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Fig. 2 Typical model–airbag system at the end of the drop test.

Fig. 3 Relationship between the retarding force and stroke.

cylindricalbags were not used for dissipatingthe impact energy, but
instead were used for combining the two cube bags. Shear pin-type
vents were applied to release gas to avoid rebounding at ground
impact. The vent area was calculatedwith the method presented by
Idomir.2 The parametersof the circular-shapedbag weredetermined
by the same procedure.

A photoelectron-quick-release and cable-suspensionsystem suit-
able for an indoor test was used. With this equipment, the vertical-
and horizontal-velocitycomponentscould be obtained.Accelerom-
eters were glued near the model’s c.g. to measure the vertical and
horizontal acceleration. To monitor the dynamic pressure during
impact, a pressure sensor was installed in the airbag. Test data were
recorded on the oscillometer and processed by a computer.

In the case of vertical drops in various initial yaw or/and roll
conditions,it is shown that themulticompartmentairbagcan provide
better attenuation. A slight tipover occurs only under the poorest
test conditions, 19-deg roll and 16-deg yaw. When the horizontal
velocitycomponentis in a given range.(<2 m/s, limitedby the room
size), the payloads drop steadily. The range is related to the width
of bag and the height of the payload. Figure 2 shows a photograph
of the typical model–airbag system at the end of the drop test.

The dynamic properties of the bags are also studied systemati-
cally. It is found that several factors affect the impact deceleration.
Among these factors, the drop velocity and initial pressurehave sig-
ni� cant effects on the peak deceleration.Experiments indicate that
the retarding force-strokecurve (Fig. 3), is different from the curve
presented by Knache.1

Conclusions
A multicompartmentstructuralairbagforpreventingthepayload–

airbag system from tipover has been designed. Drop tests show that
when the horizontalvelocity component is in a given range, the new
technique is very effective.
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Nomenclature
Cl = lift coef� cient of wing
Cm = pitching moment coef� cient about wing root midchord
C p = pressure coef� cient difference across wing
kr = reduced frequency based on mean wing semichord
M = Mach number
n = number of boxes on wing

Introduction

T HE subsonic doublet lattice method (DLM)1¡3 is commonly
used for the calculation of unsteady airloads on aircraft. This

method can be regardedas an extensionof the vortex lattice method
(VLM) that is widely used for steady load calculation. In both of
these methods a lifting surface is divided into a number of smaller
panels or boxes. A lifting line and a collocation point is associated
with each box. The lift force acting on each box is assumed to act
at the lifting line, whereas the boundary condition of tangential ve-
locity is enforced at the collocationpoint. The lifting line is located
along the box quarter-chord and the collocation point at the span-
wise center of the box at three-quarter-chord. Downwash factors
are calculated for each lifting line/collocation point combination.
The set of lift forces that satisfy the boundary condition at all of the
collocation points is solved from a set of linear equations.

The downwash factors in the DLM are calculated as the sum of
a steady component, identical to that of the VLM, and an unsteady
component. Whereas the steady component is exact, the unsteady
componentis approximated.The error introducedby theapproxima-
tion increasesas the box aspect ratio, i.e., the ratio of the box span to
the box chord, is increased.Upper limits to the box aspect ratio have
consequentlybeen suggestedto ensure acceptablyaccurate results.3

It is not dif� cult to panel wings with moderate taper ratios so that
the box aspect ratio is fairly constant over the wing. Delta wings
are different in this respect because the aspect ratio of the boxes in
the outboard spanwise strip depends only on the number of chord-
wise divisions and the wing leading-edgesweep angle. If suf� cient
chordwise boxes are used to satisfy the convergence criteria with
respect to the maximum box chord at the wing root, excessive box
aspect ratios usually occur at the wing tip. It has been suggested4

that the DLM totally breaks down for root-to-tip paneling schemes
of delta wings. Delta wings are often divided into a number of
spanwise sections with different numbers of chordwise divisions,
as illustrated in Fig. 1. In the case of large models, this practice has
the advantage of reducing the number of boxes in the model, and
consequently, the computational effort required for a solution. In
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Fig. 1 Paneling of delta wings: a) outboardstrip of a 70-degdelta wing
with 10 chordwise boxes from root to tip, and b) tip region of a typical
delta wing with an elevon, divided into spanwise sections with different
numbers of chordwise boxes.

