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This paper explores the use of computational tools to analyze the aerodynamic effects
that Coanda jets have on the drag, stability and maneuverability of heavy vehicles. To
facilitate the analysis and understanding of the underlying causes of viscous pressure drag,
this paper focuses on the study of the Ground Transportation System (GTS) model.

This study is divided into two stages. The first stage uses two-dimensional geometries
to explore the effects that different numerical schemes and Reynolds-Averaged-Navier-
Stokes (RANS) turbulence models have on the boundary layer, flow separation, and vortex
shedding. The geometries used for this study are a circular cylinder at Re = 100,000 and a
square cylinder at Re = 22,000. This approach was devised to determine the effectiveness
of various combinations of numerical schemes and turbulence models for the simulation of
highly separated flows while minimizing the computational resources required.

The second stage uses the information available from the two-dimensional bluff body
results (first stage) to aid in the selection of the best suited tools to model the aerodynamic
characteristics of the GTS model. This section focuses on the use of the best suited
combination of numerical scheme and turbulence models to simulate the effect that the use
of Coanda jets have on the aerodynamic profile of the GTS model. Finally, simulations of
the GTS model equipped with Coanda jets in the trailing end were used to optimize the
jet momentum coefficient for drag reduction.

I. Introduction and Motivation

In the US, the transportation sector is responsible for the consumption of 28% of the total energy produced
every year.1 With the ambitious goal in mind to double the fuel efficiency of new vehicles in the US by 2030,2

the focus must be shifted towards aerodynamic vehicle design optimization. Heavy vehicles, such as large
freight transport trucks and trailers, account for 12-13% of all US petroleum consumption.3 Due to their
heavy usage and standard configuration, these vehicles have become the target for numerous aerodynamic
studies focused on drag minimization. The potential for fuel and cost savings is huge: a 12% reduction in
fuel use across the national fleet would save 3.2 billion gallons of diesel per year and prevent 28 million tons
of CO2 emissions.3

The aerodynamics of heavy trucks are mainly characterized by flow separation and the development of
low pressure turbulent wakes.4 Although great improvements have been made on the tractor with the use of
passive techniques, the trailer is responsible for 50-60% of the total drag.5 The phenomenon caused by the
development of a low pressure wake, which causes a higher resistance to motion, is called viscous pressure
drag or base drag. Aside from basic streamlining, viscous pressure drag can be reduced by the use of active
flow control techniques.6 Active flow control systems reduce the amount of separation which increases the
pressure inside the wake and reduces the overall vehicle drag. Wind tunnel experiments using Coanda jets
positioned on the trailing end of a trailer have shown that this type of active flow control system is capable
of keeping the flow attached longer and increasing the wake pressure.6 These types of experiments have
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demonstrated not only drag reduction, resulting on a net power savings of more than 15%, but also an
improvement in vehicle stability and safety. The latter has been achieved by compensating for the effect of
side forces by independently controlling each flow actuator.4

Efficient design methods for active flow control will require the computational simulation of highly sep-
arated flows. To accurately predict the integrated forces over the GTS is particularly important to be able
to model the unsteady flow behavior, vortex shedding frequency, and to obtain an accurate prediction of
boundary layer separation. Various studies have been taking place using RANS,7,8 Large Eddy Simulations
(LES),9 and hybrid RANS/LES methods.10

Due to the complexity of the problem, LES has been shown to be the most reliable method when it
comes to the predictions of the flow features and integrated forces. Unfortunately, this approach increases
the computational requirements significantly, making it prohibitively expensive for use in parametric studies
aimed toward the design of drag reduction systems.

In order to be able to use Computational Fluid Dynamics (CFD) for the design of active flow control
systems, it is necessary to find a combination of computational tools that will be able to model the behavior
of the flow around the GTS model and the influence of active flow control on the integrated forces in a
reliable and relatively inexpensive manner.

The purpose of this paper is to present an introductory assessment of the application of industry-standard
numerical schemes and turbulence models, and the effectiveness of different combinations to model the
aerodynamics of buff bodies. Furthermore, the paper uses the results from simulations over square and
circular cylinders to determine the combination of computational tools best suited to model the flow around
a GTS model. Finally, the available tools are used to model the effects of placing Coanda jets on the trailing
end of the GTS model, and an optimization of the jet momentum coefficient with respect to the vehicle drag
is performed.

