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Abstract

The advent of pico-aerial vehicles (PAVs) for thermal surveillance has necessitated a
better understanding of the flow field around airfoils at low Reynolds numbers
(typically on the order of 102 to 10%) owing to the small length and velocity scales
associated with PAVs. Previous studies have shown that two airfoils arranged in a
tandem configuration can exhibit better aerodynamic performance than two identical
airfoils in isolation, but this has only been explored at relatively high Reynolds
numbers (around 10° and above). In this parametric study, we numerically simulate
the two-dimensional flow field around two tandem NACA 0012 airfoils in ground
effect, at a Reynolds number low enough to be relevant to PAV conditions (Re =
500). With the angle of attack fixed at a = 5° on both the fore and aft airfoils, we
investigate the effects of three control parameters, namely the stagger distance, the
gap height, and the ground clearance. Results show that, consistent with previous
studies at higher Re, the two tandem airfoils are more aerodynamically efficient than
two identical airfoils in isolation, especially when the fore airfoil is higher than the aft
airfoil. The aerodynamic characteristics of the tandem-airfoil system are strongly
influenced by airfoil-to-airfoil interference effects arising from the downwash
generated by the fore airfoil. The presence of a laminar separation bubble on the
suction surface of each airfoil is found to alter the lift and drag coefficients as well as
the lift-to-drag ratio. The wake of the fore airfoil is often seen impinging on the aft
airfoil, which is a key mechanism by which the lift and drag forces are altered. The
gains in aerodynamic efficiency achieved by the tandem airfoils become smaller as
the stagger increases owing to reduced airfoil-to-airfoil interference. The effect of
ground clearance on the tandem airfoils is found to be similar to that on the isolated
airfoil, with both the lift and drag coefficients increasing with decreasing ground
clearance. Overall these results provide new insight into the aerodynamics of tandem
airfoils at low Reynolds numbers, contributing to the development of the next

generation of PAVs for thermal surveillance applications.



1 Introduction

In recent years, uncrewed aerial vehicles (UAVSs) have attracted growing interest owing
to an expanding array of potential applications, ranging from thermal surveillance to
infrastructure inspection. Meanwhile, the dimensions of UAVs have been steadily
decreasing, putting us now at the cusp of an era in which pico-aerial vehicles (PAVS)
are within reach. According to Wood et al. [1], PAVs are defined as having a maximum
linear dimension of 5 cm and a maximum take-off mass of 500 mg. Owing to their
exceptionally small length and velocity scales, the Reynolds number range of PAVs is
estimated to be on the order of 10? to 102 [1]. Unfortunately, however, knowledge of the
aerodynamics of airfoils in this ultra-low Re regime is still incomplete, particularly
when the airfoils are operating in the vicinity of other surfaces, such as the ground.
Nevertheless, previous studies have shown that, under certain conditions, arranging
airfoils in a tandem configuration can improve their aerodynamic efficiency, with the
stagger distance, gap height and decalage found to have particularly strong effects on
the lift and drag characteristics [2]. Other potential areas of interest include
aerodynamic noise [3], in-flight icing in clouds of super-cooled droplets [4], and novel

propulsion systems based on fuel cells and micro combustors [5—7].

Kurtulus [8] investigated the unsteady flow around a single NACA 0012 airfoil at Re =
1000. A sharp discrete peak in the frequency spectrum of the lift coefficient was
observed at an angle of attack of o = 8°, indicating the presence of periodic limit-cycle
oscillations [8]. Using direct numerical simulations, He et al. [9] investigated the effects
of slip and no-slip ground surfaces on the stability of separated flow around a NACA
4415 airfoil at low Re (300—1000) and a high angle of attack (o = 20°). They found that,
depending on its specific type, the ground can produce drastically different effects on
the unsteady aerodynamics. For a no-slip ground, decreasing the ground clearance was
found to be stabilizing, but this effect weakened with increasing Re. In addition,
decreasing the ground clearance was also found to decrease the lift and drag coefficients,
an effect attributed to the slower flow in the growing boundary layer. For a slip ground,
which does not have a boundary layer, the pressure under the airfoil increases with

decreasing ground clearance, causing both the lift and drag coefficients to increase. This



study by He et al. [9] was later extended to the case of a wavy ground [10] and
involving a linear non-modal stability analysis [11].

