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Introduction

T HE actual atmosphere of the Earth includes a � nite amount
of water vapor, which plays an important role in weather con-

ditions and in the Earth’s various environments. Water vapor also
plays an interesting role in the � ight of airplanes. Water vapor may
occasionally condense around the airplane. The phase change may
be generallydominatedby heterogeneousnucleationof water vapor,
because small particulates such as soot or aerosols may behave as a
nucleus of condensation.

The condensationaround an airplane is the so-called vapor trail.
Vapor trails are occasionally observed in the takeoff, landing, and
transonic cruising of airplanes. A vapor trail appears as a white
cloudover the wing or extendingfrom the wing tip. Campbell et al.1

summarized a number of photographsof natural condensation.
Because time and space scales in a wind tunnelare fundamentally

smaller than those in � ight, actual condensationin � ight may not be
recreatedby a � ow arounda small-scaledwing in thewind tunnel.In
atmospheric wind-tunnel conditions, the supersaturation ratio S of
water vapor may quickly go beyond the saturation ratio S D 1 due
to homogeneous nucleation through the inlet of the wind tunnel;
it reaches S À 1 rapidly around the wing without condensation.
After this process, a huge amount of water droplets is nucleated
in a highly supersaturatedcondition. This process is dominated by
nonequilibrium condensation. As a result, condensation increases
temperature and pressure due to the release of the latent heat of
water vapor. In atmospheric � ight conditions,on the other hand, the
chord length of the wing is much longer than that of wind-tunnel
models. Furthermore, small particulates,in the atmosphere, such as
dust, soot, ions, and aerosols, may play the role of the nucleus for
heterogeneous processes. Therefore, actual condensation in � ight
may be dominated by almost equilibrium condensation.
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Recently, Schnerr and Dohrmann2 studied two-dimensionaltran-
sonic � ows of moist air aroundan airfoil in atmosphericwind-tunnel
conditionsexperimentallyand numerically.Transonicviscous� ows
of moist air around a NACA0012 airfoil at 2-deg angle of attack in
atmospheric wind-tunnel conditions were studied by Iriya et al.3

Three-dimensional transonic turbulent � ows around the ONERA
M6 wing were calculated by Yamamoto et al.4 assuming atmo-
spheric wind tunnel conditions. In this study, the computational
code is applied to the calculation of condensation in a streamwise
vortexproducedovera singledeltawing in atmosphericwind-tunnel
and � ight conditions.

Low-speed � ows over a delta wing or a double delta wing at
high angle of attack have been widely studied by Hsu et al.,5 Fujii
and Schiff,6 and Gordnier and Visbal.7 It is known that a strong
streamwise vortex is produced from the apex of the delta wing.
All delta-wing studies that we know of have assumed ideal gas
without water vapor (zero humidity). However, condensate stream-
wise vortices are occasionallyobservedaround the delta wing in ac-
tual � ight.1 Although condensation is known as quite an important
phenomenon affecting wing performance, the physics of condensa-
tion in the streamwise vortex over the delta wing is still unknown.
Therefore,a study to understandthe mechanismunderlyingthe phe-
nomenon would be quite valuable even if it is done at a preliminary
level. We provide a preliminary numerical result for the condensa-
tion in a streamwise vortex around a delta wing in this Note to fur-
ther the study of condensate � ows in atmospheric � ight conditions.
As a numerical example, three-dimensionalsubsonic laminar � ows
over the 76-deg, sharp-edgedsingle delta wing without thicknessat
20.5-deginclinationare calculatedunder varying inlet or freestream
Mach numbers and atmospheric � ow conditions, and the onset and
the rate of condensation in each � ow condition are compared.

Fundamental Equations
The fundamental equations for three-dimensional compressible

laminar � ows of moist air consist of conservation laws of the to-
tal density, the momentums, the total energy, the density of water
vapor, the density of liquid water, and the number density of water
droplets. This set of equations has been well evaluated in previous
studies.3;4 Flow is supposed to be homogeneous in this study from
the assumption that water droplets occurring due to condensation
are suf� ciently small. Then, velocity slips among air, water vapor,
and liquid water are neglected.The equations of state and the speed
of sound in this study are those introduced by Ishizaka et al.,8 as-
suming that the mass fraction of liquid water, ¯ is suf� ciently small
(¯ < 0:1). These equations are given as follows:
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where

R D .½a Ru=½g Ma C ½v Ru=½g Mv/

½a and ½g are the densities of dry air and mixed gas; Ma and Mv are
the molecularweights of dry air and water vapor, respectively;Ru is
the universalgas constant;Cpm is de� ned by the linear combination
of the speci� c heat at constantpressurebetweengas phaseand liquid
phase using ¯ ; and h0m is the heat of formation.

