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Abstract The effects of pivot locations (xp/c) and spacing (ds = λc) be-
tween the biplane airfoils was studied using the numerical method. SST k−ω
turbulence model and U-RANS equations were solved when adopting overset
grids. The findings revealed the aerodynamic characteristics of tilting biplane
airfoil existed phase lag under five fixed pivot points from leading edge to
trailing edge but if the wall effect in the gap was so strong, the hysteresis
of CL,lower significantly collapse. Besides, CM curves drop as pivot moves up-
ward comparing to coincident relative and increasing λ could improve total lift
coefficients. These results could be explained from the view of vorticity evolu-
tion where LEV, SV and TEV showed diverse structures to induce dynamic
stall. Additionally, with rearward movement of the pivot point, the emergence
of identical flow structures was delayed, and thus aerodynamic characteristics
had the high similarity under different xp/c and λ. Therefore, a concept of
effective angle of attack of biplane airfoils was first proposed and its function
introduced a new factor λ in order to study the backward shift of pivot point
in the centerline.
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Nomenclature

α Angle of attck (◦)
αstall Stall angle of attck (◦)
αgeo Geometric angle of attck (◦)
α∗

eff Additional angle of attck (◦)
αeff Effective angle of attck (◦)
βu, βl Local position angles of attck (◦)
λ Spacing ratio between biplane airfoils
c Chord length (m)
ds Vertical distance between biplane airfoils (m)
xp Position of the pivot point (m)
∆t Time step (s)
CL Instantaneous lift coefficient
CM Instantaneous moment coefficient
CL,lower Lift coefficient of the lower airfoil
CL,upper Lift coefficient of the upper airfoil
Re Reynolds number (Re = ρU∞c/µ)
U∞ Freestream velocity (m/s)
NACA National Advisory Committee for Aeronautics
MAV Micro aerial vehicle
LE Leading edge
TE Trailing edge
LEV Leading-edge vortex
TEV Tailing-edge vortex
SV Secondary vortex
↓ First Tilting Transition (FTT)
↑↑ Second Tilting Transition (STT)

1 Introduction

The tilting can be well regarded as a complete stroke of pitching motion. As
far as two transition modes of Biplane MAV flight are concerned in Fig. 1(a),
the first tilting transition (FTT) occurs from vertical takeoff to cruise, which
corresponds to the downstroke of pitching, and the second tilting transition
(STT) is operated before vertical landing, just as upstroke. Prominent tilt-
ing transition motion takes place with difficulty under the pull of rotors as
shown in Fig. 1(b), which has caused great concern in the scholar community
for it flies at high angle of attack. This is driven not only by interest in un-
steady aerodynamic characteristics of synchronous tilting airfoils but also by
the curiosity about the optimal design of biplane configuration.

As is known to all, there are abundant flow phenomena in the pitching
case, such as special vortices structures after dynamic stall. Many factors have
significant influences over how vortical evolution affects aerodynamic loads. In
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Fig. 1 (a) Schematic of flight process, (b) tilting transition mode of Biplane MAV.

general, pitching motion of an airfoil or flat plate is dominated by the ampli-
tude αm [1-3] and reduced frequency k (k = πfc/U∞) [1,2]. Besides, Reynolds
number Re [4-7] , turbulence intensity Tu [6], wall effect [8,9] and flexible
deformation [10] are noteworthy parameters. Mackowski and Williamson [11]
measured the thrust of an airfoil undergoing pure pitching directly, finding that
fluid force is largely insensitive to most wake vortex arrangements. Goyaniuk
et al. [12] changed the heave stiffness in pitch covering a range of frequency
ratios 0.68 < ω < 1.43 to deepen the understanding of physical nature of
stall flutter. When low-frequency oscillation [13,14], separation point showed
quasi-period movement thus flow structures around the airfoil can generate
reverse flow region. Additionally, high amplitudes of the pitching motion were
also associated with an increased hysteresis of the force coefficients between
the upstroke and downstroke [3]. And the onset of vortex formation was found
to occur at earlier times with higher amplitude [15].