Fig. 2 Pressure distribution over the outboard strip of a 70-deg delta
wing.

some cases, this saving does not justify the effort required to per-
form the paneling. This study shows that the excessive box aspect
ratios resulting from using a root-to-tip paneling scheme for delta
wings has no detrimental effect on the accuracy of the solution.

It has been shown5 for the AGARD wing and horizontal tail,
which have moderate taper ratios, that simultaneously re� ning the
spanwise and chordwise paneling in such a way that the box aspect
ratio is kept reasonably constant, results in almost linear conver-
gence with respect to 1=

p
n. This linear convergencebehavior pro-

vides a means of estimating the discretization error by employing
a � ne and a coarse paneling scheme, and extrapolating to obtain an
estimate of the fully convergedsolution. For delta wings, the condi-
tion of maintaining a constant box aspect ratio cannot be complied
with. This study shows that simultaneouslyre� ning equally spaced
spanwise and chordwise divisions of a delta wing also results in
approximately linear convergencewith respect to 1=

p
n.

The computer code used to calculate the results presented here is
an implementationof the DLM describedin Ref. 3. Single-precision
arithmetic was used throughout.

Effect of Excessive Box Aspect Ratios
Figure 2 shows the pressure distribution over the outboard span-

wise strip of a 70-deg delta wing pitching about the root midchord
at kr D 2, M D 0:8. Pressure coef� cient values are plotted at the box
quarter-chordpositions.The results were calculated using 10 £ 10,
10 £ 40, and 10 £ 400 (span £ chord) paneling schemes. The re-

Fig. 3 Convergence histories for simultaneous re� nement of spanwise
and chordwise paneling.

spective box aspect ratios at the tip are 7.28, 29.1, and 291. The
results appear smooth for all three paneling schemes. In the real
part, there is very little differencebetween the results for the differ-
ent paneling schemes. In the imaginary part, there is a signi� cant
difference between the results for the 10 £ 10 and 10 £ 40 panel-
ing schemes, but the results for the 10 £ 40 and 10 £ 400 paneling
schemes are close to each other.

Convergence Behavior
The convergence behavior of the DLM for a 70-deg delta wing

is illustrated by plotting the unsteady pitching moment coef� cient
against 1=

p
n for simultaneous re� nement of the spanwise and

chordwisedivisions(seeFig. 3). The � rst seriesof panelingschemes
is (span £ chord) 10 £ 10, 20 £ 20, 30 £ 30, 40 £ 40, 50 £ 50,
60 £ 60, 70 £ 70, and 80 £ 80; the second series is 5 £ 20, 10 £ 40,
15 £ 60, 20 £ 80, 25 £ 100, 30 £ 120, 35 £ 140, and 40 £ 160;
and the third series is 5 £ 50, 10 £ 100, 15 £ 150, 20 £ 200, and
25 £ 250. Equally spaced divisionswere used for both the spanwise
and the chordwise paneling.

The convergedvalues were estimated as the y offsetsof linear � ts
through the last four points of each series. The estimated converged
values are ¡0.358– i2.937, ¡0.358–i2.929, and ¡0.354– i2.930 for
series 1, 2, and 3, respectively.This represents a maximum relative
difference (the norm of the maximum variationdivided by the norm
of the mean value) of only 0.3%.

