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The testing of unmanned aerial vehicles in unpredictable environments poses significant
repeatability issues due to a lack of environmental control. Fan array wind tunnels provide a
controlled, laboratory-scale flow field with a large testing section. However, the development of
the flow is subject to the dimensions of the facility laboratory where the wind tunnel is located.
In this study, we employ Reynolds-Averaged Navier-Stokes (RANS) simulations to analyze
and assess the aerodynamic performance and facility influence on the flow produced by a fan
array wind tunnel. A recent study [Rahmati, et al., ATAA 2026-2307 AIAA SCITECH Forum,
2026] showed that while RANS predicts many of the large features, it is unable to capture the
multi-scaled nature of the fan array jet as observed from experiments. We assess grid resolution
and test a range of RANS turbulence models to attempt to better predict the effects of shear
layers and jet interaction. We evaluate how the flow field, specifically the jet far field where
testing would take place, is influenced by different fan array wind tunnel locations, fan operating
speeds, and the facility dimensions. Our goal is to improve the ability of our computing model so
that it will accurately predict and agree with the physical test results of various laboratory-scale
wind wall tests.

I. Introduction

Unmanned aerial vehicles (UAVs) and unmanned systems (UxS) are increasingly deployed in complex environments
where aerodynamic stability and robust flight control are critical for safe operation. However, real-world flight testing is
costly, difficult to repeat, and poses significant risks during early-stage design and development. These reasons motivate
the impetus to acquire and characterize laboratory testing environments where repeatability and control are possible.
While conventional wind tunnels provide repeatable aerodynamic testing [[116]], there are limitations due to the presence
of an enclosed test section, which provides insufficient space for full-scale UxS testing and near full-scale maneuvers.
Reproducing realistic atmospheric turbulence and shear profiles requires calibrated equipment, such as active flow
control and grids. However, the enclosure wind tunnel test section is the major constraint.

Recently, new developments in fan-array wind tunnel facilities [[7H9] offer an alternative by generating spatially and
temporally varying flow fields over large open test sections. They offer the repeatability of traditional wind tunnels with
the open test section of field testing. Machine learning and testing enable the ability to model atmospheric data [[10, [11]]
and other pertinent test conditions [[7, [12} [13]].

However, the flow development in fan-array facilities is strongly influenced by the surrounding laboratory geometry,
including wall proximity and ceiling height, which can affect turbulence structure and jet interaction [[14]. Accurate
characterization of these facility-induced effects is essential for interpreting the experimental results and for future
facility design. Furthermore, the Ref. [[14], which employed Reynolds-Averaged Navier-Stokes (RANS) simulation with
actuator disk parameterization to model the fan array and facility, showed that key differences in measurements and the
simulations exist due to the multi-scale turbulence produced by the fan jet shear layers. These include (1) that the outer
shear of the fan array does not dissipate as quickly as RANS predicts, (2) the size of the array strongly influences the jet
development, and (3) RANS prediction using the k — w turbulence model resembles canonical jet development or small
jet arrays regardless of the size of the simulated array. Overall, the simulations are too dissipative and do not capture the
fan array jet regimes accurately.

In this work, we will assess different RANS turbulence models for the University of Memphis fan array wind tunnel
facility. The previously employed k& — w model [15] in the Ref. [14] will be compared with k — € models. The former is
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better-suited for wall-bounded flows, while the latter has been used extensively in high-Re free shear layer flows. As fan
array wind tunnel facilities have both walls and free shear layers, there are outstanding questions about the efficacy of
either model. This paper is set up with numerical methods and RANS turbulence models described in section [[I} the
description of the University of Memphis facility and its discretization in section the results are presented in section
and conclusions are discussed in section [V]

I1. Numerical Methods

The pimpleFoam solver within OpenFOAM [16], is employed to investigate the flow from a fan array wind tunnel
facility. It solves the pressure-velocity coupling equation using the PIMPLE algorithm [17]. The PIMPLE algorithm is
a hybrid approach of both the PISO (Pressure-Implicit with Splitting of Operators) [[18}[19] and SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) [20] algorithms. The PIMPLE algorithm obtains a fully converged steady-state
solution before marching in time. In the SIMPLE algorithm, the steady-state Navier-Stokes equations are solved using
a repetitive method. Initially, a pressure field is guessed, and the momentum equation is solved using the guessed
pressure to obtain an intermediate velocity field. Using the Poisson equation [21], by forcing the continuity, the pressure
is corrected, and then the velocity field is adjusted. Both pressure and velocity fields are updated in a loop until
convergence. Unlike the SIMPLE algorithm, the PISO algorithm is suitable for transient problems. It includes multiple
pressure-velocity correction steps (inner corrections) in each time step. In a PIMPLE loop, the time step is adjusted
based on the CFL number. If multiple inner corrections with only one outer correction are used, the PIMPLE loop
resembles the PISO. On the other hand, if multiple outer corrections with only one inner correction is used, it makes the
loops similar to the SIMPLE algorithm.

