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A SUMMARY OF NASA RESEARCH ON
2 F S OF HEAVY RAIN ON AIRFOILS
by
Dana J. Dunham, H. | Dunharm, Jr., and Gaudy M. Bezos
NASA Langley Research Center
Mail Stop 355
Hampton, VA 23665-9225
United States

5 LHIVEIN A Y NCHMENC L AT R E

This paper presents rasulls from a broad (o seclion drag coefficient
National Aeronaulics and Space

Administration (NASA) research program (o Coy drag
obtain fundamantal asrodynamic information

afficiant

regarding the effect of heavy rain on airplane G saction lift coeflicient
performance. The take-off and landing

characleristics are of particular concern, () lift coesffician

and the aim of the program is 1o undarstand )

the physical phenomena associated with any e i watar contant oo
aero-dynamic performance penalty that may LG Tiquid watar contant, g/m

ocour during a rain encountar.  This over- R raindall rate in/hr or mm/hr
view includes resulls of recent attempts 1o
measure high-intensity, short-duration

rainfall, a discussion of some of the earlier
analytical investigalions of rain efi
airfoils, a review of some promisin
experimental methods for evaluating
effacts, and some important sca
considerations for extrapolating ma

o angle of attack, ceg.

INTRODUCTION

Unlil the late seventies the racognition of
har-related salely hazards to aircraft
performance and oparations had included
claar-air turbulence, lighining, icing, hail,
low-altitude windshear, and microburst.  The
lattar two phenomena have long beean
recognized as hazards 1o aircraft landing and
: f operalions. In 1977 the Uniled
Federal Aviation Administration
aircralt ace

W

Based on the comparisons available balwean
the limited large- mwm|mﬁuMﬁ.umllnnummM
tunnel resulls, ral A [
Mmgm;muijwIIWMHM|ummH5.wnJMamed1m
predict large-scale heavy rain effacts.
Although reductions in maxirmum lift
capability and corresponding increases in dents and inc s which occurred belwean
drag wara measurad for bolh the crulse and 1964 and 1976 in which low-altitude wind
hmﬁk““ anmmmmmmﬂﬁ,IMG WWMT““ : (MMWWNHW|HMNIK»ﬂn&ﬂﬁﬂﬂ““mﬂMﬂ'MChW
configuration was more sensitive 1o the rain ?‘WV
environment than the cruise configuration. -~
The data indicated & reduction in maximum
lif capability with increasing rainfall rate
and an associated decraase in the angle of
attack al which maximum ift occurs. [
would appear that normal lransport aircraft
operations would not be affectad by heavy
rain since most operations avoid angles of
attack near stall.  However, if the heavy rain
gncounter occurs during & severa low
allitude wind shear then the piloting This
sdures used o counter the wind shear
st omay result in operating at a higher
than normal angle of altack.

umﬂ
IWMWW il §
r@:rn‘lnd nblhm MMAHLMHmhMHHIIH hmm
intensity, short-duration rainfall as
potential weather-related aircrafl safety
hazard, particularly in the take-ofl and/or
approach phases of fight.

wer s an overview of the most recen
work conducted by the NASA and others Lo

slucly the potential infiuence of heavy rain on
airfoil performance.  The ovarview includes
results of recent altempls o measure high-

[oro

g
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intensity, short-duration rainfall, a
discussion of some of the earlier analytical
invastigations of rain effects on airfoils, a
review of some promising experimental
methods for evaluating rain effects, and
some important scaling considerations for
extrapolaling moded data. The latest
axperimental data are also p ted and
discussed. A complete understanding of the
influence of rain on airfoil parformance will
require significant additional effort both
amuhnmumv.nultwmmMMHHNﬂWﬂkammrﬁw
ssmant of the degree of hazard

siated with flight operations in a rain
anvironmant can be made.

THE CHARACTEFISTICS OF HEAVY

R ATN

In order lo develop analytical models and
conduct experimantal studias on the effect of
rain on airfoil performance, the phenc
of naturally occuring precipilation needs to
e unde tood.  An understanding of the drop
size distribution associaled with heavy rain,
the frequancy of occurrence, and Ihe range
ol rainfall rates is required in order to
assess hazard potential for aircraft
opearation.

