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This work presents a step toward bridging the gap between flight dynamics simulation of ram-air 
parachutes and high-fidelity computational fluid dynamics. Today’s parachute design codes mainly rely 
on the empirical or semi-empirical methods generated from wind tunnel experiments and drop tests. 
The outcome of this study will hopefully help to reduce the cost of experiments and drop testing in the 
design of future canopies and to better understand the aerodynamic characteristics of these geometries. 
In this work, the parachute geometries were modeled as rigid rectangular wings with an aspect ratio 
of two and zero anhedral angle. The wings have seven opening cells and the trailing edge is deflected 
or not deflected. To validate computational methods, the aerodynamic predictions of similar wings, but 
with closed and round inlets, are compared with experimental data available from the Subsonic Wind 
Tunnel at United States Air Force Academy. Total lift and drag force coefficients were measured at a 
Reynolds number of 1.4 million. The results show that computational predictions of fine (closed-inlet) 
grids match the experimental data very well up to the stall angle. Both experiments and simulations 
show that closed wings have sharp stalling characteristics. The aerodynamics of closed wings up to stall 
can be approximated by linear functions and their derivatives. The closed wings show a negative static 
stability with respect to changes in the angle of attack. The open wings, on other hand, have positive 
static stability in the longitudinal and lateral directions. The open wings exhibit highly nonlinear unsteady 
aerodynamic characteristics; they also stall earlier and have higher drag values than the closed wings. The 
aerodynamic derivatives of open and closed wings were estimated using a linear regression method and 
training data simulated in small-amplitude oscillations in pitch, yaw, and roll directions. While the open 
wings have large oscillations in aerodynamic coefficients over the yawing and rolling hysteresis loops, 
lateral aerodynamic derivatives of the open and closed wings are similar. Finally, the results show that 
model predictions are reasonably accurate for use in flight-dynamics simulations.

Published by Elsevier Masson SAS.
1. Introduction

Ram-air parachutes based on Domina Jalbert’s kite design [1]
are widely used in many military applications, especially in pre-
cision guided airdrop systems. These parachutes are typically low 
aspect ratio rectangular wings and consist of an upper and lower 
surface and a set of individual cells. The cells are inflated by the 
ram air entering through specially designed openings in the lead-
ing edge to form a gliding airfoil [2,3]. As a result, these parachutes 
are sometimes called parafoils, a term initially used by the Uni-
versity of Notre Dame to describe the combination of parachute 
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and airfoil [4]. Parafoils have a large lift to drag ratio and there-
fore offer superior maneuverability when compared with round 
parachutes [5]. The precision landing capability of these parachutes 
depends on the control law design, aerodynamic performance, and 
aerodynamic data fidelity.

The aerodynamics of parachutes is very complex and should 
take into account the interactions between aerodynamic and struc-
tural analysis [6]. Note that the total canopy forces is the sum of 
aerodynamic forces and those transmitted to the canopy by the 
suspension lines [7]. The aerodynamic models used in the design 
of parafoils are typically empirical or semi-empirical methods gen-
erated from wind tunnel experiments and drop tests [8]. These 
experiments are relatively expensive and only available late in the 
design cycle. It is also difficult to obtain relevant data against 
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Nomenclature

a speed of sound. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
b wing span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
C D drag coefficient, D/q∞ S
CL lift coefficient, L/q∞ S
CMx roll moment coefficient, Mx/q∞ Sb
CM y pitching moment coefficient, M y/q∞ Sc
CMz yaw moment coefficient, Mz/q∞ Sb
C p pressure coefficient
CY side-force coefficient, Y /q∞ S
c mean aerodynamic chord. . . . . . . . . . . . . . . . . . . . . . . . . . . . m
D drag force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
f frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hz
L lift force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
Mx roll moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N m
M y pitching moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N m
Mz yaw moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N m
M Mach number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V/a

p,q, r roll, pitch, and yaw rate . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s
q∞ dynamic pressure, ρV 2/2 . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Re Reynolds number, ρV c/μ
S planform area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

V freestream velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
x, y, z aircraft position coordinates