The RANS continuity and momentum equations for the incompressible flow solved in the pimpleFoam algorithm
are the following (i, j = 1, 2, 3, repeated indicies implies summation):
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where u; is the mean velocity vector, p is the pressure, and v is the kinematic viscosity. The final term, %, is the
J

Reynolds stress term, which requires closure for through turbulence models.

A. RANS Turbulence Models
To model the turbulence, we employ four different turbulence models. All models are two-equation RANS models
that compute the eddy viscosity v; to close the Reynolds stresses as follows:

2

Tij = 21Sij = 3kbij, 3)

where k is the turbulent kinetic energy. Based on the work in Ref. [14], the K — w-SST model is employed, and w is the

specific dissipation rate. The other three equations are based on the k — € model, where € is the dissipation rate. Note

that a relationship between the two dissipation terms is € ~ wk. This leads to two different equations to obtain the eddy
viscosity:
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where C, is a coefficient specific to each model.

1. k — w SST model

The k — w SST model, which is a hybrid model, is classified under the Reynolds-averaged Navier—Stokes (RANS)
category. The model switches to k — w in the near-wall region, where the viscous forces are dominant, and to k — € in
the shear-free flow, where viscous forces are negligible. Based on the Menter ([[15} 22]) with updated coefficients, the
transport equations are computed using the following:
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where Fj is the first blending function. Coefficients are set as §* = 0.09, o = 0.85, 0, = 0.5, 07, 2 = 0.856, and

a=5/9.
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2. k—e€
The k — € model is designed for high-Re number flows away from walls. Unlike the k — w, wall shear stresses are
not predicted well without the use of wall functions. The model is based on Ref. [23]]. The transport equations are the
following: 1. Turbulent Kinetic Energy
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where coeflicients eddy viscosity C,, = 0.09, production of dissipation C¢ = 1.44, destruction of dissipation C¢p = 1.92,
turbulent Prandtl number for k o = 1.0, and turbulent Prandtl number for € o7 = 1.3.

3. Realizable k — €
In the previous model, C,, = 0.09 is a constant. In Realizable k — € [24]], C,, is assumed to be a variable and depends
on the mean strain and rotation rates. The equation is given as follows

1
Ag + AL

= ©
where U* adn A; are functions of the mean strain rate (S;;) and the mean rotation tensor (£2;;). The constraint helps
prevent unphysical results in regions where the flow is stretching or rotating rapidly. The coefficient Ag = 4.0. The
other coefficients in the standard model are production of dissipation C¢ = 1.44, destruction of dissipation C¢» = 1.9
are changed to turbulent Prandtl number for k o = 1.0, and turbulent Prandtl number for € o7¢ = 1.2.

4. RNG k — €

The RNG (Renormalization Group) k — € [25] is also closely related to the standard model above. While the standard
k — € constants are derived from empirical data, the RNG constants are derived from renormalization group theory [26].
The additional assumption is that the € equation gains an additional term, R, which makes the model more responsive

to rapid changes in strain.
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where 7 is a function of k and €, 9 = 4.38, and 8 = 0.012. Coeflicients of the model are changed to eddy viscosity

C, = 0.0845, production of dissipation C¢ = 1.42, destruction of dissipation C> = 1.68, turbulent Prandtl number
for k o = 0.719, and turbulent Prandtl number for € o0« = 0.719.
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where R, is calculated as
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II1. Case Setup
The layout of the University of Memphis fan array facility in the UAV and Remote Sensing Laboratory is simplified
to include only the main laboratory walls, floor, ceiling, and the fan array. This simplified configuration, as shown in
Fig. [I] was used for the computational model in previous work [14] and remains fixed across all turbulence model cases.
The domain is closed with no inlets or outlets. With the described layout, recirculation patterns and return flow paths
develop into a relatively steady-state configuration. This approach allows the jet dynamics induced by the fan array and
modeled with RANS to be the focus of this, rather than being artificially constrained by cross-flow or inflow conditions.
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Fig. 1 (a) Top view and (b) side view of the layout and computational domain with dimensions of the University
of Memphis facility. Dashed lines are shown to define the centerline and profile locations used below.

