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Condensation on ONERA M6 and F-16 Wings
in Atmospheric Flight: Numerical Modeling

Kevin A. Goodheart* and Giinter H. Schnerr’
Technical University of Munich, D-85748 Garching, Germany

A numerical investigation of the adiabatic and condensing flowfield around the ONERA M6 and F-16 Falcon
wing is performed. For the ONERA M6 wing, three different mean aerodynamic chord cpac lengths, 0.5, 1.0,
and 2.0 m, three angles of attack, 1.07, 3.06, and 6.06 deg, and three different number densities of particles, 10°,
102, and 10 m—3, are analyzed. At 106 m—3, the flow is dominated by homogeneous condensation, and due
to the large chord length, the effects of condensation are small. As the particle density increases, a mixture of
homogeneous/heterogeneous condensation occurs at 10'2 m—3, and at 101 m—3, only heterogeneous condensation
occurs. For the F-16 Falcon wing, the size of the wing and the number density of particles 1012 m~3 are kept
constant. The angle of attack and freestream Mach number are changed, where a decrease in the lift-to-drag ratio
reached 20%. In general, if the wing is experiencing separation, condensation can improve the lift-to-drag ratio,
whereas for attached flow with small flight angles, condensation reduces the lift-to-drag ratio.

Nomenclature
a = speed of sound, m/s
c = chord, m
Cp,p = pressure drag coefficient
cy = integral friction coefficient
cL lift coefficient
Cp pressure coefficient
E = total internal energy, J/kg
fe+ = turbulent closure coefficient
g = condensate mass fraction
J = nucleation rate, 1/ m?-s
k = turbulent kinetic energy, m?/s’
Kn = Knudsen number
L = latent heat (heat of vaporization), J/kg
M Mach number
Npeo = number density of particles, 1/ m?
Mhom = number density of droplets, 1/kg
P = turbulent production, N/m? - s
4 = pressure, bar
q = heat flux, W/m?
qi = —k(dT/dx;)
r average droplet radius, m
Ry = mixture gas constant, J/kg - K
Re Reynolds number
R, particle radius, m
T = temperature, K
u, v, w velocity components, m/s
X, ¥,2 Cartesian coordinates, m
y*t = dimensionless wall distance
o angle of attack
B, B* turbulent closure coefficients 0.83, 0.0895
y = turbulent closure coefficient 0.575; heat capacity ratio
8ij Kronecker delta
en, ¢ metrics
A = mean free path, m
W = molecular viscosity, kg/m - s
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0 = density, kg/m?

T = shear stress, N/m?

¢ = humidity, %

w = specific dissipation rate, 1/s
Subscripts

d = droplet

8 = gas

het = heterogeneous

hom = homogeneous

/ = liquid

N = normal

mac = mean aerodynamic chord
v = vapor

01 = reservoir, stagnation

00 = freestream

* = critical state

Introduction

N transonic flow, the combination of large expansion rates and

moist air compared to dry air can give remarkable alternations
in the lift and drag coefficients. The high latent heat of water with
the addition of a large acceleration (expansion/drop in tempera-
ture) around a body can produce a supersaturated flowfield and,
thus, the onset of homogeneous condensation. With the addition of
foreign nuclei in the flowfield, it is also possible to achieve conden-
sation even if the expansion is not as large. The classical test case of
the ONERA M6 wing is used to examine the effects of condensa-
tion because of the available geometry and adiabatic pressure data.'
Schnerr and Dohrmann? have done extensive two-dimensional Eu-
ler simulations for airfoils under atmospheric flight and wind-tunnel
conditions. This distinction is made because of the dependence of
length scale for condensation to occur. Yamamoto et al.? also calcu-
lated the flowfield around the ONERA M6 wing for a mean chord
length of 0.646 m under different relative humidities but only for
homogeneous condensation. Recently, Yamamoto* calculated the
delta wing for homogeneous and heterogeneous condensation for
different length scales and operating conditions. This paper will
only deal with atmospheric flight parameters using a cp,. of 0.5,
1, and 2 m. There are many factors (grid, turbulence model, an-
gle of attack, length scale, etc.) that affect the condensing flowfield
around a three-dimensional body. It is the aim of this paper to deter-
mine their impact and understand the reasons behind their influence.
The first step will be to examine the number density of particles,
Nhet0; three values are used that produce dominating homogeneous
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condensation (10° m~3), heterogeneous condensation (10'® m~3),
and a mixture of the two (10'> m~3). A typical value for particle
density is ~10'> m~3. Yamamoto* also used this value for a 76-deg
sharp-edged single-delta wing. With these values of Ny o, the dif-
ferent ¢y, Will be calculated with three different angles of attack,
1.07,3.06, and 6.06 deg. The ONERA M6 wing is a well-established
test case, but it is also of interest to determine the effects of the
lift-to-drag ratio on a different wing configuration, for example, a
supercritical wing designed for high-speed flight. The F-16 Falcon
wing is chosen mainly because the root and tip airfoil sections are
known; then a linear approximation of the wing can be made from
the two airfoil sections (zero twist).