Greek

α angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad or deg
α̇ time-rate of change of angle of attack . . . . . . . . . . . rad/s
β side-slip angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad
β̇ time-rate of change of side-slip angle . . . . . . . . . . . rad/s
δ trailing edge deflection angle . . . . . . . . . . . . . . . . . . . . . . rad
φ roll (bank) angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad
ρ air density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

μ air viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/(m s)
ω angular velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s
which drop tests or computations may be compared. Slegers and 
Costello [9] investigated the braking responses and control of a 
parafoil and payload and showed that the parafoil–payload system 
could roll and skid by using right and left brakes. While, limited 
static aerodynamic data of large-scale parafoils are available, the 
experimental data for dynamic stability derivatives are scarce and 
available late in the design cycle, especially for novel concept de-
signs. Note that dynamic stability derivatives can have significant 
effects on the parafoil motion.

Parafoil aerodynamic characteristics might be estimated using 
the wing theory. Lingard’s work [10,11], in particular, provides 
reasonable estimates of ram-air parachute aerodynamics including 
static and dynamic stability derivatives. The lift is predicted from 
the lifting line theory. The drag coefficient is also estimated and in-
cludes the effects of the payload, the suspension line, and the open 
inlet. The drag coefficient of an open inlet with the height of h was 
assumed to be 0.5h/c, where c is the wing’s chord length [12]. 
Suspension line drag takes into account the length of lines and as-
sumed a drag coefficient of one [12]. However, these estimation 
methods are not accurate for unsteady flows and novel configura-
tions such as bleed air spoilers [13–15]. These observations provide 
motivation to move towards Computational Fluid Dynamics (CFD) 
simulations because CFD modeling, in principle, can capture the 
flow field effects of relatively complicated geometries.

More recently, CFD has been used to simulate the flow field 
around ram-air parachutes [8,16,17]. These studies are mainly lim-
ited to two-dimensional airfoils or to investigate the flow-field 
around parachutes rather than to generate aerodynamic models for 
flight dynamics simulation. In addition, CFD simulations of these 
parachutes require special treatment. CFD solutions of parachute 
canopies are unsteady and nonlinear due to the cavity inside the 
wing [17]. Also, CFD simulations of open-inlet wings (as seen in 
parafoils) typically take a longer time to reach the steady-state so-
lution than a closed wing. The solution of an open-inlet geometry 
has large-amplitude oscillations in lift and drag coefficients which 
last for a long time. Again, this physical behavior is related to the 
flow inside cavity. The shear layer separating the cavity and ex-
ternal flows induces large pressure fluctuations inside the cavity 
which causes large oscillations in forces-moments. As time pro-
gresses, the streamwise pressure gradients inside cavity become 
smaller which dampens these oscillations. As the solution reaches 
the steady-state conditions, the flow inside the cavity will take 
a uniform pressure everywhere (stagnation pressure). Finally, the 
CFD solutions of open airfoils are very sensitive to the quality of 
mesh on the external wing surfaces [18].

The objective of the present study is the generation of aero-
dynamic models for flight simulation of ram-air parachutes. The 
parachute geometries were modeled as rigid rectangular wings 
with an aspect ratio of two and zero anhedral angle. The anhedral 
angle effects on parachute aerodynamics were studied numerically 
and experimentally by Eslambolchi and Johari [19] and Cook et 
al. [20]. The experimental data showed that by adding the anhedral 
angle the lift produced by the wing was slightly decreased. These 
effects are not considered in this work.

The wings have seven open cells and the trailing edge is de-
flected or not deflected; deflections are asymmetric. To validate 
computational methods, the aerodynamic predictions of similar 
wings, but with closed round inlets, are compared with experi-
mental data available from the Subsonic Wind Tunnel at United 
States Air Force Academy. A stability-derivative aerodynamic model 
was used to model wing aerodynamics; these derivatives are esti-
mated using a linear regression method. The work is organized as 
follows: the first section reviews a regression method for aerody-
namic modeling of open and closed wings. The CFD flow solvers 
are next described. Test cases, the computational grids, and exper-
imental setup are presented next. The results are then presented 
and discussed, followed by concluding remarks.