We simulate a 25 X 25 array of fans. The array is currently set on a table that allows air flow on all sides, so there is no
pedestal modeled for this case. The dimensions of the array are 6.56” X 6.56” and centered in the y-z plane. The FAWT
is located 3’ off the ground to reduce the effects from the ground on either the suction or pressure side.

A. Computational Grid and Boundary Conditions

The computational domain is discretized using a predominantly hexahedral mesh generated with OpenFOAM’s
blockMesh utility. A graded meshing strategy is applied to improve resolution in regions with higher expected velocity
gradients, particularly near the fan array plane and within inter-jet shear interaction zones. The mesh resolution
is identical for all turbulence model cases to ensure that observed differences arise solely from turbulence model
formulation.

All solid surfaces within the computational domain, including the laboratory walls, floor, and ceiling, are modeled
as no-slip boundary conditions.

B. Fan Array Parameterization

To model the fan array, the actuator disk parameterization is employed. Rather than explicitly resolving blade
geometry, each of the 25 x 25 fans was represented as an individual thin disk region in which a distributed body force is
applied to the momentum equation. A constant thrust coefficient, Ct = 0.16, which corresponds to 45% duty cycle on
the fan, is used, similar to Ref. [14]. This approach captures the overall thrust generation of the fan array without
incurring the significant computational cost associated with resolving rotating blades and detailed near-wake structures.
All simulations were conducted under steady, uniform fan output conditions in order to isolate mean-flow behavior and
more clearly assess turbulence model performance.

IV. Results

To evaluate the sensitivity of the turbulence model in predicting jet interaction and centerline velocity decay, three
new k — e-based turbulence models are investigated for the 25 x 25 fan array configuration: the standard model k — €
model, the RNG k — € model, and the realistic model k — € model. In previous simulations [14] (k — w SST), a steep
drop-off in centerline velocity was observed when compared to experimental measurements obtained from physical fan
array testing. This behavior suggests excessive turbulent diffusion and premature jet spreading. The RNG and Realizable
k — € models introduce modifications to the dissipation formulation and the behavior of the eddy viscosity designed
to improve the responsiveness in regions of strong strain and shear. The RNG formulation incorporates additional
terms derived from renormalization group theory [26] to better account for rapidly strained flows, while the Realizable
model imposes constraints on the eddy viscosity coeflicient to prevent artificial turbulence production in high-rotation
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Fig.2 Contours of the mean velocity magnitude U, at the centerplane of the fan array for (a) £ — w SST, (b)
k — €, (¢) RNG k — €, and (d) Realizable k — € cases.

or high-strain regions. Similar RANS simulations [27] on jet arrays with 5 mm. diameter (lower Reynolds number
and larger spacing between jets) employed k — € (standard and RNG) and Reynolds Stress models. The standard k — €
was shown to capture the mean array behavior well compared to particle image velocimetry measurements. Showing
that the mean flow behaviors of arrays can be captured. However, Ref. [27] used significantly higher resolution and a
smaller domain without the effects of walls.

Figure 2 shows the average velocity magnitude on the fan array centerplane (x — y) for all four cases. The k — w
case predicts a jet that quickly dissipates and is oriented towards the floor with a strong wall jet. The k — € and RNG
k — € cases in Fig. 2[b) and (c), respectively, predict a wider jet that is oriented in the streamwise x direction. The jet
velocity remains relatively constant for a longer distance compared to the k — w case. While the jet spreads to the floor,
there is far less dissipation, where the main jet core extends at least a full diameter of the fan array. Due to the extended
jet and lower dissipation, the recirculation in the facility space is higher. The velocity behind the fan array and at the
ceiling wall, which is entrained into the fans, is significantly higher compared to the k — w case. Figure[Jd) shows the
velocity magnitude of the realizable k — €. This case shows a rather different flow field where the velocity from the fan
array peaks further downwind from the plane. Based on experimental measurements and known characteristics of jet
arrays, the model does not seem to capture the flow correctly. This is most likely due to model coeflicients that were not
calibrated for this case. In fact, none of the default (i.e., published) coefficients for any models were changed. While
calibration to some experimental data could help improve the model predictions, this is outside of the scope of this work.