Numerical Method

The Reynolds averaged Navier—Stokes compressible equations
are discretized using a three-dimensional node-centered finite vol-
ume method based on the work of Benetschik.® The code is written
from a (Habilitation) report that was developed for turbomachin-
ery simulations. The report details how to determine the metrics,
convective and diffusive fluxes, boundary conditions, etc. Thus, the
Benetschik report was used as a starting point for our code, where
additions/alternations were added to accommodate our research. Ex-
amples of additions include k—w based turbulence models compared
to k—€, condensation transport equations, boundary conditions for
external flow, and the AUSMD scheme instead of the Roe scheme
for the convective fluxes. Two additional turbulent equations and
three additional transport equations for the liquid phase are intro-
duced to complete the modeling. The vector form of the 10-equation
set is a follows:
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where g and 7 are the standard heat flux and shear stress terms. The
two source terms for the turbulence model are based on the explicit
algebraic stress model (EASM) (k—w) (Ref. 6). The three remaining
source terms are for the liquid phase. The equation for gyom has two
components in the source term S(8), which represent the radius of
a critical cluster, and once a critical cluster is formed, the term on
the right controls growth/evaporation.

Droplet growth is related by an important parameter called the
Knudsen number Kn =7 /2r,. It is the ratio of the mean free path
of the molecules to the diameter of the droplet. Very large val-
ues of Knudsen number relate to the inner Knudsen layer, where
transfer is controlled by kinetics and intermolecular collisions are
unimportant.” Very small Knudsen numbers relate to the continuum
regime, where growth is controlled by diffusion. A contradiction
exist in the literature on how one determines the free mean path,

)L:2,u,x/ﬁ/p )

Wegener and Mack® maintain collisions between gas molecules
are not important; thus, the pressure in Eq. (2) is based on the partial
pressure of the vapor. However, Young’ and Peeters et al.” maintain
it is the mixture pressure that must be used in the calculation of the
mean free path. The difference between for the two pressures is very
large, for example, at 295 K, 1 bar, M, =0.8, and 90% humidity,
Ag—»=0.086 um and A,_,=3.6 um. In this paper, the droplet
growth model is based on the Hertz—Knudsen law, which is valid
for a vapor/carrier gas mixture because 1) the droplet size remains
smaller than the mean free path and 2) the high mass fraction of
inert carrier gas keeps the temperature gradients to a minimum in
the environment. When the Wegener and Mack definition® for mean
free path is used, Kn >> 1 for all simulations, but if the Young’ and
Peeters et al.” definition is applied, Kn = 1. In this case, Kn > 1,
the Hertz—Knudsen law would be overpredicting the droplet growth.

