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SPRAY NOZZLE TEST FOR SIMULATING HEAVY RAIN IN A WIND TUNNEL

INTRODUCTION

The UDRI Low Speed Environmental Wind Tunnel has been

refurbished and upgraded to provide a means for simulating the

effects of the natural heavy rain environment on moving airfoils,

high lift devices, and sensors. The environmental wind/rain tun-

nel, with a 3' by 3' test section, provides a means of observing

and measuring water droplet impacts on an object at air speeds up

to 150 mph. Figure 1 shows a sketch of the wind/rain tunnel.

The variable pitch axial vane fan is powered by a 255 hp Lycoming

aircraft engine. Variation of the operating rpm of the engine

and the pitch of the fan blades allows for airspeeds of 20 mph to

150 mph to be achieved in the test section. Approximately 6 feet

forward of the test section, in front of the tunnel inlet, stands

a vibrating tube nozzle system. Interchangeable nozzles con-

sisting of from one to 8 tubes of a given tube diameter, with a

length to diameter ratio of 50, permit the simulation of rain

intensities from 10 to 1000 mm/hr in the test section. The

nozzle can be raised or lowered from the center line of the tun-

nel to simulate droplets striking the model at various angles.

The nozzle (see Figure 2) is attached by a moveable bearing to a

rigid structure supported from the walls of the building. A

second attachment point for the nozzle is to a bearing rigidly

interacting with two shakers via force transmitting rods. The

two rods, attached horizontally and vertically between the nozzle

and uni-directional shakers, allow the nozzle to vibrate in two

directions at variable frequencies. The frequency range for each

shaker varies from 1 to 100 Hz with independent control for each.

The stroke length of each shaker varies with frequency and load

and cannot be controlled independently.

This report discusses results from tests that were made

with the spray nozzle system, and assesses the ability of the

,..-.- " " "+ " " " " ... "1
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nozzle system to realistically simulate the heavy rain environ-

ment at tunnel air speeds from 65 to 125 mph. The nozzle system

was specifically designed to achieve the large droplet sizes

(> 2 mm) that are characteristic of the natural heavy rain

environment. The nozzle system also produces the appropriate

total water volume for a specified rainrate. The following

paragraph gives more details concerning the nozzle system and the e
logic used in designing it.

Spray Nozzle System

Short duration heavy rain rates that exceed 150 mm/hr

occur, on the average, once per year at any given location in the

Eastern United States. The volume mean raindrop diameter (i.e.,
half of the water volume is contained in droplets smaller than
the volume mean diameter) of such a rain rate is between 2mm and

4mm. For simulating this intensity rain in a wind tunnel, drag

force calculations on large droplets show that the drag force

alone is not sufficient to accelerate slow moving droplets to the

tunnel velocity in short distances (less than 50 feet) without

droplet break-up. Thus, for operations in the UDRI Wind Tunnel,

it is apparent the droplets must be injected into the airstream

at a velocity near that of the freestream airspeed in the test

section. In the UDRI Wind/Rain Tunnel, a high velocity water

stream is produced by a water pump that is capable of providing

700 lbs of working pressure at a flow rate of 15 gallons/minute.

By varying the water pressure the water nozzle exit velocity can

be matched with the test section air velocity. Experimental work

by Melene (1967) indicates that a pressure of 700 PSI on a tube

nozzle whose length is 50 times its inside diameter should result

in a water stream exit velocity of 144 mph at the nozzle tip.

The reason for choosing a vibrating tuhe nozzle system over

a conventional stationary nozzle because of the problem of

droplet shattering resulting from high pressure water exiting a

conventional nozzle. Spray nozzle literature shows that

increasing the pressure in a conventional nozzle results in a

4
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breakup of the waterstream into extremely small droplets. Thus,

to achieve a high water speed and large droplets a very large

orifice is needed for a conventional nozzle. In fact, literature

(Reference 2) indicates that the orifice must be many times

larger than the desired volume mean droplet diameter.