For biplane or tandem airfoils, the positional relationship of two neighbor-
ing airfoils is often the key to the issue that the aerodynamic performances
differ from those of a single airfoil. For example, stagger and gap [16,17] in
the two-airfoil arrangement have significant influences on each airfoil because
of the latter locates at the wake of the former. Direct measurements for the
aerodynamic characteristics of two-wing configurations were acquired by Jones
et al. [118] for a range of values of stagger and gap. Lagopoulos et al. [19] pro-
vided the first explanation for the significant impact of the downstream field
to the front foil through change of foil spacing as well as Strouhal number and
phasing of tandem flapping foils. In fact, various parameters should be paid
more attention. Mean angles of attack [20], Reynolds number [21], flexible ex-
tent [22,23] and flapping modes[24-27] have been extensively studied to reveal
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the interference effects. Zhou et al. [28] discussed the effects of the position of
the mass center on the system’s aeroelastic stability.

As mass center, the pivot location is also worthy considering because it
affects the flow separation and wake and then plays an important role in
the unsteady response of the pitching airfoil. Granlund et al. [29] compared
four pivot axis locations of pitching flat plates and proposed the trends of
LEV development as the pivot point gradually moved to the trailing edge.
Mackowski and Williamson [30] experimentally investigated the propulsive
characteristics at xp/c=-1, 0, 0.25, 0.42, 1 and 2 then concluded that the
airfoil system with its center of mass fixed at the centroid produced maximum
thrust. Yu et al. [31] suggested lift coefficient overall increase with the absolute
distance between the pivot point location and the 3/4-chord location. And Li et
al. [32] summarized the similarity of aerodynamic load and vortical structures
for fixed-pivot pitching airfoils with different pivot locations. Actually, the
evolution of the unsteady vortex structures in the wake of the pitching airfoils
always could be used to explain the detail of resultant force changes [33,34].

Furthermore, when an oscillating airfoil pitches in a sinusoidal pattern, the
turbulent flow separations and reattachments around it induces deep dynamic
stalls[35]. The TEVs formed previously now become more compact and it
should be noted that the magnitude of the vorticity of the rolling-up vortex
is significant [36]. Karbasian and Kim [37] revealed that despite the existence
of coherent structures, the interaction of organized vortices is responsible for
the complexity of the flow in stall. What’s more, Rahman and Tafti [38] gave
a more direct explanation that LEVs were responsible for the production of
thrust whereas TEVs led to drag. Zhou et al. [39] paid more attention to the
boundary layer characteristics near TE. Other nonlinear dynamics [40,41] have
also been proved to be related to the generation and evolution of vortices even
at transonic flight [42].

Nevertheless, studies on vortex growth, biplane configuration and pivot
location effects are insufficient, especially for tilting motion. In order to further
explore the above three aspects, a numerical investigation was conducted to
analyze the influences of the pivot location with different spacing between
biplane airfoils undergoing sinusoidal pitching, which could roughly simulate
FTT and STT. We attempted to explain it from the view of the evolution of
vortices and proposed the effective angle of attack for biplane configuration.

The writing structure is arranged as follows: methodology and validation
were described in Section 2. Then taking λ = 1 as an example, lift and mo-
ment coefficients curves were plotted to describe differences about fixed-pivot
(xp/c=0, 0.5, and 1) in the y

′

direction in Section 3.1; Next, lift coefficient
hysteresis loops of biplane airfoils were taken consideration of five cases of
fixed-pivot (xp/c=0, 0.25, 0.5, 0.75, and 1) in the chord (x

′

) direction and
three spacing ratios (λ=0.25, 0.5, and 1) were explained in Section 3.2; After
that we explored LEV and TEV growth trends at the same angle of attack
during FFT and STT in Section 3.3; And we gave the derivation process of the
effective angle of attack then verified its feasibility in Section 3.4. At last, in
Section 4 we put forward the conclusions in terms of the numerical simulations.