The source term S(9) for the nyom equation is simply the nucle-
ation rate. The nucleation rate of the condensate is modeled by the
classical nucleation theory of Volmer, Frenkel, and Zel’dovich. With
the gne €quation, there is no Jy term, and the droplet growth law is
a source or sink term S(10), which also uses the Hertz—Knudsen law.
It is valid in this case because the particle diameter is still smaller
than the free mean path of the vapor—vapor or gas—vapor collisions.
The relationship between Ny o and npe; is

Thet = Nhet,0(0/ Po1)

If the thermodynamic state is saturated, the critical droplet size
is determined from
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If npom > 0, the homogeneous droplet radius is
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The heterogeneous droplet radius is
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Two additional assumptions are made for the condensation mod-
eling, where the liquid portion of the condensate is much smaller
than the vapor/carrier gas mixture; thus, the condensate follows the
path of the fluid flow (no momentum exchange or drag). The second
big assumption is that there is no temperature difference between
water droplet and vapor/gas carrier mixture.

The convective fluxes are solved using the AUSMD technique
of Wada and Liou.'” The diffusive terms are calculated based on a
second-order central difference scheme (Benetschik’). The convec-
tive terms are third-order accurate in space using a total variation
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diminishing MUSCL approach with Van Albadalimiter to determine
the left and right states. The time step is first-order explicit using
local time stepping. The air and vapor are assumed a perfect gas.

Boundary Conditions

The boundary conditions for the freestream require the total tem-
perature Tp;, pressure pg;, and angle of attack «. A system of five
equations are solved to obtain the velocity components, freestream
pressure, and density. The five equations at the boundary are the
normal momentum equation (7), constant entropy [Eq. (8)], con-
stant total energy [Eq. (9)], v=utan(«), and w =0. The denoted
with an asterisk variables represent the primitive variables that were
just solved at the recent time step, and the primitive variables on the
right-hand side represent the corrected variables. (It is important to
note that the fluxes on the boundary are solved as periodic, and then
after a step in time is made, the specified boundary conditions are
used to correct the primitive variables.) Solving the system of five
equations compared to specifying one freestream condition allows
the inlet to be closer to the wing, for example, a 10:1 chord ratio
between inlet boundary and the wing,

a
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Po1 14
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Aspect ratio 3.8
Taper ratio 0.562
MAC 0.646m

1196.3 m
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Root profile

-——805.9mm
(x/c) = 0.4~

Fig. 1 Geometry of the ONERA M6 wing based on experiment.
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On the outlet, the average pressure across the boundary is set to
the freestream pressure, which is calculated from the given Mach
number and total pressure. This boundary condition allows the wake
to pass through the boundary. The wing is a no-slip wall with the
velocity and k defined as zero. As long as y™ is less than 2.5, w is
defined by

» = 0.0895(1001; / pAY3) (10

where (Ay,) is the distance to the first grid point above the sur-
face. The constant 8* = 0.0895 is needed because the EASM (k—-w)
model absorbs * into w. Without 8%, Eq. (10) is one of the stan-
dard boundary condition for the k—» model, which can be found by
Wilcox.!!

Geometry

The ONERA M6' is a swept back wing with zero twist and no
body fillets or strakes. The airfoil is symmetric with a9.7% thickness
at the root. Figure 1 shows the top view of the wing and root profile.
The F16 Falcon consist of a NACA64A204 airfoil at the root and
tip. The airfoil has a thickness of 4% with a sharp leading-edge. The
wing has aleading-edge sweep angle of 40 deg with a straight trailing
edge. Figure 2 shows the wing planform geometry and airfoil shape
at the root and tip. Fortunately, data were found for the geometry
of the F-16 wing for the airfoil shape, wingspan, and leading-edge
sweep. The root and tip chord lengths were derived from a drawing
of the top view of the plane.!> A very important point must be
clarified for both wings at the root profile. A wing—body junction
is not modeled; for the time being, an Euler wall is assumed at the
root profile.

ONERA M6 Wing Results

Adiabatic Verification

For all of the calculations low-level flight is assumed with
Too =293.15 K, poo =1 bar, and M, ~0.84. Before beginning
with the condensation results, a comparison is made between adia-
batic experimental data and two different grids. The two grids are
213i x 35 x 25k and 213i x 70 x 47k. The i component was not
doubled only the j and k were because these components were very
coarse. Figure 3 shows a comparison of two different c,, plots at 44
and 80% of the span. There are small differences in the ¢, results
but not enough to warrant the extra computational time.

