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A _ ABSTRACT

Full-scale laboratory testing of the A3J-1l
windshield rain removal system was accomplished under
similated flight and rain intensity conditlons. The
original design of the rain removal air nozzles was
phown to provide inadequate visibility. One of two
nozzle design modifications tested was proven success-
ful and the essential features of this design were
incorporated in the production design.
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A windshield rain removal systen was required for the
A3J-]1 airplane to provide adequate forward visibility through
the windshield during taxi, take-off, approach and landing in
rain. Based on previous experience, the £3J-1 system was
designed to pass engine bleed air through a ram air heat ex-
changer and suitable pressure control valve, and then eject
the air through sonic nczzles at the forward edge of the wind-
shield to provide clear windshield area. However, vrevious
laboratory and flight test data was obtained on windshield
configurations considerable different in geometry from that of
the A3J-1. Also, most of the laboratory testing was performed
with simulated rain of small or unknown drovn size, which cast
doubt on the results obtsined.

It is important that the rain removal system provide
adequate forward visibility with the lowest possible engine
bleed airflow rate. &Excessive airflow bleed from the engine
for rain removal could reduce engine take-off thrust, reduce
the quantity of air available for flap boundary layer control,
or exceed the cooling capacity of the ram air hezt exchanger.

The literature (References d, e, £, g, and h) indicate
that air blast rain removal acts orimarily by subjecting the
rain drops to the shattering action of the high velccity air
Jet, and then deflecting the shattered drop fragments so that
they miss the windshield entirely or impinge high upon the
windshield in areas where visibility is not essential. The
evaporation of water drops prior to and after imningement on
the windshield is believed to have a less important secondary
effect. The shattering and deflection of drops is considered
to be a function of the jet velocity and the thickness of the
Jet. Previous test data indicates that sonic nozzle exit
velocity produces nmore clearance than subsonie or supersonic
exit velocities, and that the zir pressure ratio should be
such as to provide scnic flow. Since the speed of sound in
air increases with temperature, it is considered desirable to
use the highest feasible nozzle air temperature to increase air
jet velocity, and secondarily to increase water evaporation.
The thickness of the air jet at some distance from the nozzle
exit would be a function of the airflow rate per unit width of
windshield to be cleared, and it would be desirable to keep
this to the minimum which would provide the required clearance.
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I. INTRCDUCTICN {(cont.)

The nurpose of this test was to evaluate the A3J-1 wind-
chieid rain removal nozzle original design, to develop improved
designs for incorporation in the airplane system, and to deter-
mine the effects of rain intensity, aircraft velocity, nozzle
air pressure, nozzle air temperature and air flow per unit
length of nozzle con forward visibility.

This test was requested by the Conditioning Systems Design

Group. This report was written by R. Cy gprner and M. H. Belgen.
) X14:¢

ir, Group Leader
Airflow.lasboratories
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SUMMARY

The forward visibility with the original A3J-1 windshileld
rain removal nozzle design (Configuration A in Figure &) was
found to be inadequate under design conditions (carrier
approach at 135 knots in heavy rain, with 30 psig nozzle air
pressure and 275°F nozzle air temperature). A modified nozzle
(Configuration B in Figure 5) provided satisfactory performance,
not only at the design conditions, but at more severe conditions.
The modified nozzle maintained adecuate visibility at design
conditions with approximately 16F less engine bleed airf{low
than the design flow of the original nozzle. As a result of
this test, the rain removal nozzles were redesigned, and this
change will be incorporated on Ship Number Six and subsequent.

Windshield visibility wvroduced by the air tlast rain
removal system was found to be relatively indevendent of air
velocity and liquid water content (Figure 11', to decrease
with increase in rain drop size (Figure 1C), and to increase
with increase in nozzle pressure, temperature, or air weight

flow rate (Figures 12 and 13).

A general interest motion cicture relative to this test
program is available (Reference i). It is believed that
future rain removal development should be directed toward use
of higher nozzle supply air temperatures, possibl: with ram
air jet pumping orovisions in the nozzles if necessary to
obtain tolerable windshield temperature levels.

'DISCUSSICH

A, Test Conditions

It was necessary to establish firm tasis for comparisen
o¥ the cerformance of the test nozzle configurations. This
required that a set cf design test conditions be established,
taking into account tre nmissions of the aircraft, predicted
performance, vrobability of encountering various intensities
of rain, and rain characteiristics. In addition to the design
conditions, & suitable range of the variables had to be
established, s¢ that the effect of the variables on system
performance could be determined for a realistic operating :
regime. From a literature search and from consultation with i
the U. S. %Weather Bureau and NAA Engineering Department Groups
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IfI. DISCUSSICHN (cont.)

A, Test Conditions (cont.)

(A3J Project, Propulsion Systems, Aerodynamics, Advanced Design,
and Flight Test), the following test conditions were establisied.

