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Nomenclature
c = chord, ft
M = Mach number
D = static pressure, atm
Da = partial pressure of dry air, atm
Ds = pressure of saturated water vapor, atm
Dy = partial pressure of water vapor, atm
R = gas constant
Re = Reynolds number based on chord
RH = relative humidity
T = static temperature, K
x/c = nondimensional chordwise distance for airfoil
Vo = mole fraction for water vapor
o = angle of attack, deg
P = density
Subscripts
£ = local conditions
o = freestream conditions

Introduction

RADITIONALLY, aircraft off-surface flowfields have
been observed and diagnosed in wind tunnels with special
instrumentation and flow visualization equipment.!-'* With
the advent of highly maneuverable military fighters, the rela-
tive importance of these off-surface flows, especially vortical
flows, has greatly increased.!® Thus, the designer now requires
more extensive information regarding flow properties and di-
agnostics. Some progress is being made to visualize and mea-
sure such flows in flight.!6-20 However, this area still repre-
sents a formidable challenge, which currently limits the scope
of wind-tunnel/flight correlation efforts.
When humid air expands around an airplane, it can con-
dense, become visible, and illustrate certain flow patterns,
such as the wing-body strake vortices on the F-16 (Fig. 1a).

Condensation patterns, which are often seen on transport and
fighter airplanes in flight, usually occur without warning be-
cause they are very sensitive to atmospheric weather condi- -
tions and to aircraft flight conditions. Photographs of con-
densed flow patterns have traditionally been obtained by
pilots or professional photographers who generally have not
been aware of their potential research value.

To date, naturally occurring condensation has not been crit-
ically examined as a technique for flight flow visualization, as
evidenced by the absence of studies in flow visualization con-
ferences?!-2* and flight testing conferences.?>*” Hence, there is
a need to determine what condensation patterns can be seen in
flight, and to provide interpretation and analysis of what the
patterns mean in order to assess the potential for developing
the condensation phenomenon into an operational flight flow
visualization technique. To help meet this need, NASA Lang-
ley Research Center recently conducted an extensive solicita-
tion of visual material showing condensation effects on air-
craft from professional aircraft photographers, military
squadrons, industry peers, and aviation enthusiasts. Over 300
photographs and several video tapes were obtained from do-
mestic sources as well as European, Canadian, Japanese, and
Australian sources. This collection of photographs will be
published in a NASA special publication, which will be useful
to a broad audience.

The objective of the present paper is to provide samples of
the flight photographs, to illustrate the types of flow patterns
that have been visualized, and to present qualitative correla-
tions with computational and wind-tunnel results. Initially,
the condensation process will be discussed, including a review
of relative humidity and vapor pressure and factors that deter-
mine the presence of visible condensate. Next, output from
computer code calculations will be post-processed using water-
vapor relationships to determine if computed values of relative
humidity in the local flowfield correlate with the qualitative
features of the in-flight condensation patterns. Finally, a se-
ries of flight flow patterns will be presented to illustrate the

James F. Campbell is a Senior Aerospace Engineer in the Transonic Aerodynamics Branch. He is an expert
in the aerodynamics of separation-induced vortex flows and was responsible for the Vortex Flow Aerodynamics
Conference at NASA Langley Research Center in 1985. He has been employed at Langley Research Center since
1963. Dr. Campbell received his B.S. degree in Aerospace Engineering from Mississippi State University, and
his Ph.D. degree from Virginia Polytechnic Institute in 1971. He served as the founding chairman of the Applied
Aerodynamics Technical Committee, and is currently a member of the AGARD Fluid Dynamics Panel and an

Associate Fellow of AIAA.

Joseph R. Chambers is the Assistant Chief of the Flight Applications Division, which conducts fundamental
and applied research on the aerodynamics and flight dynamics of advanced military and civil aircraft. He is an
internationally recognized authority in the field of high-angle-of-attack flight dynamics, and he received the
AJAA Mechanics and Control of Flight Award in 1975 for his research accomplishments in this area relative to
military aircraft. He has been employed at NASA Langley Research Center since 1962. Mr. Chambers received
his B.S. degree from Georgia Tech and his M.S. degree from the Virginia Polytechnic Institute.

Christopher L. Rumsey is a Research Scientist in the Analytical Methods Branch. He has helped to develop
a Navier-Stokes code with particular application to high-angle-of-attack and separated-flow aerodynamic prob-
lems. He has been employed at NASA Langley Research Center since 1983. Mr. Rumsey received his B.S. and
M.E. degrees in Aerospace Engineering from Rensselaer Polytechnic Institute, and is a Member of AIAA.