It is known that condensation requires denser grids compared
to adiabatic calculations; thus, for one set of operating conditions

Tip

Airfoil: NACA64A204
t=4%

.25m

Root

—

Crot =3-78 M

Fig. 2 Geometry of F16 wing.
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Table 1 Grid comparison using the drag, lift, and friction
coefficient for different condensing flows

Grid Nheto [m ] n.p cr cy

A? 0 0.0656 0.290 0.00336
B 0 0.0608 0.292 0.00321
A 1 x10° 0.0663 0.287 0.00328
B 1 x 10° 0.0612 0.291 0.00315
A 1x 102 0.0683 0.310 0.00327
B 1 x 10" 0.0637 0.312 0.00320
A 1% 10'0 0.0714 0.338 0.00326
B 1 x 10'® 0.0664 0.337 0.00312

2Grid A=213i x 35 x 25k. "Grid B=213i x 70 x 47k.

125

k=25

_ L | L | L | |
0.784 025 0. 075 1

a) 44% span

1257, k=25

-0.75 | | L | |
0 0.25 0.5
x/c

b) 80% span
Fig. 3 ONERA M6 wing pressure coefficient between densities
A= 213i X 35j X 25k and B= 213i X 70j X 47k compared and with
experiment'; M., =0.84, Rec,, .. =18.92X10%, cpac=1 m, a=
3.06 deg, and y* =0.9.

condensation was also calculated for both grids. Table 1 is a com-
parison of the drag and lift coefficient for different particle densities
between the two grids for Re,,, . =18.92 x 105, ¢y =1 m, and
a =3.06 deg. The main difference lies in the drag coefficient with
a maximum difference around 7%, whereas the lift coefficients are
nearly the same. Also both grids show the same trend; for example,
at the maximum difference of 7% Ny o =1 x 10'¢ m™3, the rela-
tive change between the condensing and adiabatic case is 8.8% for
grid A and 9.2% for grid B. Thus, the relative change is consistent.
Even though there are slight differences, the remaining results will
be based on the 213i x 35 x 25k grid.

Because the angle of attack is also changed, a comparison is
made with experiment using grid A for o« =1.07 and 6.06 deg

0.8
0.6
0.4

-0.4F == exp.

06

-0.81 . L l . J
0 0.25 0.75 1

\
0.5
x/c

b) 80% span
Fig. 4 ONERA M6 adiabatic pressure coefficient for an angle

of attack of 1.07 deg compared with experiment'; M., =0.84,
Recp e oo =18.96 X 105, cyae =1 m, and y* < 1.0.

(Figs. 4 and 5). The lower angle of attack has a weaker second
shock, and the model is able to capture the position and strength,
whereas for the larger angle of attack the double shock system is
present near the root chord. However, moving to the tip, there is a
separation zone that can be seen by the pressure coefficient at 80%
span (Fig. 5b). The separation point is accurately predicted, but the
recovery pressure is too high and then too low as it reaches the
trailing edge.

Range of Particle Density

For all of the following test cases the humidity is set equal
to ¢o~ 16%, which corresponds to a freestream humidity of
b0 =90%. This was chosen to get the maximum effect from con-
densation. One could lower the freestream humidity to 60 or 70%
and then increase the freestream Mach number to 0.9 instead of 0.84
to see similar effects, but the lower Mach number was chosen to stay
within the framework of the adiabatic experiments. The decrease in
humidity with an increase in Mach number lowers ¢, but because
the supersonic region is enlarged, there is a chance for a larger su-
persaturation or for the growth of heterogeneous condensation to
occur. The particle radius is set to R, =0.01 pm. This value is cho-
sen because the particle diameter is less than the mean free path of
the vapor/carrier gas mixture, K, > 1(A,_, =0.086 um), and if a
lower value was chosen (0.001 wm), heterogeneous effects would
likely be small.