VARIABLES DESIGN RANGE CF
CONDITION TEST CORDITICHN

Flight Conditions:

Airplane Angle of Attack, degrees +6 +

Airnlane Velocity, knots 135 135 170 200
Environmental Conditions:

Rain Intensity Heavy Moderate Heavy Excessive

Rain Drop Size, in. diameter 0.059 0.039 0.059 0.083

Liquid water Content, grains Hs0

» Cu.Tt. Kir 0.365 0.120 ©.365 0.810

Rain Removal Norzle 4ir Supply:

Pressure, PSIC 30.0 22.7 30.0 37.3

Temverature, °F 275 278 125 500
Pilot's Eye Positicn:

Water Plane, in. +26 - +23 +26

Buttock Plane, in. 0 0

Fuselage Statien, in. +15 +15)

The design airvlane six degree sngle of attack and 135
knot velocity correspond with those which would be used with
the A3J-1 airoplane on the final landing approach to a CVA-38
aircraft carrier. This was selected because it was considered
the flight condition most critical relative to forward
visibility. The 135 to 200 knot test air velocity range
corresponds approximately with the range for let-down prior
to landing approach,landing wave-off, go-around, and other
flight maneuvers during which some forward visibility is
desirable. Forward visibility would be important at velccities
less than 135 knots for ground taxi and take~off, but no tests
were performed at these lower velocitics because it was known
that visibility would be better than was obtained at the

fOM 1t
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IIT.  DISCSSTON (cont.)

A. Test Conditions (cont.)

selected test conditicns, The six degree angle of attack was
used for 170 and 200 knots to simplify the vest set-up. Actual
angles of attack corresvonding to thase veloclities would be less
than six degrees (with the aerodynamic configuration for landing),
and the angle between the airstrean and windshield would be
greater. Thus actual visibility in flight at the higher veloc-
ities would be expected to be comewhat poorer than was cobserved
during the tests.

The design rain intenzity was velecled as that classified
as hervy., F ona literature search and consultation with the
U.S. Weather Bureau it was cstablished that rain intensities
more sevare than this occewr infrequently, are confined to small
areas, and are of short duration, 1f o landing is attempted in
extremaly severe rain, it is oxpacted that visibility will be
inadequate, but usually such a rain condition will abate by the
time a go-around and second landing attempt 1s made. The test
range of rain intensities from moderats to sxcessive was
selected Yo obtain data for the range from that most frequently
encountered to that the most severe in which landing is liksly
to be attempted. The rain drop sizes and liquld water contents
for the three test rain intensities were taken from a standard
netecrology text (Reference a). <

The environmental static prescure at the test section was
not controlled, anc was less than the local barometric pressure
by the amount of conversion of static pressure to dynamic pressure
in the inlet bellmouth and the amount of frictional presszure loss
in the tunnel appreach to the test section. Thus the static
prassure in the test section varied with the barometric pressure
and the test air velocity over a range from aprroximately 1L.2 to
13.2 FSIA. This corresvonds with flight altitudes from 1000 to
3000 feet. but the effect of this on test results was considered
negligible,

The wind tunnel test section air temperature was room temp-
vrature (69 to 760F) during the test runs. Incidsnce of natural
rain is restricted to temperatures near room temperature and the
miner variations of test alr temperatures were considered to have
a negliplble effect on the test results.

The tunnel air numidlty was not controlled or measured, and
probably varied over a considerable range for various test runs.
During natural rain the humidity is normally high, but can vary
considerably also. In the general area where windshield clear-
ance 1s obtained, ths mixture of ?75°F rain removal air with the

LG R
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III. DISCUSSICN (cont.)

A. Test Ccnditions (cont.)

room temperature tunnel air produces extremely low local relative
humidities rercardless orf the tunnel air absolute humidity. Thus
it is believed that wide variations of tunnel air humidity would
have negligible effect on tie test results.

The razin removal rczzle design air suprly pressure of 30.0
PSIG was established from the specification for the pressure
regulating valve located immediately upstrean of the nozzle
(Reference b). The test range of 22.7 to 37.3 PSIC was estabe
lished ardbitrarily as reoresenting reasonable depesrture from the
design pcint for the ournose of evaluating the effect of nozzle
supply pressure on windshield visibility.

Under normal cenditiens, the airplane auxilliary supply air
temperature is controlled to 300°F t 10°F by the primary heat
exchanger air temperature control systeimn located at approximately
station 52 (Reference c). Between this point and the rain
removal nozzle at station 90, there is approximately L3 feet of
uninsulated ducting in which a temperature droz of 25°F was
expected at design airflow. On this basis the design nozzle
supnly air temperature was selected to be 2750F, The teet range
of 275 to SO00°F coversd the temperatures which could occur under
the abnormal conditinns of recduced primary heat exchanger cooling
air flow with the pilot's control switch in the "override™ position.