The centerline streamwise velocity from each case is shown in Fig. [3] One of the main discrepancies identified in
Ref. [[14] was the differences between the centerline velocity of the RANS k — w predictions and measurements from
different array sizes. The experimental hot-wire anemometer measurements for a 3 X 3 and 9 x 9 configurations from the
University of Memphis fan array are shown in Fig. [Bas well. A major difference between array sizes in the experiments
is the formation of a core velocity region downwind in the array where individual jets merge. The core region does not
appear in a 3 x 3 array where the velocity can be observed to decay steadily, similar to that of a canonical jet. On the
other hand, the 9 x 9 array shows a nearly constant velocity region that persists downwind. The k — w simulation clearly
follows the steady decay, which would be expected for a canonical, single nozzle jet, and the trend of the 3 X 3 array,
despite simulating a large 25 X 25 array, which is expected to have a large core region. The turbulence model is unable
to predict the appearance of this region, which occurs due to the presence of multiple interacting jets upwind.

The k — € models (standard and RNG) predict a longer jet and slower decay at the centerline as shown in Fig. []
The jet decay matches the 9 X 9 array behavior closer, suggesting that the turbulence models are better at capturing
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Fig. 3 Streamwise velocity through the centerline of the FAWT for each case (lines) and experimental
measurements of 3 x 3 and 9 x 9 arrays (markers).
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Fig. 4 Streamwise velocity profiles across the spanwise for each case at locations x = 0.5,1,1.5,2,2.5 and 3 m.
downwind of the fan array.



free shear layer behavior expected for a fan array compared with the k¥ — w model. The realizable k — € model shows
acceleration from the fan array and quick decay, which is nonphysical.

Figure [] shows the streamwise velocity profiles across the spanwise direction at locations x = 0.5,1,1.5,2,2.5 and
3 m. downwind for all turbulence cases. (See Fig. [I(a) for locations). The k — w case shows the jet spreading with a
large velocity gradient along the outer shear layer of the fan array decaying. On the other hand, the standard k& — € and
RNG k — € cases shows a relatively little decay within the first 3 m. of the fan array. Inside the fan array area, this
is more consistent with the behavior observed in Ref. [14]], where profiles obtained from experiments at a Caltech
facility did not decay. However, there is a descrepancy in the outer shear layer behavior. The k — € cases show that the
velocity outside the array has been entrained into the jet, and a relatively small velocity gradient is predicted. Similar
measurements from the Caltech dataset show that the outer shear layer and fan array jet are confined by a strong velocity
gradient. This suggests that k — € models overpredict entrainment compared to measurements, and further investigation
is required.

V. Conclusion

This study investigated turbulence model sensitivity in predicting jet interaction and centerline velocity decay
for a 25 x 25 fan array configuration. Previously, the k — w SST model was used to perform RANS simulations;
however, those simulations incorrectly predicted a sharp decay in centerline velocity that did not correlate well with
physical experimental observations from large fan array tests. The jet centerline velocity decay resembled a canonical
jet or a small array more closely. It was hypothesized that the RANS simulations failed to reproduce the sustained
core velocity region observed for larger array configurations because they do not capture the appropriate turbulence
behavior in the shear layers of the fan jets. The present comparison of standard k — €, RNG k — €, and Realizable k — €
formulations demonstrates that turbulence closure selection has a significant influence on predicted jet development
and shear-layer behavior. The standard and RNG k — e models produced a longer jet core and slower centerline decay,
showing closer agreement with the experimental trends observed in the 9 X 9 configuration. In contrast, the k — w
SST model followed a canonical single-jet decay trend, which aligns well with the experimental behavior of the 3 x 3
configuration. However, when applied to the larger array, the k — w SST model was unable to capture the sustained core
velocity region produced by multiple interacting jets. The Realizable k — € model produced nonphysical acceleration
and rapid dissipation in the near field. These results suggest that k — e-based models more effectively capture free
shear-layer interaction in large fan arrays compared to the previously used k — w SST formulation. However, challenges
remain in accurately predicting outer shear-layer gradients and entrainment behavior. Further investigation is needed to
assess mesh sensitivity, turbulence model calibration, and potential higher-fidelity modeling approaches to improve
predictive capability for large interacting jet systems. Continued development of improved turbulence closure strategies
will be essential for guiding future fan array facility design and optimization.
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