The first set of results compares the effect of changing the particle
density while keeping the mean aerodynamic chord constantat 1.0 m
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Fig. 5 ONERA M6 wing adiabatic pressure coefficient for an an-

gle of attack of 6.06 deg compared with experiment!; M., =0.84,
Recpye o =18.79 X 10%, ¢pac =1 m, o =6.06 deg, and y* < 1.0.

and the angle of attack at 3.06 deg. In addition to the grid comparison,
Table 1 also shows that the lift and drag coefficient increases with
particle density. By examining c, plots, one can see where this
increase comes from. Figure 6 compares the change in ¢, due to
different particle densities at 44 and 80% span.

At a particle density of 10° m™ (dashed line, Fig. 6) there is
a small decrease in ¢, at the leading edge, but the position of the
second shock is unchanged. The reason for this is that the flow is
dominated by homogeneous condensation and the large accelera-
tion at the leading edge causes a small amount of homogeneous
condensation.

A particle density of 10'> m™3 is a combination of homoge-
neous/heterogeneous condensation, where the homogenous conden-
sate dominates at the leading edge and heterogeneous condensate
dominates before the second shock on the suction side. The hetero-
geneous condensation pushes the second shock closer to the trailing
edge and, thus, increases lift by delaying the increase in pressure
due to the shock. Note that the pressure is higher before the second
shock (Fig. 6), which decreases lift, but because the supersonic re-
gion is increased, the overall change is an increase in lift. The drag is
increased because of the condensation occurring at the leading edge,
which increases the static pressure; also the increased supersonic re-
gion after the maximum thickness of the airfoil on the suction side
increases drag.

A particle density of 10'® m™3 is dominated by heterogeneous
condensation at the leading edge, before the second shock, and a
small amount is forming on the pressure side. Here the supersonic
region is extended more than the 10'> m~3 case. The small bump

3

[. Adiabatic

N . 1 | I ) 1 . ]
0'750 0.25 0.5 0.75 1

a) 44% span
1.25

N L 1 . 1 L 1 . ]
0'750 0.25 0.5 0.75 1

b) 80% span
Fig. 6 ONERA M6 wing pressure coefficient for different particle
densities; Mo =0.84, Re,,, ., =18.92 X 10%, cac =1 m, a:=3.06 deg,
R,=1x10"% m, and y* <1.

on the pressure side has two negative effects; it increases drag and
decreases lift. The drag is increased because of subsonic heat addi-
tion, whereas the pressure decrease occurs mostly after the maxi-
mum thickness. The maximum thickness is around x /¢ = 0.4. Drag
is also greatly increased on the leading edge by the heat addition.

Figures 7 and 8 show the condensate mass fraction for ghom O ghet
and the adiabatic/condensing Mach 1 line at 44% chord. Figures 7
and 8 give an indication of how much condensation is occurring and
what type. There is no figure for gpne at 10° and gyom at 10'® m=3
because this type of condensation did not occur. The key elements
of Figs. 7 and 8 is the increase in the sonic region with particle
density and the different types of condensation. For all conditions,
no condensation occurs in the boundary layer. The wavy structure
at low values of gy is purely numerical due to the coarsening of the
grid away from the profile.

Mean Aerodynamic Chord Influence

At 10%-m~3 particle density the effect of homogeneous conden-
sation is very small for different c,,.. The maximum value of log;,
Jhom at 44% span for a ¢y, of 0.5, 1.0, 2.0, and 4.0 m is 22.4, 20.6,
19.8, and 18.5 m™3s™!. A c¢pqe Of 0.5 is not a realistic wing size,
but it is used to see how trends are developing and perhaps there
are some components of a plane with this size. The smallest ¢,c of
course, has the largest Jyom because the smaller length scale has the
largest cooling rate, but with this difference there is no noticeable
difference in ¢, for 105-m~2 particle density.