Title Suppressed Due to Excessive Length 5

2 Numerical Method and Validation

The commercial computational fluid dynamics code ANSYS Fluent 2021 R1
is employed in the present paper. There are following three main aspects:
computational domain and grid generation, numerical method, as well as grid
and time sensitivity verification.

Fig. 2 Schematic of biplane airfoils and the computational domain.

2.1 The computational domain and grid generation

The computational domain with 2D biplane airfoils is abstracted and simplified
as represented in Fig. 2. The vertical distances from midpoints of airfoil chord
lines to symmetry boundaries remain 20c. It is seen that the distance from the
velocity inlet or pressure outlet to model is defined as 20c and 40c, respectively.
Two airfoils (no-slip wall) are taken for calculation, whose identical chord
lengths (c) equal to 0.15m. Freestream velocity U∞ is 14m/s and other details
will be described in the following sections.

Overset grid technique can provide high quality mesh for airfoil tilting
motion. Importantly, y+ value of the first grid near the wall surface is smaller
than 1. As Figure 3 shows, background and airfoil grids with refined grids of LE
and TE are composed of quadrilateral elements. According to the experiment
[43], the pitching angles of attack show a sinusoidal function in the form

α(t) = α0 + αm sin (2πft) (1)

Here, the reduced frequency k = πfc/U∞ = 0.1 and α0 = 10◦ with high
amplitude αm = 15◦. In Fig. 3(c), pivot point is located on centerline and two
subdomains pitch with the same angular velocity.
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Fig. 3 Schematic of overset grids: (a) background and airfoil grids, (b) refined leading-edge
grid, (c) pitching motion for biplane airfoils, (d) refined trailing-edge grid.

2.2 Numerical methods

The 2D U-RANS equations are solved based on the SST k − ω turbulence
model, which is verified the accuracy of predicting flow separations. These
equations can be written as:

∇ · u = 0 (2)

∂u

∂t
+ u · ∇u = −

1

ρ
∇p+ ν∇2u (3)

where u denotes velocity field; t is the time; p is static pressure; the dimen-
sionless velocity vector and pressure are encapsulated in q(x, y, z) = (u, p)

T
=

(u, v, p)
T
.

The Coupled algorithm is utilized for pressure-velocity coupling. The mo-
mentum and modified turbulent viscosity are second-order upwind scheme,
and temporal discretization is performed using a first-order implicit formula-
tion. Besides, the convergence criterion of the iterative calculation is set to
10−6.

2.3 2.3 Grid and time sensitivity verification

In this paper, the independence of the simulations that calculate the lift coeffi-
cient (CL) of a pitching airfoil whose pivot is quarter chord point with respect
to both spatial and temporal discretization are shown in Fig. 4, respectively.
Three sets of grids have been designed: coarse, medium and fine with 14840,
30000 and 100000 cells around the airfoil in corresponding background domain
with 40000, 81225 and 240100 cells. Meanwhile, three timesteps are consid-
ered: 0.0002s, 0.0001s and 0.00005s. Obviously, CL in a whole cycle has a
tiny discrepancy between dashed line and chain line. Considering calculation
accuracy and cost, the medium grid and ∆t = 0.0001s are preferred.

Fig. 5 exhibits that comparison of the present numerical results (medium
condition) with the experimental result [43] and other numerical simulations
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Fig. 4 Sensitivity of (a) grids, (b) time for a pitching airfoil.

[32,44]. It must be kept in mind that severe flow separation is induced accom-
panying with complicated flow structures at high angle of attack, which can
lead to inaccuracy. From the experimental point of view, another inaccurate
factor is the difficulty of measuring the exact pressure because of shedding
vortices. Hence, the calculations in all cases are believed the reliability and
accuracy with overset grids.

Fig. 5 Comparison of present numerical results with experimental results and other nu-
merical simulations.

