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ABSTRACT
1'

Full-scale laboratory testing of the A3J-l

windshield rain removal systsm was accomplished under
simulated flight and rain intensity conditions. The
original design of the rain removal air nozzles was
shown to provide inadequato visibility. One of two
nozzle design modifications tested was proven success-
ful and the essential features of this design were
incorporatcd in the production design.
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!. INTRODUCTION

A windshield rain removal system 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 A3J-l 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 nozzles at the forward edge of the wind-
shield to provide clear windshield area. However, previous
laboratory and flight test data was obtained on windshield
configurations considerable different in geometry from that of
the A3J-l. Also, riost of the laboratory testing was performed
with simulated rain of small or unknown dror- size, which cast
doubt on the results obtained.

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 fir flap boundary layer control,
or exceed the cooling capacity of the ram air heat exchanger.

The literature (References d, e, f, g, and h) indicate
that air blast rain removal acts primarily by subjecting the
rain drops to the shattering action of the high velocity air
jet, and then deflecting the shattered drop fragments so that
they ntiss 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 impingement 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 no7zle exit
velocity produces more clearance than subsonic or supersonic
exit velocities, and that the air pressure ratio should be
such as to provide scnic flow. Since the speed of sound in
air increases with tenperature, 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.

In" Ht
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I. INTRCDUCTICN (cont.)

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

This test was requested by the Conditioning Systems Design
Group. This report was written by R. C. Turner and M. h. Belgen.

J.ir. Gair, Group Leader
Airflow. Laboratories

ICW lie
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iI. SUi12ARY

The forward visibility with the original A3J-I windshield
rain removal noz7le design (Configuration A in Figure 5) was
found to be inadequate under design conditions (carrier
approach at 135 knots in heavy rain, with 30 psig nozzle air
pressure and 275 0 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 adequate visibility at design
conditions with approxirvitely 16, less englne bleed airflow
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 produced by the air blast rain
removal system was found to be relatively indeoendent of air
velocity and liquid water content (Figure ll, 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 picture 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, possib]'. with ram
air jet pumping provisions in the nozzles if necessary to
obtain tolerable windshield temperature levels.

III. DISCUSSICN

A. Test Conditions

it was necessary to establish firm basis for comparison
o# the performance of the test nozzle configurations. This
required that a set cf design test conditions be established,
taking into account the missions of the aircraft, predicted
Performance, probability of encountering various intensities
of rain, and rain charactelistics. In addition to the design
conditions, a suitable range of the variables had to be
established, so that the effect of the variables on system
performance could be determined for a realistic operating
rcgime. From a literature search and from consultation with
the U. S. !-,leather Bureau and NAA Engineering Department Groups
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III. DISCUSSION (cont.)

A. Test Conditions (cont.)

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

VARIABLES DESIGN RANGE OF
CONDITION TEST CONDITIONS

Flight Conditions:
Airplane Angle of Attack, degrees +6 +6
Airnlane Velocity, knots 135 135 170 200

Environmental Conditions:
Rain Intensity Heavy Moderate Heavy Excessive
Rain Dron Size, in. diameter 0.059 0.039 0.059 0.083
Liquid Water Content, grains H00

Cu1.Ft. Air 0.365 0.120 0.365 0.81c

Ra4 n Removal Nozzle Air Supply:
Pressure, PS!IG 30.0 22.7 30X0 37.3
Temnerature, OF 275 275 h25 500

Pilot's Eye Position:
1"'iter Plane, in. +26 +23 +26
Buttock Plane, in. 0 0
Fuselage Station, in. +15 +l1%

The design airnlane six degree nngle of attack and 135
knot velocity correspond with those which would be used with
the A3J-1 airplane 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 velocities because it was known
that visibility would be better than was obtained at the

go" its
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III. DISCMISSION (cont.)

A. Test Conditions (cont.)

selected test conditions. The six degree angle of attack was
used for 170 and 200 knots to simolify the test set-up. Actual
anpLes of attack corresnonding to these velocities would be less
than six degrees (with the aerodynamic configuration for landing),
and the anvje bot'.'egn tho .•irstrea.m and windshield would be
greater. Thu; actual visibility in flight at the higher veloc-
ities would be expected to bo ao.,ewhat poorer than was observed
durin, the tea-ts.