For 10'2-m~? particle density, there are large differences in c,, for
the range of ¢y, Which translates to differences in drag and lift.
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Table2 Summary of cpac comparison on condensation using
the drag, lift, and friction coefficient; Npet,0 =1 X 10> m—3

Cmac Recpye,00 X 100 cp,p cr cr

0.5 9.46 0.0668 0.294 0.00361
1.0 18.92 0.0683 0.310 0.00327
2.0 37.84 0.0697 0.326 0.00305
4.0 75.68 0.0705 0.323 0.00278

=20.5m*s"’

hom,max

=0.0091

ghom,max

a) Homogeneous

= 0.0054

g het,max

b) Heterogeneous
Fig. 7 Condensate mass fraction and Mach 1 line at 44%
span; Mo, =0.84, Re,, ., =18.92 X 10%, ¢pmac=1 m, a=3.06 deg,
Nhet,o =1 x 10?2 m=3, and R, =1 x 10~ m.

Table 2 is a summary of the change in the drag, lift, and friction co-
efficient for different c,.. The drag and lift are both increasing with
an increase in cyqc. The ¢ coefficient decreases, which corresponds
to the increase in Reynolds number.

Figure 9 demonstrates the trend of increasing lift and drag found
in Table 2, but the difference in lift between 2 and 4 m begins to
plateau. In the ¢, plots, 4 m was not graphed because it follows the
same trend as 2 m, and thus, it avoids a crowded graph. At a ¢y,
of 2.0 or 4.0 m, the supersonic region is the largest and the leading
edge is experiencing the greatest static pressure increase, which
increases the drag. In Fig. 9, the difference in y* for the different
Cmac aVeyT =0.5, ¢mae =0.5; 37 =0.9, ¢nae =1.0; and y* = 1.6,
Cmac = 2.0. This indicates that the grid was rescaled, and thus the
distance of the first grid point also increases, but the values are still
below 2.5.

Angle of Attack

An interesting result with the higher angle of attack (6.06 deg)
is that the drag is relatively constant except for the 10'2-m~3 case,
with again the same trend for lift increasing as Ny o increases. The
drag for the higher angle of attack is partially dominated by the

separation occurring near the tip. Figure 10a shows the pressure

=0.009

ghom, max

Ohotymar = 0-0078 N/
g, ~ 0.0068

b) Heterogeneous
Fig. 8 Condensate mass fraction and Mach 1 line at 44% span;
Moo =084, Rec,,. o, =18.92 X 105, cpmac =1 m, Nheo=1x 106 m=3,
a=3.06 deg, and R, =1 x 10~% m.
125
| . Adiabatic
1

N L | L | L | " |
0754 025 05 0.75 1

a) 44% span

1257, adiabatic
YA

N . 1
0'750 0.25
b) 80% span

Fig. 9 ONERA M6 pressure coefficient for different cpyac; Moo =0.84,
a=3.06 deg, Npet,o=1x 102 m~3,and R, =1 x 10~3 m.
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a) Adiabatic

b) Npet,0=1 % 109 m~—3
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d) Npeto=1x 100 m—3

Fig. 10 ONERA M6 wing top pressure distribution and computed skin friction lines; M, = 0.84, & =6.06 deg, cmac =1.0 m, and R, =1 X 103 m.

distribution and computed skin friction lines for the adiabatic case.
Note the large separation region near the tip, which is also present
in the experiment. Unfortunately, no oil flow patterns were in the
report; thus, the separation zone is inferred from the ¢, data. As
condensation is increased (Figs. 10b—10d), it has the effect of
decreasing the separation region, which decreases drag, but due
to the supercritical heat addition at the leading edge, drag is in-
creased, so this balance is observed. The separation region is de-
creased because the condensation is increasing the static pressure
at the leading edge, which lowers the preshock Mach number on
this part of the wing. See Fig. 6b, Ny o=10'® m™3; there is a
new separation zone forming that is due to the shift in shock to-
ward the trailing edge. The preshock Mach number is less than
the adiabatic preshock Mach number, but because the shock is oc-
curring on a higher curvature section of the airfoil, separation is
occurring.

