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SECTION I
INTRODUCTION

Extensive investigations of water droplet breakup due to the passage

(11, €2

of normal shocks have been conducted. This work was carried out in
shock tubes by dropping a stream of droplets across the tube and driving a
shock wave over them. The behavior of the droplets in the shock flow region
after passage of the shock was then investigated with photographic and
x-radiographic techniques.

Two important modes of droplet breakup in typical hypervelocity re-
entry vehicle flow were identified: mass stripping and catastrophic breakup.
In the mass-stripping mode, droplet mass is stripped away by the aerodvnamic
forces and the droplet eventually declines to "zero" mass. In the catastro-
phic mode of breakup, a Rayleigh-Taylor type of instability develops on the
leading face of the droplet. The instability grows rapidly and the droplet
disintegrates.

The implication of droplet breakup is that after the droplet has
stripped to zero mass or disintegrated, it no longer presents an impact
threat to the nosetip of a reentry vehicle. It is, therefore, important
to identify what size of droplets will survive transit through a reentry
vehicle shock layer, impact the vehicle surface, and inflict significant
damage.

The work described in this report covers an investigation of the drop-
let breakup criteria conducted at the Air Force Materials Laboratory/
University of Dayton Research Institute (AFML/UDRI) facility. A direct
observation of droplet breakup and impact is used to determine the droplet

impact threat. The results are compared with shock tube observations.

lReinecke, W. G., Waldman, G. D., McKay, W. L. and Ziering, M. B., '"Shock
Layer Shattering of Water Drops and Ice Crystals in Reentry Flight," AFML-
TR-75-71.

2Jaffe, N. A., "Hydrometer Shock Interactions," Interim Technical Report,
Contract DNAOOLl-74-C-0051.




SECTION II
DROPLET BREAKUP

L

The most direct observations of droplet breakur were made by Reinecke,
Waldman, McKay and Ziering,(l) and their analysis and results will be
reviewed briefly.

Reinecke, et al. observed the mass stripping and catastrophic breakup
of rather large water droplets (500-2000 um diameter) in a shock tube.
Optical observations cannot differentiate density very well. Therefore, in
order to observe the distribution of mass in a deforming drop and the
residual mass in a stripping drop, Reinecke, et al. employed x-ray techniques.
As the spatial resolution of x-radiography is not high (of the order of the
source dimensions times the magnification minus one) they were limited to
observing relatively large droplets (500 ym diameter and larger). Many
observations of droplet stripping and breakup were obtained and the results
are summarized in the following paragraphs.

Droplet behavior is conveniently described with a set of nondimensional

variables including:

1. The Weber number, We, which is the ratio of
the aerodynamic pressure to the surface tension
of the drop. It is indicative of the mode in
which the droplet will respond to the air flow.
The Weber number is given by:

2
We = BYTES (1)

%

where p is the density of the air, v is the
velocity air flow relative to the droplet, D
is the diameter of the droplet and 9, is

the surface tension of the drop.

2. The nondimensional time, T, which is the time which
the drop has resided in the shock region
normalized to account for drop size and the
density of the air and drop. It is given by:
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.t P 1,2
T = D—-(-—- (2)

where v is the velocity, t is the time after
entrance into the shock, D is the droplet
diameter, p is the air dengity of the shocked
gas and Py is the droplet density.

3. The nondimensional distance, X, which is
simply distance normalized to the droplet
diameter as:

X = x/Do, (3)

where x is the distance and D is the droplet
diameter. i

Typical values of these parameters in reentry erosion cloud environments

are:
2 kg/m3 < p < 10 kg/m3 (%)
2 km/s < v < 6 km/s (5)
10 um < D_ < 200 um (8)
g, = 0.072 N/m (for pure water) (70
1000 < We < 106 (8)

In this report we shall concern ourselves with two aspects of the water
droplet-bow shock interaction: drop dilitation and the stripping/breakup

criterion.