The paper is laid out as follows. In Section II, a description of the geometrical models and the physical
problems for the circular and square cylinders are presented. Furthermore, a summary of the results obtained
from the simulations using different combinations of computational tools are shown, and a comparison with
the available experimental data takes place. Finally, the best suited tools are selected to be used in the
second stage. In Section III, a description of the geometry used for the simulation of the flow around the
GTS model is presented. This section includes an overview of the physical problem, the flow conditions,
and a description of the computational domain for the GTS and the enhanced GTS models (including the
Coanda jets in the trailing end). A brief discussion of the design objective, optimization approach, and
the chosen optimization techniques are presented. The numerical results for the flow over the GTS base
model and the enhanced GTS model with a variety of momentum coefficients are shown. Finally, Section IV
provides a summary of the results and lays out areas and suggestions for future work.

II. Stage 1: Cylinder Simulations

In order to determine the capabilities of currently available numerical schemes and turbulence models, a
case study using circular and square cylinders has been undertaken using the Stanford University Unstruc-
tured (SU2)11,12 CFD platform. These geometries where selected due to the geometrical and aerodynamic
similarities that they have with respect to each other, as well as with the GTS model. The main reason for
having both, square and circular cylinders, is to understand the strengths and weaknesses of the computa-
tional tools when dealing with separation from smooth surfaces, as in the circular cylinder, as well as with
sharp corners, which are present in the square cylinder. The flow around both geometries at well studied
conditions have been simulated and properties including the drag coefficient, separation angle, recircula-
tion region, and Strouhal number have been computed. A comparison with experimental data and other
numerical results is used to determine the best combination of computational tools for highly separated
flows.

A. Geometrical and Physical Models

The computational grid for the circular cylinder is composed of 45,766 elements and 25,869 points. The
cylinder diameter (D) is one and is used as the characteristic length. The grid is 40D x 20D in the stream-
wise and span-wise directions respectively, and the cylinder is positioned at x = 10D. The dimensions of
the far-field and the positioning of the cylinder are a modification of the computational domain used by
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Catalano et al.13 in 2003. The computational grid is hybrid in nature with a mixture of structured elements
near the walls, to better resolve the boundary layer, and unstructured elements to generate a fast growing
mesh to the far-field. Figure 1 shows the mesh.

(a) Full domain. (b) Near-field.

Figure 1. Views of the computational grid for the circular cylinder.

For the analysis of this geometry, two second-order numerical schemes have been used for computing the
convective fluxes: the Jameson-Schmidt-Turkel (JST)14 scheme, and the Roe15 scheme in conjunction with
the Venkatakrishnan limiter.16 These numerical schemes have been used in combination with the Spalart-
Allmaras (SA)17 and Shear Stress Transport (SST)18 turbulence models. These simulations have been run at
a Reynolds number of 100,000 and at a Mach number of 0.1, using a second order numerical scheme and an
upwind first-order turbulence model. A dual time stepping scheme has been used for the time integration,19

using a dt = 0.0015s to guarantee a well resolved time stencil and the accurate modeling of the periodicity
of the system.

(a) Full domain. (b) Near-field.

Figure 2. Views of the computational grid for the square cylinder.

The computational grid used to simulate the flow over a square cylinder is composed of 44,261 elements
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and 25,226 points. The height (h) is one, and it is used as the characteristic length of the square cylinder.
The size of the mesh is 20h x 14h in the stream-wise and span-wise directions respectively, as recommended
by Rodi et al.20 in 1997 and Iaccarino et al.21 in 2003. The square cylinder is located at x = 5h. The
computational grid is hybrid in nature with a mixture of structured elements near the walls, to better
resolve the boundary layer, and unstructured elements, to generate a fast growing mesh to the far-field.
Figure 2 shows the mesh.