The change in lift and drag, as well as the lift-to-drag ratio,
is used as a final analysis to compare the effects of particle den-
sity on ¢y, length and angle of attack. For all ¢y, (Fig. 11a), the
drag and lift are increasing due to condensation. At 10'> m~3, the
largest difference between cp,. is present with a trend of a small
increase in the ratio as particle density increases. To be numeri-
cally honest, Fig. 11b is an expanded scale with a maximum differ-
ence between adiabatic and condensing flow of 4% for 10'> m=3.
Thus, care must be taken in determining how much condensa-
tion is effecting the flow under these conditions. In Fig. 11b, the
drag at @ =6.06 deg is relatively constant, with the smallest an-
gle showing the largest increase in drag. The low angle of at-
tack of 1.07 deg shows a constant or slightly decreasing func-
tion for the lift-to-drag ratio, whereas for 3.06 and 6.06 deg,
there is an increase. Also the contribution of friction is greater
for the low angle of attack, accounting for about 10% of the to-

tal, compared to 5 and 2.5% for 3.06 and 6.06 deg. Again an ex-
panded scale is used, but with « =6.06 deg, there is a maximum
change in the lift-to-drag ratio of about ~10%, where one can
argue that there is definitely an effect on wing performance with
condensation.

F-16 Falcon Wing Results

Because the F16 wing airfoil thickness is so small, a freestream
Mach number of 0.9 was used as the starting point to achieve a large
enough supersonic region, which is needed to see the effect of con-
densation. For this wing only atmospheric flight conditions will be
analyzed (T, =293.15 K and p, = 1 bar) because the interest lies
in the effect of how lift and drag are affected due to condensation on
the real wing geometry of the plane. The parameters for condensa-
tion are a particle density of 10'? m™3, particle radius R, = 0.01 jum,
and a freestream humidity of ¢, =90%. Figure 12 shows the pres-
sure coefficient at 38% (c33 =2.79 m), and 77% (c77 =1.81 m)
wing span for the adiabatic and condensing flow case with varying
angle of attack. For o« =0 and 3 deg, the supersonic region is ex-
tended due to heterogenous condensation occurring in this region.
Also there is a static pressure decrease after the leading edge for
o =3 deg. In addition, near the tip, a double shock system is form-
ing on the wing. At a higher angle of attack, the shock position is
unchanged due to condensation being produced only at the leading
edge, which is why there is a much larger static pressure increase
at the leading edge compared to the earlier two angles. Note that at
this high angle of attack there is an absence of heterogeneous con-
densation; thus, it is pure homogeneous condensation. This effect is
similar to what happens in a nozzle with fast expansions, where the
timescale of cooling (homogeneous condensation) is small com-
pared to the timescale of the agglomeration of vapor on existing
particles.
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Fig. 11 ONERA M6 wing lift, drag and lift-to-drag ratio as a function of particle density for different ¢y, and angles of attack; M., = 0.84 and

R,=1x10"%m.

To see the effect of the increase in the supersonic region due to
condensation, a Mach contour plot (Fig. 13) of M > 1 is shown for
the o =0 deg case; the trend is similar for o« =3 and 6 deg.

Another case for a freestream Mach number of 1.1 was cal-
culated, but due to space limitations only the final result for the
lift-to-drag ratio are shown. Figure 14 shows the effect on the
change in lift, drag, and lift-to-drag ratio for the two freestream
Mach numbers. In Fig. 14a, due to the high increase in drag at

a =0 deg, the ratio decreases compared to the adiabatic case,
even for an increase in lift. Only at « =3 deg is there a bene-
fit with condensation. At a =6 deg, the increase in drag is very
small, but now there is a decrease in lift because there is no
heterogenous condensate to enlarge the supersonic region. For
a slightly supersonic freestream (Fig. 14b), the lift-to-drag ra-
tio decreases regardless of the angle of attack, which follows
the same trend as the decrease in lift. The main reason for the



410 GOODHEART AND SCHNERR

0.5¢ 0.5

Adiabatic_ _ - 10" m?®

0250 . 0.251

o 0 o 0

-0.25 025

0.5 -0.5
0 0.25 5 075 1 0 0255 05 075 1
1 x/c 1 x/c

1.25+ 1.25K Adiabatic
L N\
1 r( 1 b ~ ~
\ . . N
0.75[! Adiabatic 0.751 AN e
-_—-—— \
\ -7 \ L -
\
0.25 107 m \ 0.25 \
- \ \\
of N or nE
L X
0.25 o — 6.0° 0.25 o — 6.0°
-0.5 1 1 . 1 . 1 1 ] -0.5 . 1 . 1 ) 1 1 |
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
x/c x/c
a) 38% span b) 77% span