Presented as Paper 88-0191 at the AIAA 26th Aerospace Sciences Meeting, Reno, NV, Jan. 11-14, 1988; received Feb. 19, 1988; revision received
Sept. 20, 1988. This paper is declared a work of the U.S. Government and is not subject to copyright protection in the United States.

593



594 CAMPBELL, CHAMBERS, AND RUMSEY

a) In-flight condensation pattern of F-16 wing-body strake vortices
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b) Expansion of moist air in a supersonic wind tunnel

Fig. 1 In-flight condensation has not been utilized as a research
technique to visualize airplane flowfields.

variety of flowfields that can be visualized, and several will be
compared with tunnel results.

Principles of Relative Humidity

Research studies of moist and condensing flows have been
conducted for many years to understand the effects of conden-
sation in high-speed wind tunnel flows?-*! and on wind tunnel
models. ¥ These studies have provided valuable information
about condensation effects on tunnel calibration, data accu-
racy, and tunnel operational envelope, where condensation
first occurs on a model.

An example of the expansion of moist air in a supersonic
tunnel, Fig. 1b, is from Pope and Goin.?® The figure shows the
variation of stream temperature and dewpoint along the axis,
where the flow is expanding to M., = 2.56 from a total temper-
ature of 110°F and a total pressure of 25 psia, and with the
dewpoint = —1°F at 1 atm. Condensation is possible in the
expanding tunnel flow once the stream temperature drops be-
low the dewpoint temperature.

Detailed modeling of the exact condensation process is be-
yond the scope of the current paper. However, relative humid-
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ity is used as a qualitative indicator of where the flow is likely
to begin to condense (RH = 1) or where already existing con-
densate is likely to begin to evaporate (RH < 1). An existing
theoretical method was used to compute flowfields, which
were post-processed to determine relative humidity in the local
flow. Thus, it was possible to examine the sensitivity of rela-
tive humidity to changes in flow pressure and temperature
during expansions and compressions.

Derivation of Equations

The objective of the following derivation is to obtain an
expression for local relative humidity as a function of free-
stream relative humidity and local and freestream values of
static pressures and temperatures. In this way, relative humid-
ity will be given as a function of local variables, which are
computed by the Euler or Navier-Stokes codes.

The equations used in this analysis can be derived by taking
moist air as a mixture of two gases, dry air and water vapor.
For moist air, Wegener and Mack?? found that the ratio of
specific heat was a constant and was approximately 1.4 for the
range of pressures and temperatures of this study. In addition,
Van Wylen’” determined that the perfect gas law can be used
for the mixture as well as for the individual components of the
mixture.

p =pRT M

Since each component of the gas mixture has a partial pres-
sure, the static pressure in the flow is given by the sum of Da
and p,:

P=p,+p 2

The expressions for local and freestream static pressures
are:

pl=pa,l+pv,l and poo=pa,oo +pv,oo (3)

Following Eq. (2.1) from Wegener and Mack,?® relative hu-
midity is defined as

& =100 RH )]

where RH is the ratio of p, to p, at the local temperature of the
air.

RH = Pv/Ds (&)

Dewpoint is the temperature at which water vapor may begin
to condense, and occurs when RH reaches a value of 1. For
aircraft in flight, any small particulates in the air, such as dust,
pollution, etc., will provide the seed particles for condensation
to commence. This is the heterogeneous process described by
Wegener and Mack® and Hall.** When the temperature has
dropped below the dewpoint, the air is considered super-
cooled.

First, define relative humidity for freestream and local flow

conditions:
RH,, = (%) =P o oT, )
s/ » Psoo

RH, =<f7"> =But o1, 10
s/ ¢ ps,l

Following Van Wylen,* define y, as the ratio of D, to the sum
of the partial pressures, which is p.

Yy =Py/D OF p,=y,p (®)
The mole fraction is a constant until condensation starts. A

more detailed discussion is given by Wegener and Mack? who
used a mixing ratio.
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At freestream and local conditions,
Do = Yu,o0 Poo &)
Dot = Yo, Pe 10
where p., and p, are freestream and local static pressures, re-

spectively. Substitute for partial pressure of water vapor in the
freestream, Eq. (9), into Eq. (6) to get:

RH, =—— =—"—— 11

s, 00 Ds, 0

Solving for freestream mole fraction,

Yo = RH,, 222 (12)

@

Similarly, for local flow,

RH[=IQ’—g=y”’l‘m (13)
ps,t’ ps,l

Taking the mole fraction to be constant throughout the flow,
Yut=Yu, and substitute for y,,in Eq. (13). Then