Fu et al. [12] investigated the design parameters of tandem airfoils with NACA 6409
profiles at Re = 200,000. They found that the aerodynamic performance was particularly
sensitive to the decalage angle and that improved performance can be achieved only
when the fore airfoil is higher than the aft airfoil. As the stagger distance increases, the
aerodynamic performance increases at first but then saturates owing to weakening
interactions between the fore and aft airfoils. Fanjoy et al. [13] also investigated
tandem-airfoil systems. They found that the drag on the aft airfoil increases as the
stagger decreases, with the fore airfoil experiencing an expanded drag bucket and the
lift-to-drag ratio increasing. Fature et al. [14] examined the turbulent flow around
tandem airfoils arranged in a T configuration at high a and moderate Re. They examined
how the tail lift coefficient depends on the position and width of the airfoil’s wake and
on the path lines of the shed vortices. They also performed a statistical analysis of the
velocity field, focusing on the recirculation zone, wake velocity deficient, wake width,
and turbulence level in detached flow. Matyushenko [15] investigated the flow around
NACA 0012 airfoils arranged in a tandem configuration and demonstrated the accuracy
of different transition models. Scharpf et al. [16] performed experiments on FX 63-137
airfoils in a tandem setup at Re = 85,000 with a stagger of 1.5 times the chord length (c),
a gap of 0, and a decalage angle of 0 and = 10° [16]. They benchmarked the
performance of the tandem airfoils against that of a single airfoil and found, for certain
conditions, both an increase in lift and a decrease in total drag, resulting in a significant

increase in the lift-to-drag ratio [16].

Using numerical simulations, Kurtulus [17] examined the wake pattern generated by a
single symmetric airfoil at Re = 1000, with a focus on the effect of the incidence angle
and the airfoil’s thickness on the formation of alternating vortex patterns. Aerodynamic
quantities such as the lift and drag coefficients as well as the lift-to-drag ratio were
analyzed alongside the non-dimensional oscillation frequency, the Strouhal number.
Five different types of wake patterns were identified based on an analysis of the
instantaneous and time-averaged velocity fields. This study by Kurtulus [17] provides
helpful insight into the wake patterns generated by a symmetric airfoil at low Re. Using



the vortex particle method, Rossi et al. [18] numerically investigated sudden changes in
the flow field past stalled airfoils and found results consistent with those of Kurtulus
[17].

As the foregoing review has shown, despite an abundance of research in the general
field of two-dimensional airfoil aerodynamics, there is still limited research on the flow
field around two tandem airfoils in ground effect at Reynolds numbers low enough to be
relevant to PAVS. In this parametric study, we numerically simulate the low-Re flow
around a pair of NACA 0012 airfoils arranged in a tandem configuration close to a slip
ground surface. We intentionally keep the angle of attack constant at o = 5° for both the
fore and aft airfoils in order to maintain zero decalage effects. We also keep the
Reynolds number constant at a value low enough to be relevant to PAVs: Re = 500. We
allow for ground effect so as to focus on the conditions under which PAVs might
operate during take-off and landing. We parametrically examine the effects of stagger
distance, gap height and ground clearance on the lift and drag coefficients of the two-
tandem-airfoil system, and compare the results against baseline reference values
computed for two identical airfoils in isolation (without airfoil-to-airfoil interactions).

The rest of this paper is organized as follows. In 82, we numerically simulate a single
airfoil in order to validate our numerical framework against published data. In 83, we
present the numerical framework and boundary conditions used in the tandem-airfoil
simulations. In 84, we examine the aerodynamic coefficients (lift and drag), velocity
contours, vector fields and vorticity contours, as well as the generation of a laminar
separation bubble. We then discuss the mechanisms influencing the aerodynamic
performance of the tandem airfoils. In 85, we conclude by summarizing the key results

and implications of this study.