The desipvn rai n 3.nitc!it,'- • v, •w:,,: ý::cLed as that classified
a.• heav;. F on a ]Lternturc 'enrch and consultation with the
U.S. 1,'eather IHurc-u it waa ctab~lU•hed that rairn intensities
more severe than this occn,if. untrequently, are confined to small
areas•, and are of shc.'t dirat .cn, Ai a landing is attempted in
extreme.ly severe gain, it c -cpacted that visibility will be
inadequate, but usually such a rain condition will abate by the
time a go-around and second landing attempt is made. The test
range of rain intensities fromn moderate to excessive was
selected to obtain data for the range from that most frequently
encountered to that the most severe in which landing is likely
to be attempted. The rain drop sizes and liquid water contents
for the three tos rain intensities wo.-e taken from a standard
meteorology text (Reference a).

The environmental static prcs.ure at the test section was
not controlled, and was less than the local barometric pressure
by the amount of conversion of -batic pressure to dynamic pressure
in the inlet bellmiuth and the amount of frictiona. pressure loss
in the tunnel ap•ro.ch to the test section. Thus the static
pressure in the test section varied with the barometric pressure
and the te.t air velocity over a range from apr-.roximately 14.2 to
13.2 PSIA. This corres,,onds with flight altitudes from 1000 to
300,0 feet. but the effect of this on test results was considered
!. ,/ . i neliir•ibie.

The wind tunnel test section air temperature was room temp-
oraturs (69 to 760F) during the test runs. Incidence of natural
rain is restricted to temperatures near room temperature and the
riminor variations of test air temperatares were considered to have
a negligible effect on the test results.

the tunnel a ir ,umidity was not controlled or measured, and
probably varied over a considerable range for various test runs.
During natural rain the humidity is normailly high, but can vary
"considerably also. In the general area where windshield clear-
ance is obtainedp the mixture of 275 0 F rain removal air with the

go" It
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III. DISCUSSION (cont.)

A. Test Conditions (cont.)

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

The rain removal nozzle 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 PSIG was estab-
lished arbitrarily as re-resenting reasonable departure from the
design point for the purpose of evaluating the effect of nozzle
nupply pressure on windshield visibility.

",*-der normal conditions, the nirnlane auxilliary supply air
tpmnerature is controlled to 300OF ± 10 0 F by the primary heat
exchanger air temperature control system located at approximately
station 52L (Reference c). Between this point and the rain
removal nozzle at station 90, there is approximately 03 feet of
uninsulated ducting in which a temperature drop of 25 0 F was
expected at design airflow. On this basis the design nozzle
supoly air temperature was selected to be 2750F. The test range
of 275 to 500OF covered the temperatures which could occur under
the abnormal conditions of reduced primary heat exchanger cooling
air flow with the pilot's control switch in the "override" position.

The nozzle supply air humidity was not controlled or measured,
but the laboratory compressed air system used for the testing
would be expected to sunply air with approximately 10 grains of
water oer pound of air, Although this is lower than would normally
be encountered in natural rain, it is believed that this would
have a neligible effect on the test results because the mixture
of 275 0 F rain removal air with room temperature tunnel air would
produce extremely low local relative humidities regardless of
nozzle supply 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 eye 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-l test pilots, as a reasonable 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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if1. PTSCV•SSTCN (cont.)

A. Tept Conditions (cont.)

fcrward would also be feasible, and this would improve the
pilot's ability to utilize clear Aindshield area in viewing
the landing mirror.

B. Test Set-Up

The test article consisted of a cockpit enclosure wind-
shield frame assembly (207-31052) including the w ndshield
glass (247-31853) and the windshield lower support frame
assembly (217-31876), which contained the rain removal noznle
holes and air nlenum, Three configurations of the frame
assembly were tested (Figure 1).

The test article was mounted on a support fixture 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 consisted of an inlet bellmcuth, a straight
section for injection of water to simulate rain, the windshield
test section, a diffuser, an air blower, an air throttle, and
an outlet diffuser. The windshield rain removal nozzle supply
air duct was connected to the laboratcry heated compressed air
system.

For riin simulation, de-ionizcd water was supplied by a
pump to 1-ynodernrc needles on an oscillating rake in the wind
channel imnediately downstream of the inlet bellmouth. To
measure simulated rain drop sire, microflash photographic
ecuirnent was installed at a transparent tunnel wall section
i-=ediately upstream of the windshield. Considerable develop-
ment was reauired to obtain adequate rain simulation and
photographic reccrding of visibility (APPE1fDIX A).

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

• ii ii ••••l iii inmlm • • am • ,,m re |,l~a,, • • ao • mul nu • • lm lmlm • n • • • n • ,,, ,, Ja
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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 dvring landing approach.

C. Test Procedure

Prior to each test run water injection needles to simulate
the desired rain condition were selected and installed, and
the rake oscillation angle was set to approximate the proper
liquid water content. The desired rain removal nozzle air
weight flow was set up and dumped 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.