Next, Fig. 6 plots curves of CL about biplane airfoils for different grids and
timesteps. For instance, two airfoil grids with small spacing overlap severely
as shown in Fig. 2, logically, this situation should have larger errors. In fact, in
FTT especially at the post-stall, the curves for the medium and fine conditions
remain marginal differences because of complicated flow interference between
two airfoils, whereas coarse condition has worse error. However, CL,lower and
CL,upper and the stall moment obtained about t/T = 0.2 from the three grids
for STT are basically same, as well as the three timesteps. In a word, it is
suitable for the medium grid with 81225 background cells and 30000 airfoil
cells and ∆t = 0.0001s to be adopted in the subsequent biplane simulations
considering the consumption of computing resources.
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Fig. 6 (a) Grid sensitivity of the lower airfoil, (b) grid sensitivity of the upper airfoil, (c)
time sensitivity of the lower airfoil, (d) time sensitivity of the upper airfoil.

3 Results and Discussion

In this section, the aerodynamic characteristics of biplane airfoils undergoing
tilting motion are studied for different pivot locations and spacing ratios. Sub-
sequently, we analyzed the vorticity structures to explain the mechanics of
flow evolution. A derivation process of effective angles of attack covering two
parameters t and λ was shown.

3.1 Effect of pivot locating in x
′

and y
′

directions

Biplane configuration in Fig. 2 contains two NACA0012 airfoils named the
lower airfoil and the upper airfoil and the vertical distance between them is
defined as ds = λc where λ presents the dimensionless spacing ratio. Addi-
tionally, x direction dictates the direction of freestream velocity whereas in
coordinate system x

′

Oy
′

, x
′

direction represents the direction of chord and y
′

direction is exactly the direction of spacing ds. As shown in Fig. 7, xp indicates
the distance from leading edge (LE) to the pivot, and the dimensionless pivot
locations xp/c. Three cases with lower, medium and upper pivots under λ = 1

are presented for convenient comparison with x
′

direction where xp/c=0, 0.5
and 1.
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Fig. 7 Schematic of pivot location change in y
′

direction for biplane airfoils under λ = 1.

Firstly, left subfigure of Fig. 8(a) tells us that four peak amplitudes decrease
in turn and fluctuating curve of the lower airfoil equidistantly shifts backward
as the pivot location rises in the y

′

direction. Most interestingly, the first
peak swells to occupy more angles of attack and thus CL effectively increases
with increasing xp/c during FTT. Similarly, left subfigure of Fig. 8(b) shows an
absolutely different fluctuating trend with an outstanding second peak whereas
next two peaks are flat gently for the upper airfoil. Secondly, stall angles of
attack of the lower airfoil in STT are basically coincident even though the
pivot in the y

′

direction locates on higher position as right subfigure of Fig.
8(a) and right subfigure of Fig. 8(b) show. But as pivot in the x

′

direction
moves back, stall angle of attack will gradually increase. Due to αmax = 25◦,
post-stall phase is shortened, implying the falling slope becomes greater. All
in all, pivot locations should be arranged on the lower position closer to the
trailing edge (TE).

The comparisons of moment coefficient (CM ) of biplane airfoils under vari-
ous pivot location conditions are shown in Fig. 9. Here and below, the symbols
↓ and ↑↑ are used to represent FTT and STT, respectively. At first glance, the
pivots in the y

′

direction have significant impact on instantaneous CM and ex-
ceed instead influences of pivot backward movement. Besides, re-coincidences
of those curves are about 8◦ ↓ for the lower airfoil but 5◦ ↓ for the upper airfoil
in left subfigures of Figs. 9(a) and 9(b). CM curves of the lower airfoil fluctu-
ate more violently in FTT comparing to the upper airfoil. These remarkable
differences are deemed to interfere flow field in the gap by the vortex growth
and shedding, which will be described later in Section 3.3. During STT, corre-
sponding CM shows a downward trend from −5◦ ↑↑ to 25◦ ↑↑ when the pivot
rises in each subfigure. However, bifurcation points of CM of both airfoils are
about 4◦ ↑↑.