2.1 DROPLET DILATATION

When a droplet enters the bow shock region of a reentry vehicle
nosetip, high aerodynamic pressures are generated on the front or leading
surface of the drop. The pressure declines toward the equator. The
pressure gradient across the droplet causes it to flatten and the major
diameter grows. A number of calculations of this dilatation have been
carried out. At the high Weber number (>>1000) of interest here, droplet
dilatation is found to vary at early times as T? and at later times as T.
Reinecke, et al.(l) compared their experimental results to the theoretical
predictions and found reasonable agreement as shown in Figure 1. We shall
present our results in Section 4.

Droplet dilatation was investigated in this study only to indicate

whether or not the observed droplets breakup as expected. If the droplets

observed display proper dilatation before impact we can be reasonably as-
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Figure 1. Droplet dilatation versus nondimensional time at high Weber
numbers. (Taken from Reinecke, et al.l, Figure 23).

sured that at impact, where they cannot be observed, they will have reached

a predictable degree of dilatation, stripping and/or breakup.

2.2 DROPLET STRIPPING/BREAKUP

Reinecke, et al.l found that the mode of droplet breakup depends on
the Weber number. For the Weber numbers of interest in reentry, the impor-
tant modes are: mass stripping for Weber numbers greater than 100, and
catastrophic breakup for Weber numbers greater than 20,000.

In the stripping mode, the drop flattens due to the aerodynamic forces
and small droplets of water or mist are torn off the equator by the high
aerodynamic forces in that region. Reinecke, et al. measured the droplet
mass as a function of time in the stripping mode by the use of x-rays.
Large water drops (=1 mm) were dropped into a shock tube and a shock
launched over them. X-radiographs of the droplets at various times after
passage of the shock front were obtained; by measuring the optical density

of the x-radiographs and integrating over the entire image, the total mass

distribution of the drop were measured. They found that drop mass declined




L T - wb
a;-- 5 (1 + cos Tp) (9)

where m is the initial drop mass and TS is the nondimensional time at
which the mass reaches zero. From a number of observations it was
found that

T = 3.5, (10)

<
S

Other workers have measured T_ somewhat less directly (Ranger and ]

Nichols3) and found T_ = 8. ‘We'shall consider T = 3.5,
At high Weber numbers ("™ 20,000) the droplets lose very little
mass, then suddenly disintegrate. The nondimensional time at disintegra-

tion,; T is related to the Weber number by correlation as,

b’

1,2 _1/4
Ty, ity 35We / 5 (11)

for We > 2700 (Reinecke, et al.!) where Qm is the ratio of the dynamic
pressure at the drop surface to the dynamic pressure of the air flow
ahead of the drop. The range of nondimensional times of interest in
hypervelocity erosion is described by stripping in which TS = 3.5 when
the droplet mass reaches zero, and catastrophic breakup in which

Tmel/2 = 3SWe_l/“ when the droplet disintegrates.

2.3 DROFPLET IMPACT

The implication of the droplet breakup correlations is that when
a droplet has stripped to zero mass, or disintegrated, it no longer
presents an erosive threat. That is, a droplet that has broken up will
not impact the surface or cause significant damage. The remains of the
droplet remain in the airflow and it is thought that the material is
accelerated to the air velocity and swept around the vehicle.

These breakup criteria were established largely with x-radiographic
measurements. Breakup was defined as the time at which an x-ray image
of the distended or disintegrated droplet can no longer be cbtained.
This implies that the average density of the droplet has fallen below

some critical level and insufficient x-rays are absorbed to generate

3Ranger, A. A. and Nichols J. A., "Aerodynamic Shattering of Liquid
Droplets," ATAA Journa{, 7:285-290, 1969.




a measurable image on the film. However, shadowphotography reveals that
the droplet material is still present (the mass cannot, after all, simply
disappear) confined to an area dimension not generally greater than about
10 times the original drop diameter. Moreover, previous observations(q)
made at the AFML/UDRI facility did not reveal any significant sweeping of
drop debris around the nosetip. The distended drop is accelerated but
appears to impact the nosetip at a significant fraction of the initial
encounter velocity.