Two "lump parameter” quantities generally
used to describe rain are rainfall re e (M) and
liquid water content (LWGC). Rainfall rate is
the linear accumulation depth at ground level
per unit time and is typically used to
aracterize rainfall at ground lavel. For
airborne measuraments the liquid water
content, the mass of liquid water per unit

‘wﬂunva$uaWuﬁmpw“‘ﬁmlm$1@mﬁm is the
meaninglul parameter. The relalionship
betwean LWG and R is uniquely dependent on
the type of storm and the inlensity level of
the rm.In the absence of a vertical wind
valocily, the LW is directly related to the
rainfall rate and the drop size distribution.
Figure 1 from Dunham, rel. 2, is a plot of the
LWC as a function of rainfall rate for both
light widespread rain and thunderstorm typs
rain. Fain is adequately modeled when the
lype of rain environmen! is specified
(thunderstorm or continous) and either the
liquid water content or rainfall rate is given.

The range of rainfall rales that an airplane
could expect o encountar varies from light
rain of 5-10 mm per hour up to very large
rainfall rates.  The ground-level world

record rainfall accumulation of 1.23 inch

50

one minute was measured in an intense
alternoon thunderstorm on July 4, 195¢
af. 3). The volume of rain accumulated in
oneg minute time interval is equivalent to
ainfall rate of 1830 mmhr (73.8 infhr).
The upper boundary for airborme
measurements of liquid waler conten! is 44

guwwr COITe wling 1o approximately 2¢
mmvhe (117 infhry, measured by an
instrmented F-100 airplana in 1962 by Roys
and Kessler (ref, 4).

With the resurgence of inlerest in the
characterization of high-intensity rain-fall, a
review ol the literature prior 10 1987
pertaining 1o natural rainfall measurameants
revealed that the majority of the ground-
; over

ing-huckeat, mora commonly rafarred to
as a lipping buckel (Jones and Sims, rel. §).
: son (ref. 6), this
hnique results in lower
g calculated and masks the
short-duration, high-intensity rainfall
charac iated with thunder-
storms. The work of Jones and Sims and
Melson both address the magnitude, duratior
and probability distribution of high-intensily
rainfall.

¢ irement
rainfall rales he

SUGCES #8560

The probakility thﬂmHMwndhhnumMacMwlhy
and Sims, measurad over lime
mUHuuﬂt:m|1-imwﬂﬂwwmﬂﬂﬁ‘mNMManHﬁﬂﬁ
at ground level, are useful for determining
tha polential for encountering a given rainfall
rate.  They analyzed data collected over a
one-yaar period on racording weighing-
buckel raingages placed throughout the

world. G 5 from maritime sublropical
(Southeastern USA, Vielnam, Marshall
Islands, Japan), continental lemperale
(Midweastern SN, Al . maritime
temperate (En
MNorthweste
M$HMN,EHWWVMHWWWH|J$ﬂ) BHIONS We
used. Figure 2 is a summary of the ave ]
zonal frequency distribution curves oblained.
The probable number of minutes a given
rainfall rale (or greater) can be axpectad |
ﬂﬂMMMWOWWﬂNHWMLﬂlVHHIthkMrUhLWWW|
from figure 2 by converting the ordinate
from percent to a fractional portion of time
and mulliplying by the number of minules in a
vmmr“i”%ﬂﬁ:ﬁ1mﬁ) The Jones and Sims
data indicale that for aboul two minute
evary yaar in the maritima suptropleal zone,

of:




