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Inhomogeneous � ows occuring naturally in the atmosphere and their in� uence on the � ow� eld around wing
pro� les are examined. Inhomogeneous, in this context, means that at least one � ow variable has a spatial gradient,
and, in particular, a gradient in the velocity component normal to the velocity vector is considered. Well-known
examples for such � ows are shear winds, jet streams, low-level jet streams, the � ow situation near the ground, and
microbursts. Numerical simulations are performed for a NACA 0012 airfoil using a � nite volume Euler code. They
focus on two cases, namely,an idealized shear wind for parameter studies and a microburst. For the idealized shear
wind, a linear velocity change is assumed. In the subsonic case, the additional velocities on the lower and upper
side of the airfoil result in a positive additional lift and a negative pitching moment around the 25% axis. In the
transonic regime, the effect on shock strength and shock position is dominant.For simulation of the � ight through
a microburst, a potential model for the velocity � eld, consisting of a vortex ring parallel to the ground and a vortex
ring of same strength mirrored at the ground, is applied. The chosen parameters simulate the Dallas–Fort Worth
microburst. The analysis shows that the characteristics of the lift and moment coef� cient follow that of the vertical
velocity component, induced by the microburst. Rapid changes in the pitching moment with severe consequences
on longitudinal stability occur.

Nomenclature
NA = Jacobian matrix for primitive variables (» direction)
a = altitude
c = speed of sound, coef� cient
cl , cm = lift coef� cient, pitching moment coef� cient
cp = pressure coef� cient
e = total energy density, p=.· ¡ 1/ C ½.u2 C v2/=2
F, G = � uxes in curvilinear coordinates » and ´
J = determinant of the Jacobian of grid transformation
l = length, airfoil chord
M = Mach number
MF = � ight Mach number
Ml , Mu = lower and upper Mach number in the idealized

shear wind
My = vertical component of Mach number
n = normal vector
Pk , P¡1

k = matrix of the right and left eigenvectorsof the
nonconservativeEuler equations

p = pressure
Q = vector of conservativevariables times J
NQ = vector of primitive variables times J
q = dynamic pressure
t = time
t = tangential vector
u, v = velocity components in Cartesian coordinates

x and y
v = velocity vector
W = vector of the characteristicvariables
xm = moment reference point
xP , yP = position of the airfoil
x0, x1 = start and end position for the � ight through

the microburst
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y0, y1 = lower and upper boundary of the idealized
shear wind

® = angle of attack
1cp = difference in pressure coef� cient, cp inhom ¡ cp hom

1M = change in incoming Mach number in the idealized
shear wind

1M=1y = vertical gradient of Mach number in the idealized
shear wind

· = ratio of speci� c heats
K = diagonal matrix of the eigenvalues of NA
» , ´ = curvilinear coordinates
½ = density
¿ = transformed time due to coordinates» and ´
¿c = characteristic time
9 = stream function

Introduction

D URING � ight, aircraft may be affected by inhomogeneous
� ows produced naturally in the atmosphere. These � ows are

dif� cult to foreseeandare, therefore,of great importanceconcerning
� ight safety. Because of the hazard of windshears for � ight safety,
the International Civil Aviation Organization has introduced cate-
goriesdependingon the shearwind velocitygradient@u=@y (Refs. 1
and 2). Gradients in the range of 0.066–0.13 s¡1 are signi� cant; in
the range 0.13–0.2 s¡1, dif� cult; and above 0.2 s¡1, dangerous.

Phenomena of interest in this context are, for example, shear
winds, jet streams, low-level jet streams, boundary layers, and mi-
crobursts. Jet streams are regions with strong wind occuring in the
upper troposphere and stratosphere.3 In comparison to jet streams,
the gradients occurring in so-called low-level jet streams are con-
siderably higher and reach values up to 0.15 s¡1 . This phenomenon
occurs in altitudeslower than 1.5km (Ref. 4). Near theground, inho-
mogeneousconditionsoccur as well. A turbulentboundary layer de-
velopsbetweenthe gradientwind and the surface,where the velocity
decreases to zero.5 Microbursts often come up in thunderstorms.6

The associated � ow� eld pattern is characterizedby a strong down-
wind, which impacts the ground and bursts out, causing strong hori-
zontalwinds.7 During the � ight througha microburst, the pilot faces
a rapid change from headwind to tailwind combined with a strong
downdraft. Many severe accidents in the past are connected with
microbursts. Two of the most fatal ones are the crash of an L-1011
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during landing in Dallas in August 19858¡10 and that of a Boeing
727 in New York in June 1975.6;9