The nozzle suroly air humidity was not controlled or measured,
but the laboratory commressed air system used far the testing
would be expected to suoply air with approximately 10 grains of
water per pound of air. Although this is lower than would normally
be encounterec in natural rain, it is believed that this would
have a negligible effert on the test results because the mixture
of 275OF rain removal air with room temperature tunnel air would
oroduce extremely low local relative humidities regardless of
nczzle surply air absolute humidity.

The design pilot's eye position was taken from A3J-1 design
drawings. For a given clear area of windshield surface a decrease
in the height of the pilot's &ye position should provide an increase
in the vertical extent of visibility. To determine the improvement
of visibility produced by lowering the pilot's position, the alter-
nate position was included. The three inch displacement was select-
ed in consultation with A3J-1 test pilots, as a reascnable value
in view of the available seat adjustment and the freedom of movement
allowed the pilot by the seat harness. Some head movement to the side and
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A, Test Conditions (cont.)

ferward would slso be feasible, and this would imprecve the
nilot's ability to utilize clear windshield area in viewing
the landing mirror.

B, Test Set-Up

The test article consisted of a cockpit enclosure wind-
shield frame assembly (2L7-31852) including the windshield
glass (247-31853) and the windshield lower support frame
assembly (2L7-31875), which contained the rain removal nozuzle
holes and air plenums Threc configurations of the frame
assembly were tested (Figure 1).

The test article was mounted on a support {ixture in an
attitude simulating a six degree airplane angle of attack, and
installed in an open circuit wind tunnel (Figure 2 and 3). The
wind tunnel circuit consicted of an inlet bellmcuth, a straight
section for injection of water to simulate rain, the windshield
test section, a diffuser, an air blower, an sir throttle, and
an outlot diffuser. The windshield rain removal nozzle supply
2ir duct was connected to the laboratcry heated compressed air
system.

For rsin simulation, de-ionizcd water was supplied by a
pump to hyncdermic needles on an oscillating rake in the wind
channel immediately downstream of the inlet bellmouth. To
measure simulated rain drop size, microflash photogravhic
ecuirment was installed at a transparent tunnel wall section
irmmediately upetream of the windshield. Considerable develop-
ment was required to ohtain adequate rain simulation and
dhotographic recording of visibility (APPENDIX A).

To provide a standard reference field of vision for wind-
shield feorvard visibility, target boards (black grid on white
backzround) were set up in front of the inlet bellmouth and
near the transparent section of the wind tunnel, and the inter-
ior of the tumnel straight section was painted white with
black visual target lines to also appear as a grid from the
pilot's eye position (Fipure L). Lighting was installed in
the bottom of the tunnel to outain adequate phctographic
recording. Black crosses were painted and small lights




NORTH AMERICAN AVIATION, INC. 8 2
PREPARESD BV RCT ) raSE HO. or 27
COLLVMBUS DIVISION COLMBUS 14, OMIO
cumcams V. WRP aworr wo. NA S8H-3L8 |
sav 12-28-59 . wooes. wo. A3 -1

III. DISCUSSION (cont.)

B. Test Set-Up (cont.)

installed at the points on the grid corresponding to the
carrier landing mirror apparent positions for various
distances aft of the carrier diring landing approach.

cC. Test Procedure

Prior to each test run water inj2ction needles to simulate
the desired rain conéition were selected and installed, and
the rake oscillation angle was set to approximate the proper
licuid water content. The desired rain removal nozzle air
veight flow was set up and dumoed to atmosphere just upstream
of the windshield frame air supply pipe. Laboratory air
heaters were energized and controls set to obtain the required
air temperature. Visibility-recording cameras were positioned
and loaded.

When the requirec stabilized rain removal air tempsrature
was attained, the tunnel drive blower was started and the
blower outlet throttle was adjusted to obtain the tunnel
dynamic pressure correcoonding to the desired air velocity.

The rain maker supply pump was started and the water pressure
was adjusted to the value required to produce the desired rain '
drop size. Rain rake oscillation was then commenced and the
tunnel illumination turned on.

Photogravhs were taken of the visiblility through the
windshield with rain on. Rain removal air was then turned on
and the nozzle pressure was adjusted to the required value.
Photograchs and observations were then made of the visibility
produced, and all data were recorded.

Forward visibility from the pllot's eye position through
the windshield was recorded for sach test condition by motion
picture and/or still photography. Also, direct observations
were made by design and laboratory personnel and engineering
test pilots. The effectiveness of the rain removal system was

Judged on the ability of the observers to discern the visual
targets.

D. Results

The data photographs show that configuration A, under
design conditions, would not permit the pilot to clearly sae
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III. DISCUSSICN (cont.)