The numerical schemes used for the simulation of the flow over the square cylinder are, once again,
JST14 and Roe15 combined with the SA17 and SST18 turbulence models, as previously described. The
square cylinder has been simulated at a Reynolds number of 22,000 and a Mach number of 0.1. A dual time
stepping scheme has been used for the time integration,19 using a dt = 0.0015s.

B. Results

The results presented in Tables 1 and 2 are obtained by averaging the flow behavior over 5 periods. The flow
visualizations for both the circular and square cylinders shown in Figures 3 and 4 are in good agreement
with the experimental and computational results which have been compared.

The obtained results for the circular cylinder from the various cases examined have been summarized in
Table 1 alongside the experimental results from Gowen et al.22 in 1953, Roshko23 in 1961, and Achenbach24

in 1968.

Contribution Model Re Cd St θs Cb

Gowen et al., 1953 Experiments M = 0.4 100, 000 1.18 − 1.27 − 94◦ −1.25

Roshko, 1961 Experiments M = 0.25 100, 000 1.2 0.19 − 0.23 85◦ −1.13

Achenbach, 1968 Experiments M = 0.1 100, 000 1.0 − 1.2 − 78◦ −1.17

Present JST URANS − SA 100, 000 0.7912 0.2708 86.85◦ −0.8705

Present JST URANS − SST 100, 000 0.9827 0.2576 84.84◦ −1.0729

Present ROE URANS − SA 100, 000 0.8418 0.2760 90.23◦ −0.9073

Present ROE URANS − SST 100, 000 0.8807 0.2616 90.64◦ −1.0208

Table 1. Results for the circular cylinder M = 0.1. Cd is the time-averaged drag coefficient, Re is the Reynolds
number, St is the Strouhal number, θs is the average angle at which it separates, and Cb is the pressure
coefficient inside the wake of the cylinder.

As expected, the flow past a circular cylinder exhibits separation and periodic vortex shedding. The
frequency at which the vortices are being shed is represented by the Strouhal number, which is in good
agreement between the combination of computational tools. The computationally obtained Strouhal number
is higher than the experimental results by Roshko,23 and this is in part due to the difference in Mach numbers.
The numerical simulations are at the same Reynolds numbers as the results published by Roshko23 and Gowen
et al.22 but a lower Mach number was selected to better represent the flow past a heavy vehicle. These results
are included in the table since they provide good insight on the results obtained, and are a good metric for
quantifying the effect that the Mach number has on the flow past bluff bodies. The average drag coefficient
obtained by the combination of JST14 and SST18 is in good agreement with the experimental data presented
by Achenbach in 1968,24 which is particularly relevant to this study since the experiments were performed
at the same Reynolds and Mach numbers. The other combinations of numerical schemes and turbulence
models underpredict the drag coefficient. The separation point and base pressure coefficient are not well
predicted by the numerical simulations. This is to be expected since the available RANS models have not
been generated with separated flow applications in mind and have difficulty predicting separation. Even-
though the results are not in full agreement with the experimental data, it can be seen that the combination
of JST14 and SST18 most closely agree with the experimental values. The results obtained for the simulation
of the flow past a circular cylinder using this combination are presented in Figure 3.

The simulation results for the square cylinder have been compared with experimental data from Lyn et al.,25

Lee,26 and Vickery,27 as well as with computational results obtained from Rodi et al.,20 and Iaccarino et al..21

The results can be seen in Table 2.
As expected, the flow past the square cylinder exhibits periodic vortex shedding in its wake. The frequency

at which the cylinder’s wake is oscillating is represented by the Strouhal number, which overall is in good
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(a) t = 1/4 T. (b) t = 1/2 T.

(c) t = 3/4 T. (d) t = T.