2. Linear regression method

The linear regression method [21,22] is used in this work to 
estimate aerodynamic derivatives of ram-air parachutes. For small-
amplitude motions, the aerodynamic coefficients are expressed in 
terms of classical stability derivatives as:

C j = C j0 + C jαα + C jββ + C j α̇

α̇c

2V
+ C j β̇

β̇b

2V
+ C j p

pb

2V

+ C jq

qc

2V
+ C jr

rb

2V
+ C jδδ (1)

where C j = [CL, C D , CY , CMx, CM y, CMz] denote lift, drag, side 
force, roll, pitch, and yaw moment coefficients. These forces and 
moments are shown in Fig. 1. In Eq. (1), c is the aerodynamic 
chord; b is the wing span; V is the free-stream velocity; C j0 cor-
responds to the aerodynamic coefficient value at zero angles of 
attack and side slip; α, β denote angles of attack and side slip; 
α̇, β̇ are time-rate of change of angle of attack and side slip angle; 
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Fig. 1. Coordinate system for definition of aerodynamic forces and moments. 
Adapted from Ref. [38].

p, q, r are roll, pitch, and yaw rates and finally δ shows trailing-
edge deflection angle. The unknown derivatives in Eq. (1) are found 
from CFD simulation of small-amplitude forced oscillations in the 
roll/pitch/yaw modes. During a forced-oscillation pitch, the lift and 
pitching moment can be written as:

CL = CL 0 + CLαα + (
CL α̇ + CLq

) qc

2V
(2)

CM y = CM y0 + CM yαα +
(

CM y α̇ + CM yq

) qc

2V

Likewise during a forced-oscillation in yaw:

CY = CY 0 + CY ββ +
(

CY r − CY β̇

) rb

2V
(3)

CMx = CMx0 + CMxββ +
(

CMxr − CMxβ̇

) rb

2V

CMz = CMz0 + CMzββ +
(

CMzr − CMz β̇

) rb

2V

where the minus sign in combined terms means that a positive 
yaw rate will decrease the wing’s side-slip angle. Finally, during 
a forced-oscillation in roll, the aerodynamic coefficients are found 
as:

CY = CY 0 + CY ββ + CY p
pb

2V
(4)

CMx = CMx0 + CMxββ + CMx p
pb

2V

CMz = CMz0 + CMzββ + CMz p
pb

2V

where p(t) = ˙φ(t) and φ(t) is the roll or bank angle at each time 
instant. Note that the side-slip angle of β(t) is related to the bank 
angle of φ(t) as:

β(t) = −sin−1 (sinα sinφ(t)) (5)

All above models are linear in structure; in general the function of 
y could be written in form of a linear mathematical model as:

y = β0 + β1x1 + β2x2 + ... + βkxk + ε (6)

where x1, x2, ..., xk are independent inputs; �β = [β0, β1, ..., βk] is 
the vector of unknown coefficients and ε is the approximation 
error. Assuming there are n samples of function of y, define the 
vectors of �y = [y1, y2, ..., yn] and �ε = [ε1, ε2, ..., εn]. In this work 
�y contains CFD data from forced oscillation simulations and n is 
the number of time steps. Independent inputs of x1, x2, ..., xk are 
Fig. 2. The airfoil section of tested wings.

Fig. 3. CAD drawings of BF configuration.

the variables used in Eqs. (2)–(4) (e.g. α, β , ...). These variables are 
known at each time step of motion. The input matrix of X is then 
defined as:

X =

⎡
⎢⎢⎢⎢⎣

1 x11 · · · xk1

1 x12 · · · xk2

...
...

...
...

1 x1n · · · xkn

⎤
⎥⎥⎥⎥⎦

(7)

The sum of squared errors should be minimized; the squared error 
is:

S =
(
�y − XT �β

)T (
�y − XT �β

)
(8)

The unknown parameters can then be estimated as:

�β =
(

X XT
)−1 (

X �y)
(9)

3. CFD solvers

Cobalt and CREATETM-AV Kestrel flow solvers are used in this 
study. The codes are briefly described below.

