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Abstract:

The impact of varying L/D and L/W ratios, of clean rectangular cavities immersed within a
turbulent boundary layer and placed at yaw is studied. Specifically, the cavity behavior, drag in
particular, is examined in this work. Steady state simulations were performed to develop an
improved understanding of the effect of L, D, and W variations on the drag generated by these
cavities. Simulations were performed using OpenFOAM, the open source CFD package. Five L/D
ratios, namely 8.125, 12, 24, 32.5, and 64, are considered along with three L/W ratios, namely
8.125, 16.25, and 32. All of the L/D and L/W ratio cavities are yawed at angles of 0°, 30°, 45°, 60°,
75°, and 90°. The drag produced by each of the cavities are then plotted against the yaw angles. A
change is cavity behavior is observed as the L/D and L/W ratios are varied. The change in flow
phenomena due to the yaw angle variation was previously studied by the author in [1].

Keywords: Cavity, Drag, Yaw, Computational Fluid Dynamics (CFD), OpenFOAM, Geometric
variation, L/D, L/W

Nomenclature:

Parameter  Definition Units
L Length of cavity mm
D Depth of Cavity mm
W Width of Cavity mm
Lip Incoming plate length m

Lep Exit plate length m

Vi Domain height m

X Longitudinal direction

y Vertical direction

z Transverse direction

p Pressure Pa
p Density kg/m?
P plp Pa m¥/kg
Us Freestream Velocity m/s

] Local Mean Velocity m/s

0 Yaw angle 0, degrees
Cu Coefficient of Drag -
Cd_max Maximum coefficient of drag for a given geometry -

L/D Length to Depth ratio -

L/w Length to Width ratio -

0 Boundary layer thickness mm
o* Displacement layer thickness mm

6 Momentum layer thickness mm
H Shape Factor -

k Turbulent kinetic energy m?/s?
€ Turbulent dissipation rate m?/s®
10) Specific rate of dissipation 1/s

y* Dimensionless wall distance -
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l. INTRODUCTION

Study of drag characteristics of a rectangular cavity has been a topic of interest for aircraft development,
automobile development and areas where major surface cutouts are part of the design. The topic has been
studied extensively over the past 80 years, beginning with Krishnamurthy [18] and onto Rossiter [3] with their
early studies on the effect of surface cutouts in high speed turbulent flows. Following that, majority of research
in this area has been focused on noise generation and its suppression techniques, particularly for high speed
flows. Recent computational studies try to validate experimental findings in the SPL levels generated by cavities
using DNS, LES and URANS methods.

However, the drag generated by such surface irregularities has been largely overlooked, with a few
experimental investigations [2][3][4][5][6][7]1[10][11][12][18] and fewer computational studies [13]. Especially
in the cases of yawed cavities, where the cavity goes through changes in flow type [1]. The drag caused by
depressions and cutouts for a commercial aircraft can reach as high as 3% of the total drag [5]. The effect of
yaw angle variation on drag generated in cavities immersed in fully developed turbulent flows was previously
reported by the author [1].

The current study focuses on the effect of documenting fundamental geometric parameters of the
cavity, namely L/D and L/W ratios, coupled with the effect of yaw angle on the drag produced by the cavity. To
this end, three dimensional CFD simulations using OpenFOAM were conducted on a varying rectangular cavity
geometry immersed in a turbulent boundary layer. Each set of simulations has a fixed L/D and L/W ratio while
the yaw angle was varied in six steps of 0°, 30°, 45° 60°, 75° and 90°. The value of Cq, a result of the viscous
and turbulent stresses coupled with the pressure drag component, was obtained for the cavity faces along with
the pressure profiles at each yaw angle. The geometry was then varied in two ways; varying the D with the L
and W fixed changing the L/D ratio and varying the W with the L and D fixed resulting in L/W ratio variations.

The cavity dimensions, with the orientation in the 0° configuration, can be seen in figure 1. The rotation
of the cavity is clockwise such that at ¢ of 0° the major axis of the cavity is perpendicular to the incoming flow
and becomes tangential at ¢ of 90°. Figure 1 also shows the domain dimensions which are detailed in section
3.1

The L/D and L/W ratios studied in the current investigation are detailed in table 1. All the L/D and L/W
ratios mentioned in this study are the effective L/D and L/W ratios at an ¢ of 90°, since the ratio changes with ¢