Through comprehensive evaluation of the distribution characteristics of
lift and moment coefficients, we think that medium pivot between two chords
would bring out the optimized results.
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Fig. 8 Lift coefficient change of (a) the lower airfoil in the first row, (b) the upper airfoil
in the second row with xp/c = 0.25, 0.5, 1 under λ = 1.

3.2 Effect of spacing

Under spacing ratio λ=0.25, 0.5 and 1, aerodynamic characteristics of tilting
biplane airfoils are quite different as Fig. 10. In this section, medium pivot
is selected, which locates in centerline between lower chord and upper chord,
and xp/c is set to five levels: 0, 0.25, 0.5, 0.75 and 1.

Fig. 11 presents hysteresis of CL,lower and CL,upper for cases with various
xp/c under λ = 0.25. Actually, if gap wall effect is strong enough, slender
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Fig. 9 Moment coefficient change of (a) the lower airfoil in the first row, (b) the upper
airfoil in the second row with xp/c = 0.25, 0.5, 1 under λ = 1.

hysteresis will be upside down in Fig. 11(a), dictating CL,lower ↓ almost are
slightly greater than CL,lower ↑↑. But CL,upper ↑↑ obviously exceeds CL,upper ↓
in Fig. 11(b). Although hysteresis shapes are distinct for two airfoils, the val-
ues of CL,lower are higher than CL,upper throughout the angle of attack. Ad-
ditionally, it is clearly noticed that a regular phase lag with increasing xp/c.
During FTT,CL,lower and CL,upper behave with a violent fluctuation that orig-
inates in vortex shedding after dynamic stall, and the maximum exists under
xp/c = 1. At the same time, curves of CL,lower ↓ and CL,upper ↓ shift upwards
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Fig. 10 Schematic of pivot location change in x
′

direction for biplane airfoils.

as xp/c increases. On the contrary, the further the pivot is fixed from LE, the
more negative force contribution generates in STT, and curves of CL,lower ↑↑
and CL,upper ↑↑ smoothly descent thus their maximum values appear under
xp/c = 0.

Fig. 11 The relationships of lift coefficient and angle of attack for (a) the lower airfoil, (b)
the upper airfoil for five fixed-pivot cases in λ=0.25.

Fig. 12 depicts the pressure contours for several typical angles of attack in
a cycle under xp/c = 0. In general, pressure around the lower airfoil distributes
just as a single airfoil except for negative angle of attack, signifying that its
pressure surface is a high-pressure region. However, the pressure surface of the
upper airfoil behaves relative low pressure because the flow speeds up to pass
through the gap. This is the reason why most CL,upper show negative values.
Vortex shedding in FFT takes away a lot of energy and low pressure becomes
more serious to effectively increase pressure difference though pressure section
of the lower airfoil has larger high-pressure region, which directly leads to the
reversal of CL,lower hysteresis. Besides, if there is not flow separation, it would
be credible to regard pressure contours of two tilting transition modes as alike.
Yet for higher angles of attack such as α = 10◦ and α = 17.5◦, boundary layer
separation in FTT leads to wake vortices comparing to attachment in STT.
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Fig. 12 Contour plots of pressure fields around the pitching biplane airfoils in one cycle
under xp/c=0 and λ=0.25.

Fig. 13 The relationships of lift coefficient and angle of attack for (a) the lower airfoil, (b)
the upper airfoil for five fixed-pivot cases in λ=0.5.

Fig. 13 shows the hysteresis loops for cases with various xp/c under λ=0.5.
Enlarged spacing weakens the wall effect in the gap, so hysteresis of CL,lower ef-
fectively swell. Meanwhile, fluctuating CL,upper ↓ sometimes are above smooth
CL,upper ↑↑ especially for some peak parts. It can be explained by pressure
distribution around biplane airfoils in Fig. 14. At α = 17.5◦ ↓, high-pressure
region areas of the upper airfoil are nearly the equivalent of the lower airfoil in
size, but it differs much at α = 17.5◦ ↑↑. Similarly, unsteady vortex shedding
will occur in FTT to realize pressurization. The only thing worth pointing
out is that the regularity of hysteresis shift under λ=0.5 is relatively chaotic,
possibly due to gap vortex hindered growth, pending further exploration.