Figure 3. Mach number contours of the time history of the streamlines past a circular cylinder. T represents
one shedding period.
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Contribution Model xr/h Cd c̃d c̃l St

Lyn et al., 1995 Experiments 1.38 2.1 − − 0.132

Lee et al., 1975 Experiments − 2.05 0.16 − 0.23 − −
V ickery, 1966 Experiments − 2.05 0.1 − 0.2 0.68 − 1.32 −
Rodi et al., 1997 LES 1.32 2.2 0.14 1.01 0.13

Rodi et al., 1997 RANS k − ω 1.25 2.004 − − 0.143

Iaccarino et al., 2003 URANS v2 − f 1.45 2.22 0.056 1.83 0.141

Present JST URANS − SA 1.30 2.3760 0.04679 2.4907 0.1382

Present JST URANS − SST 1.31 2.2096 0.005471 1.6835 0.1315

Present ROE URANS − SA 0.89 2.4609 0.04979 2.4680 0.1419

Present ROE URANS − SST 1.03 2.2759 0.01934 1.9473 0.1467

Table 2. Results for the square cylinder at Re = 22,000 and M = 0.1. xr/h is the recirculation length, Cd is
the time averaged drag coefficient, c̃d is the drag coefficient variance, c̃l is the lift coefficient variance, and St
is the Strouhal number.

agreement with the experimental and computational results found in the literature. This is believed to be
the result of the separation point being located at the sharp corners of the square cylinder, which is a major
difference from the circular cylinder case.

Looking carefully at all the cases, it can be seen that, just as in the circular cylinder case, the combination
of computational tools that agrees most closely with the experimental and LES results is the combination
of JST14 and SST.18 One of the most important features that has to be analyzed for a square cylinder is
the recirculation region behind the cylinder. The recirculation region is formed due to separation, and the
value measured ranges widely depending on the selection of computational tools. The general trend with the
computational results is to underpredict the length of the recirculation region. The combination of JST14

and SST18 simulates the recirculation region with comparable accuracy to the LES results presented by Rodi
et al. in 1997,20 and the results are not far from the experimental values presented by Lyn et al. in 1995.25

The drag coefficient and lift coefficient variance are overestimated by these simulations, while the drag
coefficient fluctuations are underestimated with respect to the experimental data. A plausible explanation
for this disagreement is the lack of three-dimensional effects that are believed to have a great influence in
the lift coefficient fluctuations.21 The results obtained for the simulation of the flow past a square cylinder
using the combination of JST14 - SST18 are presented in Figure 4.

The results obtained from the circular and square cylinders show that, although there are some limitations
on the accuracy to which these computational tools are able to simulate separated flows, the general trends
for bluff body aerodynamics are captured, and the results are within an acceptable range for design purposes.
The flow features that proved to be the most challenging for the computational tools were: separation angle
on the circular cylinder and the recirculation region behind the square cylinder. Based on the overall behavior
of the numerical solutions, the combination of JST14 and SST18 has proven the most capable for predicting
the flow past bluff bodies, and therefore it is the chosen combination for the second stage of this paper.

III. Stage 2: Active Flow Control for the GTS Model

Heavy vehicles have a variety of features that cause flow separation, such as mirrors, antennas, gaps,
mud flaps, etc. To facilitate the study of the underlying causes of viscous pressure drag, a clean model, such
as the GTS, has been used.28 The ungapped GTS model removes all the detailed features including the
tractor-trailer gap, height difference, and the wheels. The GTS model effectively combines both the tractor
and the trailer into a single, simplified bluff body that has a semicircular leading shape and ends in a sharp
straight cut in the back.

A. Geometrical Model

For the purpose of this analysis, a similar GTS geometry as the one chosen by Englar6,29 has been selected.
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(a) t = 1/4 T. (b) t = 1/2 T.

(c) t = 3/4 T. (d) t = T.

Figure 4. Mach number contours of the time history of the streamlines past a square cylinder. T represents
one shedding period.

Figure 5. Baseline three-dimensional GTS model - Scale 0.065. All dimension are in meters.
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In addition to the base model in Figure 5, a model which includes Coanda jets in all four corners of the
trailing edge was generated and is shown in Figure 6. The Coanda jet geometry used for this study was
chosen based on the experimental results obtained by Englar in 2001.6

Figure 6. 3D GTS model with Coanda Jets in the trailing edge - Scale 0.065. All dimension are in meters.

In order to reduce the computational costs of this study, a two-dimensional model capable of representing
the prominent flow features was selected. The principal effects of active flow control that this study aims to
analyze are drag reduction, as well as lateral stability. For this purpose, the top view of the GTS model was
selected. The two-dimensional geometries are shown in Figure 7.