At ¢ 0° At ¢ 90°
L/D L/W L/D L/W
L/D variation 1 0.123 | 8.125 16.25

1477 0.123 | 12 16.25
295 0123 | 24 16.25

4 0.123 | 32 16.25
8 0.123 | 64 16.25
L/W variation 2 0.123 | 16.25 8.125
1 0.062 | 16.25 16.25

0.25 0.015 ] 16.25 65

Table 1. Geometric variations for the current study
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Figure 1. Cavity and Domain dimensions at ¢ 0° (a) Front View (b) Top View (Not to scale)
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1.1 Background

There are three basic classifications of cavity flows, open type, closed type, and transitional type (see Fig. 2).
The flow is deemed open when the separating shear layer from the leading edge impinges on the trailing edge
without contact on any other cavity faces while closed flows describe a shear layer separating off the leading
edge which impinges and attaches on the cavity floor, then separating off the floor to continue towards the
trailing edge. A transitional type of cavity flow describes the state of transition of flow between open and closed
types, when the shear layer neither impinges directly on the trailing edge or on the cavity floor.

Separation Point Stagnation Paint Separation Point Stagnation Point
Impingement Point
Separation Point

f_,f”‘rrr—’——_““-\ -

= =X

Open cavity flow Closed cavity flow
Figure 2. Classification of Cavity flows [1]

i

Classification of cavity flow is also dependent on the Length/Depth (L/D) and the Length/Width (L/W)
ratios of the cavities [1]. Since the current study involves multiple L/D and L/W ratios which when yawed would
change the effective L/D and L/W ratio, the flow type varies from open to close.

Another classification of cavity flows is shallow and deep type. Cavities with L/D ratios greater than 1 are
termed shallow cavities and the ones with L/D ratios less than 1 are termed deep cavities. The cavities studied in
this investigation go through both shallow and deep type depending on the geometry and orientation.

1. COMPUTATIONAL METHOD

2.1. Numerical method
The Semi-Implicit Method for Pressure-Linked Equations, known as SIMPLE, is used to solve the steady-state
problem which iteratively solves the Navier-Stokes (NS) equations (eqns. 1 and 2). The time terms are dropped
from the equations due to the steady nature of the simulations. Temperature variations is not in the scope of this
study leading to the energy equation not being solved.

An OpenFOAM solver [17], called simpleFoam, provides solution to incompressible, turbulent flows
using the SIMPLE algorithm and hence is the choice of solver for this investigation.

V. (pU)=C ()
V.W)-V.WVVV)=-Vp @)

The generalized goemtric-algebriac multi-grid solver (GAMG) is used to compute the pressure term
whereas the velocity and turbulence parameters, k and ¢, are solved using the smooth solver with a GaussSeidel
smoother specified for all solvers. The divergence and gradient terms are computed using second order Gaussian
integration.

2.2. Domain

The domain dimensions with the cavity immersed can be seen in figure 1. The domain and cavity dimensions
were chosen based on previous research by the author [1]. To ensure similar freestream conditions and incoming
boundary layer for all geometries studied, the inlet plate length Lip, the exit plate length Le, and the domain
height Vq4 are kept constant. The incoming boundary layer is developed over an inlet flat plate with the length,
Lip and the details of which are provided in section 2.4. An exit flat plate of length, Lep, was used to ensure the
flow dissipates into the free stream after interacting with the cavity and minimizes the effects of the exit domain
wall on the cavity flow.

To negate the effect of domain side walls on the cavity flow field, the cavity and the domain side walls
were separated by a side-plate of width 5D on either side of the cavity, as seen in figure 1. The width of the side
plate was parameterized with the depth and changes with geometric change since using a fixed side wall width
leads to side walls boundaries too close to the cavity boundaries in very low L/W studies. Analyzing the results
(section 3) it is evident that the effects of domain boundaries on the cavity flow field has been minimized with
the chosen domain dimensions.
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2.3. Boundary conditions and Convergence:

A velocity of 25 m/s is prescribed at the inlet, using the velocity inlet boundary condition, whereas the outlet
uses a pressure outlet boundary condition which prescribes the pressure value, P, of 82,714.3 Pa m%/kg. No slip
wall boundary conditions are used for the inlet plate, exit plate, the cavity faces and the domain side walls. And
a symmetry boundary condition is used on the domain top wall.

The SIMPLE algorithm has a reputation for slow convergence in some cases [19], the numerical
scheme and solver parameters used in this investigation lead to a fast and smooth convergence of the solution.
The residuals for velocity, pressure and turbulence variables was monitored with a threshold of 1e-04 set for
convergence. The mass equation was monitored as well to ensure a stable solution.