Fig. 15 shows that distributions of two groups of hysteresis have similar
shapes and value ranges under λ=1, implying wall effect in the gap almost dis-
appears. With the increase of xp/c, hysteresis of CL,lower and CL,upper orderly
collapse. Comparing to Figs. 12 and 14, contours in λ=1 are depicted in Fig. 16
need to be paid more attention to pressure distributions of two airfoils in each



14 Ruixue Guo et al.

Fig. 14 Contour plots of pressure fields around the pitching biplane airfoils in one cycle
under xp/c=0 and λ=0.5.

Fig. 15 The relationships of lift coefficient and angle of attack for (a) the lower airfoil, (b)
the upper airfoil for five fixed-pivot cases in λ=1.

Fig. 16 Contour plots of pressure fields around the pitching biplane airfoils in one cycle
under xp/c=0 and λ=1.
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subfigure. Larger high-pressure region corresponds to smaller low-pressure re-
gion of suction surface resulting in resemble pressure difference. Yet the upper
airfoil is still under greater influence induced by biplane configuration.

Fig. 17 Variations of the stall angle of attack of biplane airfoils for five fixed pivots in
different λ.

Fig. 17 reflects the variation in stall angle of attack αstall with pivot lo-
cations, which also serves to illustrate some apparent effects of spacing on
aerodynamic performances. The solid lines represent the lower airfoil, and dot
lines indicates the upper airfoil, respectively. Interestingly, vast majority of
biplane cases are higher than αstall of a single airfoil along with an increasing
trend. But due to extreme low pressure of the thin gap in λ=0.25, αstall of
the lower airfoil rapidly drags as pivot is closer to TE. Even though the wall
effect is nearly diminished, rising αstall of the lower airfoil still has difficulty
in λ=0.5 until interference becomes quite weak under λ=1. No matter what
spacing and pivot are arranged, αstall slightly rises with further-back pivot
location yet increases first then reduces with increasing λ.

Fig. 18 shows the total lift coefficient of biplane airfoils with a backward
movement of the pivot point in comparison to a single airfoil. The overall
curve appearances have no significant changes respective to the single one
while the biplane airfoil CL,total varies in a larger range and their inclinations
are steeper. Generally, the pivot location fixed in the TE point during FTT
brings about better aerodynamic respond as α increases. However, the pivot
locating on the LE point has greater CL,total within STT of biplane airfoils.
Besides, phase lag almost doubles a single airfoil.

3.3 Vortical structures around biplane airfoils

Figs. 19 20 exhibit the vortical structures of different cases at the same angle
of attack (α = 23.5◦), whose abundant flow structures can be observed clearly.
Medium pivots are still be adopted in this subsection. Even if at the same an-
gle of attack, the flow structures exist significant differences between FTT and
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Fig. 18 Total aerodynamic results for five fixed-pivot cases of (a) a single airfoil and biplane
airfoils under (b) λ=0.25, (c) λ=0.5, (d) λ=1.

STT. For α = 23.5◦ ↓, leading-edge vortex (LEV) and trailing-edge vortex
(TEV) shed alternately to form wake and form the perspective of wake vor-
tices, they are closer to biplane airfoils from xp/c = 0 to xp/c = 1, implying
backer pivot induces vorticity evolution delay. Intuitively, LEVs with larger
scale develop under larger λ so that better aerodynamics could be provided.
Moreover, the pivot point fixed on TE helps LEV attached on suction surfaces
to last more time and thus improve CL,total. However, turbulence changes more
intense because of the inertia of the flow field.