The awareness that windshears can become dangerous was re-
� ectedin differentresearchactivitiesin this � eld.Numerousweather
studies like the 1982 Joint Airport Weather Studies were con-
ducted to obtain extensivewind data in microbursts.11;12 Windshear
warning systems were developed.13 Another important point for
meteorologyand aviation is the modeling of windshears, especially
of microbursts.Concerning � ight problems, relatively simple mod-
els, describing the velocity distribution in the microburst, are de-
sirable. For the irrotational � ow in the microburst, models based
on the potential theory such as those using vortex rings are suit-
able. Such models were developed by several authors.9;14¡17 The
parameters of the models have to be adapted to the measured data
in real microbursts. In the � eld of � ight mechanics, problems like
the optimal � ight path,18;19 possible escape strategies,8 and aircraft
performance20 are treated.Concerning the interferencebetween the
� ow� eld and the aircraft, apart from some fundamental studies, for
example, those of Ruden,21 Tsien,22 and Weissinger,23 only a few
investigations,mainly based on experimental work,24;25 exist up to
now. An overview is given by Küchemann.26

Becauseof the aforementionedlack of investigationsfor inhomo-
geneous � ows, this paper deals with two types of inhomogeneous
� ows, namely, a shear wind and a microburst. Shear winds charac-
terizedby a velocitygradientnormal to the � ow vectorare rotational
� ows and cannotbe simulatedappropriatelywith potentialmethods.
The steady � ow� eld of a microburst can be modeled as irrotational,
but during the airfoil motion through the microburst unsteady con-
ditions occur. In this case, straightforward potential methods are
not widely available.Furthermore, for the simulations it is assumed
that viscous effects associated with the velocity gradients of the
incoming � ow� eld do not signi� cantly change the aircraft pres-
sure distributions and aerodynamic coef� cients. Therefore, the Eu-
ler equations, describing inviscid rotational compressible unsteady
� ows, are the governing equations. The calculations are performed
for a NACA 0012 airfoil using a � nite volume Euler code with
total variation diminishing (TVD) feature. Elliptic grid generation
is used. After the validation, steady and unsteady results are given
for an idealized shear wind with a linear velocity change, and ex-
tensiveparameterstudiesare conducted.Subsequently,the unsteady
� ow conditionsduring the horizontal � ight througha microburstare
simulated.

Numerical Method
Solution of the Euler Equations

For two-dimensional � ow, the conservativeform of the unsteady
Euler equations can be written in curvilinear coordinates » and ´
with unsteady metric terms (see Refs. 27 and 28),
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U and V denominate the contravariant velocities
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and J the determinant of the Jacobian of the coordinate transfor-
mation29
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The metric terms can be written as29;30

»x D J ¡1 y´; »y D ¡J ¡1x´; »t D ¡x¿ »x ¡ y¿ »y

´x D ¡J ¡1y» ; ´y D J ¡1x» ; ´t D ¡x¿ ´x ¡ y¿ ´y (5)

For the numerical solution, a � nite volume formulation is chosen.
Explicit time discretization is applied. The maximum possible time
step is given by the Courant–Friedrichs–Lewy criterion. Because
of this numerical limitation, the physical resolution in time is high
enough. For the solution, dimension splitting is applied under the
assumption that the � uxes normal to the cell faces are nearly inde-
pendentfrom the � uxes parallel to the cell faces.27 For the numerical
� ux at the cell face the TVD formulation of Yee, Roe and Davis31

is used. To guarantee second-order discretization in space and to
reduce to � rst order in regions of discontinuities,a minmod limiter
is introduced.Furthermore, an entropy function avoids nonphysical
expansion shocks.31;32

Boundary Conditions

To determine the boundary values, one can conclude from the
characteristic theory that a physical boundary condition is neces-
sary if the characteristicpoints into the evaluationregion, otherwise
a numerical boundaryconditionmust be formulated.The character-
istic equationsare used as basis for both, the boundaryconditionsat
the bodyand at the far � eld.Dealingwith inhomogeneous� ows, one
cannot assume a priori local one-dimensional � ow at the far � eld.
Therefore, the far-� eld boundary conditions are formulated using
the multidimensional characteristic equations. For that purpose, it
is suitable to start from the Euler equations in primitive variables
NQ D J .½; u; v; p/T (Refs. 33 and 34),
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with the Jacobianmatrices NA and NB. After diagonalizing,one obtains
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with P as matrix of the right eigenvectors,P¡1 that of the left eigen-
vectors, and K as diagonal matrix of the eigenvalues. Given the
boundary » D const, the Euler equations are multiplied with P¡1