2 Numerical setup: A single airfoil without ground effect

2.1 Numerical setup

The computational domain for the single-airfoil simulations is shown in Figure 2.1-1.
For the case with ground effect (left subfigure), the distance from the trailing edge of
the airfoil to the ground surface is defined as the ground clearance. The distance from
the leading edge of the airfoil to the left boundary of the domain is 15c, where c is the
chord length of the airfoil. The distance from the leading edge of the airfoil to the right
boundary of the domain is 25c. The height of the entire domain is 20c. The left
boundary is defined as a velocity inlet, the right and top boundaries are defined as
pressure outlets, and the bottom boundary (ground) is defined as a slip wall so that no
boundary layer can develop on it. However, the airfoil surface itself is defined as a no-

slip wall.

For the case without ground effect (right subfigure), the computational domain is a
semi-circle with radius 15c¢ centered on the airfoil. Appended to the right boundary of
this semi-circle is a rectangular subdomain, with a width of 25c, as shown in the right
subfigure of Figure 2.1-1. The semi-circular boundary is defined as a velocity inlet,
while the top, bottom and right boundaries are defined as pressure outlets. As before,

the airfoil surface itself is defined as a no-slip wall.

Velocity inlet

= wall

Figure 2.1-1 Computational domain around a single NACA 0012 airfoil (left) with ground
effect and (right) without ground effect.

ICEM is used to generate the computational mesh, whose geometrical details are shown
in Figure 2.1-2. The first cell spacing of the mesh around the airfoil is set to 0.0015c in

order to ensure that y+ is smaller than 1.



Figure 2.1-2 Computational mesh for the single airfoil test case.

A pressure-based numerical solver built into ANSYS Fluent is used to seek a transient
solution. Given the ultra-low Reynolds number (Re = 500) of this system, a laminar
model is used to numerically simulate the flow in a transient unsteady framework. The
fluid medium is air, and its density and dynamic viscosity are both set to their default
values. All reference values used for non-dimensionalization are taken at the inlet (left
boundary of the domain). Pressure—Vvelocity coupling is used in the flow solver, and the
transient formulation is second-order implicit. The input data and settings for these

single-airfoil simulations are listed in Table 1.

Table 1 Settings for single-airfoil simulations

Variables Grid refinement Data validation
a (°) 20 10 and 11
Chord length (m) 0.05 0.1
First cell spacing 0.0015c 0.0015c¢
Free-stream velocity (m/s) 0.146 0.146
Solver type Transient Transient




2.2 Grid refinement and sensitivity analysis

A grid refinement test is performed at a = 20° and Re = 500 with ground effect (ground
clearance, H = 0.2c) and At = 0.01 s, as shown in Figure 2.2-1. The coarse mesh
contains 207,888 elements, the medium mesh contains 251,902 elements, and the fine
mesh contains 308,448 elements. It can be seen that, between the fine and medium
meshes, the variations in the lift and drag coefficients are relatively small. For the
medium mesh, the differences in the time-averaged lift and drag coefficients, relative to
those of the fine mesh, are only 0.191% and 1.660%, respectively. These small
differences indicate that the medium mesh is sufficiently refined to be able to resolve
the flow. Note that both the lift and drag coefficients oscillate periodically in time,
suggesting that the flow is undergoing large-scale vortex shedding. This is consistent
with the presence of a global self-excited hydrodynamic mode arising from a region of
local absolute instability [19]. Such self-excited oscillations are typically characterized
by globally synchronized motion at a discrete natural frequency and by relative
insensitivity to external perturbations at other frequencies [19]. They can be found in a
variety of fluid mechanical systems, such as bluff-body wakes [20], low-density jets
[21-29] and jet diffusion flames [30—32]. As an aside, it is worth mentioning that self-
excited oscillations can arise not just from hydrodynamic mechanisms (i.e. not just from
local absolute instability) but also from other physical mechanisms, such as the coupling
between the heat-release-rate oscillations of an unsteady flame and the pressure
oscillations of its surrounding acoustic enclosure [33—37]. This type of coupling gives
rise to a problem known as thermoacoustic instability [38—39], which must be
adequately controlled [40—44] or forecasted [45] if terminal damage to combustion

chambers is to be prevented.
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Figure 2.2-1 Grid refinement at o = 20°and Re =500 (26 <t <32 ).