And the converse is equally true: firstly for α = 23.5◦ ↑↑, secondary vortex
(SV) generates to make LEV shed to the wake and its evolution is impacted by
the pivot point location, from each line, we can be aware that the closer to LE,
the more evident SV is, indicating the pivot point fixed on LE leads to higher
CL,total in STT. Secondly, LEV of the lower airfoil is compressed by the upper
airfoil when λ decreases. It means that LEV covers the suction surface of the
lower airfoil fully to improve aerodynamic loads. Thirdly, vortical evolution of
the upper airfoil delays because of relative rear position. Their formations are
rarely affected by the other airfoil and always parallel with the single one.

The above analysis about vorticity evolutions is completely consistent with
the change of hysteresis of CL, and it is more worth pondering to angle of
attack and pivot point location have homologous flow structures such as LEV,
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Fig. 19 Vortical structure under different xp and λ at 23.5◦ ↓.

Fig. 20 Vortical structure under different xp and λ at 23.5◦ ↑↑.

TEV and SV. Therefore, effect of pivot could be explained by the concept of
effective angle of attack.
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3.4 Effective angle of attack of biplane airfoils

Logically, changing the pivot location is equivalent to adding additional trans-
lational motion if the reduced frequency is small enough [32]. When the pivot
point is not on the chord line, the original motion is supposed to add a certain
extent “plunging” due to the spacing effect. Therefore, it is suitable for the
concept of the effective angle of attack αeff to concern the additional veloc-
ity caused by the “plunging” motion. Generally, αgeo ≥ 0◦ roughly simulates
tilting transition of the biplane aircraft.

In Fig. 21, for the tilting airfoils whose pivot point is fixed on the centerline
between biplane chords, the spacing ratio λ will become one of the dominant
factors. Assume that the midpoint of the line between two LE points is ar-
ranged as the coordinate origin, the length from the pivot point to the origin
is s0 and geometric angle of attack αgeo(t) = α(t). First of all, in x

′

Oy
′

coordi-
nate system, different pivot corresponds to different speeds vp = ω ·L = 2πf ·L.
Here, L is the distance from each point Pu(l) on the chord to the pivot point.

Fig. 21 Schematic of the global coordinate system, parameter definition for FTT of biplane
airfoils.

L =

√

(

λc

2

)2

+ (s− s0)
2

(4)

where s represents the distance from the infinitesimal point P to the LE point
along the chord.

Taking the upper airfoil as an example, its local position angle due to pivot
set-up βu is denoted as Eq. (5).

βu (s, λ) = arctan

(

2 |s− s0|

λc

)

(5)

Decompose vp in x
′

and y
′

directions:

v
′

x (s, λ) = vp · cos (βu) (6)
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v
′

y (s, λ) = vp · sin (βu) (7)

Next, we convert from the coordinate system x
′

Oy
′

to the coordinate sys-
tem xoy, the transformation relationship of velocity components during FTT
is as follows:

[

vx
vy

]

=

[

cos (αgeo) sin (αgeo)
− sin (αgeo) cos (αgeo)

]

=

[

vp · cos (αgeo − βu)
vp · sin (αgeo − βu)

]

(8)

If considering λ, the additional angle of attack for the upper airfoil is
calculated as the below form:

α∗

eff−u (s, λ, t) = arctan

[

vy (s, λ, t)

vx (s, λ, t) + U∞

]

(9)

Just like the upper airfoil, the same transformation relationship is described
for the lower airfoil in Eq. (10).

[

vx
vy

]

=

[

cos (αgeo) sin (αgeo)
− sin (αgeo) cos (αgeo)

]

=

[

vp · cos (αgeo − βl)
vp · sin (αgeo − βl)

]

(10)

Here, βl = βu. Otherwise, the additional angle of attack for the lower airfoil
α∗

eff−l remains unalterable.