Uhen the requireL stabilized rain removal air temperature
was attained, the tunnel drive blower was started and the
blower outlet throttle was adjusted to obtain the tunnel
dynamic pressure corresponding 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.

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

Forward visibility from the pilot's eye position through
the windshield was recorded for each 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 see

nllllln • •1 ii um mR • m. .. • Ill • I W • Ill .IInU. mamll m , nai I n• l I lalmR •• ,1 •• • i . • • .1
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III. DISCUSSION (cont.)

D. Results (cont.)

the landing mirrors when he was nearer than about 500 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 annarent from the data photographs that the 5/32"
diameter nozzle holes located between BP i L-5/6 and t 12 were
not contributing significantly to the overall nozzle perforriance.
It was therefore decided to limit the nlacement of the nozzle
holes between buttock planes ± 5-15/16 in the next series of
tests. Configuration A hole spacing and total area was retained,
which resulted in a nozzle hole diameter of 0.296 inches.
Configurations B and C, which were entirely similar excent for
nozzle-to-windshield angle (Figure 1), were tested simultan-
eously, with B on the left side and C on the risht side of the
windshield centerline. This was considered feasible in that
configuration A tests showed that the clearance patterns were
aymmetrical 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 produned clearance only slightly
improved from that of configurat-onAat 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 to design values (Figure 5).

By stooping, the pilot can appreciably improve his
utilization of the cleared portion of the windshield (Figure 14).
This is considered important in permitting landings under more
severe rain conditions and also in providing improved flight
path visual detection capabilities at the higher let-down speeds
and the expected lower airplane angles of attack.

The windshield frame assembly was redesigned September 3,
1958 (2[7-31876, 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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III. DISCUSSION (cont.)

D. Results (cont.)

hole size and spacing were retained, but four additional holes
were added on each side to increase the lateral extent of
visibility in rain. Under design conditions of supply air
pressure and temperature (30.0 PSIG downstream of the regulator
and 3000F downstream of the primary heat exchanger), the revised
design would provide approximately 101 lb/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 environmental 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 as well as the pressure with a fixed nozzle
configuration, produced only 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
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Ill. DISCUSSION (cont.)

D. R~esul ts (cent o)

to assure sonic flow at the nozzle exit. Therefore the observed
slight increase of'clearance with nozzle pressure is attributed
to the effect of the increascd airflow rate rather than the
increased pressure level. It is believed that increase of
clearance with airflow rate for a constant nozzle pressure
would be great in the low airflow range and slight in the high
airflow range.

Increased nozzle air temperature, which also increases
nozzle exit velocity ;nnc decreases airflow rate, produced a
significant increase .In clearAnce. Increased allowable air
temperature and decreasd required airflow are desirable from
the standpoint of required heat exchanger size and engine bleed
thrust penalty. Therefore, use of the highest feasible nozzle

, I air temnerature is desirable.

This project was conducted by R. C. Turner in the Thermo
Lab from January 1h, ]$58, through Anril 16, 1958. The data
contained in this report reflects status as of September 30,
195,8. Original data for the project are recordcd in Engineering
Research Sction Data Book Number 14, Paguo 614-77, and Pages
112-299, and in Book 21L, Pages l1-17 and 32-35.

IV. RECOM1AMENDATIONS

Jot air temperaturn increase is believed to promote system
effectiveness by increasing the evaporation rate of the drop
fragments in the jet and on tne windshield after impingement,
as well as by inreasing J, vwlocIty 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 powered aircraft has the added benefit of reducing engine
cooinressor bleed air heat exchanger requirements and reducing,
thA take-off thrust and range penalties imposed. Tempcrature
limits are generally set by windshield material thermal limits,
but a-1rjlane flight mach number increase also demands that
betterx hept resistant windshield materials be developed. As
such materials are made available, rain removal air temperatures could
increase corresponding•ly.

"It was implied above that air blast rain removal air

It V 4 AI".
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IV. R1ECOYI24ENDAT10NS (cont.)

cooling requirements is a factor in engine bleed air heat
exchanger design. It should be noted that. the nerformance of
"-•cuh air-to-air exchatgiers is reduced under conditions of
reduced cooling air flow. This condition is likely to occur
during slow flight on aporoach to land, when the rain removal
system would be simultaneously required if it is rainding0  It
is therofore cuggestcd that imnortant improvemernLs could be
realized by the development of means of direct utilization of
uncooled eng.ne bleed air for air blast rain removal, provid-
ing windshield overheat prewvntien could be assured. it is
also suggested that the use of uncooled bleed air as the motive

- •fluid in an ejector-nozzle configurc-[.ion could provide dual
benefits in that both increased nozzle air weight flow and air
"jet cooling (windshield over-temperaturu protection) could be
"Iaceomplished. It is recomeinded that consideration be given
to these possibilitios for future improvements in air blast
windshield rain removal systems.