3.1. Cobalt solver

The Cobalt code [23] solves the unsteady, three-dimensional 
and compressible Navier–Stokes equations in an inertial refer-
ence frame. The ideal gas law and Sutherland’s law close the 
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Fig. 4. Computational grids. These grids are coarse using a symmetry plane and were generated by the Capstone mesh generator.
Fig. 5. The USAFA subsonic wind tunnel schematic.

system of equations and the entire equation set is nondimen-
sionalized by free stream density and speed of sound [23]. The 
Navier–Stokes equations are discretized on arbitrary grid topolo-
gies using a cell-centered finite volume method. Second-order ac-
curacy in space is achieved using the exact Riemann solver of 
Gottlieb and Groth [24], and least squares gradient calculations 
using QR factorization. To accelerate the solution of discretized 
system, a point-implicit method using analytic first-order inviscid 
and viscous Jacobians. A Newtonian sub-iteration method is used 
to improve time accuracy of the point-implicit method. Tomaro 
et al. [25] converted the code from explicit to implicit, enabling 
Courant–Friedrichs–Lewy numbers as high as 106. Some available 
turbulence models for Reynolds-Averaged Navier–Stokes (RANS) 
and delayed detached-eddy simulations (DDES) are the Spalart–
Allmaras model [26], Wilcox’s k–ω model [27], and Mentor’s SST 
model [28].

3.1.1. Kestrel
Kestrel is a relatively new flow solver developed as part of 

the US Department of Defense Computational Research and Engi-
neering Acquisition Tools and Environments (CREATETM), Program, 
which was established as a 12-year program in year 2008 and 
is managed by the Department of Defense (DoD) High Perfor-
mance Computing Modernization Program. The goal is to enable 
improvements in DoD acquisition programs through the use of 
scalable, multidisciplinary, physics-based computational engineer-
ing software products for use on DoD high-performance comput-
ing resources [29]. CREATE consists of three computationally-based 
engineering tool sets for the design of air vehicles, ships and ra-
dio frequency antennae. The fixed wing analysis code, Kestrel, is 
part of the Air Vehicles Project (CREATETM-AV) and is a mod-
ularized, multidisciplinary, virtual aircraft simulation tool incor-
porating aerodynamics, structural dynamics, kinematics and ki-
netics [30]. The flow solver component of Kestrel (kCFD) solves 
the unsteady, three-dimensional, compressible Reynolds-Averaged 
Navier–Stokes (RANS) equations on hybrid unstructured grids [31].

In more detail, the kCFD code uses a modified Barth–Jespersen 
limiter [32]. The Roe’s inviscid fluxes, LDD+ viscous fluxes, weighted 
gradients, and a vanLeer convective flux Jacobian [33] were chosen 
in the solver. The Gauss–Seidel scheme was then used to solve 
the matrix equation resulting from the implicit time integration 
scheme.

4. Test cases

Aerodynamic models were generated to simulate the flight dy-
namics of a parafoil wing with and without trailing-edge deflec-
tion. The airfoil section of the wings is shown in Fig. 2. The air-
foil was provided by the Natick Soldier Research, Development, 
and Engineering Center (NSRDEC) and was based on a modified
Clark-Y with a flat lower surface used as the cut pattern for drop 
tested systems [34]. The wing is characterized with an aspect ratio 
of two and zero anhedral angle. Several derivatives of this wing ge-
ometry were tested in the Subsonic Wind Tunnel (SWT) of United 
States Air Force Academy (USAFA).

These wings have either an open or closed inlet, a round or 
flat leading edge (for closed wings) and are with and without the 
trailing edge deflection. The flat leading edge wings consist of a 
straight line connecting the wing’s lower surface to the upper sur-
face. The TE deflection is approximately 45◦ as measured from the 
flat lower surface. For convenience, these wings were named S R , 
B R , S F , B F , in which S and B denote straight and bent trailing 
edges; R and F indicate round and flat leading edges. The CAD 
drawings of B F configuration are shown in Fig. 3 for more details 
of the bending surface.