» . If
P¡1

» and P¡1
´ are assumed constant, the following equation can be

written for the boundary » D const:
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Analogously, for the boundary ´ D const, it follows that
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For the regardedboundary,thenormalvectorn D . Qnx ; Qny /T point-
ing into the evaluation regime and the tangential vector t in coun-
terclockwisedirection are introduced.Then, the characteristicvari-
ables, which result from the product P¡1

k
NQ, can be written as
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With this notation, the characteristic equations in two-dimensional
form can be derived from Eqs. (8) and (9), respectively,33
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with vr D .u ¡ x¿ ; v ¡ y¿ /T and r D .@=@x; @=@y/T . These equa-
tions are the basis for the applied boundary conditions, taking into
account the gradient of the � ow variables along the boundary. For
the determination of the boundary values, we distinguish between
in� ow and out� ow conditions. For subsonic two-dimensional � ow,
for the in� ow case, three characteristicspoint into the � ow� eld and
oneoutward.Analogously,for the out� ow case, three characteristics
point outwardand one inward. Dependingon the directionof the re-
spectivecharacteristicEqs. (11) are discretized.If the characteristic
points inward, the freestream values are used, if the characteristic
points outward, the values of the � rst cell inside the � eld are used.
From an adequate combination of the discretized equations, the
boundary values for pressure, density, and the velocity components
result. These are given completely in Ref. 32.

At the body, the kinematic boundary condition v� uid n D vcontourn
has to be satis� ed. This is the physical boundary condition for the
characteristicpointing into the evaluationregion.For the other three
characteristics,numericalboundaryconditionsare applied.The val-
ues of the according characteristic variables are set equal to the
values in the � rst cell inside the evaluation region.32

Validation
Experimental and numerical data for incompressible � ow by

Ludwig and Erickson24 is taken for validationof the code applied to
inhomogeneous � ows. The investigationsare performed for a sym-
metrical Joukowsky airfoil with 17% relative thickness.The theory
is based on the solution of the equation for the stream function in
two-dimensional incompressible inviscid shear � ow r 29 D f .9/
(Ref. 24). In addition to the theoretical studies, results of corre-
sponding wind-tunnel tests are available.

A piecewise linear velocity pro� le acting on the Joukowsky air-
foil positionedin a channel is considered(Fig. 1). The given lengths
are expressedwith respect to the airfoil chord l. The grid used con-
sists of 5800 cells with 60 cells for each airfoil side and a distance

Fig. 1 Geometry and parameters of the validation case for a
Joukowsky airfoil.24

a) Homogeneous � ow

b) Inhomogeneous � ow: Euler, cl = 0.8720; Tsien,22 cl = 0.8018

Fig. 2 Pressure distribution cp for the validation case Ref. 24
(Joukowsky, ± = 17% and ® = 5.7 deg).

of the � rst off-body grid points of 0.001l. For the numerical sim-
ulation with an Euler code for compressible � ow, the freestream
conditions (Mm D 0:1075, Mmin D 0:0967, and Mmax D 0:1182) of
Ref. 24 are transformedto a higherMach numberbecauseotherwise
convergenceproblems occur in the simulation. The transformation
ensuresthat the � ow remainsapproximatelyincompressibleand that
the shearwind is conservedin level and gradient.Therefore,the sim-
ulations are conducted for the parameters Mm D 0:3, Mmin D 0:27,
Mmax D 0:33, a D 0:5, and ® D 5:7 deg (see Fig. 1). The altitude a
is given for the airfoil midchord. Additionally, the results of the
Euler simulations are transformed with the Prandtl–Glauert rule to
the original case.

To begin with homogeneous� ow, the pressuredistributionsof the
Euler code and of the theory of Ref. 24 agree very well (Fig. 2a).
Because of the velocity gradient, in the inhomogeneous case the
pressureminimumincreaseson the upper side anddecreasesslightly
on the lower side (Fig. 2b). The results of the Euler code and the
theoreticaland experimentalresultsof Ref. 24 again showvery good
agreement.Possible reasons for the small deviations can be viscous
effects in the experiment that cannot be reproduced by the Euler
code or compressible � ow effects resulting from the Euler code.