- V .
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PHOTOGRAPHS OF TEST SET-UP FIGURE 3

RAIN DEVELOPMET SECTION AND AIR SUPPLY, TEST SECTION AND
WATER SUPPLY PUMP INSTRtUMENTATION

Yk~y SCTIONRAIN REMOVAL NOZZLES

MELLMOUTH AND FOR WARD TARGET BOARD DIFFUSERS AND SLOWER
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WINDSHIELD VISI13LITY-WITH HEAVY RAIN AT 135 KNOTS FIGURE 5
CONDITIONS: 2750 F Nozzle Temperature, Camera at Pilot's Normal Eye Position

CONFIGURATOA

CONFIGURATIONB

CONFIGURATION C
22.7 PSIG NOZZLE PRESSURE 130.0 PSIG NOZZLE PRESSURE
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WINDSHIELD VISIBILITY WITH MODERATE RAIN AT 135 KNOTS FIGURE 6

CONDITIONS- 2750 F Nozzle Temperature, Camara at Pilot's Norm~al Eye Position~

CONFIGURATION A

CONFIGURATION 8

CONFIGURATION C
22.7 PSIG NOZZLE~ PRESSURE 30.0 PSIG NOZZI.ý ESUE
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WINDSHIELD VISIBILITY WITH EXCESSIVE RAIN AT 135 KNOTS 'FIGIURE 7!

CONDITONS: 275' F Norzzle Temperature, Camera at Pilot's Normal Eye Potition'

CONFIGUG UI N'

CONFIGURATION C

22.7 PSIG NOZZLE PRESSURE 30.0 PSIG NOZZLE PRESSURE
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CONDITIONS: 2750 F Nozzle Temperature, Camera at Pilot's Normal Eye Position

COF PRTOP A

CONFIGURATION A

CONFIGURATION 8

22.7 PSIG NO.ýZLE PRESSURE 30.0 PSIG NOZZLE PRESSURE
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WINDSHIELD VISIBILITY WITH HEAVY RAIN AT 200 KNOTS FIGURE 9
CONDITIONS: 2750 F Nozzle Temperature, Camera at Pilot's Normal Eye Position

CON IGURAtNA

POP''

CONFIGURATION B

;CONFIGURAýTIONI
22.7 PSIG NOZZLE PRESSURE 30.0 PSIG NOZZLE PRESSURE
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EFFECT OF VARIATION OF RAIN INTENSITY ON VISIBILITY FIGURE 10
CONDITIONS: 30.0 PSIG Nozzle Pressu.re, 2750 F Nozzle Temperature, Configuration B

Camara at Pilot's Normal Eye Position

ppp-

MODERATE RAIN

"4P

VELOCITY: 135 KNOTS VELOCITY: 200 KNOTS
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EFFECT OF VARIATION OF AIR VELOCITY ON4 VISIBILITY FIGURE I1I
CONDITIONS: Heavy Rain, 2750 F Nozzle Temperature,

Configuration B, Canmira at Pilot's Normal Eye Position

VELOCITY: 15KOTS

-4 P

VELOCITY: 17 KNOTS

pPP-

VNE ITY.-: 200 KNOTS
22.7 PSIG NOZZLE PRESSURE 30.0 ?SIG NOZZLE PRESSURE
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EFFECT OF VARIATION OF NOZZLE AIR PRESSURE ON VISIBILITY FIGURE 12
CONDITIONS: Heavy Rain, 275' F Nozzle T3mperalure, Configurationi B

Camera at Pilot's Normal Eye Position

ppp"

LNOZZLE PRESSURE: 22.7 PSIG

NOZZLE PRESSURE: 30.0 PSIG

ppw-~Ipp q

NOZZLE PRESSURE: 37.3 PSIG
VELOCITY: 135 KNOTS VELOCITY: 200 KNOTS
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EFFECTS OF VARIATION OF NOZZLE AIR TEMPERATURE ON VISIBILITY
CONDITIONS: Heavy Rain, 135 Knots, 22.7 PSIG Nozzle Pressure,' FIGURE 13

Configuration B, Camera at PIlot's Normal Eye Position

NOZZLE TEMPERATURE: 275°F

NOZZLE TEMPERATURE: 432 F

NOZZLE TEMPERATURE: 505 F
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EFFECT OF VARIATION OF PILOT'S EYE POSITION ON VISIBILITY