The open wings have seven cells. All wings have the chord 
and wing span lengths of 300 mm and 600 mm, making the as-
pect ratio two. In this study, only the closed wings with a round 
leading-edge and the open wings are considered.

Coarse and fine RANS meshes were generated for these wings. 
These grids are unstructured with prismatic layers near the sur-
faces. Coarse grids were generated using CREATETM-MG Capstone 
code. The code has the capability to create and mesh geome-
tries using the bottom-up and topdown construction methods [35]. 
While in the bottom-up, the construction begins with low-level 
entities (e.g. vertices, edges, and faces), in a top-down method, 
the geometry construction begins with solid regions, and per-
forms Boolean operations such as unions and differences on the 
regions [35].

Capston meshes are shown in Fig. 4. These meshes are sym-
metric (half-span) and have around 5.7 and 10 million cells for the 
closed and open wings, respectively. The right trailing edge is de-
flected in these meshes.
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Fig. 6. Turbulence modeling effects on the CFD predictions of the bent and round wing. The mesh is coarse and half-geometry.

Fig. 7. Grid sensitivity study of the bent and round wing. All simulations ran with Cobalt using the SST turbulence model.
All fine meshes correspond to the full wings and have a left-
side trailing-edge deflection. Inviscid tetrahedral meshes were gen-
erated by the ICEM-CFD code; these meshes were then used as a 
background mesh by the mesh generator of TRITET [36,37] which 
builds prism layers using a frontal technique. TRITET rebuilds 
the viscous mesh while respecting the size of the original invis-
cid mesh from ICEM-CFD. The closed-wing meshes have around 
30 million cells and the open-wing meshes contain about 45 mil-
lion cells. All meshes have a grid quality, as determined by the 
ICEM-CFD metric, above 90% which helps to accelerate the solu-
tion convergence.

5. Experimental setup

The static experiments of closed wings were performed in the 
SWT of USAFA. This closed-loop tunnel, shown in Fig. 5, has an 8 ft 
long test section with a test section cross-section of 3 ft by 3 ft. 
The tunnel can achieve speeds up to Mach 0.5. Bergeron et al. [34]
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Fig. 8. Flow solutions of the BR wing using SST turbulence model. Iso-surfaces were created and colored by vorticity. The red lines show separation lines. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
detailed the experimental setup and data of ram-air parachutes. 
Four wing section configurations were fabricated to model two 
types of ram-air canopy control configurations, and two leading 
edge flow field behaviors. The experimental Reynolds number was 
1.4 × 106. The lift and drag forces were measured by an external 
force balance installed under the SWT. The measurements reported 
for changes in angle of attack from zero to 20◦ with 2◦ increments 
below α = 8◦ , and 1◦ increments above α = 8◦ . These experimen-
tal data are used in this study to validate computational methods.

6. Results and discussion

The simulation conditions are M = 0.25 and Re = 1.4 ×106 cor-
responding to the wind tunnel experiments. The moment reference 
point and rotation points are at the wing quarter chord. Number 
of 2,000 and 8,000 CFD time steps were used for static simulation 
of closed and open wings, respectively. In all static simulations, 
second-order accuracy in time and 3 Newton sub-iterations were 
used. The last 1,000 time step values were then averaged to obtain 
aerodynamic coefficients of open wings.

For dynamic simulations, five Newton sub-iterations with 2,000 
time steps per cycle were used. The frequency in all motions is 
one Hz which corresponds to a reduced frequency of 0.01. This 
justifies the quasi-steady assumption required to estimate stability 
derivatives from these harmonic motions.

This section presents detailed results for several parameter 
studies including different turbulence models with an emphasis 
on building a flight dynamics database. These data supplement the 
data reported earlier in Bergeron et al. [15].