Though the solution reached a converged state at different rates and with slightly different behavior for
various L/D and L/W ratios and yaw variation.

2.4. Incoming boundary layer

An incoming flat plate of length, 0.4 m was used to develop a boundary layer of thickness 10.20 mm before
interaction with the cavity leading edge. The parameters for the boundary layer presented were calculated 1mm
upstream of the cavity leading edge with a freestream velocity of 25 m/s with a turbulence intensity of 5%. The
incoming boundary layer profile generated over the flat plate is presented in figure 3.

Applying equation 6, the numerical integration of the velocity profile, was used to calculate the
boundary layer parameters, 5* and 6 which are defined by equations 3 and 4 for incompressible flows [9]. The
shape factor, H, was then computed using equation 5 [9].

In equation 6, a and b is the interval, which for the current case spans, i.e., the height of the boundary
layer, hence ais 0 and b is ¢, divided into several smaller intervals using i.

el

Figure 3. Incoming boundary layer profile

o= [ (1-52) & ®

0= 52(1- =) @

H=2 ®)

I Gy ~ gzﬁl(x,-ﬂ-x,-)(f(x,-+1)+f(x,-)) (6)

From the equations above, i.e. 3, 4, 5, and 6, the following values were obtained for the incoming
boundary layer profile over an inlet plate length of 0.4 m.

Boundary layer parameter Value

0 10.20 mm
o* 1.71 mm
0 0.93 mm

H 1.82

ReLip 754,386

Table 2. Boundary layer parameters
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2.5. Mesh

A three-dimensional Cartesian, non-uniform, structured mesh is used for all simulations with approximately 2
million cells in the domain. A y* of approximately 30 was utilized for the incoming flat plate due to the use of k-
¢ turbulence model which uses wall functions to model the near wall region, rendering nodes in that region
redundant. It also decreases the simulation run time considerably. The nodes are clustered towards the walls and
the shear layer region to better capture the high gradients in those areas.

Figure 4 shows the images of the mesh generated for an L/D ratio of 16.25 and L/W ratio of 8.125 at
two different yaw angles to demonstrate the grid and clustering applied. The mesh for a 30° yawed cavity can be
seen in figure 4d where the mesh nodes in the domain are kept normal to the incoming flow while the cavity is
rotated. This leads to a manageable mesh skewness but keeps the mesh cells aligned to the incoming flow and

hence improves solution stability.

(b)

o £ L

(d)

() )
Figure 4. (a). Mesh view, Z axis coming out of the plane, at ¢ 0° (b). Mesh view, Y axis coming out of the

plane, at ¢ 0° (c). Mesh on cavity floor, Y axis coming out of the plane, at ¢ 0° (d). Mesh view, Y axis into the
plane, at ¢ 30° (e). Mesh on the cavity faces, at ¢ 0°
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2.6. Turbulence Model:

A standard k- ¢ turbulence model, by Launder and Sharma [14], is used for this investigation, with a freestream
turbulent intensity set to 5%. The introduction of two additional transport equations to model the convective and
diffusive effects of turbulent energy, makes this two equation model superior over its one equation counter
parts. Apart from being a good predictor in the free-stream region, the standard k-¢ model provided good
boundary layer estimates, as can be seen in figure 3.

Two other turbulence models were tested along with the k-¢, namely k- [15] and k-« SST [16], for their
supposed [19] accuracy in computing the free shear layer regions. The k- model is built as a successor for k-¢
and uses the specific dissipation rate, o, as the second transport variable. The model is known for its inaccuracy
in the freestream region [19]. k- SST is a hybrid of k-¢ and k-w which uses k- in the near wall region and
switches to k-¢ in the free stream. Due to the superior boundary layer prediction and universality, the k-¢ model
was chosen for this study.

1. RESULTS AND DISCUSSION

Pressure contours for two L/D ratios are examined below along with the drag profiles for the L/D and L/W
variations mentioned in table 1. The pressure variation on the cavity floor and within the cavity as a whole are
presented in figures 5—8. The surface pressure variations provide insight into the effect of geometric and yaw
angle variation on the flow physics.

OpenFOAM [17] computes pressure divided by the density term in an incompressible simulation, as
shown in equation 7, the resulting pressure term (P) is presented as the pressure generated. The pressure
discussed in this study is the resultant pressure, P.

p=L2
" (7)

To further emphasize the pressure variation on the cavity surfaces, the pressure has been locally scaled
in figures 5—8.