FIGURE 14

CONDITIONS: Heavy Rain, 170 Knot, 22.7 PSIG Nozzle Pressure.
275°F Nozzle Temperature, Configuration B

CAMERA AT PILOT'S NORMAL EYE POSITION

CAMERA 3 IN. BELOW PILOT'S NORMAL EYE POSITION
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APPENDIX A

WINDSHIELD RAIN REMOVAL TEST FACILITY DEVELOPMENT

(PageS A-I through A-16)
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APPEINDIX A

SUMMARY

It was found that a stream of water drops of the size
encountered in natural rain can be produced in 100 to 200 knot
velocity air streams by injecting water at the same velocity
am the air through small-bore needles with a length to diameter
ratio of 90. The drops produced in this manner achieved
spherical shape less than eight feet downstream of the water
injection needle and retained uniform size twenty-four feet
downstream.

It was found that accurate photographic recording of
"visibility under simulated rain conditions can be achieved by
use of a uniformly lighted grid background of black lines on
white with small electric lights to identify lines of vision
used by the pilot during landing. With bhis technique a long
exposure time (three seconds) and small aperture ( f32) were
found to produce the most exact recording of visibility. The
use of water free of minerals for the rain simulation and air
"free of oil for the rain removal supply system ws found necess-
ary to obtain consistent test results.

In future rain removal facilities it would be desirable to
obtain more uniform dispersion of simulated rain water drops,
to develop a method of determining drop size and dispersion
with water injection needles in motion, and to ascertain if
tunnel or rain removal supply air hinidity have any appreciable
effect on visibility produced by a rain removal system. It is
believed that further development of the vibrating single water
injection needle technique would produce more uniform drop
dispersion, and it may be possible to prove that uniform disper-
,ion is unnecessary. Several photoraphic and drop counting
techniques appear promising for determining drop size and
dispersion in the test section with the vibrating needle. With
a closed circuit tunnel, control of air humidity appears to be
feasible.

DISCUSSION

Preliminary Design

"Tests of this nature, requiring airflow at flight velocities
about a test article, can be performed either by moving the test
article through the air (flight and sled testing) or by moving
the air past the stationary test article (wind tunnel testin).

S.... -- ' '"-i-
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APPENDIX A

fDISCUSSION (cont.)

Preliminary Design (cont.)

The wind tunnel approach was considered more feasible and
economical than the alternate methods, although accurate rain
simulation in a wind tunnel had not been achieved in earlier
testa. Full scale testing was considered desirable to avoid
consideration of unknown scal, effects and to make use of avail-
able A3J-1 windshield assembly parts.

An open-circuit wind tunnel was selected instead of a closed-
circuit configuration because it would cost leass test section
aerodynamic flow uniformity could be more easily attained, and
computations indicated that recirculation of rain drops might be
a problem with a closed circuit configuration. A confined flow
test section was selected instead of an open jet chamber because
of lower cost and the fact that size of the open jet attainable
with the available blower appeared to be marginal. Although it
was known that, the air flowing over the windshield in flight
"would be accelerated as it passed up the windshield, it was
decided to provide an approximately constant flov area from the
forward to the aft end of the windshield in the test set-up to
reduce costs. This was considered acceptable because computations
indicated that the air stream lines would have 7 ttle effect on
the trajectory of rain drops of the size encou in natural
rain, particularly along the forward edge a: ti hield which
was of most imnortance in this test.

With the open-circuit tunnel configuratic lot con-
sidered feasible to control the environmental Ity
because of the extremely hilgh tunnel air flow i omputations
indicated that evaporation of water drops of th ncounteroe
in natural rain prior to entry into the rain remn t eir
stream would not be appreciable. The available s generation
equipment was ,l÷o ¶rnadequate for humidification of tia rain
removal nozzle h.ot air supply. Computations indicated that

<1: • relative humidity .Ln the mixed environmental and rain removal
air stream would be extremely lcm both with and without simula-
tion of air humidities expected in natural rain. Simulation of
humidities was therefore considered unnecessary.

From reports of previous windhield rain removal testing,
it was known that difficulties wevre to be expected with the
simulation of natural rain dror sizes and dispersion in a wind

, ,, , lid
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APPENDIX A

'DISCUSSION (cont.)

PreliminuryrDesin (cont.)

tunnel and with obtaining phiotographs indicating the true
visibility through tile windshield. Facility develonment testing
was therefore considered necessary to solve these probleims.