=yv,oopl

RH, =722 (14)
Hence,
Yot =Yoo = RHo 2 (15)
Substitute Eq. (15) into Eq. (14) to get
RH,= RH,, 2t Ps= (16)

P Ds,p

The vapor-pressure curve for water is presented in Fig. 2,
which defines the conditions of static pressure and tempera-
ture under which a vapor and liguid can coexist; that is, where
RH = 1. For RH > 1, condensation can begin and for RH <1,
evaporation can take place. The constants used in the expres-
sion,

2263
=6.064 — ==~ 7
logiops(atm) = 6.064 T® 17)

were obtained from Wegener.® This equation defines a single
function to use with freestream and local values of tempera-
ture to obtain values for p; . and ps,. Substituting Eq. (17)
into Eq. (16) yields

RH;=RH., % 10['% ()] (18)

Thus, RH,is a linear function of RH,,, freestream and local
pressure, and a log function of local and freestream tempera-
tures. Therefore, increasing p, and decreasing 7, increases
RH,, while decreasing p, and increasing T, decreases RH,.

Two-Dimensional Navier-Stokes Example

An example of a calculated result for RH, is presented in
Fig. 3 for the upper surface flow of an airfoil at transonic
conditions. The two-dimensional Navier-Stokes code of Rum-
sey et al.’® was used to solve the flowfield about an RAE
2822 airfoil at o =2.81 deg, M,=0.75 T,=280 K,
Re = 6.2 x 105, and RH,, = 0.85. The output from the code
was post-processed to obtain the values for relative humidity,
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Fig. 2 Pressure of saturated water vapor as a function of tempera-
ture.

and, as a result, there is no effect of condensation actually
taking place in this calculation. Condensing flow does affect
the local flow properties, but accounting for this in a full
calculation is beyond the scope of the paper. Contour plots
of Mach number and relative humidity are shown in Figs. 3a
and 3b, respectively. The relative humidity contour is
very similar to the Mach contour because relative humidity
is a function of Mach number.?® The flow expands from
the subsonic freestream to supersonic Mach numbers over
the airfoil, with a maximum value of about 1.30 near the
airfoil surface in front of the shock wave. The flow
then compresses through the shock to subsonic flow at the
trailing edge. Correspondingly, the relative humidity increases
rapidly in the expansion portion of the airfoil flow, reaching
a value of about 20 in front of the shock, then decreases
rapidly through the shock to a value less than 1.0 at the trail-
ing edge.

Although it is difficult to see in the contour plot, the calcu-
lations showed that the boundary-layer flow adjacent to the
airfoil surface had higher temperatures, which resulted in low
values of RH,. This result is consistent with the analysis of
Wegener and Mack,? who observed that a shear flow is one of
the ways to evaporate condensed flow back into a vapor.

The flow Mach number, static pressure and temperature,
and relative humidity are presented along a streamline through
the flow in Figs. 3¢ and 3d. The properties along the stream-
line show that the flow expands quickly from the nose region,
resulting in rapid increases in M, decreases in local pressure
and temperature, and increases in RH,. These trends continue
until maximum or minimum values are reached for all of the
properties just in front of the shock wave. Rapid flow com-
pressions through the shock wave result in large increases in
static pressure and temperature, and a correspondingly signif-
icant decrease in the relative humidity.

Recalling Eq. (18), decreasing temperature results in higher
values of RH, through a logarithmic function while decreasing
pressure results in lower values of RH, through a linear func-
tion. Therefore, a given change in temperature has a much
greater effect on the value of RH, than a proportional change
in pressure. Figures 3c and 3d demonstrate this trend. The
temperature decrease along the streamline in front of the
shock results in a strong rise in RH, in spite of the pressure
decrease. Through the shock, the sharp temperature rise re-
sults in the drop of RH,, in spite of rising pressures. This is the
same trend for the relative importance of temperature over
pressure that Pope and Goin?® described for a supersonic noz-
zle expansion presented in Fig. 1b.

The extremely high local values of relative humidity are not
realistic since the flow can begin condensing at RH,= 1, and
will condense even without seed particles when RH,is about 4,
when homogeneous nucleation occurs.3® Once condensation
occurs, the resulting heat released keeps the value of RH,
roughly between 1 and 4. While the RH,> 4 is unrealistic, the
relative magnitudes of RH, indicate where condensation
should occur first in the flow and be the most prominent.
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Fig.3 Two-dimensional Navier-Stokes solution and corresponding

flow properties along a streamline for an RAE 2822 airfoil;
M =075, T = 280 K, RHo = 085, o = 2.81 deg, Re = 6.2 x 105,
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In order to attain visual patterns of calculated relative hu-
midity for different types of airplane flows, additional compu-
tational results are presented in the next section.