a rainfall rate greater than 200 mm/hr (8
wwmw4mnwdmwa@mpwﬁmm\almnyImcaMmm

The lack of rainfall MBASWOMEnts over very
short time constants, on the order ol
seconds, led 1o the developmant of a ground-
based natural rainfall measurement lechnique
by Melson. His technique acquires data over
vary short time conslants, as shorl as one
sample per second. Dala are being acquirad
at B geographical sites: Darwin, Australia;
Seattle, Washinglon; Denver, Colorado;
Kannedy Space Center, Florida; Hampton,
Virginia; and Wallops Island, Virginia. His
measurement lechnique has verified the
existence of high-intensity rainfall at ground
level (ref. 7). Figure 3 is a bar chart
surmmary of the frequency and magnilude of
the events measured above 100 mmvhr (4
in/hr) and the duration times of the
events. COwver 7,000 avenls have been
measurad above 100 mm/hr since the lesl
program began in 1988, The maximum
rainfall rate measured of 720 mm/hr (28
infhr) oceurred for just under ten seconds al
NASA Wallops Flight Facility in 1990, In
figure 4 the data are presented as
percentages of the 1otal number of

I"

measurad were above
20 in/hr. The rainfall rates above 20 in/hr
were sustained up to 10 seconds per event.
These ground-based resuits along with the
inflight thunderstorm measurements by Roys
and Kessler indicate thal the probability of an
airplane encountaring short-duration rainfall
rates greater than 200 mm/she (8 in/hr) may
be hig than the probability indicated by
Jones and Sims.

3¢

ANALYTIGAL WORK

The effect of rain on the asrodynamic
performance of an airplane was addressed
analytically as early as 1941 by Rhoda

8). His analysis indicatad that drag

i ases assoclated with the momentum of a
aircraft encountering a rain cloud with
a\wmwlwrmt(mmnmmmulm.ulwmﬂ
(equivalent 1o approximalely 1270 mm/hr or
S0 indhr) would cause an 18 percent
reduction in airspeed. Rhode considered such
an encounter 10 be of a short duration and of
little consequence to an aircraft flying at
5000 feet

Since low visibility lake-offs and landings
were not routine in 1941, the consequences

of & heavy rain encounter during these
phases of flighl was not congidered.
However, for a modern day transport such
an airspesd loss during take-off or landing
would be significant.  The inlluence of rain on
airplane performance was addressed again in
1982 when Haines and Luers {ref. 9), undar
contract from NASA, evalualed the eflecl of
rain on aircraft landing performance. In the
intervening years a greal deal of work had
gone into calculating the motion of water
drop particles in the flowlield about an airfl
(refs. 10 to 14); however these aelforls
were directad at caloulating water drop
lrajectories and impingamant on the alrloil
for purposes of estimating ice accretion.  The
influance of liquid watar on the airfail
parformance was not calculaled.

The Haines and Luers study was an altempt
al refining the study of Rhode to estimale the
affects of rain on & modern-day airplane,
Thair analysis nol only included the
calculation of the impact momentum of the
raindrops, bul also estimaled the increase in
gkin friction drag by equaling the waler
layer waviness and raindrop crater effects
on the airfoil surface to an equivalent sand
grain roughness. Using empirical data for
roughness effects on airfoil lift they

calculated the rain effect on the lift and drac
of a 747 transport.  Their analysis estimated
a & 1o 8 percant increase in drag and a 7 o
'”||NHLMI;JUUMMMMHHH<WMANHHNWHH with
associated reductions in stall angle from 1 to

unhwmnmdwhu rainfall rates from 100 to
TO00 mm/ihr (3.94 10 39.37 infhr).  These
predictions, of course, constitute @

984 Calaresa and Hankey (ref. 14)
studied droplet drag acling as a body Torce in
the Navier-Stokes equations. This analysis
neglects the interface effects of droplet
splashing, cratering, and watar-layer
formation.  Their analysis produced a

pressure distribution for an NAGA 0012
airfoil for the limiting cases of a vary fine

rain (small drop size and a drop Reynolds
number much less than 1) and for a coarse
rain (large drop size and large Reynolds

number).