Condensation Model
In wind-tunnel experiments, onset of condensationmay be dom-

inated by homogeneous nucleation,2 whereas natural condensation
observed in the � ight of airplanes is governedby heterogeneousnu-
cleation and almost equilibrium condensation. Homogeneous nu-
cleation in this study is based on the classical condensation theory
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de� ned by Frenkel.9 The surface tension used in the present con-
densation model was modeled by Schnerr and Dohrmann.2 Het-
erogeneous nucleation in this study is approximately calculated by
setting a constant radius and a constant number of particulates in
atmosphere, which is discussed later.

The mass generationrate 0 of water droplets consists of the mass
generation rate of critical-sizednuclei and the growth rate of water
droplets. In this study, the approximatedmodel derived by Ishizaka
et al.8 is also employed. The growth rate of a water droplet dr=dt is
describedby the Hertz–Knudsenlaw, whichassumesthat the droplet
radius is much smaller than the mean free path of a vapor molecule.
A simpli� ed model of the growth rate of a water dropletmodeled by
Schnerr and Dohrmann2 is employed. The saturation pressure for a
water dropletat radiusr is givenby the Kelvin–Helmholtz equation.

Numerical Method
A high-resolution � nite difference method developed by our

research group is used for solving the system of fundamental
equations.4 In this method, the fourth-order compact MUSCL
extrapolation10 satisfyingthe totalvariationdiminishingconditionis
implementedfor theapproximationof primitivevariables.The mod-
i� ed Roe’s Riemann solver11 is also employed for space discretiza-
tion of convection terms. The viscosity term is calculated using the
second-order central difference scheme. The explicit second-order
Runge–Kutta method is used for the time integration. The eight
equations4 are solved simultaneously at each time step.

Results
Three-dimensional laminar � ows of moist air over a 76-deg,

sharp-edged single delta wing without thickness at 20.5-deg incli-
nation are calculated for a preliminary understanding of the mech-
anism of condensation in a streamwise vortex, the so-called vapor
trail. The present delta wing is known as an experimentalmodel for
the study of off-surface � ows. Flow conditions are as follows: the
uniform Mach number is M1 D 0:30, the uniform temperature is
T1 D 293:15 K, the uniform pressure is p1 D 1:24 £ 105 Pa, and
the Reynoldsnumber is Re D 0:9 £ 106 , which correspondsto 0.1 m
in chord length. The computationalgrid employed is an H-type grid
that has 121, 101, and 101 grid points in x , y, and z directions cor-
responding to streamwise, spanwise, and top-to-bottom directions,
respectively. Sixty grid points are generated on the wing surface
in the spanwise and streamwise directions. A symmetric boundary
condition is speci� ed at the right boundary surface in the span-
wise direction. The inlet boundary is located at two times the wing
chord length ahead of the wing front. The top and bottom bound-
aries are each located at three times the chord length from the wing
surface. The left boundary surface in the spanwise direction is lo-
cated at three times the chord length from the wing tip. The outlet
boundary is located at four times the chord length after the wing
trailing edge. Freestream boundary conditions are speci� ed at these
boundaries. Laminar � ows of moist air are calculated assuming at-
mospheric wind-tunnel and � ight conditions. We focus only on a
numerical prediction, especially in the onset of condensation in the
streamwise vortex generated over the single delta wing, because
no experiments have yet been provided. The calculated results are
compared to those of different atmospheric � ow conditions.

A set of atmospheric wind-tunnel conditions is � rst taken into
consideration. The nucleus of liquid water is supposed to be ho-
mogeneously produced. In this case, the stagnation temperature,
the stagnation pressure, and the stagnation relative humidity are
� xed at T01 D 293:15 K, p01 D 1:24 £ 105 Pa, and 801 D 90%. The
Reynolds number is Re D 0:9 £ 106 (at M D 0:3 and chord length
of 0.1 m). The inlet Mach number M is changed from M D 0:3 to
0:8.1M D 0:1/ for the investigationof the effect of inlet � ow speed
on the onset of condensation. No condensation was found in the
case of M D 0:3, and the calculated result of M D 0:4 also presents
a quite trivial condensation,which can be neglected.The maximum
condensate mass fraction ¯max picked up from the values in each
� ow cross section over the wing is distributedalong the streamwise
direction in Fig. 1. The location where ¯ is a maximum may be

Fig. 1 Maximumcondensatemass fraction distributions(atmospheric
wind-tunnel conditions).

a) Over the wing

b) Behind the wing

Fig. 2 Maximumcondensatemass fraction distributions(atmospheric
� ight conditions).

closely equivalent to the core of the strake vortex. In all cases be-
yond the inlet Mach number M D 0:4, the onset of condensation is
located close to the wing front. The condensation starts rapidly and
the value of the maximum condensate mass fraction soon reaches
a maximum � at value. This result indicates that water droplets do
not grow after ¯ reaches the � at value. Condensation starts from a
point closer to the wing front as the inlet Mach number increases.