α∗

eff−l (s, λ, t) = arctan

[

vy (s, λ, t)

vx (s, λ, t) + U∞

]

(11)

Eventually, we take an infinitesimal length to derive the overall-averaged
effective angle of attack by integrating in Eq. (12). In the below mathematical
expression, α∗

eff−l includes a new factor λ to represent the spacing effect of
the biplane airfoils.

Furthermore, we note that transformation relationships of STT of biplane
airfoils (Fig. 22) are exactly the same as FTT. It is easy to obverse that
αeff (λ, t) is highly nonlinear and time-varying.

Fig. 22 Schematic of the global coordinate system, parameter definition for STT of biplane
airfoils.
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For different pivot locations xp/c=0, 0.25, 0.5, 0.75 and 1, their results are
scaling about the medium points (xp/c = 0.5) considering the local position
angles βu and βl. Fig. 23 is the data assimilation results based on αeff re-
defined in Eq. (12). An interesting finding is that all curves become perfectly
uniform except for slight deviation in FTT under λ=0.5 in Fig. 23(b). There
are two speculations: one is calculation error, the other is vortex adhesion. It
reveals the flow physics for the influence of the pivot point on the aerodynamic
characteristics of tilting biplane airfoils, thus the effective angle of attack αeff

is a dominant factor.

Fig. 23 Data assimilation of total lift coefficient by the effective angle of attack for biplane
airfoils under (a) λ=0.25, (b) λ=0.5, (c) λ=1.

Or look at it in this way: equivalent CL,total appears at the higher angle
of attack when the pivot point moves from LE to TE. In fact, they are at the
same effective angle of attack. At the unique αmax = 25◦, all kinds of flow
structures are most visible, in this case, Fig. 24 exhibit the high sensitivity of
vortical structure details for different pivot location xp. The first generation of
LEVs are shedding due to the development of SV, simultaneously, the second
LEVs are forming. While λ is small, SV of the lower airfoil is inapparent but it
does exist. In one cycle, SV destroys the original vorticity structures resulting
in dynamic stall, yet stall for biplane airfoils is unviolent and delayed with
respective to a single airfoil. In a word, biplane configuration provides higher
aerodynamic loads and stability.

4 Conclusions

In this paper, computational investigation on aerodynamic characteristics of
biplane airfoils was carried out to predict the tilting motion at high angle of
attack. Two airfoils underwent sinusoidal pitching when the pivot point lo-
cated in five different cases (xp/c=0, 0.25, 0.5, 0.75, and 1) with three spacing
ratios λ=0.25, 0.5 and 1. And downstroke corresponded to first tilting tran-
sition (FTT) and upstroke represented second tilting transition (STT). Pivot
locations for three cases: lower pivot, medium pivot, and upper pivot, respec-
tively, basically have highly similar effects on CL, yet CM curves gradually
descend along with upward movement of pivot points.
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Fig. 24 High similarity of vortical structure under different pivot locations and spacing
ratios at angle of attack 25◦.

But phase lag existed if the pivot location was arranged from LE to TE. It
was the most notable that spacing effect had significant impact on CL. Smooth
part equidistantly drops but fluctuating part rises by the same way as xp/c
increases. Hence, the best CL exists under xp/c = 0 for STT and xp/c = 1 for
FTT. In general, hysteresis loops of biplane airfoils remain similar appearances
with a single airfoil despite their area and inclination gradually swelled as λ
increased.

Moreover, vorticity structure presented that the flow evolution including
LEV, SV and TEV had highly sensitivity to the pivot points. During FTT, the
pivot point located on TE presented greater CL. However, fixed pivot on LE
could improve the aerodynamic responds in STT. Besides, relative higher λ
contributed to better aerodynamics of biplane airfoils and delayed its dynamic
stall.

Last but not least, an integral form of the effective angle of attack αeff

for the biplane airfoils was proposed taking consideration of titling motion
(αgeo ≥ 0◦) and it were highly nonlinear and time-varying. The data assim-
ilation results based on αeff showed perfectly uniform after ignoring slight
deviation. And vorticity structure details at the same αeff distribute identi-
cally.
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