Unfortunately such a large orifice results in a water volume flow

rate that far exceeds that required to simulate heavy rain in the

UDRI 3' x 3' tunnel. Table I summarizes vibrating tube and con-

ventional nozzle requirements for simulating 250 mm/hour and 500

mm/hour rain rates in the UDRI Wind/Rain Tunnel. With a commer-

cial 300 full jet stationary nozzle, a 7.54 mm orifice is

required to produce droplets with volume mean diameter of 3.0 mm.

This results in a flow rate of 18.4 gallons/minute. On the )ther

hand, the flowrate required to simulate a 500 mm/hour rain rate

at 45 mph airspeed is only 4 gallons/minute. Thus, the convert-

tional spray nozzle supplies over four times the needed amount of

water. Applying the same analysis at higher airspeed, the con-

ventional nozzle becomes even more undesirable. In fact, no com-

mercially available nozzles were found that could provide the

large droplet sizes at high pressures. On the other hand,

results from Melene's tests indicate that generating drops with a

tube nozzle using high water pressure results in a drop size

greater than the tube orifice diameter, provided the tunnel air

speed matches the water speed. To simulate a 500 mm rain rate in

the TJDRI tunnel a bank of eight tube nozzles is used to provide

the proper liquid water content. The eight oscillating tube

nozzles, each of diameter 1.4 mm, are positioned to cover all

areas of the 3' by 3' test section.

In general, a specified rainrate is simulated with the

vibrating tube nozzle system as follows. The volume mean droplet

*B diameter is determined for the specified rainrate. From the

volume mean droplet diameter a tube nozzle orifice diameter is

5
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chosen that produces these size droplets. The amount of liquid

water content to simulate that rainrate is controlled by the 0

number of tubes affixed to the nozzle. The water exit velocity

is regulated by choosing the proper water pressure so that water

velocity equals the test section airspeed. The spray coverage is

regulated by vibrating the nozzles in two directions.

A series of tests has been conducted to determine how well

the vibrating tube nozzle system in the UDRI tunnel actually

simulates a specified rainfall rate. Particular emphasis in

these tests was placed upon generating large dr')plets that repre-

sent rainrates in the range of 250 to 500 mm/hour. A 51)040

nozzle was used to simulate these rainrates. The 5)040 nozzle

consist- of five tuhes of inside diameter .040 inches with t,10be

length 50 times the tube diameter, (two inches). Variation in

rainrate is achieved by restricting the spray c,)verage to a

segment of the tunnel test section versus distributinj it over

the entire 3' x 3' test area. To simulate rainr-ites in excess of

500 nn/hour a larger droplet size, and thus a larger tube

diameter nozzle, is required.

A series of tests were conducted to verify the

following characteristics of the nozzle system:

(a) Water exit velocity versus pressure for tube nozzles.

(b) The influence of the differential between air velocity
and water velocity on water droplet size. The nozzle
system, because of its location in front of the
entrance to the tunnel inlet, injects water into a low
airspeed region of the tunnel. Thus, a significant
velocity differential AV, exists between the water
stream and the airstream near the nozzle. The effect
of this velocity differential in hreakinj up the water
stream into droplets was evaluated.

(c) The shattering of droplets due to vibrating the nozzle
system at high frequency.

Tho foltowinj section describes the resiit3 of these t.s

and the conclusions that were reached.

%"
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Test I -Water Velocity versus Pressure

The nozzle designated 5D040 was uised to establish a

relationship between the exit velocity of the water stream at the
tip of the nozzle and the water pressure reading at the pump.

The exit velocity was deduced from the measurement of the amount

.- of water that was drawn from a 50 gallon storage tank in spe-

cified intervals of time. The pressure was varied from 50 p-i t')

700 psi as shown in Table 2. The derived exit velocities varied

from 46.7 mph at 50 psi to 143.7 mph at 700 psi. The test

results are compared in Figure 3 with experimental data froti

Melene (1967). The agreement between both sets of data is al

excellent and allows confident control of water exit velociLy by

water pressure.