It is, therefore, important to conduct a more realistic appraisal of
the breakup criteria. The critical x-radiographically detectable density
of water does not seem, per se, to be a good damage threat criterion.
Reinecke, et al.(l) conducted some direct tests of the breakup criteria
with a cupped projectile in which the depth of the cup was varied to vary
the shock standoff distance and the subsequent time to impact. The ex-
periment was statistical in that only the average drop size and average
impact frequency were known. However, good statistically significant data
were obtained and were in agreement with the x-ray correlations, although a
slightly longer time to apparent breakup was observed. The tests were
conducted on drops with Weber numbers of about 600,000 so only the catas-
trophic mode of breakup was investigated.

We have undertaken a study of the breakup criteria which will extend
over a wide range of Weber numbers typical of reentry conditions. The
results reported herein cover a range of Weber numbers from about 20,000
to 160,000.

“Barber, J. P., Grood, E. S., Taylor, H. R. and Hopkins, A. K., "Water Drop/
Bow Shock Interactions'", AFML-TR-75-105.
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SECTION III
THE EXPERIMENT

‘.1 THE RANGE

The experiments were conducted on the AFML light gas gun range des-
cribed by Barber et dl.(“) Briefly, a graphite-tipped 20 mm projectile is
launched down a range into a free-falling stream of water drops. The

encounter is observed with a high resolution, high magnification laser/

(%)

microscope camera shown in Figure 2. Since the cited report was generated,

CAMERA

WATER DROPPER

TRAJECTORY

fcm FIELD OF VIEW

LASER

Figure 2. A schematic of the water droplet experimental setup.

a number of improvements have been carried out on the range:

1. A second camera was added to obtain a spark shadowgraph of the

droplet field about 10 us before encounter with the oncoming projectile.




This permits accurate measurement of the size and position of the droplets
before encounter and greatly aids in the interpretation of post-encounter

information.

y A dr t irator was devised which electrostatically extracts
111 but a selected number of drops in the free falling stream. The drops,
when generated are separated by only about three diameters. The close

proximity of the drops to one another resulted in unacceptable inter-
ference between the drops and the associated aerodynamic and impact effects.
With the separation currently obtained no such coupling occurs. A comparison
of the as-generated droplet stream and a separated stream is shown in
Figure 3.

3. A guide rail system was installed on the range to guide the pro-
jectile from the gun muzzle to the test section. The system was patterned

on the device developed by Teng et al.(:‘)

The projectiles are aerodynamically
unstable and tend tc yaw and fly off trajectory in free flight. As the

field of view and depth of field of the camera are not large, this led to an
unacceptably low return of good-quality unambiguous data. The installation

of the guide rail system has largely eliminated this problem and has greatly

improved the quality and utility of the observations.

3.2 THE INVESTIGATION

An ATJS graphite-tipped projectile was launched into a stream of well
separated drops. The projectile nosetip region was observed approximately
1 pys after impact with the droplet stream. If impact debris was present,
the drops had obviously survived trancit through the shock and damaged the
surface. If no impact debris was observed it was assumed that the droplet
was sufficiently broken up during transit through the shock to no longer
present a threat. The calculated droplet conditions at impact were then
compared to the correlations.

The range pressure, projectile velocity, projectile nosetip radius and
droplet diameter were varied to systematically investigate the nondimen-

sional time at impact as a function of the droplet Weber number.

5 Teng, R. N., Hickman, R. S. and Sutila, G. E., "Development of a Scaled-up
Hypervelocity Projectile Guiding and Retrieving System'", AEDC-TR-74-123,
January 1975.

e




(b)
I < A comparison of an unseparated stream of water droplets (a)
and an electrostatically separated stream (b). The average
iroplet diameter in each case is = 100 pm.




following parameters were employed:

l. Range pressure (PI): 0.38, 0.50 atm

Projecti 1. velocity (v): =2.5 to 4.5 km/s

4

. Projectile nosetip radius (RN): 9 mm to @ (flat)
4. Droplet diameter (D ): 20 to 100 um
0

icdd1it ron

to the impact observations, a number of obseprvations were

lroplet condition and breakup mode prior to impact. These obser-

verify the breakup mode (catastrophic) and provide additional

mparison with the shock tube work.