Wator Injection Needle Develo nt

Coincident with preliminary wind tunnel design, a literature
search was conducted to determine mothods of introducing water
into a moving air 5tream to obtain simulated natural rain. The
only successful technique discovered was that of Ruggeri, of
NASA Lewis Lab, who hd produced large sized drops in a small
"wind tunnel, by ejecting a water jet into and varallel to the air
stream in a constant-area section upstream of the test section.
"The diameter of the water jet, and the resulting drops, was

1 •controlled hy the diameter of the ejecting tubular nozzle. The
jet velocity was made to closely approach the air stream velocity
by adjusting the water supply pressure; thus only asall shewr
forces were exorted upon the watur by the airstream arid the jet
of water was tran3formed by the action of surface tension into
"fairly uniformly-sized drops, travellira, in line down the tunnel
with the air stream.

To check axO extend this work, a four-inch diameter open-
circuit, open-Jet test section wind tunnel, with variable-length
const~ant-area sections upstream of the test section, was designed
and constructed (Figure A-1). All test water injection needles
were calibrated to determine their water flow rate vs. supply
pressure characteristic so -that water velocity at the needle exit
"could be controlled by adjusting the water supnply pressure. A

* press-type cut-film camera and a two millionthe second duration
flash light was installed at the test section to record drop
sizes. Experimentation showed that bost photographic reproduction
was obtained with the diffused flash source in line with the
camera on the opposite side of the transparent-wall test section,
thus providing back-lighting. With the camera position fixed and
focuaed on the tunnel center line, a scale with 1/100 inch
divisions, held on the tunnel center lite, was photographed&
Prints of this negatie and the neapatives of drops to be measured
were i,hen enlarged to the same magnification and the scale was
used directly to detevrmine drop diameters.

wnU, ~
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DISCUSSION (cont.)

Water Injaction Needle Development (cont.)

Parameters investif.;ted in the cmall turnnel wero wnter
Injection needle bore length to inuide diAmet~er ratio (LAb), needle in-
side diameter, distance from ne#ndle exit to test section, air
velocity, and water jet vnlocity. A needle L/D of 40O produced
rw~ny drops of small diramtor, liut increasing the ratio to 90 and
greater gave the desired condition of fewer drops that wore
larger and of fairly uniform size (figure A-2). Water injection
needles of 0.013, 0.027, and 0.039 inch diameter produeed drop
sizes clossly approximating the 0,039,, 0.059, and 0.083 inch
diameter drops desired for simulation of noderate, heavy, and
excessive rain conditions (Figure A-3). Drops had assumed a
ispherical 8hape eight feet downstream of the' needle, and main-
tained this shape without~ app'reciable break-up or agglomneration
at a distance twenty-four feet downstream of the needle (Figure
A-h),, Lsince rain development tunnel lengths less than eight or
greater than twenty-four feet were not being conridered for this
test, the exact liaits of lergth for proper drop production were
not determined. A variation of air velocity from 100 to 200 knots
(with the water jet, ye]cx-ity equal to the air velocity) produced
no appreciable change of dro-p bizc. A variation of the water
pressure ratio from ten percent be~low! to ten percent above that
required for equal water Jot and air rtrvam velocities p~rcduced
no appreciable change of drop, sie On the basis of these test
results, It wais decided to use waiter injection needles of 0.013,
0.027, and 0.039 inches inside diameters with 90 L/D supolied
with water at the pressurers required to nraoduce water velocities
equal to the tuninel air velocities for all subsequent testing.

Dr op DisperzsionEouipine nt Development

It w~c thought that periodic, hih requorey, angular dis -
pl.9cemerit of the water injection needles fromn the position
paral.lel. to the airflow direction vould be required to dicsperse
the drops over thm tonst 5oction. Such angular deflections should
be as small as possible to redico the shoar forces exert,~d by the
air on the water jets. Therefore the length of the tunnel
conatnnt-.area rain development section was selected to be 2b feet,
the maximum consistent With space available. Tt ,i's decided to
use an existing inlet bellmouth and duct with a segmented circular
croiss section of 3.65 aquuar foet area for the rain davelopment

W.n fie
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DISCUSSION (cont.)

Droa Disnersion ELujnnent Devei cpmei•t (cont.)

section. This duct was connectcd to the wlitdshield test suctionP with its induction air slower system.