Correlation of Flight Condensation Patterns

Three flight condensation patterns were found to be com-
mon for a variety of airplanes: the spanwise ‘‘gull’’ pattern for
swept wing-bodies, expansion and shock patterns for configu-
rations with transonic flow, and leading-edge separation-in-
duced vortex flow for slender wings. Calculations of relative
humidity were obtained for examples of each of these three
types of flowfields to compare qualitatively with the conden-
sation patterns in flight. These relative humidity calculations
were made by post-processing existing solutions that were cal-
culated with a standard computer code that does not take into
account the possibility of condensation. The existing solutions
were not calculated using the specific geometry of the flight
examples, but are believed to be generally representative of the
classes of flow. The computer code used to generate results for
the three types of flowfields was an upwind-biased, finite-vol-
ume scheme (see Rumsey et al.,?® Anderson et al.,*® Thomas
and Anderson,* and Thomas et al.*’). The code could be run
using generalized coordinates in either two or three dimen-
sions with either the Euler or the Navier-Stokes equations.
Values of RH,, = 0.85 and T, = 280 K used for these calcula-
tions were arbitrarily chosen to represent a typical atmo-
spheric condition.

All color graphics are shown with a light blue background.
Values for RH, ranged from black for the minimum values
shown to white for the maximum values shown. Geometries
are shown as gray for the wing-body and delta-wing configu-
rations, and as brown for the airfoil.

Gull Patterns

A flow pattern observed on a number of swept wing air-
planes during maneuvering flight is the spanwise ‘‘gull’’ shape
shown in Fig. 4a. The photograph is of the transonic aircraft
technology (TACT) airplane at M, = 0.82 during a 3.3 g
turn with o = 6.9 deg. The flow is not condensed over the
fuselage, but builds up progressively from the wing root to a
maximum about mid-span, then diminishes as the wing tip is
approached. There is no apparent condensation on the lower
wing surface, and the wing tip vortices stream rearward from
the tips. The fact that the trailing-edge region of the wing is
visible indicates that flow evaporation has taken place in that
area. For this flight condition, flight data® indicate that there
is a shock wave over the wing, which, as noted in Fig. 3, would
increase temperature, decrease relative humidity, and induce
evaporation.

The calculated relative humidity pattern (Fig. 4b) was ob-
tained by post-processing three-dimensional Euler code results
of Anderson et al.** and Thomas and Anderson* for a swept
wing-body configuration (Boeing 747-200) at M, = 0.84,
To =280 K, o =2.4 deg, and RH,, = 0.85. The pattern was
generated for spanwise planes of RH,, ranging in value from
1.6-12.0. For clarity, values of RH,;< 1.6 are not shown. The
calculation results in a spanwise pattern on the wing and body
similar to that observed for the flight condensation on the
TACT.

Maximum velocities, and hence minimum temperatures and
pressures, occur over the mid-span section of the wing and
result in the largest values of RH, (shown as white). Similar to
the results for the RAE 2822 airfoil described in Fig. 3, the
temperature change has a greater effect on RH,than the pres-
sure change. The values of RH, decrease at the wing root, tip,
and trailing-edge due to temperature recovery and in spite of
pressure increase. As before, the temperature effect dominates
RH, because it is the stronger function.

Expansion and Shock Patterns

Some of the most dramatic condensation patterns occur at
transonic conditions, where the supercritical flow around an
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a) Flight condensation

b) Calculated relative humidity

Fig.4 Comparison of ‘‘gull”’ patterns obtained form flight conden-
sation with those from calculated relative humidity for swept wing-
bodies with transonic flow; Mo = 0.8

airplane extends to large vertical distances from the airplane.
A good example of this phenomenon is shown in Fig. 5a for an
F-14 airplane* during level flight at M,, = 0.9. The freestream
flow accelerates to supersonic speeds above and below the
wing, causing the flow to condense in the expansion waves in
the front portion of the condensation pattern. The aft end of
the pattern is created by a shock wave through which the flow
is decelerated back to subsonic speeds. Recalling the discus-
sion for Fig. 3, the rapid temperature rise through the shock
causes the condensed flow to evaporate. Note also the conden-
sation at the canopy, which indicates an expanded flow in that
area.