10
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SECTION IV
RESULTS AND DISCUSSION

4.1 DROPLET BREAKUP OBSERVATIONS
Observations of well-separated =100 um diameter droplets at various
stages of breakup were made. A typical shadowgraph is shown in Figure 4
and the data from all the shots are summarized in Table 1. As expected
at these high Weber numbers, the mode of breakup is catastrophic disinte-
gration and the presence of unstable surface waves on the leading faces of
the droplets is clearly evident, especially at late times. Very little mass
stripping is observed; the droplet wakes are relatively free of water vapor.
The dilatation of each observable droplet was measured and the results
are shown in Figure 5 together with the theoretical predictions of Reinecke,

et al.(l)

The dilatation agrees very well with predictions at early times
but there is appreciable scatter at later times. Reinecke, et al. also
observed this scatter as shown in Figure 1 and their results including
scatter are almost indistinguishable from those obtained here.

The scatter at late times is most probably due to the statistical
growth of the disintegrating instability. In addition, the instability is
probably not cylindrically symetrical and the observed dilatation will depend

on the random orientation of the drop.

4.2 DROPLET IMPACT OBSERVATIONS

Observations of the projectile nosetip were made approximately 1 us
after impact. The impact situation as observed is illustrated in Figure 6.
The time after impact was chosen to permit any impact debris generated by
the impact to exit from the surface sufficient distance to be detected on
the laser/microscope camera shadowgraphs. A typical shadowgraph of impact-
generated debris is shown in Figure 7.

The debris evident in Figure 7 may not all be graphite; some could

presumably be droplet water ejected during the impact. As the occurrence
of damage is based on observations of debris, it is important to establish
if a significant part of the observed debris is water. Accordingly, condi-
tions almost identical to these occuring in Figure 7 were repeated with the

ATJS graphite nosetip replaced with a tungsten carbide nosetip. Tungsten

1l




Figure U.
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hadowgraph showing droplet breakup.
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E
arbide is extremely erosion resistant and any debris observed could %
reasonably be considered to be water. A shadowgraph of the impact is shown i

in Figure 8. There is quite clearly no debris generated at the impact sites.
This is a marked contrast to the result for the similar impact on ATJS
graphite shown in Figure 6. It was therefore concluded that there is no
ignificant water contribution in the observed debris plumes.
The nondimensional time at impact, Ti’ was calculated from the stand-

off distance, A, at the impact point for each drop as follows:

1/2
p
'1‘_ e é———Q (l?)
T T
o R 4

2 e A Al i

where p, was the air density in the shock layer derived from normal shock
relations in real air at the measured Mach number, and, Do’ the initial drop
diameter, was measured from a preimpact shadowgraph. The Weber number for

each drop was calculated from Equation (1).

4.2.1 90 - 100 um Diameter Droplet Impacts

The data for all the impacts obtained on 90 - 100 um droplets are
collected in Table 2. The important reduced parameters are the Weber number
and the nondimensional time at impact. The observation of impact debris is
indicated for each droplet.

The data are presented graphically in Figure 9 which shows the
nondimensional time at impact plotted as the Weber number for each observ-
able drop. Each cluster of points originates from a particular shot. The
closed symbols represent impacts in which impact debris was clearly ob-
served, the open symbols signify no detectable debris at the impact site,
and the half-closed symbols denote impacts in which debris, if present, is
only just detectable. The cross shown in the figure represents typical
error bars for time and Weber number.

The solid line represents the breakup time obtained from previous

correlations(l) and is given by Equation (11).