Faor the cos @ithﬁNM:@hm

: Mwﬁwwmmzpnm::mM$thJl“huwedan
small increase in N with increasing water
spray concentralion.
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M1WH,W'WMMHUM1ﬁLWNWWMHﬂ
three-dimensional Euler analysis to
investigale the effects of momentum and
energy exchange between the rain and the
flowfield. He concluded that the rain head
ﬂMMmemumnWm4mxmMWﬂHW;MmMmmﬂMV
aammmmmwmA&mmu&mwmmwdeMHMW
and Kisielewski concluded that the Major
influence of rain on airfoil perfarmance was
probably dominated by viscous effects of the
watar droplet splashing and its subsequent
intaraction with the air boundary layer, but
these effects waere nol modeled in their
analyses,

EXPERIMENTAL METHODS

The experimental investigation of rain
affacts on the asrodynamics of airfoils is a
technical challenge as difficult as
investigating the weffg analytically. A full-
scale flight test investigation would require
that performance measurements be made on
an airplane while in a severe rainstorm. In

measurements and environmanlal paramelers
would be very difficull. Becausa of tha
flity of natural rain, repeatable
conditions would be difficutt if nol impossibla
1o obtain,

ls model lesis of the effects of rain
prasent a different sel of challenges in that
they require the simulation of prc
stalod rain conditions.  The three lyf:
tests which have been used for inves Jatinig
the effects of rain are (1) a rotating arm in
which a model is placed al the end of a
counterbalanced rotating ke Am, (2)
conventional wind tunn s, and (3) & track in
thMme»nmmmdhsmmmmﬂhmldmwm;aﬁmQMMn
track segment.

o

Rotaling arm faciliies have been quite useul
for studying single-drop impact dynamics
(rets. 17 and 18).  Airfeil performance
measurements have not been atternpted with
the rotating arm facility because the
centrifugal effects on the water film would
influence the results. Wind tunnels and track
facilities are considered to be the be
methods of obtaining airfoil performance
dwmgﬁmﬂrmwmmhlwmwwmm;Wm'mmhMMNWMMW
sHmMmeguawlamdxnmmmmﬂng«mmung
relationships presents the ares ol greales
difficulty.  For the wind tunnel the difficulty

lios in obtaining & uniform distribution of the
water with a minimum of influence on the
tunnal flow conditions. For the track the
water manifolding and nozzie distribution
becomes elaborate and extensive in order 1o
cover the test area.

Wind-tunnel  testinag

In 1985, Bilanin (ref. 19) addrassed the
subject of scaling for modael tests of airfoils
wlated rain.  Mis analysis showed that
the the scaling parameters which control the
aerodynamic force generated by an airfoil
imm
following:  Reynolds number based an air;
Heynolds number based on waler; the Weber
number; the ralio of mean droplel diameter
o medel chord; the ratio of the density of air
Nnﬂﬂnm%m&“yuﬂwmmﬁm,awd1hwammﬁmmw
attack. The Webar number (Wa) is the ratic
inertial Torces (o surface lension for
iMWﬂMﬁﬁLﬁNNMOMim:HmIUﬁ\MM{CﬁhWMmh
drop velocity, volumetric me 1 crop
diameter {lhe diameater at which half e
voluma of waler is in larger or small
ps) and the surface tension inleractions
between water and air. The sensitivity of
the asrodynamic character of an airfoil
immersad in & rainstorm 1o each of the
alorementionsd paramaters must be assessed
M)dmhwﬂﬂmwENMMW%NDHMNMMM@wahHWMVﬁMH
in tha wind tunnal.

SHCS

NASA has developed test lechniques and
procadures and conducted a series of wind-
uwmeLMMHin‘mmwNmmwhmmmgMW'14»mw4é.
Foot Subsonic Tunnel. The tests were
conductad in the closed test seclion with
dimensions of 14.5 Teet high by 21.75 feet
wide by 50 feet long. A photograph of a
typical test sel-up and a schemalic of the
tast tachnique developed are shown in figures
S and The modal hardware was located in
the aft bay of the lesl section aligned
latarally with the tunnel centerline.