(a) Top view of the base GTS model. (b) Top view of the GTS model with Coanda jets in the trailing
edge.

Figure 7. 2D GTS models- Scale 0.065. All dimension are in meters.

Although the flow around a ground vehicle has a variety of three-dimensional effects, the two-dimensional
top view will allow us to study the effects of the boundary layer, flow separation, and vortex shedding on
the drag of the vehicle, as well as the lateral forces induced by the unsteady wake.

(a) Flow inside the plenum of the Coanda jet colored
by Mach number.

(b) Coanda jet plenum’s geometry - Scale 0.065. All dimension are
in meters.

Figure 8. Model of the Coanda jet.

To be able to model the flow injection, a plenum-jet interaction had to be included in the geometrical
model. For this purpose, inspiration was taken from the Englar airfoil.30 In general, the chosen plenum
shape helps preserve the strain behavior of the flow, which is achieved by generating two standing vortices
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that guide the flow towards the Coanda surfaces. The path taken by the flow, and its interaction with the
internal vortices, helps reduce the wall effect and allows for a cleaner flow, which helps prevent premature
boundary layer separation. Figure 8 shows the Coanda jet geometry and the described flow features.

B. Physical Problem

The GTS model has been analyzed at standard temperature and pressure (STP) conditions, and the velocity
chosen was 31.3 m

s (70 mph). For the two-dimensional study, the Reynolds number has been defined as a
function of the length of the truck and has been calculated to be 2.75 million. A Mach number of 0.0918
was used. For characterizing the strength of the jet, the drag reduction, and the lateral forces, a momentum
coefficient, drag coefficeint and lateral force coefficients have been defined as:

Cµ =
ṁ ∗ Ve
q ∗W

, CD =
D

q ∗W
, CLF =

LF

q ∗W

where ṁe is the mass flow rate of the jet at the exit, Ve is the flow velocity at the jet’s exit, D is the drag,
LF is the lateral force, q is the dynamic pressure calculated as 1

2ρ∞U
2
∞, and W is the width of the base

GTS model.
The two-dimensional domains were discretized using a hybrid mesh, which consists of a structured mesh

near the walls, to better capture the boundary layer behavior, and an unstructured mesh towards the farfield,
for a more aggressive growth rate while keeping a healthy aspect ratio of the elements. The meshes used,
shown on Figures 9 and 10, are 15Lc in length and 11Lc in width. The mesh for the basic GTS model has
88,275 cells and 52,915 points, and the mesh for the enhanced GTS model, which includes the Coanda jets
in the trailing edge, has 136,087 cells and 84,837 points. The radical increase in the size of the mesh is due
to the addition of the jets. The mesh used to model the Coanda jets is shown in Figure 11.

(a) Base GTS mesh including a wake refinement region. (b) Near-field mesh of the base GTS model.

Figure 9. Computational grid for the base GTS model.

C. Numerical Tools

To model the flow around the base and the enhanced GTS model, the second-order JST14 numerical scheme
combined with the SST18 turbulence model were chosen. The viscous terms have been computed using a
corrected average-gradient method, and two levels of W-cycle multi-grid have been used for convergence
enhancement. Time accurate integration was achieved by a dual time stepping approach19 with a physical
time step of 0.0005s and three orders of magnitude of convergence was used at each time step.
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(a) Enhanced GTS mesh including a wake refinement region. (b) Near-field mesh of the enhanced GTS model.

Figure 10. Computational grid for the enhanced GTS model.

Figure 11. Computational domain modeling the Coanda jet.
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D. Active Flow Control Design Methodology

This process focuses on the amount of flow delivered by the Coanda jets, and the energy that this carries, to
minimize the drag of the GTS model. The flow delivered by the jet is quantified by the momentum coefficient
(Cµ), and the aerodynamic drag on the GTS model is described by the drag coefficient (CD). Due to the
unsteady behavior of the aerodynamic profile of the GTS model, and the high computational cost of time
accurate integration, a limited amount of function evaluations are available.

