boundary layer to trigger it. 
to promote transition in either the computational or 
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experimental simulations. 

 
Fig. 11 Surface mesh indicating grid structure 

 

 

 

 

Fig. 10 Description of methodology 
 

Results obtained with several different turbulence 
models were compared to LDA measurements made in 
the wake of the wing and the wheel in order to 
determine the most suitable turbulence model and to 
demonstrate that the computational model can 
accurately reproduce the variations in flow structures 
associated with changes in the wing span and angle of 
attack of the wing (parameters that were investigated in 
a further wing and wheel interaction study). An 
example is given in Fig. 12, showing the x-velocity on  
the  x/c  ¼›0.75  plane  (just  downstream  from  the 

wheel – see Fig. 19 later in this article for a further 
representation), where c is the wing chord. 
to leverage numerically expensive information [32]. It is 
essentially a technique for spatial interpolation that fits 
a stationary random function to a set of sampled 
known point values, thus producing a response sur- 
face. The interpolates are weighted averages of the 
point values, and the weights are calculated in such a 
way as to minimize the modelled kriging variance of the 
estimate [33]. The kriging variance itself is repre- 
sentative of the modelled uncertainty of the estimate at 
some remote point, and it is dependent upon the 
statistical continuity of the data. Kriging has  a number 
of advantages as an estimator. It is the best linear 
unbiased estimator (BLUE) and without a so- called 
nugget effect, it will construct a response sur- face that 
exactly interpolates the known data. Cokriging extends 
the basic interpolation capabilities of kriging to 
multiple correlated datasets. 
Kriging can be viewed as a non-parametric inter- 
polator – it fits a response surface through a given set of 
known data points by assigning weights to the data. 
However, unlike other common non-parametric 

interpolation methods, its basis functions  derive from 
an underlying statistical model. An attempt is made to 
characterize the smoothness (spatial conti- nuity) of the 
complete phenomena based on such nodal data as are 
available for interpolation and to this end, covariance 
functions of the data are esti- mated, so that a model 
for spatial continuity may be determined. There are 
two steps for estimation. The first is structure 
identification, which informs the the- oretical random 
function model, and the second is estimation, in which 
this model is used to form a covariance matrix which 
may be  solved  for  the linear weights. A particular 
random function is notated PP. A random  function  PP is  
characterized by its covariance function; CPP(x, y). This 
expresses the covariance between the regionalized 
random var- iables PP (x) and PP (y), which measures the 
strength of the relationship between data located at x 
and data located at y. In the context of estimation, this 
provides a means of gauging the relative importance of 
the surrounding data, and is appropriate where data is 
spatially dependent. Fundamentally, it is assumed that 
the spatial data for interpolation are a realization of a 
given random function – a regionalized random 
variable. If there are secondary data that are expected to 
be strongly correlated to the primary variable, it should 
be possible to improve the estimate by its con- 
sideration. In this case, the concepts are extended by 
Here, the developed kriging algorithm has been applied 
to the wing and wheel study discussed earlier (section 
2.2). The velocity components are consid- ered as 
independent, Gaussian, realizations of a random 
function with an unknown drift. The 
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 Fig. 20 Raw x-velocity for LDA and CFD 
 

Structure identification follows the steps outlined in the 
'Model for covariance' section, and drift estimates are 
calculated using Universal Kriging methods. Using nodal 
values, kriging creates an interpolated response surface 
as its principal output. 
Con- tours of x-velocity are presented in Fig. 20 with 
experimental (LDA) findings on the left and CFD results 
on the right, representing the original data. The 
measuring grid is also shown in the LDA photos. Figure 
19 displays the findings over five separate 
measurement planes, each represented by one of the 
five photos. 
Based on the strong spatial correlation between the 
cokriged data (Fig. 21), it is evident that the wake 
behind the wheel may be included into the 
experimental result. Also, the boundary layer at the 
moving ground beneath the stagnation zone in front of 
the wheel is made more obvious, and the interaction 
with the moving ground below the wing is edited in. 
 