D. Results (cont.)

the landing mirrors when he was nesrer than about 5CO feet aft
of the carrier fantail (Figure 5). This configuration produced
satisfactory visibility for the moderate rain condition only
(Figure 6). Since the performance of this original design con-
figuration was unsatisfactory, modifications were proposed.

It was apoarent from the data photographs that the 5/32"

diameter nozzle holes located between BP & L-5/6 and =z 12 were
not contributing significantly to the overall nozzle performance.

It was therefore decided to 1imit the vlacement of the nozzle
holes between buttock planes & 5-15/16 in the next series of
tests. Configuration A hole snacing and total area was retained,
which resulted in a nozzle hole diameter of 0.256 inches.
Confipurations B and C, which were entirely similar exceot for
nozzle-to-windshield angle (Figure 1), were tested simultan-
eously, with B on the left side and C on the rirht side of the
windshield centerline. This was considered feasible in that
configuration A tests showed that the clearance patterns were
symmetrical about the windshield centerline. The data photo-
graphs were printed to show configuration B and C results as
if each configuration extended from buttock planes + 5-5/16 to
- 5-5/16 and was tested separately.

The second series of tests showed that the inclined
nozzles of configuration C produced clearance only slightly
improved from that of configuraticnAat design conditions (Figure
5). The configuration B nozzles were superior to A and C under
all conditions (Figures 5 to 9). In addition, the B nozzles
produced adequate clearance with reduced nozzle air pressure and flow,
with other conditions conforming tc design values (Figure 5).

By stooping, the pilot can appreciably improve his
utilization of the cleared portion of the windshield (Figure 1L).
This is considered important in permitting landings under more
severe rain conditions and also in providing improved flight
path visual detection capablilities at the higher let-down speeds
and the expected lower airplane angles of attack.

The windshield frame assembly was redesigned September 3,
1958 (247-31876, Change D) to provide the essential features
of test configuration B in the production articles. The change
is to apply to ship number six and subsequent. Configuration B
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DISCUSSION (cont.)
D. Results (cont.)

hole size and spacing were retained, but four additicnal holes
were added on each side to incrzase the lateral extent of
visibility in rain. Under design conditions of supply air
pressure and temperature (30.0 PSIG downstiream of the regulator
and 300°F downstream of the primary heat exchanger), the revised
design would provide approximately 101 1lb/min. air flow to the
windshield, assuming the increase in number of holes does not
affect the overall discharge coefficient.

The effects on visibility of variation of rain drop size
and liquid water content (rain rate), nozzle air pressure and
temperature, and air velocity were found to be as follows:

Variable Effect on Clearance | Reference
Figure
Increased Rain Intensity | Pronounced decrease 10
Increased Flight Velocity| Insignificart change 11
Increased Nozzle Air Slight increase 12
Pressure
Increased Nozzle Air Significant increase 13
Temperature

Increased rain intensity, which involves increases in both
drop size and liquid water content, produced decreased clearance.
Increased velocity, which has the effect of increasing drop
impingement velocity and liquid water content without affecting
drop size, produced little effect on clearance. Therefore, it
may be deduced that the size of the rain drops is the most
important envircnmental factor to be considered in the design
and testing of air blast rain removal systems.

Increased nozzle air pressure, which increases rain removal
airflow rate ss well as the pressure with a fixed nozzle
configuration, produced onlv a slight increase of clearance, but
the test range for this parameter was small., It is believed
that clearance would not be greatly affected by nozzle pressure
with a fixed airflow rate provided pressure ratios were adequate

% Sr——
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DISCUSSICON {(cont.)

D. Results {cont.)

to assure sonic {low at the nozzle exit. Therefore the observed
slight increase ofclearance with nozzle pressurs ls attributed
to the effect of the increascd airflow rate rather than the
increased pressure level. It is telieved that increase of
clearance with airflow rate for & constant nozzle pressure

would be great in the low airflew range and slight in the high
alrflow rangeo.

Increased nozzle air tempsrature, which also increases
nozzle exit velocity and decreages airflow rate, produced a
significant increase in clearance. Increased allowable air
tamperature and decreasad rsquired airflow are desirable from
the standpoint of required heat exchangsr size and engine bleed
thrust penalty. Therefore, use of the highest feasible nozzle
air temperature is desirable,

This projsct was conducted by R. C. Turner in the Thermo
Iab from Jamuary 1L, 1958, through Aoril 16, 1958. The data
contained in this report reflects status as of September 30,
1958. Original data for the project are recorded in Engineering
Research Section Data Book Number 141, Pages 6L=77, and Fages
142-299, and in Book ?1L, Pages 1L-17 and 32-35.