To optimize the sampling of Cµ, a Gaussian process regression model has been chosen. This approach
is used to generate a surrogate model of the system by probabilistically fitting a curve through the points
evaluated. Additionally, this technique provides an uncertainty metric, represented by a covariance function31

which is used to guide the selection of future function evaluations. In this study, an exponential kernel has
been used for the covariance function, which is a representation of the standard deviation.

To better guide the prediction, an ”expected improvement”31 function has been implemented. The
expected improvement function generates a modified standard deviation distribution. This is achieved by
biasing the general standard deviation distribution towards the local minimum of the surrogate model,
providing the location at which the minimum is most likely to be found. Each function evaluation brings
information to the optimization and modifies the surrogate model making it more accurate.

Based on the work by Englar in 2001,6 the bounds for the domain have been determine to be between
Cµ=0.0 and Cµ=0.0501 . The approach chosen to maximize the use of the available computational time was
to start by evaluating the cost function at the bounds and at the center (Cµ = 0.0251). Additional sampling
of the domain has taken place and a minimum was found after six function evaluations.

E. Optimization Results

To be able to quantify the improvement obtained by the use of Coanda jets, it was necessary to generate a
baseline by simulating the flow over the two-dimensional GTS base model. As expected, the flow over the
GTS model exhibits separation, vortex shedding and a periodic turbulent wake. The flow features can be
seen in Figure 12. After introducing the Coanda geometry in the tailing edge of the GTS model, a reduction
in drag is achieved. This improvement is due exclusively to the geometrical change in the trailing edge of the
GTS model. The addition of the Coanda surfaces in the back of the model allows the flow to better negotiate
the turn and stay attached longer. This effect can be seen by comparing the flow features in Figures 12 and
13.

(a) Base GTS model. (b) Trailing edge of the base GTS model.

Figure 12. Pressure contours of the base GTS model. Pressure in Pascals.

Although the flow stays attached longer with the introduction of the Coanda surfaces, it can be seen
that it still separates prematurely. The injection of flow from the jets along the Coanda surfaces introduces
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(a) Enhanced GTS model w/o jets. (b) Trailing edge of the enhanced GTS model w/o jets.

Figure 13. Pressure contours of the enhanced GTS model w/o jets. Pressure in Pascals.

momentum to the boundary layer, which helps it better negotiate the corners and stay attached longer. The
results obtained by following the process outlined in Section III D to choose the different jet momentum
coefficients are summarized in Table 3, and the resulting surrogate model is shown in Figure 14.

Cµ Plenum Pressure (Pa) CD c̃D c̃LF St

− − 1.0324 9.310E − 05 6.97E − 02 0.1801

0.0000 101325 0.7707 2.860E − 05 2.86E − 02 0.1737

0.0251 104070 0.6005 1.190E − 07 1.13E − 03 0.1823

0.0336 105022 0.5830 4.31E − 08 6.65E − 04 0.1354

0.0346 105134 0.5838 5.80E − 08 7.10E − 04 0.1337

0.0386 105582 0.5874 1.480E − 07 9.36E − 04 0.1309

0.0501 106870 0.5989 7.940E − 07 2.10E − 03 0.1345

Table 3. Results for the GTS model and the enhanced GTS model injecting flow through Coanda Jets in the
trailing end at momentum coefficients ranging from 0.0 to 0.0501. Cµ is the jet momentum coefficient, CD is
the time averaged drag coefficient, c̃D is the drag coefficient variance, c̃LF is the lift coefficient variance, and
St is the Strouhal number.

From the presented results, it can be seen that the optimum momentum coefficient was found to be at
Cµ = 0.0336. At this momentum coefficient, not only is the drag coefficient minimized, but also the drag and
lateral force coefficient variances. This reduction in the variance comes from a decrease in separation, which
in turn dampens the oscillatory behavior of the wake. The Strouhal number, which in the case of the GTS
model is a function of the width, is significantly reduced from the base GTS to the enhanced GTS model
operating at the optimum momentum coefficient. As the momentum coefficient increases from the optimum
position, the Strouhal number remains relatively unchanged – a phenomenon which can be attributed to the
amount of separation allowed by the geometry of the Coanda surface and the location at which it is placed
on the GTS model. The flow injection at the optimum condition allows the flow to stay attached until the
end of the Coanda surfaces, and any further increase in the momentum coefficient has adverse effects on the
aerodynamics of the GTS model. The consequences of excess flow injected through the Coanda jet are an
increase in the drag coefficient, as well as in the variance of drag and lateral force coefficients. These effects
are to be expected, since the excess energy that the jet carries will start to disturb the flow in the wake.
Finally, a simple thermodynamic compressor model with an isotropic efficiency of 90% been used to quantify
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Figure 14. Surrogate model for the drag coefficient as a function of the momentum coefficient. The dashed
lines represent the uncertainty limit, and the square marker denotes the optimum momentum coefficient.