2.3 Data validation

To validate the numerical framework, we benchmark the flow around a single airfoil at
a= 10°, 11° and Re = 1000 against published data. The time evolution of the lift and

drag coefficients are shown in Figure 2.3-1. The time interval t € [26, 32] is magnified

in order to extract the time-averaged value in a regime where the flow has reached a

long-time asymptotic state, as shown in Figure 2.3-2. The time-averaged C, and Cq at o
= 10°is 0.396 and 0.162, respectively. The time-averaged C, and Cq at o = 11° is 0.428

and 0.174, respectively. From these figures, it can be seen that, as expected, the lift

coefficient increases with a. These numerical data are sufficiently close to their

published values, as evidenced by their errors being consistently below 6%, as shown in
Table 2.

Table 2 Data validation at o = 10°, 11° and Re = 1000

Kurtulus [8] Liu et al. [46] Khalid et al.
Aerodyr_1amic Present [47]
coefficients sty Value E(g/roc;r Value E(g;sr Value E([yrsr
a=10° G 0.396 0.410 -3.41 0.420 -5.71 0.392 1.02
Cq 0.162 0.156 3.85 / / / /
a=11° Ci 0.428 0.451 -5.10 0.455 -5.93 0.433 -1.15
o 0.174 0.176 -1.14 / / / /
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Re = 1000.

3 Numerical setup: Two tandem airfoils in ground effect

For the case of two tandem airfoils, we consider both airfoils to have a NACA 0012

profile. For both airfoils, o = 5°, implying that the decalage angle is 0. The Reynolds

number is also kept constant at a value low enough to be relevant to PAVs: Re = 500.

The chord length of the airfoil is ¢ = 0.05 m, and the free-stream inlet velocity is 0.146

m/s. The relative positions of the two airfoils above a ground surface are defined by

three geometric parameters: the stagger distance (S), the gap height (G), and the ground

clearance (H). These parameters are illustrated in Figure 2.3-1. S is the horizontal

distance between the trailing edge of the fore airfoil and the leading edge of the aft

airfoil. G is defined as the vertical distance between the trailing edges of the two airfoils,



and is positive when the fore airfoil is higher than the aft airfoil (as shown in the
example of Figure 2.3-1). H is defined as the vertical distance between the trailing edge

of the fore airfoil and the ground surface.

Ground Clearance (H)

Figure 2.3-1 Geometric parameters defining two tandem airfoils in ground effect.

The computational domain and mesh are shown in Figure 2.3-2. The horizontal distance
from the leading edge of the fore airfoil to the left boundary of the domain, which is
rectangular in shape, is 15c¢, while the horizontal distance from the leading edge of the
fore airfoil to the right boundary of the domain is 25c. The height of the overall domain
is 20c. A velocity inlet boundary condition is imposed on the left boundary of the
domain. Pressure outlet boundary conditions are imposed on the top and right
boundaries, while a slip wall is imposed on the bottom boundary (ground surface) in
order to avoid the formation of a viscous boundary layer there. The airfoil surface itself
is defined by a no-slip wall, with a NACA 0012 profile. The details of the
computational mesh are shown in Figure 2.3-3. It can be seen that the resolution of the
mesh is higher near the airfoil surface so as to resolve the stronger velocity gradients
there. There are also more grid cells in the wake of the airfoils, because large-scale
vortex shedding is expected to occur there. The computational mesh, created in ICEM,
is imported into ANSY'S Fluent, where it is solved numerically using the settings listed
in Table 3. The angle of attack for both the fore and aft airfoils is fixed at a = 5°.

10



Figure 2.3-2 Computational domain for two tandem NACA 0012 airfoils in ground effect

Figure 2.3-3 Detailed view of the computational mesh around two tandem NACA 0012 airfoils

in ground effect. The angle of attack for both the fore and aft airfoils is fixed at o = 5°.