The two-dimensional Navier-Stokes code results of Rumsey
et al.3® were used to calculate the relative humidity pattern for
transonic flow over an NACA 0012 airfoil at o = 2 deg with
M, =09, T, =280 K, RH,, =0.85, and Re =9 x 10°. RH,
values are shown from 2.0-44.0; RH, values less than 2.0 are
shown as light blue. The calculated pattern is qualitatively
similar to the condensed pattern on the F-14 in that it shows
expansion regions of supercritical flow and shock waves. Of
course, the intent here is not to compare the two-dimensional
airfoil solution directly with patterns created by the three-di-
mensional F-14 geometry, but just to generally illustrate the
effects of relative humidity in supercritical flows. Calculating
the F-14 flowfield with a three-dimensional transonic code
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a) Flight condensation

b) Calculated relative humidity

Fig. 5 Comparison of expansion and shock patterns obtained from
flight condensation with those from calculated relative humidity for
highly-swept and unswept configurations with transonic flow;
Mo =0.9.

would provide more specific comparisons between the calcu-
lated humidity pattern and inflight condensation. The light
blue at the airfoil surface is indicative of the low RH,values in
the boundary layer, which was discussed previously for Fig.
3b.

Leading-Edge Vortex Flow Patterns

In Fig. 6a, leading-edge vortex flows are illustrated by con-
densed patterns on top of the wings of the Concorde during
landing. A comparable pattern of calculated relative humidity
(Fig. 6b) was obtained for a 76 deg slender delta wing using the
three-dimensional Navier-Stokes code results of Thomas et
al.* The calculations were made for M., = 0.3, a = 20.5 deg,
T. =280 K, RH,, = 0.85, and Re = 0.95 x 109, and are plot-
ted for RH, values from 1.0-1.25. Values less than 1.0 are not
shown for clarity. The maximum value for RH, is lower than
the previous calculations because of the lower freestream
Mach number.
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a) Flight condensation

b) Calculated relative humidity

Fig. 6 Comparison of leading-edge vortex patterns obtained from
flight condensation with those from calculated relative humidity for
slender configurations, low speed.

The calculated relative humidity pattern shows the leading-
edge separation-induced vortex system over the delta wing.
Flow expansion occurs around the vortex core with the highest
RH, values (white) being under the core. The size of the pat-
tern grows from the apex rearward to about 50% aft, where it
reaches a maximum and then diminishes as the trailing edge is
reached. This reduction is due to the trailing-edge recovery,
with its corresponding rise in temperature and pressure, and is
not due to a vortex breakdown. For this configuration, vortex
burst occurs at the wing trailing edge at « ~ 33 deg according
to both the theory of Thomas et al.** and the experiments of
Hummel.** The Concorde’s condensation pattern appears to
exhibit a similar trailing-edge recovery effect to that calculated
for the delta wing as evidenced by the evaporation of con-
densed vortex flow near the wing trailing edge.

An interesting outcome of the calculated RH, pattern is that
the core region of the vortex appears as a ‘“‘hole,’’ where RH,
values were less than 1.0 and thus were not plotted. Examina-
tion of the flowfield results*® showed that the core experiences
a temperature increase and pressure decrease, compared to
just outside the core, which results in a core value for RH,less
than 1.0. This may be an additional explanation of why vortex
cores sometimes appear to be hollow or clear, as noted in Figs.
12a and 13a, in addition to the classical explanation of cen-
trifugal effects on core fluid particles.

J. AIRCRAFT

a) F-18, high speed pull up

b) F-4, high speed pass on the deck

Fig. 7 Example of transonic flow patterns for several fighter aircraft.

These computations for three different classes of airplane
flow suggest that calculations of relative humidity with flow-
field codes is a useful way to obtain a qualitative indicator of
condensation patterns. However, a more realistic assessment
of these relative humidity contours must be made by compar-
ing with the specific airplane geometry for which condensation
data are available, as well as by incorporating condensation
effects into the modeling equations.

Airplane Flow Patterns

Some additional examples of the inflight photographs are
presented to illustrate the variety of airplane flow patterns that
have been visualized by the condensation process. The com-
plete collection of photographs obtained for this study show
patterns for a large number of airplanes through a range of
flight conditions. However, because of the large number of
photographs involved, only a few have been selected for pre-
sentation herein.

High Speed Flows

Transonic flows around fighter aircraft occur for a wide
range of speed and maneuver conditions. Two examples are
presented in Fig. 7, which shows an F-18 in a high speed pull
up and an F-4 in a high speed pass over a runway. The con-
densed patterns are similar to the patterns obtained for the
F-14 (Fig. 5a), where the flow condenses in the expansion re-
gion and evaporates as the flow goes through the shock wave.
The resulting pattern is often referred to as a Mach diamond.