The walar spray distribution manifold,
shown in figure 7, was localed
approximately 10 wing chord-le
upstream of the modsl location and direc
the spray horizontally at the model while
aerodynamic force measurements were
oblained. The shape and location of the
manifold were selected 1o minimize the
imerlorance effecl on tunnel fresstream
conditions and to allow time for the
stabilization of the accelerating water

I,
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droplets.  The manifold was aligned

approximately & inches above the chord plane
of the model to account for gravity ellects
on the water droplets. Comparisons of model
agrodynamic data in and out of the simulated
mMrmwwmmmm1WHM|nmmwmwlmmﬁwmy
manifold in position at all times

The wind-tunnel rainfiald simulaled &
thunderstorm-type rain and was quantified in
kwmm1mf|WNu drop size distribution and drop
valocity.  An extensive experimenial
Mﬁmk”ﬂ&dﬂhﬂlﬂ%m»&m“WﬂjLAHIM{[“HINN
Propulsion Laboratory (JPL), under contract
to NASA, to develop a nozzle design which
would simulate a range of rainfall intensity
levels and a drop size distribution which
would include drops 2 mm in size and larger
(ref. 20). The JPL designed n shown
in figure & consisted of a series of
hypodermic lubes aranged circumferentially
around & plenum which would provide contro
over the drop size and rainfall intensity level
indepandantly. These nozzles produced LW
values near those which occur naturally in
cloudburst conditions.

pe

Exploratory tests were conducled on a wing
with a NACA 0012 airfoil section fitted with
a simple, hmlmwﬂmimﬂmmp@dgmIkw»amém
Reynolds Number of 1.7 x 108, (ref. 2) The
wMHmLhJMWHIlJNI.wnnNmHum system used for
the NACGA 0012 tasts produced LWC values
ranging from 13 to 22 g/m® 15 percent
reduction in the maximum it capability of
both the cruise and landing configurations of
the airfoil model were measured in the
stmulated rain environment independant of
the LWC. A sample of the data is shown in
figure 9. The exploratory small-scale wing-
tunnel results confirmed the exislence of a
performance penally in a simulated rain
environment.

Following these tests, an investigation was
conducted to determine the severity of the
rain effect on an airfoil geometry which was
representative of typical commarcial
lransporl wing seclions as a function of
rainfall inlensity and to explore the
importance of surface tension interactions of
waler as a scaling pearameter (ref. 21). The
airfoil model was an NACA 64-210 with
leading-edge and trailing-edge high-lift
devices tested in cruise and landing
configurations.  The model had a rectangular
planform and was supported between lwo
andplatas in an atternpt (o rapresent a two-

(63

shown in figt

dimansional test sel-up as
10. The basic airfoil chord was 2.5 feat and
the span between the endplates was & leet.
D of the cruise and landing
conligurations lested are shown in figure 1
The high-lin devices consisted of a leading-
adge slal deflactad at a fixed angle of 57¢
and a trailing-edge bla-slotted flap

1.

pse lests were alse
Langley 14- by 22-Fool Subsonic Tunnel for
Heynolds nmmh@ﬂ;cﬂ‘L@‘mmeh:lﬁ:nﬂmﬁ,
x 108 based on airfoil chord. The rain
spray system was modified to provide
adequate coverage of the model at higher
rainfall rates than previously tested using
the JPL nozzles. The improved rain
simulation systermn produced water mass
concentrations ranging from 16 1o 47 g/m3,
As shown in figure 12, a 25 percent
reduction in maximum lift capability with an
associatad 8° decrease in the & mhnulunawk
ﬂlwhkhxmenumMM1nmwm&mmn;m
for HM!hhMIHHIuHMMMWnWMI'm 1he

€
bY

Wl :
Ihu;dummetHm'Hnynth|nnnhnrwmm .
N%mevwimmmmnmfW&hmuHMmepdmmer
o wing chord ratio 0018,

In general, the NACA §4-210 data indicatec

ﬁﬁnwmhmmdﬁ 16

5 the data for the NACA
Both airfoil sections

HHIMMdlnmm 156
WHHWHWMIL"Nm
The maost
these Two Hnn nsitivity
mrumamwwmA1mmmwu mwmm‘mmnwwuunLﬂmm"
As noted praviously the NAGA 0012

perfor o in the rain environment
wera not a function of LWC.  Although
raductions in- maximum il capabilit
corrasponding increases in dhn|mmmn
measured Tor both the cruise and high-lif
ﬁmwmmunmkww;nflh@ Nﬂﬁhhlnlﬂlu nwmm

2 hmthIhmnmummnwuunummllhmn'h@
cruise configuralion.  The dala indicated a
reduction in maxdrmum it capability with

in ing water mass concentration and an
sociated decrease in the angle of attack at
which maximum lift occurs.