Tbom1/2 = 35We /b (13)

For these shots the Mach number varied from six to about 53n. Over this

(1)

range of Mach numbers Q. is relatively constant and, from Reinecke, et al.,

1 1 value of:

Q. = 0.8. (14)
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The nondimensional time at impact versus Weber number
for 95 - 100 pym diameter droplets. The solid symbols
indicate impacts in which debris was generated and the
open symbols indicate impacts in which no debris was
observed.
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|
Substitution into Equation (13) provides: 1

j’ T, = 39We 1% (15)

and this is plotted in Figure 9.
The data show a region in which impact debris is definitely ob-
served and erosion occurs, a transition region, and a region where debris is

definitely not observed. The correlative breakup time falls in the transi-

tion region within the uncertainty in the correlation and the data. |

4.2.2 35 - 40 um Diameter Droplet Impacts

A shadowgraph of a typical 35 - 40 um diameter droplet impact which
produced debris is shown in Figure 10. A shadowgraph from a shot which did
not produce debris is shown in Figure 11.

The data for all the impacts on 35 - 40 um diameter droplets are
collected in Table 3. The Weber numbers for nondimensional time at impact
were calculated for each droplet and recorded in the table. In addition,
the observation of impact debris is noted.

The data are presented graphically in Figure 12 which shows non-
dimensional time at impact plotted versus the Weber number for each
observable droplet. The closed symbols represent impacts in which impact
debris was observed, the open symbols signify no detectable debris at the
impact site and the half closed symbols denote impacts in which debris, if
present, is only marginally detectable.

The solid line represents the breakup time obtained from previous
correlations as described for 90 - 100 um diameter droplets. The range of
Mach numbers was the same for the 35 - 40 um diameter droplets as it was for
the 90 - 100 pm diameter droplets, so the correlation is identical;

Ty = 3awe 174, (16)

The nondimensional time to breakup is predicted to depend only on Weber
numbers, and not explicitly on droplet diameter.

The data show a region in which debris is clearly observed, a
transition region and a region in which debris is not observed. The pre-
dicted breakup time falls in within the transition zone the uncertainty in

the correlation and the data.
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igure 10.

A shadowgraph showing impact debris produced by the impact
of 35 - 4O um diameter droplets on ATJS graphite.