The 5D040 nozzle was used to study the water stream breakup

into various sized drops under a differential in water stream and

air stream velocity. The water stream exit velocity was

controlled by varying the water pressure as indicated by

Figure 3.

Test 2 - Droplet Formation at a Tunnel Speed of 65 mph

This test series consisted of ejecting the water stream

into the tunnel at various water nozzle exit velocities with the

test section tunnel speed held constant at 65 mph. The nozzle

was held stationary for this test. The purpose of the test was

to determine the conditions under which large droplets, in excess
of 2 mm diameter, could be generated and maintained in the test

section of the tunnel. The water pressure was varied from 50 to

350 psi corresponding to a water exit velocity from 48 to 102 mph

at the nozzle tip. A water pressure of 150 psi generated an exit

water velocity of 65 mph that matched the freestream air velocity

of the tunnel test section. Due to the location of the nozzle in

S i . . . ° " ," 4 ." °iI - " • 0°.q...•. % . . . , • % .. . .. .



TABLE 2

WATER PRESSURE VERSUS EXIT VELOCITY
TEST DATA FOR 5D040 NOZZLE

Water Time Nozzle Exit
Pressure Interval Gallons Flow Rate Velocity

(lsi2  Min. Pumped gal/min miles/hr
p.') _ ___ ___ ___ ___ ___ __

50 4.5 6.02 1.34 46.7

100 4.0 6.24 1.56 54.3

150 6.5 12.69 1.95 67.9

200 6.0 12.91 2.15 74.9

250 3.0 7.53 2.51 87.4

300 2.5 6.67 2.67 92.9

350 2.5 7.10 2.84 98.9 .J

400 2.5 7.75 3.10 107.9

450 2.5 8.18 3.27 113.8

500 3.0 10.33 3.44 119.7

550 4.0 14.42 3.61 125.6

600 2.5 9.04 3.62 126.0

650 3.0 11.83 3.94 137.1

700 2.5 10.33 4.13 143.7

h.M
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2000
1800 0.0330 inch diam~eter nozzles

1600 (Excessive Rain Nozzles)
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1400
* 120 UDRI Test Data with
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Figure 3. Water Pressure VS. Exit Velocity for Various
Nozzles from Melenel. X's are UDRI Test Data

4 with .040 inch Diameter Nozzle.
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front of the tunnel inlet (a low airspeed region), a large velo-

city differential existed near the spray nozzle. Table 3 sum- O

rarizes the test conditons and shows the approximate air velocity

at two different locations, 9 inches and 26 inches from the

nozzle tip. Still photographs were taken at these locations as

well as in the test section of the tunnel. The photographs were 0
taken with a high intensity short duration flash (1/2 microse-

cond) that effectively resulted in a stop action image. Sele-ted

photographs from this series are shown in Figures 4-I[ These and

other photographs were anlyzed and many interesting observations

are noted. In all test cases, the breakup of the w;ater strea-i

into drops occurs in an area 9-14 inch from the nozzle. At 1V)wer

water pressures where the velocity differential near the nozzl,

is small, the water stream breaks into 2-3 mm drops without

jenerating a large volume of smaller drops. With increased

pre ssure the water stream shatters into a spectrum of droplet

sizes with a large quantity of both small and large droplets

being formed. Photographs taken 26 inches downstream from the

nozzle easily distinguish the formation of large droplets at a

low velocity differential from the generation of a spectrum of

drop sizes at a high velocity differential. Consequently, the

velocity differential in the first 26 inches from the nozzle is

extremely important in determining droplet size distribution.