RECOMMENDATIONS

Joet air temperaturc incrsase is believed to promote system
effectiveness by increasing the evaporation rats of the drop
fragments in the jet and on tne windshleld after impingement,
as well as by increasing Jeb velocliy and decreasing the air
weight flow requirement for a given nozzle area and pressure
ratio. Use of high air temperatures for rain removal on turbo-
jet powarad aircraft has the added benefit of reducing engine
compressor bleed air heat exchanger requirements and reducing
tha take-off thrust and range penalties imposed. Tempcratiure
limits ars generally set by windshield material thermal limits,
but a‘rpjlane £light mach number incresse also demands that
better heat resistant windshield materials be doveloped. As
such materials are made available, rain removal alr temperatures
increasa correspondingly.

It was implied above that air blast rain removal air

could
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RECOMMENDATLICONS (cont.)

cooling requirsnments is a factor in engine bleed air heat
exchanger design. It should be noted that the performance eof
such air-to-alr exchangers is reduced under conditions of
reduced cooling air flow, This condition is 1likely to occur
during slow flight on avoroach to land, when the rain removal
systom would be simultaneously required 4f it is raining. It
is therefore cugpested that lmmortant imnrovements could be
realized by the development of means of direct utilization of
uncooled engine bleed alr for air blast rain removal, provid-
Ing windshield overheat preventicn could ve assured. It is
also sugpested that the use of uncooled bleed air as the motive
fluid in an ejector-nozzle configuration could provide dual
tenefits in that both increased nozzle air weight flow and air
jet cooling (windshield over-temperature protection) could be
accomplished. It is recommended that consideration be given
to these posgibilities for future improvements in air blast
windshield rain removal systems.

EOHN-119
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K e e = - :
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\ A b-5/16 to 4 12 42 5/ 0
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- B 2. 4-5/16%0 519 10 0,296 0
3 Q 5 -15/16 o £ 12| ~  Nope - -
- c + 4 to -4 20 0,294 10
c b-5/16 w 8 0,296 19
' G £.5-15/16 2 0,296 0
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SUMMARY

It was found that a stream of water drops of the size
encounterad in natural rain can be produced in 100 to 200 knot
valocity air streams by injecting water at the same velncity
ap the air through small~bors needles with a length to diameter
ratio of 90. The drops produced in this manner achieved
spherical shaps less than elght feest downstream of the water
injection needle and retained uniform size twanty-four fest
downstream.

It was found that accurate photogravhic recording of
visibility under simulated rain conditlone can be achieved by
ute of a uniformly lighted grid background of black lines on
white with small electric 1ights to identify lines of vision
used by the pilot during landing. With this technique a long
expozurs time (three seconds) and small aperture ( f 32) were
found to produce the most exact recording of visibility. The
ume of water free of minerals for the rain simulation and air
free of oll for the r&in removal supply system wes found necess-
ary to obtain consistent test results,

In future rain rewoval facilities it would be desirable to
obtain more uniform dispersion of simulated rain water drops,
to develop & method of determining drop size and dispersion
with water Injection needles in motion, and to gscertain if
tunnel or rain removal supply air humidity have any appreciable
effect on visibility produced by & rain removal system. It is
helieved that further development of the vibrating single wator
injection needle technigue would produce more uniform drop
dispersion, and it may be possible to prove thet uniform disper-
sion is unnecessary, Several photorraphic and drop counting
tachniques appear promising for determining drop size and
dispersion in the test smection with the vibrating noedle. With
a closed circult tunnel, control of air humidity appeare to be
feasible.

DISCUSSION

e s

Prelimlinary Design

Tests of this nature, requiring airflow at rlight velocities
about a test artlicle, can be performed sither by moving the test
article through the air (flight and sled testing) or by movi
the air past the statlonary test article (wind tunnel testing).

[LITRAT ]
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APPENDIX A

DISCUSSION (cont.)

Proliminary Design (cont.)

The wind tunnel approach was considered more feasible and
economical than the alternate methods, although accurate rain
simulation in a wind tunnel hed not heen achleved in earlier
tests. Full scale testing was considered ceslrable to avoid
consideration of unknown scale affects and to make use of avail-
able A3J-1 windshield assembly parts.

An open~circuit wind tunnel was selected instead of & clomed-
circuit configuration because it would coet less;, test section
aesrodynamic flow uniformity could be more easily attained, and
computations indicated that recirculation of rain drops might be
a problem with a clomed circuit coniiguration. A confined flow
test ssecltlion was selscted instcad of an open jet chamber because
of lower cost and the fact that size of the open jet attalnable
with the available blower appeared to be marginal. Although it
was known that the alr flowing over the windshield in flight
would bLie accelsrated as 1t passsd vp the windshield, it was
decided to provide an approximately conatant flow area from the
forward to the aft end of the windshield in the test set-up te
recduce coats. Thie was consgidered acceptable because computations
indicated that the air stream lines would have "% ttle effect on
the trajectory of rain drops of the size encou " in natural
rain, particularly aleng the forward edge ol ti hield which
was of moat importance in this tesat.