Furthermore, these numerical results can be compared with the
exact solution for symmetricalJoukowskyairfoils in shear � ow pre-
sented by Tsien.22 Based on a suitable stream function with respect
to a linear velocity pro� le, the lift and moment coef� cient can be
calculated as function of the airfoil thickness, the angle of attack,
and the shear wind gradient. The method of Tsien and the simula-
tions performedhere differ mainly in the following two ways: First,
instead of the linear velocity pro� le of Tsien, here piecewise linear
velocity or Mach number pro� les, respectively, are considered.
Second, the exact solution of Tsien is valid for incompressible� ow,
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but here compressible � ow is the point of interest. In spite of these
differences, the exact values given by Tsien can be given as a basic
reference for the simulations. Considering the aforementioned ve-
locity gradient, a lift coef� cient of cl D 0:8018 results for the 17%
Joukowsky airfoil at ® D 5:7 deg. The value obtained from the
Euler simulation is cl D 0:8720. With regard to the mentioned dif-
ferences between the two approaches, the agreement of the results
is satisfying. Further validation cases are given in Ref. 32.

Results
The subsequentinvestigationsfocuson two importantcasesof in-

homogeneous� ows. First, an idealizedshearwindwith linearveloc-
ity change is analyzed in the subsonicand transonicvelocity regime
with the dominant parameters varied. Second, the horizontal � ight
through a microburst is simulated. All simulations are performed
for a NACA 0012 airfoil. The steady simulations are assumed to be
converged if the maximum occurringdensity change falls below the
limit of 10¡6 . More details and further results are given in Ref. 32.

For grid generation,an elliptic Poisson algorithm is applied.35¡38

Witha multiblocktopology,it is possibleto realizea C topologynear
the wing and at the same time linear far � eld boundaries (Fig. 3a).
The standard 12-block grid consists of 5300 cells with 60 cells on
each airfoil side and a distance of the � rst off-body grid points of
0.005l (Fig. 3b). For the far� eld distance, 20 chords are chosen. To
consider the in� uence of the grid resolution, a � ne grid with 120
cells on each airfoil side, a 0.0025l distance of the � rst off-body
grid points and 21,200 cells are employed.

Idealized Shear Wind

To study the general in� uence of inhomogeneous incoming � ow
on an airfoil, the following idealized conditions are assumed: The
airfoil is positioned in a steady shear wind � eld with the Mach
number of incoming � ow changing linearly from 0 to 1M in the
region [y0; y1]. For a suf� cient resolution,thegrid used is optimized,
with the grid lines concentratedin the shear wind region. The airfoil
moves horizontally with the � ight Mach number MF , and in the
unsteady case an additional vertical velocity component My occurs
(see Fig. 4a). For the numerical simulation, the � ight Mach number
and the shear wind can be superposed to the Mach number M .y/
dependent on the altitude y with

a) Block topology

b) Detail near the airfoil

Fig. 3 NACA 0012 airfoil 12-block grid.

a) Incoming � ow� eld with linear velocity change

b) Interpretation for numerical simulation

Fig. 4 Flow situation in the idealized shear wind.

M .y/ D

8
<

:

MF D Ml where y < y0

MF C [.y ¡ y0/=.y1 ¡ y0/]1M where y0 · y < y1

MF C 1M D Mu where y ¸ y1 (12)

Ml denominates the Mach number below the shear wind region and
Mu the Mach number above this region (Fig. 4b). All values for y
are expressed with respect to to the airfoil chord l.

For describing the obtained results, it is necessary to choose a
useful reference Mach number. All of the following results for the
idealized shear wind are related to the constant horizontal � ight
Mach number MF D Ml . This has to be consideredfor interpretation
of the pressure, lift, and moment coef� cient.Becauseof the constant
reference Mach number MF , local higher Mach numbers lead to
a higher dynamic pressure and, consequently, to higher coef� cient
values than for referenceto the respectivelocalMach number M.y/.
To obtain the value of the coef� cient c with respect to the varying
incoming Mach number M .y/ from the value referred to MF , the
following formula can be applied

c[M .y/] D
£
qMF

¯
qM .y/

¤
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F

¯
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¤
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Both regions, the subsonic and transonic � ow regimes, are investi-
gated with the � ight Mach numbers MF D 0:4 and 0.7, respectively.
For the change of Mach number in the shear wind, a high value of
1M D 0:1 is chosen to get signi� cant effects. Realistic gradients
occurring in the atmosphere are much smaller. The lower bound of
the shear wind lies in all cases at y0 D 2. The basis for the performed
parametervariationsis the followingreferencecase:The shearwind
covers a vertical distanceof 1y D y1 ¡ y0 D 0:5, which corresponds
to a gradient of 1M=1y D 0:2. The airfoil is positioned with zero
angle of attack in half-altitudeof the shear wind.