Campbell and Bezos (ref. 22) conducted a
tost using a NAGA 23015 airfoil section to
evaluale the time requirsd Tor a wing

(W) 'ET'



immersed in rain to achieve a steady state
condition.  Thay reported thal the transition
lime for the wing to achieve a sleady state
condition encountering simulated heavy rain
1o be less than wo 1o three seconds in most
cases. These transition times are within the
duration timaes of all the ground-based
rainfall measuremants reported by Melson,

The NACA 64-210 tost results in lerms of
lift and drag characteristics in and oul of the
simulated rain environmen! represent the
baseline dala which was used in the
evalualion of the large-scale rain effects
data.

&

Loy g e Track  Testlng

In order 1o determine to first order if there
were signilicant rain scaling effects, lhe
NASA Langley Research Center and the FAA
supported the devalopment of a large-scale
ground testing capability for evalualing the
effect of heavy rain on airfoil lift. Figure 13
is a photograph of the facility which was
developed o acquire asrodynamic dala on
large-scale wing seclions immersed in a
imulated natural rain environment A wing
stion is mountad on a lest vehicle and is
propelled along a track through a highly-
concentratad rain environment. The
simulated rain is produced by a series of
spray nozzles suspended above the track
This technique provides a more realistic rain
simulation than can be produced in a wind
tunnal.  The test vehicle is propelled into an
anvironment which exemplifies an airplana
flying into a rainstorm. The genaralion of
the rain environment in the vertical direction
allows the water droplels to achieve the
proper droplet size distribution and terminal
velocities found in severe rainstorms. The
outdoor rain simulation systam developead for
this investigation produced rainfall conditions
from 2 to 40 infhr.

Thmcﬁ&ﬁk;rfﬂw»dhﬁmmhuMwauwmmmnuﬂnd
operation of the NASA Langley Fese:
Genter Aircraft Landing Dynamics Facility
(ALDF) for large-scale haavy rain effec

testing are described in references 23, 24,
an¢Wn‘AMNMNNWWM%NLEW:WH”(Mm%Nmmlm»
tast full-scale aircrafl landing gear at
operational velocities on a variety of
simulated runway ﬂMHmIHHIHwUthmnu
characteristics facilitaled the conversion lo
a large-scale aerodynamic performance
testing facility with minimal modifications 1o

the tesl carriage and track test section. The
ALDF is composed of three components: a
tost ( uwndqu,.lpumnmmnu Vsystem and an
arrestmant systarn. A high-pressure jel of
wnmrm.dmmmﬂ1anrlnmmnqlnmthnlnw

”HH%L (Jnmw M
the cariage coas .1h@1mmmﬂnwm|1800
1o the arrestment system. The lar
wing seclion was mounted above the cantral
open bay area of the carage 22 leet above
the track as shown in figure 14,

1an NAGA 64-210 airfoil
angular planform and was
maounted between circular endplates. The
wing is equipped with ling-edge and
trailing-edge high-lift devices deployed to
simulate a landing configuration (fig. 18).
The ALDF wing chord was chosen to ba 10

The wing section
tion with a rect

fael, which corresponds 1o a scaling factor
ol 4 when compared 1o the wind-tunnel model
chord of 2.5 feet.

The wing span was

| X § The wing surfaces
were painted with commaercially available
aircrall paint to modal the wing surface/rain
interaction properly.  The ALDF wing
structure was construcled based on a
requiremant to sustain high g-lc al launch.
The wing angle of attack, which is set prior
o launch and remains fixed during a les! run,
was varied from 7.5¢ 19.5° in e
increments.