Table 3 Settings for tandem-airfoil simulations

Setting Value

Angle of attack, a (°) 5

11



Chord length, ¢ (m) 0.05

First cell spacing 0.0015c
Viscous model Laminar
Free-stream velocity (m/s) 0.146
Solver type Transient
Reynolds number, Re 500

Owing to the large number of parameters that can potentially influence the aerodynamic
performance of two tandem airfoils in ground effect, we carry out a parametric study of
the key parameters, as is commonly done in numerical investigations of fluid flows
[48—52]. We consider a total of 12 test cases, which are listed in Table 4. Test cases 1-5
are designed to enable an investigation of the effect of stagger distance (S). Test cases
6—10 are designed to enable an investigation of the effect of the gap height (G) between
the two tandem airfoils. Test cases 1, 9, 11 and 12 are designed to enable an

investigation of the effect of ground clearance (H).

Table 4 Summary of the test cases. All length scales are expressed in terms of chord length, c.

-Il;leSt Stagger distance (c) Gap () Ground clearance
0. (©)
1 0.5 0.2 0.4
2 0.7 0.2 0.4
3 1 0.2 0.4
4 15 0.2 0.4
5 2 0.8 0.6
6 0.5 -04 0.6
7 0.5 -0.2 0.6
0.5 0 0.6
9 0.5 0.2 0.6
10 0.5 04 0.6
11 0.5 0.2 0.8
12 0.5 0.2 1

12



4 Results and discussion

4.1 Flow around two tandem airfoils in ground effect

To give an overview of the spatiotemporal evolution of the two-dimensional flow field
around two tandem airfoils in ground effect, we first present a sample case for which S
=0.5¢, G =0.2c, H = 0.4c, and Re = 500.

The spatial distribution of velocity vectors is shown in Figure 4.1-1, from which we can
identify the formation of a laminar separation bubble on both airfoils at t = 4 s. The flow
over the rear portion of both airfoils is subjected to strong adverse pressure gradients,
which cause the laminar boundary layer to separate and move away from the airfoil
surface. The complex dynamics of the laminar separation bubble can lead to undesirable
effects such as flow oscillations due to bubble flapping. The laminar separation bubble
of the fore airfoil is always larger than that of the aft airfoil. The corresponding velocity
contours are shown in Figure 4.1-2 and corroborate the observations shown by the

velocity vector field in Figure 4.1-1.

The corresponding contours of the pressure distribution are shown in Figure 4.1-3. It
can be seen that the aerodynamic interaction between the two tandem airfoils has altered
the pressure distribution on each airfoil significantly, as compared with the case without
any airfoil-to-airfoil interaction. In particular, the pressure on the lower surface of the
fore airfoil has increased, giving rise to an increase in lift generation. The pressure
distribution around the leading edge on the upper surface of the aft airfoil decreases
markedly, as a result of the downwash generated by the fore airfoil. The pressure on the
lower surface of the aft airfoil decreases slightly. Overall, these changes in the pressure
distribution around the two tandem airfoils at this particular geometric configuration
produce a decrease in lift, but this is not always the case for the other geometric
configurations, as we will see later. The spatial distribution of vorticity is shown in
Figure 4.1-4. It can be seen that the vorticity distribution differs significantly between
the two tandem airfoils, leading to different flow separation and lift generation
characteristics. The flow is mostly attached to the airfoil, especially over the pressure
surface, with no evidence of large-scale vortex shedding at this particular combination

of stagger distance, gap height, ground clearance, and Reynolds number.
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Figure 4.1-1 Laminar separation bubble on
two tandem airfoils (left: fore airfoil, right:
aft airfoil) at Re = 500, S = 0.5¢, H = 0.4c,
and G =0.2c.

X Velocity: -0.005 0.048 0.101 0.154

Figure 4.1-2 Velocity contours for flow
around two tandem airfoils at Re = 500, S
=0.5¢c, H=0.4c, and G =0.2c.
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4.2 Reference data: No airfoil-to-airfoil interaction

To isolate the effects of airfoil-to-airfoil interaction in the two tandem airfoils, we
benchmark the tandem-airfoil data against reference data computed for the flow around
the same two airfoils, but when they are isolated from each other (i.e. without airfoil-to-

airfoil interaction).