First, the � ow situation due to the idealized shear wind is re-
garded in the steady case for the subsonic regime. The distribu-
tion of the pressure coef� cient cp for the reference case is com-
pared to homogeneous incoming � ow with the mean Mach number
M1 D .Ml C Mu/=2 D 0:45 (Fig. 5). For consistency, the values be-
longing to the homogeneous case are also referred to MF D 0:4.
Because of the positive shear wind gradient, the pressure minimum
is increased on the upper side and decreased on the lower side in
comparison to the homogeneous � ow. Therefore, a positive addi-
tional lift and a negative additional moment around xm D 0:25 re-
sult. To estimate the in� uence of the grid resolution, the reference
case is also simulated with a � ne mesh consisting of 21,200 cells
compared to 5300 cells of the standard grid used. The pressure dis-
tributions for the standard and the � ne grid (Fig. 5) show only small
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Fig. 5 Steady pressure distribution cp for the NACA 0012 airfoil in
subsonic inhomogeneous � ow (MF = 0.4, D M/D y = 0.2, and ® = 0 deg).

a) Difference in the pressure coef� cient D cp

between inhomogeneous and homogeneous
(M 1 = 0.45) � ow

b) Lift and moment coef� cients cl and cm

Fig. 6 Steady coef� cients in subsonic inhomogeneous � ow (Ml = 0.4,
Mu = 0.5, and ® = 0 deg) for different shear wind gradients D M/D y.

deviations in the region of the pressure minimum on the lower and
the upper side and the recompression region at the trailing edge.
The lift and moment coef� cient for the � ne grid are cl D 0:1012 and
cm D ¡0:01505, in comparison to cl D 0:0965 and cm D ¡0:01426
for the standard grid.

The shearwind gradientand the positionof the airfoil in the shear
wind are important parameters. Concerning steady � ow, the differ-
ence of the pressure distribution 1cp D cp inhom ¡ cp hom between the
inhomogeneousand homogeneous(M1 D 0:45)case is regardedfor
several gradients,namely,1M=1y D 0:1, 0.2, and 1 (see Fig. 6a).
With increasinggradient, the difference1cp grows, whereby on the
upper side the deviation is bigger than on the lower side. Above a
certain gradient value, only small changes occur in the � ow around
the airfoil, if the gradient is increasedfurther.Therefore, the lift and
moment coef� cient remain then nearlyconstantup to the limit value
belonging to the Mach number jump 1M=1y D 1 (see Fig. 6b).

Fig. 7 Steady lift and moment coef� cients cl and cm for subsonic in-
homogeneous � ow (Ml = 0.4, Mu = 0.5, ® = 0 deg, and D M/D y = 0.2)
for different airfoil positions yP.

With regard to the in� uence of the airfoil position yP , a positive
additional lift and a negative moment already appear in the vicinity
of the shear wind region (Fig. 7). As they approach the center of the
shear wind, these values increase up to the extreme value.

In the next step, an additional vertical motion of the airfoil with
the vertical Mach number component My is regarded. For the sim-
ulation of the vertical motion the airfoil has to be moved through
the inhomogeneous � ow� eld. The grid has to be adapted to the
actual airfoil position at each time step. This adaptation can be per-
formed in the following two ways: In the � rst adaptation, only the
airfoil itself moves within the grid, whereby the far-� eld bound-
aries remain � xed in space. Consequently, the grid is deformed
during the motion. This method is suitable for small distances or
if only parts of the body move. The alternativeis to move the whole
grid with the airfoil vertical velocity through the � ow� eld. In this
case the grid remains undeformed.For the simulation of the motion
through inhomogeneous � elds, long distances have to be covered.
Therefore, in this case a motion of the whole grid through the in-
homogeneous � eld is more suitable than the relative motion of the
airfoil inside the grid to guaranteeconstantgrid quality and to avoid
large cell deformations. Depending on the instantaneous position,
the values of the � ow variables at the far-� eld boundaries are then
evaluated from Eq. (12). From there, the information propagates
into the computational domain. The regarded motions start from
y D 0 and end at y D 5. As the initial � eld for the unsteady simu-
lation, the steady-state result at yP D 0 is used. Without a suitable
start solution, oscillations occur in the unsteady lift and moment
coef� cient in the beginning. With regard once again to the refer-
ence case (1M=1y D 0:2 and ® D 0 deg), the unsteady behavior
for two vertical Mach numbers My D 0:01 and 0.02 is compared
with the quasisteady behavior. As mentioned earlier, the constant
reference Mach number MF D Ml is used. The unsteady character-
istics for the lift and moment coef� cient (Fig. 8) can be subdivided
into three parts: 1) the response to the Heaviside function in the ver-
ticalMach number startingfrom the steadyvalues for yP D 0 (Fig. 7)
and the motion through the homogeneous� eld with M.y/ D Ml , 2)
the passing through the shear � eld, and 3) the motion through the
homogeneous part with M .y/ D Mu . The following general effects
can be detected: Because of the vertical motion upwards and the
corresponding relative � ow downwards, a negative lift coef� cient
occurs during the motion. Therefore, the values of cl and cm change
immediately after the start of the unsteady simulation. In the shear
wind region, the local negative angle of attack due to the vertical
motion decreases because of the higher horizontal velocity M.y/.
Therefore, additionally a positive lift and a negative moment come
up in this region. At the same time, the increasingdynamic pressure
leads to higherabsolutevalues of the coef� cients regarding the con-
stant reference Mach number. Additionally, it has to be considered
that the force component in the horizontal direction is given as the
drag coef� cient and that in the vertical direction as the lift coef� -
cient, although the angle of attack varies during the motion. With an
increase in the vertical Mach number My , the shear wind induced
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Lift coef� cient cl