Comparing the condensed flow patterns for the F-18 and
F-4 leads to several observations. At low angles of attack and
high subsonic speed, ‘the F-4 has supercritical flow above and
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below the airplane and the shock wave appears to be essen-
tially perpendicular to the fuselage. Unlike the F-4, the F-18
has condensation only over the upper part of the airplane,
which is due to having much less expansion on the lower sur-
face. In addition, the shock wave for the F-18 slopes forward,
which is indicative of a lower subsonic Mach number than the
F-4. Both aircraft have condensation occurring over their
canopies, because of the flow expansion in that area.

Condensation patterns, even vortex flows, can occur at su-
personic speeds, as evidenced by the photograph of the B-70
bomber presented in Fig. 8. As can be seen, condensed vortex
flows originate from the canard, and the outer wing panel di-
hedral break of a B-70 at supersonic speeds, which is deflected
down about 25 deg. The canard vortices appear to thin out as
they pass over the aft end of the vehicle, which is probably due
to its passing through the trailing shock wave. Additionally,
there is condensation over the forward fuselage and canard
due to flow expansions. The trailing-edge flaps are deflected
down together with an up deflection of the canard for longitu-
dinal control.*’ The expansion over the trailing-edge flaps also
results in flow condensation.

Vortical Flows

Wing-Body Strake and Glove

Wing-body strakes and gloves are slender, highly-swept air-
plane surfaces that can develop lead-edge vortices. At the in-
tersection of the wing-body strake, or glove, with the wing, the
virtical flow sheds downstream and passes over the aft wing
and tail surfaces. Examples of this class of condensed vortex
flow are illustrated for wing-body strake vortices on the F-16
fighter at maneuver conditions Fig. 9a, and for the glove vor-
tices on the B-1 bomber at a high lift condition in Fig. 9b. The
wing-body strake on the F-16 fighter is a thin, aerodynami-
cally-sharp surface designed to generate a strong vortex to en-
hance maneuver performance. On the other hand, the glove
on the B-1 bomber has a thick, rounded leading-edge, which is
designed to delay leading-edge separation. The B-1 glove has
a leading-edge sweep angle of about 70 deg so that the flow
separates at a moderate angle of attack to yield the glove vor-
tices noted in the figure.

Multiple Interacting

Variable sweep and double-delta type of wing planforms
can have vortices generated by inboard and outboard plan-
forms with different sweep angles. These vortices interact with
each other as they flow over the wing. The flows about the
F-14 (Fig. 10a) and the SR-71 (Fig. 10b) are good examples of
multiple vortex interactions. On the F-14, vortices are gener-
ated inboard on the glove and glove-vane, which is extended

Canard/canopy
~ expansions —

Canard tip
voriices \

-Expansion over
down-deflected
elevon .

Vortices-
. from
folding
wing-tip
Fig.- 8 Condensation patterns on the B-70 bomber airplane at super-
sonic cruise.
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vortices

a) Wing-body strake vortices on F-16 during maneuver

b) Glove vortices on B-1 with wings at unswept position

Fig. 9 Condensed vortex flows generated by wing-body strakes on a
fighter and by gloves on a bomber.

for this case of high wing sweep, and outboard on the wing
panel.

On the SR-71, leading-edge vortex flows are generated from
the chine on the engine nacelle and from the outboard wing
panel. Since the two vortices are corotating, i.e., rotate in the
same direction, the vortex flows rotate about each other. The
outer-panel vortex is displaced upward and inboard, while the
chine vortex is displaced downward and outboard to form the
spiraling pattern in the photograph.

Streamwise Vorticity from Wing Leading-Edges

Condensation can occur in streamwise vorticity that is shed
from wing leading-edges of transport and fighter airplanes as
is shown in Fig. 11. The small streamwise vortices were ob-
served on the inboard portion of wing of the Boeing 737 trans-
port (Fig. 11a) during climb-out with its wing leading-edge
devices retracted. It is believed that this pattern is initiated in
the wing leading-edge region and is related to the growth of
the three-dimensional, boundary-layer, cross-flow instability
vortices, which are corotating and streamwise. Poll* has re-
cently studied these vortices for their implications on the
three-dimensional boundary-layer transition process.