Coraputations indicated that the water dicchar,-o rate from a
sinile 0.027 inch diaimeter bore "heawy rain" water injection needle
was approximately that necessary to produce the liquid water con-
tent in the te st ncction which would simulate heavy. rain. There-
fore the first approach to rain drop diapers.i on was by iniucirng/
vibration of a single water injection needle. The needle was
mounttd on a 1/h inch stainless steel tube and cantilever-supported
on a fixed .trut at a tunnel centerline (Figure A-'). Electro-
magnetic shaker units were mounted at 900 to each other and the
tunnel c-enterline cutside the tunnel and connected to the needle
su-nort tube by mnons of aushrods (Fiplure A-6). Tho shaker power
:mupnica and controls wore so arrang,-d that the mo tion of the
needle could he made to fll.]ow a varicty of patterns, with good
frequency and amnlitude contr I. Several different needle
vibration maatternu were tried. Hasicall, theso :1atterns consisted
of a 2c to I', c;pn oval], £il;ur, eight, or multiple -op over the
,tnnel. ox'c¶;s sec ;3 .ci V ,; t,. a i7 0 to (--0 Cp,; arylroX I.:.t ely u1YSilT)]

has;ý rn in.c motion )Iperlaposed.

oo hanica]l failure of nec'dle-61.•"port nctd~es and push-
rods •was encountered, and ticcne problcm: precluded the use cf
i;irhcr vibration frequencies. With a c(.) cpa nrire vibration node
at 200 knots tunnel vel •city, watcr drops aunroeaching, the wind-
;hield from autkeessiv: vibration cycles would be approximately 81
Inchcxi . apart. For heavy rain a uniform dror spacing would be
a-proximately 5 inches, and a vibration frequency of approximately
610 cps would be necessary to ac'hieve thisi, Howevir, observations
of the windshield indicated that the vibration frequencies used
were roaducing a uniform wettinig of the windshield. tkt this time
the vibration equipment had to be released for other testing, aud
it was decided to use n different metlod of drop dispersion. It
is believed that the vibrating needle method showed promise, and
should be considered for future rain simulation apparatus.

Larson of the WADC Equipment Laboratory had experimented
with an anparatus, using ituger• I s drco production method, capable
of' distributing. the drons across a wind tunnel test section. This
consiAsted of a vertically-mounted water supply manifold strut,
in a strealined hounel nr. Water injection needles were mounted

WON IP
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TDIFCPSSTCN (cont.)

'rom Dispnr:;5 on Equipnt Development (cant.)

on the strut to form a rake of no,!dles in a vertical plane.
The manifold was mounted in bearings and oscillated in approxi-
mately simple harmonic notion, on its vertical axis by a drive
system providing a range of frequency and amplitude. Spacing of
the needles on the manifold was equivalent to the diameter of"
the natural dispersion of the drops in the tunnel from a fixed
single needle. The needle rake therefore oroduced a vertical
band of water drops at the test section. Oscillation of the man-
if old then prodtmced a rapidly sweeping band of rain across the
test section. Thu ral(e provided about ten times the required
amount of water in the bnd. Proper average liquid water content
values wore provided by adjustuint of the oscillat.on amplitude
to have the curtain of rain in the test section for only 1/lath
of the period, U"hv water beiing directed to tihe tunnel walls
during the remainder of the period.

"The Los Atneles Division of NAA had consLructed such an
apparatus for F-lO0 windshield rain removal tenting and this
equipment was obtained for the A3J-1 testing. With some modifi-
cation this apparatus wvis incorporated in the test wind tunnel
(Figure A-7). MA.inifold oscillation frequency was limited to 20
"cycles per second because of structural and vibration considerations.
Pbotogra-phs oE the drons produced by this apparatus with the
manifold nt:otionary showed good agreement with the drop si zes oh-
tamind in thu smnla tunnel. -hotographs of drops with the manifold
""s•cil1ati.ng were- not obtained because of difficulty in synchron-
iz7.ngt 'the short durati or. photo flash with thUe inciderne of drops
It, a parlUiJl'ar porti on u' the tunnel. The apieararce of the
,rwind. hield with the ,imulatd raii± produuetd 'by this appfaratus
indicated thit, drop size and 1iitnerslun were uat fi afctory.

Visibility Recording T cnhIque Development

During the first phase of the ttost program and for equal
4 conditions, dlfferericew,; in the ap.earance c-i' the rain on the

to the foaling of the windshield ,urfaco by oil in the hot air

supply and by doposition oa' th,) watE'r soluatlle mineral calts
present In the city watel' sip0.ly upon evaporation of the simulated
r• , •T ()21 the w)dshield. An Ictivated chnrcoal oil filter wos IWo-".lded tc ri!mii.e the first nroblem ,na the second was alleviated

by the use of dn-ionizt d w' ater for the ,jjirol:,tcd rain. AIlso a

VUH fit
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APPENDIX A

DISCUSSTCNV (cont.)

Visibility Recordin! Technique Development (cont.)

program of frequent cleaning of the windshield was established.