Moment coef� cient cm

Fig. 8 Unsteady characteristics of the lift and moment coef� cient cl
and cm for subsonic inhomogeneous � ow (Ml = 0.4, Mu = 0.5, ® = 0 deg,
and D M/D y = 0.2) during vertical motion with various vertical Mach
numbers My.

Fig. 9 Steady pressure distribution cp for the NACA 0012 airfoil in
transonic inhomogeneous� ow (MF = 0.7, D M/D y = 0.2, and ® = 0 deg).

maximum in lift is weakened. This is caused by the dominance of
the increasing relative angle of attack over the shear wind and the
smaller available time to build up the extremum. Furthermore, it is
remarkable that the unsteady behavior of the moment coef� cient is
approximated well by the quasi-steadyone.

In the transonic region, the idealized shear wind is investigated
for the � ight Mach number MF D 0:7. With regard once again to
the reference case (1M=1y D 0:2 and ® D 0 deg) in comparison to
homogeneous incoming � ow with M1 D .Ml C Mu/=2 D 0:75, the
pressure distributions given in Fig. 9 result, referred to MF D 0:7.
For homogeneous � ow, a weak shock occurs at about 25% of the
airfoil chord. In inhomogeneous� ow, the stagnationpoint is shifted
downwards on the lower side. The velocity on the lower side is
reduced, and the shock vanishes. On the upper side, the velocity
and, with that, the pressure minimum increase. A shock results at
about45% of the airfoil chord.As in the subsoniccase,an additional
positivelift and a negativepitchingmomentdevelop,but theirvalues
change much more than in the subsoniccase.Regardingthe solution

on the � ne grid with 21,200 cells only small deviations from the
solution for the standard grid can be detected. The corresponding
coef� cientsare cl D 0:1737andcm D ¡0:02175for the standardgrid
and cl D 0:1755 and cm D ¡0:02211 for the � ne grid.

As in the subsonic regime, the shear wind gradient is one impor-
tant parameter. The difference of the pressure distribution 1cp be-
tween the inhomogeneousand the homogeneous (M1 D 0:75) case
is signi� cantly in� uenced by the gradient, as depicted in Fig. 10
for 1M=1y D 0:1, 0.2, and 1. Higher gradients lead to higher de-
viations 1cp from the homogeneous � ow. On the upper side, the
shock strength increases,and the shock moves downstream. Analo-
gously, the pressure minimum on the lower side is reduced. Again,
the in� uence on the upper side is higher than on the lower side as
already detected in the subsonic � ow region. The differences be-
tween 1M=1y D 0:2 and 1 are small. For increasing gradients,
the values for the Mach number jump are asymptotically reached.
Because of the in� uence of the shocks, the occurring changes are
higher than in the subsonic case. Varying the position of the airfoil
in the shearwind, the same tendenciesas in the subsonic regime can
be observed, but again the changes are of higher magnitude.

With respect to the angle of attack as a further important param-
eter, the difference 1cp between inhomogeneous (1M=1y D 0:2)
and correspondinghomogeneous � ow is analyzed for ® D 0, 1, and
2 deg (Fig. 11). With an increasein angle of attack,1cp is increased
on the upper side and decreased on the lower side. In comparison
to the homogeneous � ow, a slightly stronger shock and the shock
displacement downstream on the upper side are signi� cant.