A similar condensation pattern was obtained for the F-18
(Fig. 11b), where the wing leading-edge and trailing-edge flaps
are deflected for a maneuver condition. The vorticity is shed
streamwise from the leading-edge region and spanwise over
the whole wing, although the size and spacing appears to be
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a) F-14 during maneuver with wings swept aft

:Ch/%ﬁe and outer-
~panel vortices

b) SR-71 at landing

Fig. 10 Multiple interacting leading-edge vortex flows on fighter and
supersonic-cruise aircraft F-14 during maneuver with wings swept aft

b) F-18 fighter during maneuver
Fig. 11 Streamwise vorticity from wing leading-edges of transport
and fighter airplanes.
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a) Favorable: Boeing 707 nacelle strakes at high lift

b) Unfavorable: propulsion-induced ground vortices on YC-14

Fig. 12  Favorable and unfavorable vortex flows generated by trans-
port airplanes.

larger than observed on the transport. For both aircraft, the
condensation pattern appears to stop at the wing midchord.
This effect is interpreted to be the result of the upper surface
flow compressing as it approaches the trailing-edge, which
could increase temperature and cause evaporation. The
streamwise vortices themselves would be expected to continue
over the wing and into the wing wake.

Vortex Generation

The condensation patterns shown in Fig. 12 illustrate sev-
eral ways that vortex flows are generated in manners that can
help or hinder the performance of transport airplanes. In Fig.
12a, small strakes were located on the inboard side of the na-
celles of a Boeing 707 to generate strong vortices that pass over
the wing upper surface to improve wing flow at the high-lift
conditions with the leading-edge devices deflected down. The
strake vortices help control separated flow off of the nacelles
at high lift, which reduces the airplane’s approach speed and
landing field lengths.*

Note that the vortex cores are clear of condensed flow, and
appear like hollow tubes. A possible explanation for this was
discussed previously for the leading-edge vortex calculations
for a delta wing. The analysis showed that the core relative
humidity was less than 1, which leads to vaporization. An-
other influence is due to centrifugal effects which move con-
densed particlesl out of the core. Mueller!! describes this pro-
cess for smoke particles.
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An engine can induce a ground, or starting vortex, if the
propulsion unit has_enough power and/or is close enough to
the ground. This undesirable type of vortex flow is dramati-
cally illustrated by the YC-14 (Fig. 12b), where ground vor-
tices are being induced into the propulsion inlets, especially on
the right side. This flow environment around the inlet creates
problems of ingesting foreign objects*®** and is a safety haz-
ard for ground personnel working near transports and fight-
ers. Fighters are very susceptible to this problem since their jet
éngines are in close proximity to the runway or carrier deck.

Vortices from Edges

Vortices that are generated at wing tips and at the side edges
of trailing-edge flaps are among the most commonly observed
condensed flow patterns. The examples shown in Figs. 13a
and 13b are for a Jaguar aircraft during a maneuver, and a
DC-9 during landing, respectively. These vortices are typically
observed at take off, landings, and maneuver at low altitude
where they can be seen by ground observers. There is a regular
pattern that occurs in the tip vortices of the Jaguar, which is
not currently understood.

Engine Inlet Related

At some maneuver conditions, fighter airplanes can gener-
ate vortex flows that originate near their engine inlets that may
affect inlet performance as well as interact with aft surfaces.
The flow expands through the F-4 boundary-layer diverters

a) Wing-tip vortices on Jaguar during maneuver

b) Vortex from side edge of t:ailiqg-edge flap of DC-9 during landing

Fig. 13  Vortex flows from the edgés of wings and flaps for transport
and fighter airplanes.
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and condenses to create the vortex flow pattern shown in Fig.
14a. In addition, a vortex appears to be generated from the
F-14 inlet cowl (Fig. 14b), which then passes over the glove
and- horizontal tail surfaces. The inlet cowl vortex was ob-
served in a water tunnel test of an F-14 model.*® The conden-
sation patterns suggest that an additional vortex is created at
the missile launch rail located on the underside of the glove.

Correlation with Tunnels

Several comparisons of flight and tunnel flow patterns are
shown to demonstrate similarities and differences between the
full scale flight condensed flow patterns and the smaller scale
tunnel results. Existing techniques, such as smoke in wind tun-
nels.and dyes in water tunnels, have been used for a number of
years and have matured to an acceptance level by the research
community.

LEX Vortex Flow

Vortex burst is a common aerodynamic phenomenon that
occurs at some angles of attack for all leading-edge vortex
flows. An F-18 leading-edge extension (LEX) has a strong vor-
tex flow that bursts upstream of the vertical tails at high angles
of attack. The flow patterns are illustrated in Fig. 15a for the
airplane in flight, and in Fig. 15b for a scale model in a water
tunnel. The flight condensation pattern shows the LEX vortex
that appears to end in mid air. Of course, the vortical flow
continues on beyond the burst point, which is illustrated by
dyes in an experiment by Erickson®! in the Northrop water
tunnel with o = 32 deg.