R

ii
ol 4+
v —~
LA
2 =

=
O &
B &

Wl

v

unt

enc

after




4
‘ ¥O0Ys puyeq Ayisusp Jie i
ioedwi v Bul} |PUO|SUBW|PUOU 1 aburs vy >:mv¢n.,;mo _l
; o oedw) o) juol J0yS wos; adueysip ¥ Aytoo|ea 9| 1,val0J0 A
$MIRIRCRIGAE CHRRINTRIU D0 IBURIE Leidalp & ¥ ¢ «Ls.ﬁ..x:yv:_ i ._ »e_mc Wc ounssesd abues ._,n
Ayisuap jejdosp d snjpes dj4 asou h']
6¢ *bay
: ou 20°¢ 0°0F w6 v
; ou 20§ 0'or 6% g
ou €1°g 0°0F  W6¢ z z-01%61°9 8°¢ $'6 Lz 65"y ££°0  v°gZ 2085
.
ov “Bay
! ou ov¢ €22 0°8¢ «OF v
ou L5°¢ 12'2 0'8¢ «or € 2-01%80°9 L% v'é szl (147 $€£°0 vz B6LS
G¢ *Bay
seA 8977 2 92 oSS H
soh 89°Z {3l 9°¥Z  u5¢ v
sak 95°2 (TN €62 9% %
¢ ov's €91 6°52 vs z 2-01%p1°L g (3] 16 [ 06°0  L°Z1 L6LS
19 - DAy
/] vz 86" 1 £°9 a8 9
¢ ¥9'Z Z5° 1 €9 9 S
ou (154 89" 1 £°9 [t v
ou 16'2 (T $°9 8¢ < z- 01%€9°9 vy €L 6t 1z 0s°0  L°Ti 4314
2y *Bay
sed (4504 65°1 11 Wy i
sad 262 ] K 4 9
sak 52 65" 1 11 o2 S
seA 2" Z (A8} (R34 v v
¥ ¢ (JA¥4 99° | 0°2¢ 117 <
i ou 9¢ 16°1 (A It z z- 01%00°L 6y z'e 9'6 05°¢ 05’0 L2 $6L€ =
]
ov “bay
4 ou 6v°2 0z 0°Sy 0¥ 8
ou 6v°Z 0z*1 (17 WOr L
ou 6y 0zl 0°Sy  WOF 9
ou 66°7 82" 1 1"9y v S )
ou 16°2 b4 A8 06y ov v
g ou $0°¢ (I L zy S z-01%62°8 89 v'e 0°01 (11 " N A <] 260§
g v “Bay
soA % £ wlt L
sed t{ 984 (1M ult 9
soh 2z e oy s ¢-01%5p°8 1t (] 0'n 18°g 190 L2l 164
114 v
SaA 89"\ 60" 1 1°0% “r S
soA $6°1 Zit 1°06 17 v
sed vi‘z 21 s vy 5
H 152 orl 106 %7 b4 z- 01¥6¢°¢L 0°6 Ol v6°§ 050 2 06L€
o “Eay
ou zvy 5§ !
ou W6C 9
ou whs G
p ou it v 2. 0INBY L 9°g €6 Laed | b A 4 L a4
(W) (wrt) ToN o (/b “ON (S/u™) (wie) .rr; "ON
14990 (4oeduyyy (40030 °q ¢oag q\&o % Y4/%9 O A g Y 045
SLOVAWI 13T7d0¥d ¥3LVM ¥ILIWVIQ wn Oh-GE ‘€ 379Vl
3 P —— - ~ - —— P g




Figure

NONDIMENSIONAL TIME
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35-40 um DIA DROPLETS
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WEBER NO. (10%)

The nondimensional time at impact versus Weber number

for 35 - 40 um diameter droplets. The open symbols represent
impacts in which no debris was observed. The closed symbols
represent impacts in which debris was observed and the half-
closed symbols represent impacts in which debris was only
marginally detectable.
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4.2.3 25 - 30 um Diameter Droplet Impacts

Three data shots onto 25 - 30 pm diameter droplets were obtained.
A typical shadowgraph is shown in Figure 13. Because of the small droplet
diameter, the standoff distance of the bow shock had to be reduced to low
values to obtain nondimensional times at impact at which impact debris
might be expected. The nosetip radius was reduced to approximately 9 mm
and the velocity was increased to above 4.5 km/s. Despite these efforts,
no debris producing impacts were observed.

The data for all the shots on 25 - 30 um diameter droplets are
collected in Table 4. Weber number and nondimensional time at impact were
calculated for each droplet.

The data are presented graphically in Figure 14 which shows the
nondimensional time at impact versus the Weber number for each observable
droplet. In no case was debris positively identified.

The solid line indicates the predicted droplet breakup time from

(1)

corr« lations and is identical to that for 35 - 40 pym and 90 - 100 um

diameter droplets;

T 39»@'1/“. (17)

The correlation predicts that debris should have been produced at a number
of the impact sites. However, the uncertainties in the 25 - 30 um diameter
droplet data indicate the disagreement with the predicted value is not
significant.

There were a number of experimental difficulties encountered with
the 25 - 30 um diameter droplets. The stream was not stable and tended to
move about erratically in space. The exact position of the droplets at
impact with respect to projectile trajectory was therefore not known very
well. The impact of such small droplets might be expected to produce only
small amounts of debris which would be difficult to detect. The magnitudes

of a number of these factors will be examined in the following sections.

4.3 EXPERIMENTAL UNCERTAINTIES AND ERRORS
Droplet breakup and impact damage threats are characterized in terms of
the nondimensional time at impact (T) and the Weber number (We). The effects

of experimental and measurement errors in these quantities were examined.

i
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Figure 13. A shadowgraph of the encounter of an ATJS proj
with 25 - 30 um droplets.