Comparison with Slender Wing Theory
The lift and moment slope coef� cients of a delta wing, calculated

using the DLM at Mach 0.8, are compared with the slender wing
approximationof Miles,6 for leading-edgesweep angles from 70 to
89 deg in Fig. 4. It is seen that the DLM resultsapproach the slender
wing results as the leading-edgesweep angle is increased.There is
very little difference between the DLM results for the 10£ 10 and
40 £ 40 paneling schemes.

The comparison was extended to leading-edge sweep angles of
89.5, 89.75, 89.9, and 89.95 deg. The converged DLM results were
estimatedas twice the results for the 40 £ 40panelingschememinus
the results for a 20 £ 20 paneling scheme. The differencesbetween
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Fig. 4 Comparison with Miles’ slender wing theory.6

the estimated converged DLM results and the slender wing theory
decrease monotonically from 0.4% in Cl and 1% in Cm at 89.5 deg
to 0.02% in both Cl and Cm at 89.95 deg. It would therefore seem
that the DLM convergesto the correct results for slenderdeltawings
in steady � ow.

Conclusions
The subsonic DLM is suf� ciently robust to give credible solu-

tions for delta wings with root-to-tip paneling schemes, despite the
excessivebox aspect ratios that usually occur at the tip. The present
study suggests that there is no practical upper limit to box aspect
ratio, with a box aspect ratio of 291 having been used without en-
countering any dif� culties.

The convergence with respect to simultaneous re� nement of
equally spaced chordwise and spanwise divisions is approximately
linear with respect to 1=

p
n. This property is useful for estimat-

ing the discretization error of a particular paneling scheme, or for
estimating the fully converged solution using extrapolation.

A comparison with slender wing theory indicates that the DLM
converges to the correct results for slender delta wings in steady
� ow.
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I. Introduction

T HE idea to use measurements and/or observational data for
correcting and updating numerical solutions has already been

establishedin the context of weather forecastingin meteorology.1¡3

In this case, the capabilityof a numerical forecastingmodel depends
not only on the resolutionof the model and the accuracywith which
dynamic and physical processes are represented, but it is also de-
pendent critically on the initial conditions employed for integrating
the model.

It is known frommeteorologythat observationaldata and/or mea-
surementscannotbe directlyused to initializea numerical forecast.1

The data must be modi� ed in a dynamically consistent manner to
obtain a suitable data set for model initialization. This process is
usually referred to as “data assimilation.” Although the data assim-
ilation technique is already established in the context of weather
forecasting, an extensive literature survey showed that there is no
systematic research regarding such an approach in the area of aero-
dynamics.

The aim of the present study is to investigate the idea of exper-
imental data assimilation in the context of aerodynamic computa-
tions of turbulent compressible � ows over airfoils. Therefore, the
objectives of the paper are as follows:

1) To present the implementation of the data assimilation ap-
proach in conjunction with a compressible and turbulent Navier–
Stokes solver.

2) To investigate the effects of pressure and velocity forcing on
the numerical prediction of subsonic and transonic � ows over an
airfoil.

II. Experimental Data Assimilation
The compressible two-dimensional Navier–Stokes equations, in

conjunction with a two-equation turbulence model, formed the
computational basis for the present study. An implicit-unfactored
method,4 which solves the Navier–Stokes and turbulence transport
equations in a strongly coupled fashion, has been employed. The
solver uses a � rst order in time-implicit discretizationscheme with
Newton-type subiterations and Gauss–Seidel relaxation. A third-
order characteristic-based scheme is used for discretizing the in-
viscid � uxes. The Launder–Sharma (LS)5 and Nagano-Kim (NK)6

k-" models have also been employed.To improve the predictionsof
the LS model in separated � ows, the Yap-correctionterm7 has been
included in the transport equation for Q".

Experimental data are usually available for surface pressure dis-
tributions,and, possibly,for the velocitypro� les at certainpositions
around the geometry. We consider an airfoil for which experimen-
tal data for the pressure coef� cient distribution C p on the suction
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