Fig. 6 compares CFD data of the coarse grid of the BR wing 
using a symmetry plane with experimental data. Four different 
turbulence models and two different flow solvers were investi-
gated. The Cobalt flow solver was run with four turbulence mod-
els: Spalart–Allmaras (SA), Mentor’s SST and Delayed Detached 
Eddy Simulation with SST and SA with Rotation Correction (SARC). 
Kestrel predictions using the DDES-SARC turbulence model are also 
shown in Fig. 6. All solutions converged to steady-state values. 
Fig. 6 shows that none of the CFD data match exactly with exper-
iment; CFD data overestimate the lift and drag coefficients. Fig. 6
also shows that CFD data of both solvers and all turbulence mod-
els agree quite well with each other up to 15◦ angle of attack; the 
drag coefficient is slightly overestimated in Kestrel. However, CFD 
predictions are different above 15◦ . Cobalt with all used turbulence 
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Fig. 9. Comparison of aerodynamic predictions of bent/round and straight/round wings. All simulations run with Cobalt using the SST turbulence model.
models predicts a sharp stall as the experiment does; Kestrel, on 
the other hand, predicts a smooth stall behavior. Fig. 6 shows that 
CFD data using the SST and DDES-SST turbulence model are sim-
ilar for all angles of attack. The stall angle and post-stall curves 
significantly change with the turbulence model selection. The SA 
model predicts the stall too late and the DDES-SARC predicts it too 
early compared with experiments. The SST turbulence model pre-
dicts the stall at the correct angle. Therefore, the SST model was 
used for all subsequent simulations.

The coarse and fine mesh predictions of the BR wing are com-
pared with experimental data in Fig. 7. These predictions are from 
Cobalt using the SST turbulence model. Fig. 7 again shows the CFD 
data of the coarse gird overestimate the experimental lift and drag 
coefficients. However, the predictions of the fine grid agree with 
experimental data very well up to the stall angle. The coarse grid 
predicts that the wing stalls at 17◦; the stall angle is at 16◦ us-
ing the fine mesh. Fig. 7(c) also compares the pitching moment 
coefficients using the coarse and fine meshes. Though, the plot 
shapes look similar, the fine mesh predicts less negative pitching 
moment values than the coarse mesh. Note that the pitching mo-
ment curves have small positive or near zero curve slopes for small 
to moderate angles of attack. This is because the moment reference 
point is close to the wing’s neutral point. Therefore, the BR wing 
has negative or neutral static stability in longitudinal direction.
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Fig. 10. Flow solutions of the SR wing using SST turbulence model. Iso-surfaces were created and colored by vorticity. The red lines show separation lines. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
The flow solutions of the BR wing using SST turbulence model 
and the fine mesh are shown in Fig. 8 for various angles of attack. 
Vortices are formed at the wing tips; these vortices are slightly 
different due to straight and bent sides. Fig. 8 shows that wingtip 
vortices grow in size as they move downstream and as the angle 
of attack increases. Fig. 8 also shows that by increasing the angle 
of attack from 16◦ to 17◦ , a large separation region formed over 
the upper surface.

Cobalt predictions of the BR and SR wings are shown in Fig. 9
and compared with experimental data. All simulations correspond 
to fine meshes and the SST turbulence model. Fig. 9 shows that 
CFD data of both wings match very well with experiments up to 
stall angle. Bending the wing’s left side downward causes the lift 
and drag to increase, and a nose down moment as shown in Fig. 9. 
Both wings show a stall angle of 17◦ . For the straight wing, all 
lateral coefficients are zero or nearly zero. However, the bent wing 
shows a negative side-force, a positive roll moment, and a negative 
yaw moment before stall. The lateral coefficients slightly change 
with the angle of attack and then show sudden changes as the 
wing stalls.
The flow solutions of the SR wing are shown in Fig. 10 for dif-
ferent angles of attack. The wingtip vortices can again be seen. 
Like the bent wing, the straight wing suddenly stalls at 17◦ . Fur-
thermore, Fig. 11 compares the surface pressure of the bent and 
straight wings at angles of 8◦ and 15◦ . A low pressure region is 
formed over the upper surface upstream of the trailing edge bend. 
This low pressure region leads to increased lift, drag, and a nose-
down pitching moment.