‘The reason for the disppearance of the condensed flow near
the vortex burst point is probably due to the fact that there is
an adverse pressure gradient and deceleration of flow,**

a) F-4 boundary-layer diverter vortices

Launch rail ‘\ /

' /
- \me\cow\\ //}/ . ‘/‘

D A

b) F-14 engine inlef-cowl vortex

Fig. 14  Vortex flows generated near engihe inlets for several fighter
airplanes during maneuver.
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Vbrtéi{: burst

a) Flight condensation during maneuver

LEX vortex ccre

Vor’rex burs? ‘

b) Water wunnel dyes, o = 32 deg

Fig. 15. Vortex burst on an F-18 configuration visualized with con-
densation in flight and dyes in a water tunnel.

which causes a rise in pressure and temperature that is great
enough to cause evaporation to occur. A similar process oc¢-
curs for condensed flow that vaporizes at a shock wave, as
discussed previously. This suggests that caution should be ex-
ercised when comparing flows visualized by condensation with
those by seeding, like dyes or smoke.

Stredm wise Vortices in a Separated Shear Layer

When the flow separates from a slender, highly-swept lead-
ing-edge, a shear layer, or vortex sheet, is formed. This shear
layer is often depicted as a sheet with no substructure or detail
apparent. However, in recent low-speed wind tunnel research,
Payne? used smoke to visualize streamwise vortices in the
leading-edge vortex sheet, as shown in Fig. 16b for a 75 deg
delta wing at o = 20 deg. These secondary vertical structures
follow a helical path in. the shear layer as suggested by the
sketch of Squire et al.s Coniparable secondary vortical struc-
tures are shown in Fig. 16a for the condensed LEX vortex flow
on an F-18.

This is the first occasion for this photographic evidence to
be made available to the research community, and suggests
that the vortex structure that had been researched at lower
Reynolds number in a wind tunnel (8.5 x 10%) does occur in
flight at full-scale Reynolds number. Thus the in-flight con-
densation patterns can be useful for research information even
when the flight conditions for the photographs are unknown.

Future Research
Additional studies are required to help validate in-flight
condensation as an acceptable flight flow visualization tech-
nique. First of all, accurate flight and atmospheric conditions
are needed to make the photographic information more usable
for steady and unsteady maneuvers.

J. AIRCRAFT

Streamwise

vortices

a) LEX vortex flow on F-18, flight condensation during maneuver

Diagram ' flow
(Scire, 19611

b) Leading-edge vortex flow on 75 deg delta wing, wind tunnel smoke,
o =20 deg

Fig. 16 Streamwise vortices in separated shear layer visualized with
flight condensaton and with wind tunnel smoke.

Flight and wind tunnel experiments are needed to determine
what conditions are necessary for condensation to occur as a
function of flight envelope, i.e., speed and altitude, atmo-
spheric conditions, and airplane geometries. This may require
some new wind tunnel and flight test techhiques to be devel-
oped to answer some of these questions, although portions of
existing flow visualization techniques should be adaptable to
studying condensation. This information would also help eval-
uate the usefulness of the simiple relative humidity formulation
that is used in this paper.

Detailed research could help determine what effect condens-
ing and evaporating flow has on the flowfield. That is, does
the presence of condensation alter the thermodynamics
enough to change the pressure distribution over the aircraft?
Answering this question would also determine if a more accu-
rate formulation of the condensation process is necessary.

Additional comparisons should be made between condensa-
tion patterns and other forms of flow visualization in flight
and tunnels to investigate the strengths and weaknesses be-
tween the techniques for a variety of flowfields.

Conclusions

Flight condensation patterns illustrate a variety of airplane
flowfields, such as attached and separated flows, vortex flows,
and expansion and shock waves. These patterns are a unique
source of flow visualization that has not been generally uti-
lized previously.

Calculating relative humidity by post-processing solution
fields obtained with standard computational codes provides a
qualitative indicator of the condensation pattern.
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Analysis shows vortex cores have a low relative humidity
(< 1), which may help explain the voids in condensed vortex
flows. .

The analysis also revealed that relative humidity is more
sensitive to changes in local static temperature than to changes
in pressure.

The relative humidity formulation must be compared with
specific wind tunnel and/or flight geometries where condensa-
tion data are available. A more complete theoretical modeling
may be necessary to obtain details of the condensation pro-
cess.

Flight condensation patterns at full-scale Reynolds number
can provide useful information for researchers experimenting
in sub-scale tunnels.

Some observations of the in-flight condensed flow patterns
are: 1) vortex burst can evaporate the condensed LEX vortex
flow; and 2) streamwise vortices were observed in separated
shear layers on a LEX vortex.
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