Fxamination of the literature revealed that previous test-
ing of this tyne relied nrimarily 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, illuminated objects

forward of the tunnel entrance were photographed through the
windshield 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 perf'rmance could be best recorded by photographing
the pilot's field of vision forward thLough the portion of the

windshield affected by the rain removal system.

Initial testing indicated thmt a sharp-contrast backg,.round

with uniform lighting was necessary to obtain photographs
indicating extent of clearance. The interior of tlie wind tunnel
forward of the winrdshield and flat panels forward of the inlet
belimouth and forward of the transparent wall test section were
painted a flat white. A transit was positioned at the pilot's
eye Position and used to construct a nattern of orthogornl grid
lines in black zoint over the white areas. Ports were cut in the
floor of the rein development section of the wiind tunnel and
replaced with trinsparent Plastic windows, through which electric
illumination was nrovided to the tunnel interior. Since the
carrier-landinr, an-iroach on.eration was considered most critical
in regard to requirements for visibility in rain, the visual
targ..t aro.. was marked with bY, uk crosses and small electric
lights at the carrier landing, i.iirror system positions as they

. would aosenr to the pilot on annproach at various dlstarces from
20CCn feet to 10 feet aft of the carrier fantail. The landing
Signal Officer position would arnear to the pilot to be below the
left mirror position and would therefore be visible to the pilot
whenever thin mirror poitAiton was visible.

A b x 5 Speed Graphic cut film camera wJth a 135 mm lens was
poel1tined at the pilot's eye position for recording the vicibilit.).

i m -f@
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APPENDIX A

DISCUSSION (cont.)

Visibility- Recording Technique Development (cont.)

In view of the "sweeping band" method of rain iroi) dispersion
it was felt that the camera exposure should be of relatively
long duratio;. to effectively totalize the visibility Pattern,
;-iuch as the human eye and brain totalizes series of instantaneous
iiaages. Consequently, neutral density lens fil2tcrs were used to
permit the setting of exoosure time at three seconds. The camera
iris dianhragrn was set at F32 to produce the maximum deoth of
focus. Comparison by severnl individuals of the resulting nhoto-
granhe with the directly-observed view resulted in agreenent that
this nhotograr)hy method aroduced true records of the vi sibility
through the wi ndshi eld.

Motion pictures were also taken from the pilot's eye
nosation. The necessary fast exposure exagerated the effect
of the "sweeninR band" drop dispersion. Also, thezie fMlm% were
inferior to the still photographs in detail and contrast.

-1 1v___
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EFFECT OF WATER INJECTION FIGURE A-2
NEEDLE LENGTH TO DIAMETER RATIO ON DROP SIZE

CONDITIONS: Velocity 150 Knots, Tunnel Length 24 Ft., Noedle Inside Diamtetr 0.034 In.

L/D 40 MEAN RPSZ .3N

L/D 40 MEAN DROP SIZE 0.036 IN.

L/ 0MANDO IE .8 N

L/D 130 MEAN DROP SIZ'E 0.085 IN.
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EFFECT OF SIZE OF WATER INJECTION NEEDLE ON DROP SIZE FIGURE A-3
CONDITIONS" Velocity 150 Knots, Tunnel Length 24 Ft., Needle L/D 90

41

NEEDLE I.D. 0.013 IN. MEAN DROP DIA. 0.035 IN.

NEEDLE I.D. 0.027 IN. MEAN DROP DIA. 0.055 IN.

nD

I" NEEDLE I.D. 0.0341 IN. MEAN DROP DIA, 0.085 IN.

_ _ _ _ __ __i
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EFFECT OF DISTANCE FROM INJECTION NEEDLE ON DROP SIZE
FIGURE A-4

CONDITIONS: Velocity 150 Knots, Needle L/D 130, Needle I.D. 0.034'n.

A I~

DISTANCE FROM NEEDLE 2 FT. DISTANCE FROM NEEDLE FT.
MEAN DROP DIA. 0.085 IN.

DISTANCE FROM NEEDLE 12 1--. DISTANCE FROM NEEDLE 24 FT.

MEAN DROP 517E 0.090 IN. MEAN DROP SIZE 0.085 IN.

E-~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ _
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VIBRATING SINGLE-NEEDLE RAIN DISPERSION SET-UP FIGURE A-5

NEDETB UPR N
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VIBRATING SINGLE-NEEDLE RAIN DISPERSION DRIVE ARRANGEMENT
FIGURE A-6

1~z
Iz.
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OSCILLATING RAKE RAINMAKER SET-UP FIGURE A-7

MAIOLD FAIRING

(TOP & BOTTOM
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