The photos in the test section of the tunnel show that little it

any additional breakup of droplets occur between 26 inches and

the test section. The test conditions that show lar,,ge 0 ,)Aet,

at 26 inches also show the same droplet sizes in the test --(Sec-

tion. Similarly when shattering occurs, small iroplet size

distributions occur both at the 26" area and in the test section

of the tunnel. In this test series, water stream shattering into

smaller (less than 2 mm) droplets began when AV = 56 mph,9 .
-.nch,:s) and AV = 42 mph (26 inches). Severe shatterinj, witi

* droplet sizes less than 1 mm, occurr- d when AV 93 mph (9 in'hes)
and AV 79 mph (26 inches).
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Fiur 4 Lag Speia Drp Fomn."fo ozeTp

Wae rsue 10 STs etonArpe 5mh

AV 5 ph( nce)

Figure 4 Lahrea Sphrcal Drpsy formng 9" from Wozzer TP.esr
Wae rue=100 PSI, Test Section Airspeed= 65 mph,AV 4mp
(26 56n phh9enchs)
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Figure 9 Large Flattened Drops in Test Section. Water Pressure = 100 PSI
Test Section Airspeed = 125 mph, AV = -71 mph (Test Section).

'

Figure 10 Spectrum of Smaller Drop Sizes in Tunnel Test Section.
Water Pressure = 550 PSI, Test Section Airspeed = 125 mph,
AV= 4 mph (Test Section).

16



Aq

17~

"4o

S.

Figue 11 Largr Sperial Dops n Tunel estSecton wthNzzl

Vibraing orizntaly at10 Hrtz. Wate Presur
TunnelAirsped =.5.mph

4%*.

.-"-

4,'.

1712

* hi

, 4 . * * *



Test 3 - Droplet Formation at a Tunnel Speed of 78 mp~h

The third test series was an extension of Test Series 2 to

a tunnel airspeed of 78 mph. Table 4 summarizes the test con-

ditions. The water nozzle exit velocity was increased to 133 mph

by increasing the pressure to 600 psi. Photographs were taken in

the test section of the tunnel only. The results are similar to

those obtained from the Test 2 Series. At low water velocities

large drops were formed and remained large through the test sec-

tion of the tunnel. Shattering into smaller droplets began to

occur at a pressure of 200 psi, which corresponds to NV z 65 mph

(9 inches) and AV = 48 mph (26 inches). Severe shattering, with

droplet sizes less than or equal to 1 mm, occured with 600 psi

water pressure. This corresponded to AV = 122 mph (9 inches) and

AV = 105 mph (26 inches). These AVs should be considered the

upper limit for severe shattering since no pressure measurements

between 350 and 600 psi were made.

Test 4 - Dro__let Formation at a Tunnel Se eed of 125 _mph

The fourth test series extended the previous test series to

a tunnel airspeed of 125 mph. The water pressure was varied from

50 psi to 700 psi, in increments of 50 to 100 psi. This

corresponded to a nozzle tip water exit velocity range of 48 to

144 mph. Again the nozzle was held fixed. Photographs were

taken only in the test section of the tunnel. Analysis of these

photos show that for water pressures between 50 and 200 psi the

predominant size of droplets in the test section was 2 to 3 mm

diameter. At 200 psi, the velocity differential at 9 inches is

AV = 50 mph and at 26 inches AV = 31 mph, with the water stream

velocity exceeding that of the airstream. In the tunnel test

section, however, the airspeed was often considerably larger than

the droplet speed. Table 5 shows AV in the test section varying

from -77 mph to -49 mph over the 50-200 psi range. Thus at low

water pressure, the velocity differential is small positive near

4. •
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the nozzle but very large negative in the test section of tue

tunnel. In the photographs, this large differential in the test

section was characterized by flattened droplet shapes. In the

most extreme case, with a velocity differential of 77 mph in the

test section, the photo indicates that some of the large flat-

tened drops apparently shatter into smaller sizes. However,

* tests at a smaller elocity differential did not show shatterinj.

_ For pressures ot 100 and 150 psi, with velocity differentials of

71 and 60 mph respectively, the test section photos showed large

flattened drops without the presence of a significant number of

small drops. These results substantiate the early observation

that the shattering and breakup occurs primarily in the area 9 to

26 inches from the nozzle and that once drops have formed, little

additional breakup occurs. In this test series, droplet shat-

tering began to occur at a pressure of 250 psi and severe shat-

tering began at a pressure range of 550 to 650 psi. These

transition regimes for a) the initiation of shattering correspond

to a AV = 71 mph (9 inches) and AV = 44 mph (26 inches) and b)

for severe shattering AV 119 mph (9 inches) and AV 92 mph (26

inches). These numbers, of course, can only be considered

approximate.