The third-slice cokriging is similarly affected by the new 
information, but less noticeably. The LDA's coarse 
sampling makes it difficult to determine the structure 
of the little wake behind the sting outboard (to the 
right) of the wheel wake, but doing so with the 
numerical result makes the structure more clear. 
Figure 20 shows how the area in front of the wheel 
wake is also sampled roughly, leading to many altered 
structures in the cokriged estimations shown in Figure 
21. The whirlpool 
 
Additional numerical data provides a good description 
of the amplification in the region inboard of the wing. 
When the bottom of Fig. 21 approaches the shifting 
ground, a strong bound- ary layer forms. Nonetheless, 
numerical data must resolve the boundary layer, either 
by wall functions or local mesh refinement, even when 
experimental data are rather sparse (and in any case 
incorrect) near the walls and limits of the wind tunnel. 
Combining these two extremes is what cokriging does. 
The third slice also shows a change to the low x-velocity 
zone just behind the wheel, where the complex vortex 
structure indicated by the computational calculations is 
now hardly perceptible. 
There is still a lot of effort to be done in order to 
develop a closed-form post-processing tool by 
expanding the capabilities of existing algorithms to 
handle bigger and more demanding tasks. It has been 
shown, however, that the suggested methods may be 
used to provide a more accurate image of the overall 
findings correlation and present the 'best' overall 
estimations of crucial factors. 
CONCLUSIONS 
 

The effective and synergistic combination of CFD and 
EFD has been shown using examples drawn from 
ground effect aerodynamics research. Most of the work 
is carried out experimentally in a moving ground wind 
tunnel, the creation of which is an example of the 
combined use of CFD and EFD to get the desired result. 
The use of non-invasive measuring methods has the 
added benefit of generating copious volumes of useful 

field data (for better comparison with CFD results). 
The movement of fluid within of a single dimple was 
investigated. This was an exploratory work that opened 
the door for more thorough examination of how 
dimples can improve the aerodynamic efficiency of 
ground-effect wings. Using the same wind tunnel 
dimensions, Reynolds number, and turbulence 
intensity, the steady-state CFD model was compared to 
the experimentally recorded velocity in the dimple. The 
experimental data was used to confirm the numerical 
model, and the verified findings provided insight into 
the flow-field that had been previously unavailable. In 
this case, the experimental data revealed a specific flow 
behavior, which was then studied numerically. 
 
Two computational fluid dynamics (CFD) models were 
created to investigate the aerodynamic interaction 
between a Formula One-style front wing and wheel. 
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In a wind-tunnel. As full-scale tests could not be 
performed, the validation gap was closed by comparing 
wind tunnel data with the matching CFD. In order to 
determine the most appropriate turbulence model and 
to demonstrate that the computational model can 
accurately reproduce the variations in flow structures 
associated with changes in wing span and angle of 
attack, results obtained with a number of different 
turbulence models were compared to LDA 
measurements made in the wake of the wing and the 
wheel (parameters that were investigated in a fur- ther 
wing and wheel interaction study). 
The third instance included research into ground effect 
aerodynamics at both the supersonic and transonic 
speeds, and so required the utilization of a distinct 
facility. While the generation of a relocating ground is 
an easy procedure in CFD but not so empirically, this 
approach relied heavily on CFD modeling. The raised 
ground plane, which minimizes the bound- ary layer's 
size, and a symmetry ground condition, which calls for 
two identical models in the experimental situation, 
were both examined as potential ground simulation 
approaches. Supersonic and transonic instances were 
tested in a wind tunnel and compared to computer 
simulations of the wind tunnel conditions and a 
theoretical moving ground scenario. After discovering 
significant 3D effects throughout the experimental 
program, further numerical models were executed as 
complete 3D instances. 
Ultimately, it is becoming more important to have a 
tool that can intelligently analyze all the data acquired 
via the various computational and experimental 
methods. With the use of the kriging estimator, it was 
proven in this research that two datasets may be 
combined in order to enhance each other, rather than 
only compared. 
Each instance shown here is an example of a synergistic 
CFD and EFD study in which the same researcher 
conducted both the computational and experimental 
parts of the investigation. To reduce the possibility of 
researcher bias and validation mistakes (for instance, 
an error in utilizing erroneous geometry might be 
followed through in both CFD and EFD studies), it is 
important to compare your findings to those of other 
researchers' that have been published in credible 
journals. 
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