Fig. 12 F-16 wing pressure coefficient; Moo =0.9, Nhet,0 =1 X 10> m—3, R, =1 X 1078 m, ¢mac =2.72 m, and Re,,,, ., =54.8 X 10°,

a) Adiabatic b) Condensing flow
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Table 3 Lift-to-drag ratio change due to condensation; ¢ =90%,
Nhet,o=1x 102 m=3,and R, =1 x 103 m

Wing 0 deg 1 deg 3 deg 6 deg
F-16, M =09 —17.0% +6.0% —17.0%
F-16, M =1.1 —21.0% —8.8% —8.2%
ONERA M6, 1 m —1.6% +3.0% +9.0%
ONERA M6, 2 m +4.0%

decrease in the lift is because heterogeneous condensation can not
increase the supersonic region by shifting the shock because the
shock occurs at the trailing edge. Table 3 shows change in lift-to-
drag ratio of the F-16 and ONERA M6 at different angles of attack.

Conclusions

There are no current sources that explicitly discuss the change
in the lift-to-drag ratio due to heterogeneous condensation.
Yamamoto® reports a decrease in the lift-to-drag ratio for the ON-
ERA M6 wing for pure homogeneous condensation, which is also

=0.013 ¢, = constant =~ 0.003
L | L |

0° 3° 6°

Co,pq=0

CLau0 =0.52

[ Adiabatic
O Diabatic

8 -8.2%

c /(cp+Cy)
N W » [¢,] ] N 0 © o

-y

byM=1.1

Fig. 14 F-16 wing lift, drag, and lift-to-drag ratio as a function of angle of attack for different freestream Mach numbers; Npet,0 =1 X 102 m~

3 and

found at low particle densities on the ONERA M6 wing. Schnerr
and Dohrmann report? a decrease in the lift for equilibrium con-
densation in atmospheric flight on the NACA(0012 airfoil at low
angles of attack. On the ONERA M6 and F16 wings for the sub-
sonic transonic freestream, the trend is normally an increase in lift
due to condensation. This difference is mainly due to the different
profiles (shape and maximum thickness), because in the case of the
NACAO0012, there is a supersonic region on the pressure side that is
extended due to condensation that has a negative impact on lift. For
the wing conditions, no supersonic region exist on the lower side.
For external atmospheric flight conditions, a wide variety of sim-
ulations were performed. In regards to the ONERA M6 wing, the
chord, angle of attack, and particle concentration were changed to
see their effects. When the mean aerodynamic chord length was
increased from 0.5 to 2 m, the effect of heterogeneous condensa-
tion was increased. At higher angles of attack of 3 and 6 deg, a
mixture of homogeneous and heterogenous condensate is present.
For the F-16 wing, only the angle of attack and freestream Mach
number were changed to see the effects of condensation at dif-
ferent flight conditions. Table 3 highlights the percent change
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in the lift-to-drag ratio of the two wings at different angles of
attack.

For supersonic flight, condensation on the F16 wing has anegative
impact for any angle, whereas at a subsonic freestream for o« = 3 deg,
there is slight increase in the lift-to-drag ratio. The importance of
performing a numerical simulation of condensation is emphasized
by the fact that the amount and type of condensation formed is
strongly influenced by airfoil shape, airfoil and wing size, angle of
attack, freestream conditions, and particle concentration.

Further study could include determining the effect on the lift and
drag by relaxing the assumption of constant temperature between
droplet and vapor/carrier gas mixture and/or using different droplet
growth laws that take into account a larger Knudsen number range
(inner Knudsen layer-continuum region). In this study, the heteroge-
neous modeling is simplified, whereas developing or using modeling
techniques that enable a distribution of particle sizes or densities,
particle geometries other than spheres, and condensation occurring
at a specific location on the particle would contribute to research
involving heterogeneous condensation in atmospheric conditions.
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