To acquire the reference data, we numerically simulate the two-dimensional flow
around single isolated airfoils in turn, at identical values of the Reynolds number, angle
of attack, and ground clearance so as to have a representative baseline. The reference
data for the fore airfoil refer to the aerodynamic coefficients (lift and drag) of an
isolated airfoil with the same ground clearance as the fore airfoil of the tandem
configuration. Similarly, the reference data for the aft airfoil refer to the aerodynamic
coefficients (lift and drag) of an isolated airfoil with the same ground clearance as the
aft airfoil of the tandem configuration. The mean reference values of the tandem
configuration refer to the average aerodynamic coefficients (lift and drag) between (i)
an isolated airfoil with the same ground clearance as the fore airfoil of the tandem
configuration and (ii) an isolated airfoil with the same ground clearance as the aft airfoil

of the tandem configuration.

In the reference configuration, the aerodynamic coefficients for lift and drag are defined

as follows:
_ Cl(single fore) + Cl(single aft) (4-1)
Cl(reference) - 2
_ Cd(single fore) + Cd(single aft) (4-2)
Cd(reference) - 2

In the tandem configuration, the aerodynamic coefficients for lift and drag are defined

as follows:
_ Cirore) T Cugarp) (4-3)
Cl(tandem) - 2
Ca(fore) T Cacaso) (4-4)
Cd(tandem) = 2

16



4.3 Effect of gap height

First we examine the effect of the gap height between two tandem airfoils at S = 0.5¢
and H = 0.6¢. The lift and drag coefficients are plotted in Figure 4.3-1 as a function of
the gap height, G. From these figures, we can examine how the lift and drag

coefficients, as well as the lift-to-drag ratio, vary with G.
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Figure 4.3-1 (top) Lift coefficient, (middle) drag coefficient, and (bottom) lift-to-drag ratio as
a function of the gap height at Re = 500, S = 0.5¢, and H = 0.6c.

From Figure 4.3-1, it can be seen that both the lift and drag coefficients of the aft airfoil
are markedly lower than those of the corresponding reference values. For both the lift
and drag coefficients, there exists a “bucket” when G = 0. However, when G is positive,
the lift coefficient of the aft airfoil increases to a higher value, but it remains less than
the corresponding reference value. The aerodynamic coefficients of the fore airfoil do

not vary as much as those of the aft airfoil, which is to be expected because the fore
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airfoil always experiences a uniform free-stream velocity, whereas the aft airfoil is
affected by the wake of the fore airfoil. In particular, when G is small, the wake from
the fore airfoil impinges more or less directly on the aft airfoil, affecting its
aerodynamic loads. The downwash from the fore airfoil causes the aft airfoil to operate
at a lower local angle of attack, decreasing the effective angle of attack of the aft airfoil
and thus reducing lift. Because the low-momentum flow in the wake of the fore airfoil
passes over the aft airfoil, the local angle of attack is decreased, with the effective
velocity deficient in the wake reducing the drag force acting on the aft airfoil. The
maximum reduction in drag occurs when the center of the wake directly impinges on the
leading edge of the aft airfoil. This is believed to be the physical cause of the “bucket”
observed in the drag-coefficient curve. The presence of the aft airfoil makes the flow
over the fore airfoil slightly more prone to separation, leading to slightly lower lift and
drag coefficients. In addition, the resulting lift coefficient of the aft airfoil is also
smaller in magnitude. When G is positive, the lift coefficient increases quickly because
of the ground effect. When G is large, which means that the ground clearance of the aft
airfoil is relatively small, the corresponding lift coefficient becomes larger because of

the additional contribution arising from ground effect.

Furthermore, it can be seen that the lift-to-drag ratio increases with increasing G, which
is mainly due to the increase of the lift coefficient of the aft airfoil. When G is positive,
the lift-to-drag ratio of the aft airfoil is significantly higher than that of the
corresponding reference value. This indicates that the aerodynamic characteristics of the
aft airfoil in the tandem configuration are better than those of the corresponding single

isolated airfoil. These results are in stark contrast to those observed when G is negative.