WWMHAIWF

Hain Simulation System (RSS) |
located approximately 800 fesl mhwwldmmun
of the propulsion system (fig. 16) and
provides uniform simulatad rain over an area
30 feel wide, centerad over the track, by
500 fael long. The system consists of thres
commercially manufactured irrigation pip
positionad length-wise along the track in
100-fool sections which are supported at
both ends by a structural support frame. Cne
leg of this frame is piping which allows the
HHWnﬂ\wmw o travel from the water/air

Hmhf:ynMMIlﬂ)hhﬂh“‘hhwhlﬂmwﬂhm

andard

Dynamic pressure is measured by a sl
aircralt pitot-stalic twbhe mounted on a
forward extremity of the carriage. In
ﬂHMﬂ'M»dmm.mmnhmuanamwﬂ¢wmh'w
asurement of wind spaed and ¢ i
lhe the rain simulation system MmmIUH:MH

3T
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rved

racorded along with termperature and paramaters cannot be pres

barometric pressure. Hecauss the carriage simultaneously.
is decellerating the Feynolds number varies
from 11- to 18- X 108, The Weber number Cperational difficulties in achisving the

also varies from 320-510, desired drop size distribution and rain
intensity level in the wind twnnel were also
The majority of the rain effects data were identified. The wind tunnal rain simulation
obtainad al the maximum rain rate of 40 schnique developed during the small-scale
infhr for an angle-of-attack range of 7.5° to s identified an inherent difficully in
19.5°  For this rain condition the dr : roducing large size drops lypical of natural

to model chord ratio was 0009, This rain rain whila al the same time achieving the
condition was chosen because it closaly desirad rainfall intensity and drop size

s wind- distribution (ref. 20). When waler is
Gt injected inte a high velocity airstream al a

approximaled a previously te
tunnel condition and met one ol the te
objectives 1o investigate the signilicance of velocity substantially less than the

5. A photograph of the carriage airstream velocily, the larger drops that

£ A
axiting the 40 in/hr rain condition is shown lorm shatter and break up into much smaller

in figure 17, Aerodynamic dala were also drops.  Although this difficulty can be
obtained for rainfall rates of 9 and 19 inhr alleviated by increasing the water injectior
for an angle of altack range ol 9.5° (o 19.5°, pressure so thal the initial drop velocity
These rain conditions have a much higher approaches the airstraam velogily, the
probability of oceurrence than the 40 infhr rasulting rainfall intensity lends to be too
rain intensity as indicaled by references 4 high. The small-scale lests indicated 1hat the
and 6. drop size distribution and the rainfall

intensity levals were a function of the nozzle
The time dependent data were averaged to design, the waler injection pressure and the
provide a single lift cosefficient for each angle airstream  valocity.

of attack., The lift cosfficient vers

15 angle ol
g

fata exhibit the same general Determination of rainfall rale using the wind-

tics as lhe previous wind-tunnel lnnel test lechnique was subject to
results. The rain effect is 10 reduce the measurement - (ref. 22). In a wind-
maximum achievable lift coeflicienl and to tunnel environment, LWG is expressed as a
reduce the angle of attack for stall. The data function of the spray area, mass flow rate
shown in figure 18 for the airfoil in the rain and the lreestream el A flowmeter
anvironment reflects the fact that the wing measured the wunm.ﬂmvnumaﬁuhmnnﬂwnhm
has stalled prior 1o 13.5° angle of attack and manifold.  The spray width and height wera
altained it highest observable lift at 11.6° photographically obtained at the model
angle of attack. A reduction of liN capability location using a fluorescent dye, an

| in ultraviolel strobe light 10 enhance the
spray and a
g. [ue to the

of at least 15 1o 20 percent is reflac
the dala shown in figure 18 for the 40 inhr Ph@MWWWW“G‘$“MW95‘”'WW
rain condition, :

ERATIONS tmundanuunnlhw'xmuylﬂqmmnﬂlaww instar
In time are not precisely straight lines,
-scale dala were neaded Lo therefora an inherent ir laceuracy in 11‘“”\”“1

The large-sca
in the |.||i]i‘|‘,/ of the wind-tunnel the Spray area |.l]1 |.u|l‘l.i| ..>!:||<:I‘[.Iwh|l.: means lie