The pressure distribution on the floor of the cavity with L/D of 8.125 and L/W of 16.25 is shown in figure 5,
while the floor pressure distribution for a cavity with L/D of 32.5 and L/W of 16.25 is shown in figure 6. The
cavities range from shallow to deep and one of each is chosen in the figures below. The cavity floor in figures 5
and 6 are rotated from 0° to 90° about the Y-axis. The orientation can be understood with the left-hand rule, such
that the positive Y-axis goes into the plane of the paper during the counter-clockwise rotation. An
accompanying sketch of the cavity orientation is provided in figures 7 and 8 to help clarify the yaw angle at
which the pressure contours are presented.

3.1. Effect of Yaw angle on pressure generated:

It can be seen from figures 5a and 5f that the flow transitions from an open-type in 5a at ¢ 0° to a closed type in
5f at ¢ 90°, evident due to the pressure stagnation on the cavity floor. In figure 5a, the pressure stagnation is
towards the trailing edge of the cavity while it moves further towards the center of the cavity in figure 5f. The
velocity streamlines from both these angles make it more evident.

The pressure distribution in figures 5 and 6 also show symmetry when the cavity is aligned to the
oncoming flow, in the ¢ 0° and ¢ 90° cases. As the cavity moves through yaw angles from 0° to 90° the high-
pressure region moves along the trailing edge of the cavity floor and the cavity back wall, as can be seen in
figures 5, 6, 7 and 8. It can be observed in that there is a higher pressure distribution on the cavity walls turned
towards the flow than those turned away from the flow at transitional yaw angles of 30°, 45° 60Q°, and 75°.
Shiyani [1] hypothesized that this variation can due to the increasing boundary layer thickness and the resulting
energy differential as the flow moves ahead in the positive x direction.

3.2. Effect of L/D and L/W on pressure generated:

The focus on two L/D and L/W variations is due to the large amount of pressure data that is gathered during the
geometric study. The two sets of pressure data presented show similar trends that can be found in other
geometric variations. From figures 5 and 6 on the cavity floors, a similar trend of pressure distribution can be
observed for both L/D and L/W variations with a difference in magnitude. This can be further examined in
figures 7 and 8, where the rotation of the cavity leads to the movement of the high-pressure regions from the
cavity rear wall to the cavity side walls, as the side walls of the cavity become the rear walls at ¢ 90°. This was
observed for all the L/D and L/W variations examined in this investigation. Geometric effects on the pressure
profiles showed qualitative change in pressure values, however the effect of geometry produced very little
qualitative difference in the pressure distribution. The effect of geometric changes considered is largely
quantitative than qualitative. This would further lead to an expected change in drag values due to the pressure
magnitude change with different geometries. The pressure stagnation moves along the cavity as the shear layer
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impinges on the cavity trailing edge at low yaw angles whilst transitioning to impinging on the cavity flow at
high yaw angles.

Based on the L, D and W used in this study, the flow transitions from open type flow at ¢ 0° to a closed
type cavity flow at ¢ 90° in all the cases. This is further confirmed by the velocity streamlines in figure 9 and 10,
where the 9a and 10a show the shear layer separating of the leading edge and impinging directly on the trailing
edge at 0° configuration, whereas in figures 9b and 10b, the shear layer separating of the leading edge impinges
on the cavity floor after which it reattaches and continues towards the trailing edge at the 90° configuration.
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Figure 5. Pressure contours of cavity bottom wall at L/D: 8.125, L/W: 16.25 (a) ¢ 0° (b) ¢ 30° (c) ¢ 45° (d) ¢ 60° () ¢ 75°
(f) ¢ 90°
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Figure 9. Velocity streamlines within the cavity, of L/D: 8.125, L/W: 16.25, at (a) ¢ 0° (b) ¢ 90°
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Figure 10. Velocity streamlines within the cavity, of L/D: 32.5, L/W: 16.25, at (a) ¢ 0° (b) ¢ 90°

3.3. Effect of L/D and L/W on drag:

Figures 11 and 12 present the normalized coefficient of drag, Ca/Cq max, against the yaw angle, ¢, for five L/D
ratio changes in figure 11 and three L/W ratio changes in figure 12. The coefficient of drag presented below is a
total of both viscous and pressure drag generated on the cavity faces. The drag data was obtained using
OpenFOAM’s force functions tool, which calculates drag on surfaces.