TABLE 4. 25-30 pym DIAMETER WATER DROPLET IMPACTS
=

Stot R, Py v Mo P AR, » yPurP, Lro, Dy Wotior «limpact)  TCimpact) Dadris

to. (mi) Catm)  (e/s) to. (kag/m) i Y. tum) lea. (rani

506 2.3 0.55 4.31 12 9.4 L 77 i C.URxI e {4 24 2.9 197 no
1 245 22.9 L no
12 za® 22.9 1.6% no
B za® 2.9 1.56 no
14 24 22,9 no
S 24" 72.9 no
1€ 24* 22,9 no
17 v 22.9 no
12 24 22.9 a0
1% Y 25,0 ——-- ———- 6o
@< il 25.0 1.29 =93 no
21 24" 5.0 1.25 3.63 "o
22 4% 25.0 .25 3.63 nc
23 a* 23.0 123 3.63 nc
Py iy 23,9 1.25 3.65 no
25 24 25.¢C 1.25 3.6% ro
Avr 24

3807 9.9 0.33 4.48 (M 9.5 3.8 h.1€x1572 20 2/ 29.0 2.24 5.14 ]
21 2™ 29.0 2.19 5.03 ro
22 20r 29.0 2.4 4.15 no
23 27* 29.0 2.09 4,80 ro
24 27 29.0 2.04 4.68 o
S 2 29.0 2.0l 4.62 ro
26 g 29.0 1.96 4,90 no
21 3 29.0 .90 4.36 no
28 27* 29.0 1.90 4.36 o
29 27 29.0 1.86 4.7 no
b/ 27 29.0 .85 4.25 no
31 27 29.0 1.c4 4.13 no
32 4 29.0 1.80 4.3 no
33 21 29.0 1.80 4,13 no
34 27 29.0 1.79 4.1l no
35 271 29.0 .78 4.08 no
36 2™ 29.0 i.78 4,08 ro
37 7+ 29.0 1.76 4,04 no
38 27* 29.0 1.76 4.04 no
39 2% Ao 1.76 4.04 L
Avz 27

3810 9.5 0.33 4.21 12.2 9.4 3.7 6.10x1G~2 9 24% 21.9 V21 3. 22 no
10 24% 21.9 1.28 3.25 no
1 26 2.9 1.29 3.28 no
iz 24 2149 1.29 3.28 no
13 24* 21,9 1.24 .15 no
4 24% 21.9 1.15 2.92 no
15 4 21.9 1.12 2.85 no
16 24" 25,9 1.07 2,72 no
17 24" 21.9 1.00 2.54 no
13 24" 21.9 1.00 2.542 no
‘9 2a% 21.9 0.98 2.49 no
2 24% 21.9 0.96 2.24 no
2\ 24+ 219 0.91 2.51 no
2 24 21.9 0.91 2.5 no
23 243* 21.9 0.91 2.31 o
a4 24% 21.9 0.91 2.31 ro
Ave. 24

RN nose tip radius pd droplast dansity

Py range pressure Oy Jropler inftial diareter

v projectile velocity % fistasce trom shock front *o impact

Py air density in range ¥ nongfrensfonal time & fmpac-

P, air density behind shock

Jroplet diameter not measurabie, average used
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Non-dimensional time-at-impact versus Weber number
for 25-30 um diameter droplets.
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In addition, the sensitivity of the shadowgraphic system to certain para-

meters for the detection of debris plumes was treated.

o o Measurement Errors

A number of parameters were measured directly for each impact
including projectile velocity v, droplet diameter D , and the shock stand-
. o
off distance at the point of impact A. The error in each of these

measurements was evaluated.