SCALING CONSILE

technique for determining the eflect of heavy the possible error involved in subjectively
ain at full-scale conditions.  As noted in the determining the usable spray region
work ol Bilanin (raf. 19) difficullies arise boundaries.

when attempting lo preserve all the
parameters during model testing. The
functional form of the Reynolds number is tunnel lechnique appears to provide a valid
linearly dependent on the lest velocity: gstimate of the effects of heavy rain al full
therefore, as the model siz acreased the scale conditions (ref. 26). The lift

test velocity must increase to preserve full- vefficients pradicled for the ALDF large-
scale Reynolds number. Weber number, on ale configuration using the wind-lunne
he otherhand, varies as the square of the : ra shown in figure 19 along with the
test velocity and, as a result, 58 WO ALDF large-scals dala acquired at the same

aling
ite the noted difficullies, the windg-

Ui




test conditions. The two sets of data for the
dry wing agree quite well. The ALDF lift-
mwwa‘ﬂmpﬂimwﬂnuwmwuwwHM|ﬂsmnmwu{anN
excellant correlation to the wind tunnel
pradicted lift performance for thal condition.
There appears 1o be a reasonable degree of
correlation between lhe two dals

40 in/hr rain condition.  An o exists
belween the predicled lift-curve slops and
the ALDF lift-curve slope in the rain. One
can infer from the datz hown in figure 19
that the wet wing attains ils highest
obsarvable lift at approximalely the same
angle of attack (belween 10° and 11.5°).

16

Comparisons of the angle of attack for
maximum lift and of the percent lift loss in
the various rainfall conditions in the wind
MHWM¢mdm1Mmm&mMm1m»ﬂmwmuwm%wm
20 and 21. Based on the comparisons
available between the limitad large-sca
r&MM&mﬂwmwwwmmmwmlmmMI,Nm
difficulties precisely simulating the rain
anvironmant in the wind tunnel do not have a
first arder effact on the impact of the test
results. Ita$wﬁauarhnllw»ﬁmn orcer, rain
scale ef 5 oare not large and that wing-
uwwmdwm..5iumnEMJumdeU|meMAlam#h
scale heavy rain effects

le

COMCLUCING  FEMARKS

The work described herein is aimed at
developing test techniques and tools for
providing data which can eventually be used
to assess the influence of heavy rain on
airplane operations. These analysis methods
and test technig will provide valuable
MWMHIMUlMJMme@mmthWWMWVWMW
[ airplane configurations.
le results are not directly

3 o any airplane configuration but
are appli tanding anc
wmmﬁwunn; future wind-tunnel lests.

&1

The preliminary findings of the large-scale
testing would seem 1o support earlier wing.
tunnel studies of the e act of very heavy
rain on airfoil performance. dramely
heavy rain of 40 inhr produced a reduction
i maximum achievable lift cosfficient of al
lvast 15 10 20 pe nt and an approximate
reduction in the angle of attack at which the
maximum observed lift cccurred of 4° 1o 6.
Hesults of these small-scale studies had
shown that a Iwo-phase flow environmen!
reprasenting a high-intensity rainfall reduced
the maximum 1ift by as much as 20 percen

and increased the drag. Additionally, the
slall angle was reduced 4 10 B degrees in the
heavy rain environment. The simulated rain
seams 10 have little influence on the lower
-of-attack airfoil ift performance
; steristics.  The sevaerity of the effect
EaeWﬂmw and configuration-dependent and is
gh-lil canfiguration

' and trailing-adge
d on the wind-lunnel
1 that

aumwh,.|NIMm
devices deployed. E
and large-scale rasults, it would aj
normal aircraft operations for trar
aircraft would not be affected by heavy rain
:mmmmmowmmmwmummMﬂhmhﬁmmMuﬂ
atlack maneuvers. Hmwmw)HHW«Mww
rain encountar occurs during a severs low
allitude wind shear then the piloting

for ures used 0 countar the wind shaar
@MMWimmﬂHMMINHAMMMWMM‘IHMWW
than normal angle of attack.
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Figure 5 - Rain simulation system
mounted in Langley 14- by

22-Fool Subsonic Tunnel
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