With the open-circult tunnel configuratic 1wt con~
sidered feasible to control the environmental Lty

buacause of the extremely high tunnel alr flow : omputstions
indicated that evaporation of water drops of th neounterad
in natural rain prior to entry into ine rain remn t eir
strean would not be appreciable. The avallable s. gensratlion
squipment wan algo inadeaquate for humidification of ihe rain

removal nozzle hot air supply. Computatlions indicated that
relative humidity .in the mixed environmental and rain removal
air stream would be extremsly low both with sand without simula-
tion of air humicditles expected in natural rain. Simulation of
humidities was therefore consldered unnecessary.

From raports of previous windshield rain removal testing,
it wus known that difficulties were to he expacted with the
gimulation of natural rain dron sizes and dispersion in a wind
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APPENDIX A

NISCUSSION (cont.)

Preliminary Design (cont.)

tunnel and with obtalning photographs indicating the true
vigibility through the windshield. Facility develovment testing
was therefors considered necessary to solve these problems,

Wator Injection Needle Development

Coincident with preliminary wind tunnel design, a literature
search was conducted to determine methods of introducing water
into a moving air stream to obtain simulated natural rain. The
only successful technique discoversd was that of Ruggeri, of
NASA Lewis Lab, who had produced large slzed drops in a small
wind tunnel by ejecting a water jet into and varallel to the air
stream in a constant-irea section upstream of the tesi smctiun.
The dismeter of the water jet, and the rasulting drops, was
controlled Ly the diameter of the esjecting tubular nozzle. The
Jjet velocity was made to closwly approach the air stream velocity
by adjusting the water supply pressure; thus only smell shear
forces were exorted upon the water by the airstraam arnd the jJet
of vater was transformed by the action of surface tension into
falirly uniformly-sized drops, travellins in line down the tunnel
with the air stream.

To chack and extend this work, a f'our-inch diameter copen-
circuit, open-jet test section wind tunnel, with varlable-length
constant-area sections upstream of the test section, was designed
and constructed (Figure A~1). All test water injection neadles
vere calibrated to determine their water flow rate vas. supply
prespure characteristic so that water velocity at the needle exit
could be controllied by adjusting the water supply pressurs. A
prass-type cut-film camera and 2 two millionths second duration
[Jesh light was installed at the test ssction to record drop
sizes. HExperimentation showed that best photographic reproduction
was obtained with the diffused flash scurce 1n line with the
camera on thes opposite side of the transparent-wall test section,
thus providing back-lighting. With the camera position fixed and
focuged on the tunnel center line, a scale with 1/100 inch
divislions, held on the tumnnel center limne, was photographed.
Prints of this negatiwe and the nepatives of drops to be meawursd
wera iuen enlarged to the same magnification and the scale wag
used directly to determine drop diameters.
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DISCUSSION {cont. )

Weter Injection Needle Davelopment (cont.)

Paramaters investigated in the small tunnel were water
injection needle bore langth to inside diameter ratio (L/D), needle in-
side diameter, distance from nesdle exit to test section, air
velocity, and water jet veleocity. A neadle L/D of LO produced
many drops of smell diameter, but incressing the ratio to 90 and
greater gave the desired conditlion of fewer dropa that were
larger and of fairly uniform size (Figure A-2). Water injection
needles of (.013, 0.027, and 0.039 inch diameter produeed dreop
oizes ¢losely approximsting the 0,039, 0.055, and 0.083 inch
diametor drops desired for simulation of moderate, heavy, and
excassive rain conditions (Figure A-3). Drops had assumed a
spherical shape sight feet downstream of ths nsedle, and main=-
toined this shape without aprreciable bresk~up or sgglomeration
at a distance twenty-tour feet downstream of the needle (Figure
A-L), Eince rain develcpment tunnel lengths less than eight or
preater than twenty-four feet wsre not being connidered for this
test, the exaot limits of length for proper drop production were
not determined. A varlation of alr velocity from 100 to 200 knots
(with the water jet velocity ecual to the 2ir velocity) produced
no appreciable change of drop sizes A variation of the water
pressure ratio from ten vercent below to ten percent above that
required for equal water jet and air stream velocities prcduced
no appreciable change of drop size. On the basis of thess test
results, it wis dacided to use water injection neadles of 0.013,
0.027, and 0.039 inches inside diameters with 90 L/D supolied
with water at the vpressures required to produce water veloclties
equal to the tunnel air velocitles for all subsequent testing.

Drop Dispersion Fouipment Developimant

It was thought that periodic, high frequeicy angular dis-
placement of the water injection needlss from the position
parallel to the airflow direction would be required to disperse
the drops over the test section, OSuch anpular deflections should
bs as small as possible to reduco the shear forces exertwd by the
air on the water jets. Therefore the length of the tunnel
constant-area rain developmsnt section wam selected to be 2L feet,
the marximum consistent with apace available. Tt vas decided to
use an existing inlet bellimouth and dunt with a ssgmented circular
eross section of 3,65 sgusre fest arsa for the rain dsvelopment

#0110
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DISCUSSION {cont.)