In actual atmospheric � ight conditions, on the other hand, the
wing chord length of airplanes is suf� ciently long and � ow may
be essentially a turbulent � ow. Furthermore, some dust, soot, ions,
or aerosols may play a role as a nuclei of water droplets. How-
ever, because the correlation between turbulence and condensation
is still unknown, laminar � ows with heterogeneous nucleation in
atmospheric � ight conditions are only calculated herein as a pre-
liminary calculation. A simple approximation for heterogeneous
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a) M = 0.3

b) M = 0.5

c) M = 0.8

Fig. 3 Density contours of liquid water and streamlines.

nucleation is employed by assuming that a constant number of
spherical particulates with constant radius is already contained in
whole � ow� eld. The radius and the number density are � xed at
0.1 ¹m and 1012 m¡3 in this study. The chord length of the delta
wing is speci� ed as 10 times longer than the previoushomogeneous
cases: 1.0 m in length. The other conditions are speci� ed as atmo-
spheric � ight conditions: the uniform static temperature, the uni-
form static pressure, and the uniform relative humidity are � xed
at T1 D 293:15 K, p1 D 1:24 £ 105 Pa, and 81 D 90%, respec-
tively. The uniform Mach number M is changed from M D 0:3 to
0:8.1M D 0:1/. Condensation is found in all cases. The maximum
condensate mass fraction ¯max picked up from the values in each
� ow cross section over the wing and behind the wing is distributed
along the streamwise direction in Figs. 2a and 2b. Compared with
the calculated results in atmospheric wind-tunnel conditions, con-
densationstarts from the wing front in all cases,while the growth of
water droplets is relativelyslow. Because a constantnumber density
of particulatesexists in whole � ow� eld, condensationstarts quickly.
However, because the number of particulates is limited compared
with that in homogeneous cases, the total mass of water droplets
may increase slowly in the strake vortex and the amount is smaller
than that in atmospheric wind-tunnel conditions when compared
with Fig. 1. Especially in the cases of M D 0:7 and 0.8, the maxi-
mum peak of the maximum condensate mass fraction is located in
the downstream region behind the wing as illustrated in Fig. 2b.

The calculated density contours ½¯ of liquid water at each � ow
cross section and the streamlines indicating the strake vortex are
visualized in Figs. 3a–3c from the calculated result for the uniform
Mach number at 0.3, 0.5, and 0.8, respectively. The plotted maxi-
mum value .½¯/max is 0.01 and 1.½¯/ D 2 £ 10¡4 . As the uniform
Mach number increases, the region with liquid water spreads wider
at each � ow cross section and the region maintains itself longer
downstream along the strake vortex. Condensation also occurs at
the apex of the wing in the case of M D 0:8.

Conclusions
Three-dimensional laminar � ows of moist air over the 76-deg,

sharp-edged single delta wing without thickness at 20.5-deg incli-
nation in atmospheric � ow conditionswere calculated,and conden-
sation in the streamwise vortex was numerically investigated. The
calculated results indicate that the condensationdeeply depends on
atmospheric � ow conditions.Onset of condensationwas very sensi-
tive to the atmospheric wind-tunnel conditions assuming homoge-
neous nucleation. A large number of water droplets was produced
after the onset of condensationand the amount quickly reached al-
most a � at value for these conditions. Condensation could not be
observed in the case with inlet Mach number M < 0:5. On the other
hand, water droplets grew slowly after the onset of condensation
in the atmospheric � ight conditions assuming heterogeneousnucle-
ation; condensation was found in the case at lower uniform Mach
numbers compared with those in the atmospheric wind-tunnel con-
ditions. Consequently, these results suggest that the assumption of
atmospheric � ight conditions should be necessary to obtain a real
condensationphenomenonin a streamwisevortexover a deltawing.
The present study may, however, be in a preliminary level; further
modi� cations to the present method are also needed.
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Nomenclature
c = wing chord
cl = section lift coef� cient
R = chordwise radius of curvature
s = span of half-wing
U = towing speed
y; z = spanwise and normal coordinates
®local = section incidence angle
0 = section circulation

Introduction

I NCREASING demands on airport capacity and the imminent
arrival of the Airbus A380 super-Jumbohave refocusedresearch

and regulatory attention on the hazard associated with an aircraft’s
trailing vortices. Thus, from a manufacturer’s viewpoint, con� g-
uration modi� cations that alleviate these vortices are potentially
desirable.