It is also apparent that the lift-coefficient curve of the fore airfoil becomes roughly
constant when G is negative, but starts to increase when G rises above 0, while the drag-
coefficient curve of the fore airfoil remains relatively unchanged. The lift-to-drag ratio
of the fore airfoil starts to increase when G is positive, which is similar to the behavior
observed in the aft airfoil but here the slope is higher, which suggests that the
aerodynamic airfoil-to-airfoil interaction has a stronger effect on the aft airfoil than it

does on the fore airfoil.
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Regarding the mean lift and drag coefficients, there still exists a “bucket” but it is more
apparent in the drag coefficient than it is in the lift coefficient. The mean lift-to-drag
ratio continues to increase regardless of whether G is positive or negative, but it remains
consistently higher than its corresponding reference value. Moreover, the increase in the
mean lift-to-drag ratio is larger when G is positive, which, as we will see later, can be
attributed to the ground effect. In summary, these results show that two tandem airfoils

have better aerodynamic performance than two single airfoils in isolation.

4.4 Effect of stagger distance

According to the previous section, the aerodynamic performance of two tandem airfoils,
quantified by their lift-to-drag ratio, tends to improve when the gap height becomes
positive and large. Consequently, a positive and large value of G is used here to
examine the effect of stagger distance. We examine the numerical results for different S
values at G = 0.2c and a fixed ground clearance of H = 0.4c. The lift and drag
coefficients, along with the lift-to-drag ratio, are plotted in Figure 4.4-1 as a function of
S. From these figures, we can examine how the lift and drag coefficients and the lift-to-

drag ratio vary with S.
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Figure 4.4-1 (top) Lift coefficient, (middle) drag coefficient, and (bottom) lift-to-drag ratio as
a function of the stagger distance at Re = 500, G = 0.2c, and H = 0.4c.

From Figure 4.4-1, it can be seen that the lift coefficients of both the fore and aft airfoils
of the tandem configuration decrease as S increases. This is physically due to a
weakening of airfoil-to-airfoil interference effects as S increases. It should be noted that
when S = 0.5¢, the lift coefficient of the fore airfoil is higher than the corresponding
reference value. With the exception of this specific condition, all other data points for a
single airfoil in the tandem configuration are lower than the reference values. This is
because the length of the laminar separation bubble here is shorter than that in the
corresponding reference airfoil, as illustrated in Figure 4.4-2. Such flow separation
decreases lift and increases drag, impairing the aerodynamic performance of these
tandem airfoils. The resultant mean lift coefficient also decreases with increasing S and
is lower than the reference value, except for S = 0.5¢c when both the tandem

configuration and the reference value take on approximately the same lift coefficient
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because the decrease in the lift coefficient of the aft airfoil is balanced by the increase in

the lift coefficient of the fore airfoil.

Figure 4.4-2 Velocity contours for two tandem airfoils at different values of stagger (t = 60 s).

The drag coefficient of the fore airfoil continues to increase with increasing S, although
this increase becomes less strong when S is large because the airfoil-to-airfoil
interaction effect arising from the two tandem airfoils decreases. The drag coefficient of
the aft airfoil increases and then decreases slightly, while the mean drag coefficient

increases first but then remains relatively constant.

It can be seen that the lift-to-drag ratios for both the fore and aft airfoils, as well as the
mean lift-to-drag ratio, decrease with increasing S, but are still higher than the
corresponding reference values. Nevertheless, these values are closer to the reference
values when S is large because that is when the aerodynamic interaction between the
two tandem airfoils is relatively weak. When the two tandem airfoils are positioned

away from each other, the aerodynamic interference between them weakens.
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4.5 Effect of ground clearance

From the analysis presented in §4.3 (Effect of gap height) and 84.4 (Effect of stagger
distance), it is clear that a tandem configuration with a large positive gap height and a
small stagger distance is beneficial for aerodynamic performance, as determined by a
high lift-to-drag ratio. Here we examine the effect of ground clearance (H) at G = 0.2c,
S = 0.5¢, and Re = 500. The lift and drag coefficients, as well as the lift-to-drag ratio,
are plotted in Figure 4.5-1 as a function of H. From these figures, we can examine how

the lift and drag coefficients and the lift-to-drag ratio vary with H.
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Figure 4.5-1 (top) Lift coefficient, (middle) drag coefficient, and (bottom) lift-to-drag ratio

as a function of the ground clearance at Re = 500, G = 0.2c, and S = 0.5c.