Drop Dispersion Eouinment Development (cont.)

section. This duct was connected to the windshield test section
with its induction air blower systef.

Computations indiecasted that the water discharce cate from a
singlo 0,027 inch diameter Lore “neavy rain" water injection needle
was approximately that necessary to produce the liquid weater con-
tont in the test scction which would simulate heavy rain. There-
fore thoe first approach to rain drop dispsrsion was by inducing
vibration of a singlec water injection necdles. The needle was
mounted on a 1/l inch stalnless steel tube and cantilever-supporied
on a fixed strut at a tunnel centerline (Figure A-%5). Flectro-
magnetic shaker units were mounted at 909 to eacn other and the
tunnol centerline cutside the tunnel and connected to the needle
sunrort tube by means of nushrods (Fipure A=%). The shaker power
supnlics and contrels wore so arrvangrd that the metion of the
noedle could be made to follow a varicty of matterns, with good
frequency and amplitude contrel., Seoveral differsnt nsedle
vibration patterne were tried. Pasically these vattorns consisted
of o 2% to Y0 enn oval, Cimure eiphl, or sultiple 1cop over tho
turmel crovs secticn with & 170G to 200 aps approxia.taly simnle
haraoonic metion superimposed.

Mechanical fallure of necdle-sunport lubeg, necdles and pushe
rods was encountered, and these oroblems precluded the uso of
Birher vibrotion frequencies. With a S0 cps orime vibration mode
at 200 knots tunnel velocity, water drons aoproaching the wind-
shield from successive vibration cycles would be approximately 81
inches apart. For hedavy rain a uniform drop spacing would be
arproximately % inches, and a vibration frequency of approximately
810 eps would be necessary to achieve this. However, cbservations
of the windshield indicated that the vibration frequencies used
ware producing a uniform wetting of the windshield. &t this time
the vibration equipment had to be released for other testing, and
it was decided to use a different metlod of drop dispersion. It
is believed that the vibrating needle method showed promise, and
should be considered for future rain simulation apparatuse.

Larson of the WADC Equipment Lzboratory bhad experimented
with an avparatus, using Rugereri's drop production method, capable
of distributing the drovs across 2 wind twmnel test secticn. This
consisted of a vertically-mounted water supnly manifold strut,
in a streanlined housing. Water injection nesdles were mounted

o 1ty
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DISCUSSICN (conts)

Dron Dispersion Equlpmqudpqvelop@ﬂﬂ;(cont.)

on the strut to form a rake ¢f ne:ndlss in a vertical planae.

The manifold wasg mounted in bearings amd oscillated in approxi-
mately simple harmonic motion, on its vertical axis by a drive
system providing a range of frequency and amplitude. Spacing of
the nesdles on the munifold was equivalent to the diameter of

the natural dispersion of the drops in the tunnel from a fixed
single needle. The neadle rake therefore produced @ vertical
band of water drops at ihe test sectlon. 0scillation of the man-
1fold then produced a rapidly sweeping vand of raln across the
test section. The rake prouvided about ten times the required
amount of water in the tund. Proper average llquid water content
values wore provided by adjustmant of the oscillation amplitude
to have the curtain of rain in the test section for only 1/L0th
of the period, tha water being directed to tie tumel walls
during the remainder of the period.

The Los Angeles Division ol' NAA had constructed such an
apparatus for F-100 windshield rain removal besting and this
squlpment was ovtained for tho A3-1 testing. with some modifi~
cation this apparatus whs inceorporated in the test wind tunnel
(Figure A=7), Minifeld oscillation frequency was limited to 20
cyeles per second becausc of structural and vibration considerations.
Photogranhs ol the drona produced by thls apparatus with the
manlfeld gtrtionary showed good agreemsnt with the drop sizes ob-
tained in tho smwall tuonel., Yhotogravhs of drops with the manifold
ascillating were not cbtained because of difficulty in synchron-
izing the short duratlion photo flash with tne incidence of drops
in a pactic dar portion ¢i the turmel. The apjearamnce of the
windshield with the simulated raiu producsd by this apparalus
indicated that drop sisze and dispersion were satisfactary.

During the first phase of the tost program and for equal
conditions, differences in the ap-earance of the rain on the
windshield were noted. The differences werc determined to be due
to the fouling oi the windshield swiace by ¢il in the hot ailr
supply and Ly deoposition of the water solualle ninersl calts
present in the city water supily upon evaporation of the slmmlated
rgin on the yindshield. An activated charcoal oil filter was pro-
vided to clinio te the first vroblem nna the second wee alleviatad
v the usa of de-ionized water for the simulited rain. Alue &
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APPENDIX A

DISCUSSTCH (cont.)