the required energy to operate the jets. Figure 15 shows both the drag and power coefficients, where the
required power is defined as the energy required to overcome the drag of the GTS model plus the energy to
power the jets.

CP =
D ∗ U∞ + Pcompressor

q ∗ U∞ ∗W

where D is the drag, Pcompressor is the power required to operate the Coanda jets, q is the dynamic pressure
calculated as 1

2ρ∞U
2
∞, and W is the width of the base GTS model.

The power model was generated to validate the effectiveness of this active flow control system to reduce
the energy consumption of the GTS model. As can be seen from Figure 15, an energy reduction is achieved
with the use of Coanda jets.

IV. Conclusion and Future Work

The selection of a set of simple geometries that can be experimentally validated was essential to determine
the best combination of computational tools. The results outlined in the first section of this paper gave us
the opportunity to validate the effectiveness of the available numerical schemes and turbulence models
for simulating highly separated flows. The combination of the Jameson-Schmidt-Turkel (JST)14 numerical
scheme and Shear Stress Transport (SST)18 turbulence model proved to be the best suited for the cases
analyzed and therefore was used to simulate the flow over the GTS model.

The flow over a two-dimensional GTS model has been numerically computed, and the effects of adding
an active flow control drag reduction system composed of Coanda jets have been analyzed. For the analyzed
two-dimensional geometries, the addition of the Coanda surfaces had a big effect on the integrated forces, a
result that is believed to be due to the lack of three-dimensional effects in the simulation. As the Coanda
jet flow is introduced in the simulation the drag is further reduced and the oscillatory nature of the wake
is dampened. The latter is particularly important to improve stability of the vehicle since the lateral forces
influence maneuverability and safety.

To reduce the number of simulations required to find the optimum momentum coefficient a Gaussian pro-
cess regression was used to generate a surrogate model of the drag coefficient with respect to the momentum
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Figure 15. Surrogate model for the drag and power coefficient as a function of the momentum coefficient.

(a) Enhanced GTS model Cµ = 0.1342. (b) Trailing edge of the enhanced GTS model Cµ = 0.1342.

Figure 16. Pressure contours of the enhanced GTS model Cµ = 0.0336. Pressure in Pascals.
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coefficient, and the expected improvement function was introduced to facilitate the optimization process.
The optimum momentum coefficient was found to be at Cµ = 0.0336. Although a direct comparison of the
two-dimensional results cannot be made, the general trend followed by the integrated forces reported in this
paper is similar to the trend followed by the results presented by Englar in 2001.6 Finally, a power usage
model was generated and a decrease on energy consumption has been shown.

Although RANS is not the ideal method for the analysis of highly separated flows, it is imperative to
find a combination of methods that are able to mimic the flow over the GTS model inexpensively if we aim
to double the fuel efficiency of new vehicles by 2030. The reduction in computational time will not only
allow us to perform better parametric and gradient-based studies of drag reduction systems, but will open
the door for other design optimization techniques that have the potential to drive the ground transportation
sector to a more eco-friendly future.

Moving forward, the emphasis will be placed on the use of shape optimization techniques to better
understand the influence that the Coanda surfaces have on the drag coefficient, the Strouhal number, and
the variance of the integrated forces. Better understanding the effect that each part of the system causes is
essential if we aim to design drag reduction active flow control systems. Since the three-dimensional effects
have proven to be significant for this geometry, a detailed analysis of the three-dimensional GTS model will
be needed to validate the use of these tools for engineering design.
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