Microburst

Initially, the microburst was de� ned by Fujita39 as a downwind
that impacts on the ground and bursts out to hazardous horizontal
winds with a horizontal extension lower than 4 km. The lifetime

Fig. 10 Difference in the pressure coef� cient D cp between inhomoge-
neous (Ml = 0.7, Mu = 0.8) and homogeneous (M 1 = 0.75) steady � ow
with ® = 0 deg for different shear wind gradients D M/D y.

Fig. 11 Difference in the pressure coef� cient D cp between inhomoge-
neous (Ml = 0.7, Mu = 0.8) and homogeneous (M 1 = 0.75) steady � ow
with D M/ D y = 0.2 for different angles of attack ®.
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of microbursts lies in the range of 2–5 min. The changing wind
conditionsduring the � ight througha microburst,namely, the strong
downwind combined with the rapid change from head- to tailwind,
are dif� cult for the pilot to manage. Adequate models describing
the characteristic � ow� elds are needed for microburst prediction
and identi� cation and for � ight performance and control during
� ights through microbursts. Models based on the potential theory
using vortex rings such as the model of Schultz,14 which is applied
here, are suitable. In this model a vortex ring parallel to the ground
surface is used. To simulate the ground itself, a mirrored vortex
ring of same strength is introduced (see Fig. 12). The velocity � eld
obtained from the potentialmodel is corrected inside the vortexcore
with a damping factor to consider viscous effects.

The velocitycomponentsare derivedfrom the stream function9,
dependingon the radius R of the vortex ring, the diameterof the vis-
cous core d , the circulation of the vortex ring 0, and the altitude of
the vortex ring above the ground z. The correspondingequationsare
given in Refs. 14 and 32. To simulate a realistic � ow� eld, the values
of the parametersare chosenaccordingto the data of the Dallas–Fort
Worth microburst14 causing the crash of an aircraft in Dallas 1985.
With an airfoil chord of 5 m as reference length, the dimensionless
parameters for the simulation here are � xed to R D 100, d D 60,
0 D 4, and z D 140. For the presented two-dimensional Euler cal-
culations, the most critical case, namely, the � ight in the plane that
contains the central axis of the microburst, is regarded.

The numerical simulation of the � ight through the microburst is
realized as depicted in Fig. 13. The discretized evaluation regime
aroundthe NACA 0012airfoil (the whole grid) is moved throughthe
microburst � eld along the � ight path with the � ight Mach number
MF . The freestream velocity values at the far-� eld boundaries are
determined from the potential model for the microburst, dependent

Fig. 12 Potential model for a microburst from Ref. 14.

Fig. 13 Numerical simulation of the microburst.

a) Horizontal velocity u b) Vertical velocity v c) Angle of attack ®

Fig. 14 Microburst induced velocity components u and v and angle of attack ® along the � ight path (a = 115).

on the actual boundary position. In this case, the unsteady simula-
tion is started directlywith the undisturbedvalues obtainedfrom the
microburstmodel. A larger discretizedevaluation region is not nec-
essary because the in� uence of the inhomogeneous� ow on the air-
foil decreaseswith increasingdistance.The � ight starts at x0 D 300,
ends at x1 D ¡300, and takes place at a constant altitudeof a D 115.

During the � ight, the microburst-inducedcomponentsof horizon-
tal and verticalvelocityin thealtitudeof the � ight path are important
(see Fig. 14). The horizontalvelocity(Fig. 14a) � rst leads to a head-
wind, increasing to a maximum and afterwardsgoing down to zero,
and in the next phase to an analogous tailwind. With regard to the
vertical velocity (Fig. 14b), a small upwind component in the be-
ginning is followed by a strong downwind component and � nally
again by an upwind component. Therefore, during the � ight, � rst

Lift coef� cient cl

Moment coef� cient cm

Fig. 15 Unsteady characteristics of the lift and moment coef� cients
cl and cm for subsonic � ight (MF = 0.4) with ® = 0 deg through the
simulated microburst.
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the angle of attack (Fig. 14c) increases, then strongly decreases,
and in the end increasesagain. During the headwind, the whole hor-
izontal velocity is increased, and, therefore, smaller absolutevalues
for the angle of attack result than for tailwind. On the other hand,
the higher horizontal velocity in the headwind region causes higher
absolute values for the pressure and force coef� cients due to the
higher dynamic pressure.