CFD simulations of the bent and straight wings were run for a 
sideslip angle sweep from −15◦ to 15◦ with an increment of 5◦ . 
The results are compared in Fig. 12 which shows a negative side-
force curve slope with sideslip (CY β < 0), a negative roll-moment 
curve slope with sideslip (CMxβ < 0), and a positive yaw-moment 
curve slope with respect to sideslip angle (CMzβ > 0). These results 
confirm that both wings have positive static stability in lateral di-
rection.

Next the results of the open wings with bent and straight trail-
ing edges are shown. Like the closed wing, the bent side is on the 
left. CFD solutions of open wings took a long time to converge; 
this was previously experienced for open airfoils. Fig. 13 compares 
CFD data of open and closed wings. The comparison results show 
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Fig. 11. Pressure solutions of the BR and SR wings using the SST turbulence model.

Fig. 12. Lateral aerodynamic prediction of BR and SR wings at α = 8◦ .
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Fig. 13. Comparison of aerodynamic predictions of open and closed wings.
that the open wing has very nonlinear aerodynamic characteris-
tics even at small angles of attack. The offset in curves due to a 
trailing-edge deflection varies with the angle of attack as well. The 
open wings stall at approximately 8◦ , much earlier than the closed 
wings. These wings have less lift and higher drag values compared 
with the closed wings, but they show a negative pitching moment 
curve slope and therefore provide a positive static stability in lon-
gitudinal direction. This is probably due to the open inlet section 
or the eddies formed at the lower surface. Fig. 13 shows that the 
open wing lateral coefficients are different from the closed-wings 
at small angles of attack; they become closer at higher angles and 
diverge after stall. Notice that the open wing with a straight trail-
ing edge predicts non-zero lateral coefficients at small angles of 
attack.

Fig. 14 shows the time-averaged flow solutions of the open 
wings at angles of 0◦ and 8◦ . The figure shows that a large region 
of vorticity (eddy) is formed at the wing lower surface. This eddy 
is formed because of the sharp-edge exit of the flow inside cavity 
from the lower section. The air inside eddy is rotating counter-
clockwise which decreases the surface pressure and thus changes 
aerodynamic coefficients. The eddy size changes with the angle of 
attack such that it becomes smaller with increasing angle of attack 
as shown in Fig. 14. As noted in Ghoreyshi et al. [17], at higher an-
gles, a small eddy is formed on the upper surface near the leading 
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Fig. 14. Flow solutions of open wings using SST turbulence model. The solutions were time-averaged over the last 1,000 iterations. Iso-surfaces were created and colored by 
vorticity. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
edge as well. The upper surface flow is decelerated by this eddy, 
thus the flow separates from the upper surface earlier than on the 
closed-inlet geometry.

Final static results show the lateral aerodynamic characteristics 
of open wings for a sweep of sideslip angle at α = 8◦ . These results 
are compared with the closed-wing data and are shown in Fig. 15. 
These comparisons show that closed and open wings have very 
similar lateral aerodynamic characteristics at α = 8◦ . Both wings 
have positive static stability in the lateral direction as well.

The following figures show the dynamic solutions of the open 
and closed wings with a straight trailing edge. Both wings undergo 
simple harmonic motions in the yaw, pitch, and roll modes. The 
yaw and roll motions are at α = 8◦ . The yaw motion is defined 
as β = 2sin(ωt) with f = 1 Hz. Fig. 16 shows the lateral coeffi-
cients during the motion. The closed wing produces smooth, thin 
hysteresis loops; they are linear in shape as well. The open-wings 
show the loops in the same direction as the loops formed from 
the closed wing, but they show large oscillations during the mo-
tion. Note that the mean values nearly match with the closed wing 
results. These results show that the open wing solutions are un-
steady and very sensitive to changes in sideslip angle.
Fig. 17 shows the lift, drag, and pitching moment coefficients 
during a pitch oscillation motion; the motion is defined as α =
6 + 2sin(ωt) with f = 1 Hz and at β = 0. The results show that 
hysteresis loops obtained from the open and closed wings are very 
different. The open wing has lower lift and higher drag coefficients. 
The lift data form a linear shape for both wings. While the closed-
wing shows a linear-shape loop in the pitching moment, the open 
wing has a nonlinear shape as well.