Test 5 - Effect of Nozzle Shaking on Droplet Breakup TIP

This test series consisted of repeating selected tests from

the previous series. All conditions were identical except that

in this series the nozzle was vibrated in a horizontal plane at a

... frequency of 10 Hz. The amplitude of the horizontal oscillation

distributed water droplets over nearly the entire 3' horizontal

". dimension of the tunnel test section. Table 6 summarizes the

test conditions for this series. In addition to the water stream

breakup due to the instability of a water jet and to shear for-

ces, a force due to the movement of the nozzle back and forth

horizontally, was introduced. This series was designed to deter-
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mine if the oscillation induced force resulted in further breakup

of the drops. Photographs were taken in the test section and

compared with the images seen under the same conditions in pre-

vious tests without nozzle vibration. The photographs were eva-

luated to determine if any difference in droplet size could be

seen as a result of changing only one variable, the shaking of

the nozzle. Unfortunately, usable photographs were not obtained

for most of the test configuration. Because of a shallow depth

of focus for the camera, droplets could only he observed if the

shaking mechanism resulted in droplets being in the observed

volume during the short time in which the volume was illuminated

by the flash, (1/2 microsecond). If the shaking mechanism

resulted in droplets being thrown to a different part of the test

section during that time interval, then the photographs were

essentially blank. In only a few test cases were there actual

observations of a significant number of drops. In comparing

these test cases to the previous cases without shaking, no dif-

ference in droplet size distributions could be observed due to

shaking. Thus, tentatively, it does not appear that shakinj has

any significant influence on droplet breakup. However, further

tests are recommended to verify these results.

.Summary_. and Conclusions

The vibrating tube nozzle concept is capable of generating

large droplet sizes and the proper liquid water content to simu-

late heavy rain in a wind tunnel at air speeds up to 145 mph.

The critical region for droplet size formation is in the area 9

to 26 inches downstream from the nozzle tip. In this region the

water jet breaks down either from capillary forces into large

droplets (2 - 3 mm) or due to shear forces into a wide spectrum

of smaller droplets. Experimental tests indicate that if the

velocity difference between the water jet and air stream at 9

inches is less than 50 mph and at 26 inches less than 40 mph,
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p then large droplets Will form whose diameters may often exceod

*twvice the tube diametFr. After droplets are formed in this

region, further droplet breakup does not occuir even if the velIo -

*city differential increases to 70 mph. Droplet flattening,

however, does occur with a larger velocity differential. TheP influence of shear forces in shattering of a water jet into
smaller sized droplets (< 2 mm) begins after the velocity lif-

ferential at 9 inches downstream from the nozzle exceeds 50 mph

or at 26 inches, 40 mph. At this threshold, moderate droplet

shattering occurs. The volume mean droplet diameter under the;se

conditions rainges from 1 to 2 mm. Severe shattering occurs when

the velocity differential at 9" exceeds z: 11 mph and/or at 26"

exceeds z 90 mph. Above this threshold nearly all droplets are- I
mm and smaller. The threshold criteria were gonerated for wate r

* stream breakup with a non-vibrating nozzle of inside diameter
J .040 inches. If the nozzle is oscillating or if the nozzle tiibe

diacieter is somewhat different the result-, Are not expected to

*differ significantly. Limited experimental tests with vibratin,;

*nozzles suggest. d no.- further droplet breakup could Ine aittihutf~d

* to oscillating the nozzle. Further tests, however, are recofn-
mendedi to substantiate this conclusion. These(- tests wcer( con-

and 500 mm/hour. Additional experimentation is recommended to

verify the above conclusions when simulating rainrates in dif-

ferent ranges.
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