The horizontal � ight of a NACA 0012 airfoil at zero angle of
attack and a subsonic Mach number of MF D 0:4 is considered.For
evaluation of the coef� cients, the constant horizontal � ight Mach
number is chosen as reference value. The unsteady characteristics
of the lift and moment coef� cient (Fig. 15) re� ect the behavior of
the vertical wind and of the angle of attack, respectively, with a
certain time delay. The position of the airfoil xP corresponds to a
characteristic time ¿c , which is also given in Fig. 15. The horizontal
velocity component has only a small in� uence on the � ow� eld and
aerodynamic forces because the maximum horizontal velocity in-
duced by the microburst is only about 3% of the velocity belonging
to the � ight Mach number MF . Against that, the maximum vertical
component induces a signi� cant change in angle of attack of nearly
2.5 deg.With respect to the extremevaluesof the lift and moment co-
ef� cient belongingto the extreme valuesof negativeangle of attack,
the values for the tailwind are smaller than for the headwind. This

a) xP = 130 (¿c = 170)

b) xP = 50 (¿c = 250)

Fig. 16 Contour plots of the vertical velocity componentv and stream-
lines for the subsonic � ight (MF = 0.4) with ® = 0 deg through the
simulated microburst.

Lift coef� cient cl

Moment coef� cient cm

Fig. 17 Unsteady characteristics of the lift and moment coef� cient
cl and cm for subsonic � ight (MF = 0.4) with ® = 2 deg through the
simulated microburst.

results from the higher dynamic pressure in the headwind region,
which has more in� uence than the higher values of angle of attack
for the tailwind. In the region with positive angles of attack, the dif-
ference between the values in head- and tailwind is small because
the force coef� cients are small too. The strong variations in lift are
important for � ight safety, especially with rapid changes between
nosedownand taildownmoments,whichhave to be consideredcare-
fully for � ight control. To visualize the � ow� eld, the distributionof
the vertical velocity and the streamlines coming up from the mi-
croburst are shown in Fig. 16 for two different characteristic times
¿c . Figure 16a shows a case in the beginningof the penetrationwith
up- and headwind. In Fig. 16b, the strong downwind combinedwith
a headwind can be detected.

The characteristicsof lift and moment coef� cient for an angle of
attack of 2 deg (Fig. 17) are similar to those for 0 deg, shifted for the
lift coef� cient to morepositivevaluesand for the moment coef� cient
to more negative values. Again, the coef� cients are higher for the
headwind than for the tailwind due to the higher dynamic pressure.
Compared against ® D 0 deg, for ® D 2 deg, the difference in the
values for the extreme positive angles of attack is higher than for
the extreme negative ones due to the higher absolute values of the
force coef� cients in this region. The time delay is hardly in� uenced
by the change in angle of attack.

Conclusions
Inhomogeneous� ows occurring in several atmospheric phenom-

ena may lead to dangerous situations for � ight safety. As concerns
the � eld of aerodynamics, only a few investigations have been
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undertaken to understand and to quantify the in� uence of inho-
mogeneous � ows. Therefore, numerical simulations are performed
concerning two cases of inhomogeneous � ow for a NACA 0012
airfoil using an Euler code. With regard to an idealized shear wind,
it can be seen that a velocity gradient in incoming � ow has an
important in� uence on the pressure distribution of the airfoil. For
the presented cases, a positive gradient causes a positive additional
lift and a negative moment around the 25% axis. In the transonic
region, an incoming � ow with velocity gradient in� uences consid-
erably shock strength and shock position. The velocity regime, the
velocity gradient, the position of the airfoil in the shear wind � eld,
the angle of attack, and, in the unsteady case, the airfoil vertical ve-
locity are studied as governingparameters concerning shear winds.
As a realistic example, the � ight through a microburst is analyzed,
using a potential model for describing the incoming � ow� eld. The
simulationgives rapid changes in lift and moment, mostly governed
by the vertical velocity. These changes may be dangerous and can
lead to loss of control during� ight. Therefore, strong efforts have to
bemade to analyzethis important� eldof aerodynamicsfurther.Two
major points for future work are investigationsof three-dimensional
� ows around wings or aircraft con� gurations and the consideration
of viscous effects using a Navier–Stokes code.
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Träger/Orbiter-Systemen im Hyperschall,” Ph.D. Thesis, Lehrstuhl für Flu-
idmechanik, Technische Universität München, München, Germany, Aug.
1994.

31Yee, H. C., “Upwind and Symmetric Shock-Capturing Schemes,”
NASA TM 89464, 1987.
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