The effect of L/D variation on the drag generated within the cavity shows interesting trends in figure
11. It can be observed that at low L/D ratios, L/D of 8.125 and L/D of 12 in figure 11, the trend follows a bell
curve, where the maximum drag peaks at high yaw angles, dropping back again at 900. As the L/D ratio is
increased the curve starts to flatten out, with the maxima moving towards low yaw angles, L/D of 24 in figure
11. After which a transition occurs, where the maximum drag is observed at 0° for high L/D ratios, namely L/D
of 32.5 and L/D of 65 in figure 11. At these L/D ratios, the drag goes down as the yaw angle is increased up until
759 after which there is a slight rise in drag in the 90° configuration. Though deep and shallow cavities are
generally classified with L/D ratio of less than 1 and greater than 1 respectively, this transition in the maximum
drag w.r.t. yaw angle can be due to the change in cavity type from relatively deep, at low L/D ratios, to shallow
at high L/D ratios. This change suggests that the behavior of drag as a function of yaw angle is highly dependent
on the type of cavity. In terms of absolute values, deep cavities have lower drag at low yaw angles, up until 60°,
and should be preferred over shallower cavities in this range. While shallower cavities have lower drag
generation at higher yaw angle ranges, above 60° compared to its deep counterpart.

Looking at the effect of L/W ratios on drag at yaw angles, it can be seen that the fluctuation in
qualitative and quantitative values of drag for low ranges of L/W ratios, L/W of 8.125 and 16.25 in figure 12, is
minimal. However, for a very high L/W ratio of 65 the behavior changes with a sharp drop in drag values at ¢ 0°
and 90°. At this high L/W ratio, the cavity becomes a narrow slit which may be the cause of change in drag
behavior. Overall, the effect of change in L/W ratios on drag characteristics w.r.t. yaw angles is not very
significant for over a large range of L/W ratios considered.

For L/W variation in figure 12, the maximum drag is observed in higher yaw angles, from
approximately 40° to 80°. This supports the notion that the shift in maximum drag from high yaw angles to low
yaw angles in the L/D ratio study, figure 11, is due to the change in cavity behavior from deep to shallow.
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Figure 12. Co-efficient of drag generated within the cavity as a function of yaw angle, for different L/W ratios

IV.  CONCLUSIONS

The effect of L/D and L/W ratios on the drag generated by a clean sharp-edged cavity was studied using three-
dimensional steady-state simulations with the open-source CFD tool, OpenFOAM. In addition, the effect of yaw
angles of 0°, 30°, 45°, 60°, 75°, and 90°, on the drag generated was also examined for each L/D and L/W ratio
variation. A 25 m/s free-stream velocity was used with an atmospheric pressure specified at the outlet.

The pressure profiles on the cavity floor and the cavity as a whole were studied to examine the effect of L/D,
L/W and yaw variation on the cavity pressure distribution. The effect of geometric changes on the cavity
pressure distribution was quantitative while qualitatively the pressure profiles were similar. The stagnation and
high-pressure regions within the cavity moved as the yaw angle was varied and the effects of three-
dimensionality were high when the cavity was yawed w.r.t. the incoming flow. The flow at ¢ 0° and 90°
exhibited symmetric behavior.

The effect of geometric variations on drag showed interesting trends. For L/D variations, the maximum
drag shifted from high yaw angles at low L/D values to low yaw angles at high L/D values. This can be
attributed to the cavity flow type moving from deep ranges towards shallow flow. The drag for L/D values of
8.125 and 12 drops at 90° from a maximum value at 75° whereas the drag value for L/D of 24 plateaus out with
low fluctuations w.r.t ¢ suggesting a transition region. For L/D values above that, i.e. 32.5 and 65, the maximum
drag occurs at 0° dropping with increase in yaw angle followed by a small rise at ¢ of 90°. The effect of L/W
variation on drag w.r.t. ¢ was not as pronounced as the effect of L/D variation. In the low ranges of L/W ratios,
the trend lines are very close to each other. When the L/W ratio is increased up to 65 there is a qualitative
difference in the trend line with sharp drops in drag values at 0° and 90°. However, the maximum drag for all

www.ijceronline.com Open Access Journal Page 17



Study of Geometric Variations on Drag Over Rectangular Cavities at Yaw

L/W ratios simulated stays in the higher ¢ region as opposed to a change in maximum value of drag seen in the
L/D ratio study, further supporting the hypothesis that the behavior of drag as a function of ¢ is highly
dependent on the type of cavity flow, either deep or shallow.

Further research in this area would yield a more detailed picture of the effect of yawed cavities for the
wide range of L/D and L/W ratios not considered in this study.
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