Visibility Recordin: Technigue Development (cont.)

program of frequent cleaning of the windshleld was established.

Fxamination of the literature revealed that previous teste-
ing of this type relied »rimarily on the determination by
visual inspection of the location and extent of dry, splattered,
and completely wetted areas of the windshield to evaluate the
performance of the rain removal system., In some tests photo-
graphy of the windshield was used to provide a record of the
appearance of rain upon the windshield. Also, 1liuminated objects
forward of the tunnel entrance were photographed through the
vindshield to demonstrate and record the clarity of vision ob-
tainad through a small portion of the windshield. The techniques
previously used were reviewed, and it was decided that rain
romoval system perfarmance could be best recorded by ohotogranhing
the pilot's field of vislon forward through the portion of the
windshield affected by the rain removal system.

Initial testing indicated tlwt a sharp-contrast backeround
with uniform lighting was necessary to obtain photographs
indicating extent of clearamce. The intarior of the wind tunnel
forwerd of the windshield and flat panels forward of the inlet
bellmouth and forward of the transparent wall test section were
painved a flat white. A transit was positioned at the pilot's
aye position and used to construct a nattern of jorthogonal grid
lines in black peint over the white areas. Poris were cut in the
floor of the rain development section of the wind tunnel and
replaced with transpsrent rlastic windows, through which electric
illumination was provided to the tunnel interior. Since the
carrier-landing avnroach oreration was consideved most critical
in regard to requirements for visibility in rain, the visual
target aros was marked with block crosses and small slsctric
lirhts at the carrier lauding nirror system nositions as they
would apvear to the pilet on approach at various distamces from
2000 feet to 10 feet aft of the carrier fantail. The Ianding
Signal Orficer position would arrmear to the pilot to be below the
left mirror pesition and would therefore bs visible to the rilot
whenever this mirror position was visible.

Al x 5 Speed Graphic cut film camera with a 135 mm lens was

positioned at the pilot'!s eye position for recording the vicibility.
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DISCUSSICN (cont.)

Visibility Recording Technique Development (cont.)

In view of the "sweeping band" method of rain drop dispersion

it was felt tlat the camera exposure should be of relatively

long duratio:n to effectively totalize the visibility nattern,
sueh as the human sye and brain totalilzes saries of instantaneous
images. Consequently, neutral density lens filtcrs were used to
pernii the setting of exnosure time at three seconds. The camera
iris diaphragm was set at F32 to onroduce the maximum devth of
focus. Comparison by several individuals of the resulting whoto-
rravhe with the directly-observed view resulted in agreement that
this photograrhy method nroduced true records of the visibility
through the windahield.,

Motion plectures were alsc taken from the pllot's eye
nosition. The necessary fast exposure sxaggerated the effect
of the "sweeving band" drop dispersion. Also, these films were
inferior to the still photeographs in detail and contrast.
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EFFECT OF WATER INJECTION - FIGURE A-2

. 2 NEEDLE LENGTH TO DIAMETER RATIO ON DROP SIZE
: i CONDITIONS: Velocity 150 Knots, Tunne! Length 24 Ft., Meedle Inside Diameter 0,034 In.
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EFFECT OF SIZE OF WATEK INJECTION NEEDLE ON DROP SIZE FIGURE A-3
CONDITIONS: Velocity 150 Knots, Tunnel Length 24 Ft., Needle L/D 90

MEEDLE 1.D. 0.013IN.  MEAN DROP DIA, 0.035 IN.

70.027 IN.  MEAN DROP DIA. 0.055 iN.

NEEDLE !.D. ' ~0.085 IN.
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EFFECT OF DISTANCE FROM INJECTION NEEDLE ON DROP SIZE
FIGURE A-4
CONDITIONS: Velocity 1350 Knots, Meadis L/D 130, Nsedle 1.D. 0.034 in,
|
N
DISTANCE FROM NEEDLE 8 FT.

MEAN DROP DIA.  0.0B5 IN.

[

DISTANCE FROM NEEDLE 12 =T. DISTANCE FROM NEEDLE 24 FT.
MEAN DROP SIZE  0.090 IN. MEAN DROP SIZE  0.085 IN.
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VIBRATING SINGLE-NEEDLE RAIN DISPERSION SET-UP FIGURE A-5

G\ ATER |NJECTION I
B NEEDLE AND TUBE)
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FIGURE A

!

NEEDLE RAIN DISPERSION DRIVE ARRANGEMENT

NORTH AMERIC.N AVIATION, INZ.
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OSCILLATING RAKE RAINMAKER SET-UP  FIGURE A-7

T ——

Bl TUNNEL INLET BELLMOUTH

=

o ¥ A Ao ON NEEDLES |
'1. . 3§ A " - ) i "'_

A e — VARIABLE-SPEED MANIFOLD
m / : y * OSCILLATION DRIVE iR