The roll dynamic solutions are also shown in Fig. 18. The mo-
tion is defined as φ = 2sin(ωt) with f = 1 Hz at α = 8◦ . Like 
the yawing motion, the open wing shows large oscillations in the 
aerodynamic coefficients. Apart from this, the loops from open and 
closed wings show similar mean values.

The linear regression method outlined in Section 2 was used to 
estimate the closed and open wing aerodynamic derivatives. The 
results are summarized and compared in Table 1. These deriva-
tives show that both closed and open wings have nearly the same 
control derivatives. For both wings, bending the wing’s left trail-
ing edge downward causes the lift and drag to increase and the 
pitching moment to decrease. It also produces a small negative 
side force, a positive roll moment, and a small negative yaw mo-
ment. While open wings show large oscillations in aerodynamic 
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Fig. 15. Lateral aerodynamic prediction of open and closed at α = 8◦ .

Fig. 16. Aerodynamic responses of open and closed wings to a yawing motion of β = 2◦sin(ωt) with f = 1 Hz at α = 8◦ .
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Fig. 17. Aerodynamic responses of open and closed wings to a pitching motion of α = 6◦ + 2◦sin(ωt) with f = 1 Hz at β = 0◦ .

Fig. 18. Aerodynamic responses of open and closed wings to a rolling motion of φ = 2◦sin(ωt) with f = 1 Hz at α = 8◦ and β = 0◦ .
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Fig. 19. Model predictions of yawing and pitching motions.
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Table 1
Estimated aerodynamic derivatives at α = 8◦ . For control derivatives, the left trailing edge is deflected downward. The moment 
reference point and rotation points are at the wing quarter.

Derivative (1/rad) Closed-wing Open-wing Derivative (1/rad) Closed-wing Open-wing

CL δ 0.1171 0.0977 C D δ 0.0367 0.0321
CY δ −0.0098 −0.0101 CMxδ 0.033 0.029
CM yδ −0.0465 −0.04036 CMzδ −0.00662 −0.00547

CLα 3.234 3.22 CM yα −0.04 −0.17761

CY β −0.0802 −0.0722 CMxβ −0.144 −0.147
CMzβ 0.0252 0.0286

CY r − CY β̇ 0.036538 −0.025084 CMxr − CMx β̇ −0.065654 −0.031794
CMzr − CMz β̇ 0.009994 0.032152

CL q + CL α̇ 2.113513 2.368724 CM y q + CM y α̇ −1.521249 1.174727

CY p −0.177494 −0.177494 CMx p 0.370360 0.358483
CMz p 0.060168 0.087783
responses to yaw and roll motions, the aerodynamic derivatives 
with respect to yaw and roll rate of the open and closed wings are 
similar, in particular for roll-rate derivatives. However, the pitching 
moment derivatives with respect to pitch rate are very different in 
open and closed wings.

Aerodynamic models were created using derivatives given in 
Table 1 and were used to predict responses to some dynamic mo-
tions. Fig. 19 compares model and CFD data for these motions. 
Very good agreement was found for all motions of the closed 
wing. The model predictions of the open wing reasonably predict 
the mean CFD data but they do not predict oscillations observed 
in the CFD data. Discrepancies can be seen between model and 
CFD results in the pitching moment values during pitching motion. 
Note that open wing has nonlinear pitching moment behavior and 
therefore a model using linear regression method cannot fully pre-
dict.

7. Concluding remarks

This study presents a step towards bridging the gap between 
flight dynamics simulation of ram-air parachutes and high-fidelity 
computational fluid dynamics. The aerodynamic derivatives of 
open and closed wings were estimated using a linear regression 
method and training data from CFD simulations using small-
amplitude oscillations in pitch, yaw, and roll directions. While the 
open wings have large oscillations in aerodynamic coefficients over 
the yawing and rolling hysteresis loops, lateral aerodynamic deriva-
tives of the open and closed wings are similar. The results also 
show that model predictions are reasonably accurate for use in 
flight-dynamics simulations. Future work will extend these results 
to include and compare the flight dynamics simulation results from 
CFD and experimental data.
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