In a recent paper,1 Graham used two-dimensionalvortex method
calculations to show that signi� cant reductions in the rolling mo-
ment induced on a following aircraft were predicted for notched
wing lift distributions.Here a region of counter-rotatingvorticity is
shed between the � ap outboard and wing tip vortices, which pre-
vents their merger. This region is unlike the counter-rotatingvortex
typically generated by the aircraft’s tail, in that it never rolls up
into a distinct axisymmetric structure, instead becoming wrapped
around the tip vortex. For a follower with wingspan 50% of that
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of the generator, the predicted reductions in rolling moment were
around 20–25%.

One possible interpretation of these gains is that they fall short
of the improvement required. This argument is based on results
described in Rossow’s recent review paper,2 where a “vortex dis-
sipater” mounted on a Convair 990 reduced the roll accelerations
induced on a following Lear jet from 4.4 to 2.4 rad/s2 without alter-
ing the pilot-perceivedhazard.This, however,was becausethe lower
accelerationstill comfortably exceeded the Lear jet’s roll authority,
a feature that is clearly dependent on the size of both the genera-
tor and the follower. One could equally well envisage a situation
where a 25% reduction in rolling moment brought it down to a level
within the follower’s roll authority. Thus, an alternative interpreta-
tion is that such a gain would alleviate the hazard associatedwith a
360-t landing weight aircraft to a level comparable with a 270-t
B747-400. Additionally, the corresponding four-vortex system
would be potentially susceptible to the accelerated instabilities re-
ported by Crouch et al.3

The potentialbene� ts of notchedlift distributionswere, therefore,
deemed suf� cient to seek experimental veri� cation of the numeri-
cal predictions.This Note describes initial, proof-of-conceptresults
from the experimental program.

Apparatus and Method
To follow the wake evolution as far as possible, the tests were

carried out in a towing tank. The tank is 17.5 m long and 0.59 m
wide and was � lled to a depth of 0.6 m.

Two model half-wings, designed to exhibit conventional and
notched high-lift distributions,were tested. (The use of half-wings,
with root located at the water surface, increasesthe allowablemodel
size and eliminates support interference.) Each has a (semi-) span
of 300 mm and a mean chord of 100 mm, resulting in an effec-
tive aspect ratio of 6. Their cross sections have a cambered-plate
geometry (to avoid the low-Reynolds-numberproblems associated
with conventional airfoil sections), with thickness of 2 mm, radius
of curvature of 210 mm, and nose radius of 1 mm. The leading
edges are straight, and the required loading variations are achieved
by varying the chord length. The conventionalwing has a rectangu-
lar � ap planform, with chord of 106 mm over the inner 183 mm of
span and 90 mm over the remainder.The notchedwing has constant
chord sectionsof 105 and 102 mm over the inner 135 mm and outer
75 mm, with a smoothly varying notch of minimum chord 77 mm
in between.

The wing planforms, along with lift distributionsevaluatedusing
lifting line theory,4 are shown in Fig. 1. Section properties for this
calculation,estimated on the basis of Schmitz’s experimentalresults
for the Göttingen 417a cambered plate aerofoil,5 were

cl D 2:75¼®local C 1:16c=R (1)

The notched distributionclosely matches the optimum identi� ed in
Sec. III of Ref. 1. The conventional loading has the same overall
lift coef� cient, 0.43, and almost identical root circulation (which
determines the overall circulation shed into the wake). The in-
duced drag factors (relative to elliptic loading) are 1.12 and 1.04,
respectively.

The tests were conducted at a towing speed of 0.534 m/s, corre-
sponding to a (mean-chord-based)Reynolds number of 5.34 £ 104.
The wings were impulsivelyset in motion from3.7 m down the tank,
and the associatedwake velocitieswere measured using digital par-
ticle image velocimetry (DPIV) at a cross� ow plane 2.1 m farther
downstream. The PIV system is a commercial model produced by
Dantec and consists of a New Wave Research Gemini PIV 15 Nd:
YAG laser, an MASD, Inc., MegaplusModel ES 4.0 digital camera,
and a data acquisition/control unit linked to a personal computer.
The seeding particles used have a diameter of 100 ¹m and relative
density 1.0 § 0.02.After seeding, the PIV system was used to check
that the resulting� uid motionshad decayedbeforea run was started.

Velocity � elds were derived from the raw data using Dantec’s
proprietary cross-correlationsoftware on pairs of images separated