From Figure 4.5-1, it can be seen that the lift coefficient of the fore airfoil decreases
more or less linearly with increasing H. Furthermore, its value is always higher than the
reference value. By contrast, the lift coefficient of the aft airfoil is always lower than the

reference value. It decreases rapidly at first and then more gradually as H increases,
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indicating a weakened influence when the two tandem airfoils are positioned farther
away from the ground surface. The mean lift coefficient is similar to that of the aft

airfoil because of the greater decrease attributed to the aft airfoil.

The aerodynamic interference between the two tandem airfoils is seen to change the
pressure distribution around each airfoil (not shown here for brevity). Specifically, the
pressure on the suction surface decreases, contributing to an increase in lift for the fore
airfoil. The pressure distribution at the leading edge on the suction surface of the aft
airfoil increases significantly as a result of the downwash generated by the fore airfoil.
By contrast, the pressure on the bottom surface of the airfoil increases only slightly.
Consequently, these changes in the pressure distribution around the aft airfoil give rise

to a decrease in lift.

It can be seen that the drag coefficient is relatively constant compared with the lift
coefficient. The drag coefficient of the fore airfoil increases slightly and then remains
relatively constant at around H = 0.6¢. By contrast, the drag coefficient of the aft airfoil
decreases slightly with increasing H. These two trends counteract each other to produce

a resultant mean drag coefficient that remains roughly constant, despite variations in H.

All the lift-to-drag ratios decrease with increasing H, albeit at different slopes. These
ratios decrease because, as H increases, the airfoils move farther away from the ground,
reducing the ground effect. All the lift-to-drag-ratio curves for the two tandem airfoils
are consistently higher than their corresponding reference values, which indicates again
that the tandem configuration with aerodynamic interference between the two airfoils is

more aerodynamically efficient than the corresponding single isolated airfoils.

5 Conclusions

The proliferation of industrial and consumer applications for PAVs has necessitated a
better understanding of the flow field around airfoils at low Re and in ground effect.
Previous studies at higher Re have shown that arranging two airfoils in a tandem
configuration can lead to improved aerodynamic performance (i.e. a higher lift-to-drag
ratio) than two identical airfoils in isolation. In this parametric study, we numerically

simulate the two-dimensional flow field around two NACA 0012 airfoils arranged in a
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tandem configuration above a flat ground surface at Re = 500. We consider the effects
of stagger distance, gap height and ground clearance on the aerodynamic performance,
as quantified by the lift and drag coefficients as well as the lift-to-drag ratio. We
benchmark the results against reference values computed for the configuration in which

airfoil-to-airfoil interactions are absent.

The results show that, at almost all operating conditions, the two tandem airfoils have
higher lift-to-drag ratios than the reference configuration involving isolated airfoils (no
airfoil-to-airfoil interaction). The aerodynamic performance of the tandem airfoils
improves as the gap height increases, particularly to positive values (i.e. when the fore
airfoil is higher than the aft airfoil). The aerodynamic performance of each airfoil in the
tandem configuration also changes accordingly because of the airfoil-to-airfoil
interactions that lead to a change in the pressure distribution. These interactions also
influence the laminar separation bubbles generated on the airfoils, as well as their
positions on the suction surface of each airfoil in the tandem configuration. The
aerodynamic performance of the tandem airfoils is worst when G = 0 because of the
influence of the wake and downwash from the fore airfoil. This leads to the formation of
a “bucket” in the drag-coefficient curve. The lift-to-drag ratio tends to be smaller and
less variable when H increases because the effect of the ground diminishes as the
airfoils move farther away from the ground surface. The increase in lift-to-drag ratio of
the tandem configuration becomes more gradual with increasing S because of a
reduction in the strength of the aerodynamic interaction between the two airfoils.
Overall this study has shown that two airfoils arranged in a tandem configuration can be
more aerodynamically efficient than two identical airfoils in insolation. When combined
with the data provided in this paper, this knowledge can be used to aid the development
of the next generation of PAVS, e.g. in thermal surveillance applications.
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