B.&.1.1 Projectile Velocity. The projectile velocity was determined by
measuring the time of flight between two laser beam trigger stations. The
distance between the laser beams was 25 cm and was measured to *0.1 cm (one
laser beam diameter). The time of flight was measured with a 10 mHz counter
which had a resolution of 0.1 ps. Typical time of flight between the
stations was 70 ps. The error in distance determination was of the order of
0.4% and the error in the time measurement was of the order of 0.1%. There-

fore, the error in the velocity was:

Sv/v = 0.5%. (18)

4.3.1.2 Droplet Diameter. Droplet diameters were measured from a photo-
graphic negative obtained from a spark shadowgraph camera approximately

50 us before the projectile impacted. The magnification of the camera
system was obtained by photographing a precision Ronchi ruling. The magni-
fication was typically of the order of 9:1. Repeated measurement of the
calibration negative established the magnification to better than 1%. Most
of the errors involved in measuring droplet diameters arise from the
blurring of edges of the droplet image on the film. Multiple measurements
of drop diameter by a single operator produced readings with variations of
the order of 2%. However, measurements by different operators and/or at
different times produced larger deviations largely attributable to the
difficulty of interpreting the location of the droplet edge. The accuracy
of the measurement of droplet diameters was therefore determined largely by
the quality of the camera optics and the film resolution. Assuming the
film/camera system was approximately 20 lines/mm, the resolution in droplet
diameter would be +5 um. This was consistent with the observations of
measurement variation in droplet diameter. The error in droplet diameter

was therefore:
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8D = 5 um (19)
> Mty
independent of droplet diameter.

O P Shock Standoff Distance. The nondimensional time at impact is
related to the shock standoff distance at the impact location. The shock
standoff distance was measured from the laser/microscope camera photographs.
The magnification of the camera system was obtained by photographing a pre-
cision Ronchi ruling and measuring the ruling spacing on the photograph.
Repeated measurement of the magnification indicated an accuracy of the order
of 0.5%. The magnification was typically 20:1.

Standoff distances were typically of the order of 1 mm and
appeared on the film as 20 mm. The distances on the film could readily be
measured to within 0.5 mm. The accuracy of shock standoff distance measure-
ments was therefore considered to be the sum of the magnification and

measurement errors;
— = 3%. (20)

S Derived Parameters

A number of parameters were derived from primary data or obtained
from handbooks, including Mach number, air density, droplet density and
droplet surface tension. Possible errors in each of these parameters were

evaluated.

.8.2.1 Mach Number. The Mach number was obtained by dividing the pro-
jectile velocity by the sound speed of the air. The sound speed of air was

(6)

obtained from the Handbook of Applied Engineering Science for a tempera-
ture of 295°K was 344 m/s. The range was partially evacuated for each shot,
however, sound speed is independent of pressure over the range tested

(0.33 to 0.67 atm). The range was evacuated at constant temperature; how-
ever, room temperature varied erratically between about 290°K and 300°K.

The resulting sound velocities varied from 341 m/s to 347 m/s. This uncer-
tainty together with the error in velocity measurement results in an error

of the Mach number of:

— = 1.5%. (Z1)

®Handbook of Applied Engineering Science, lst Edition, Chemical Rubber
Company, Cleveland, 1970.
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H.3.2.2 Shock Layer Air Density. The air density ratio across the pro-
jectile shock was obtained from charts for imperfect air contained in
Reference 7. These charts account for both Mach number and free-stream
pressure. The reading accuracy from the chart was estimated to be of the
order of 1%. The error in Mach number must be added to this, so the total
error in density ratio is estimated to be 1.5%.

Errors in shock layer density also arise from errors in free-
stream density. The free-stream density is calculated from ambient density
using the measured range pressure. The ambient density varies with ambient
temperature, which varied from 290°K to 300°K. The resulting variation of
ambient density extended from 1.22 kg/m3 to 1.18 kg/m3 -- about 2% from the
value of 1.20 which was used for calculations.

The range was evacuated at constant temperature. The range
pressure was measured, and the free-stream density was calculated from the
ambient pressure and density. Errors in range pressure measurement are
therefore reflected in the free-stream density. The pressure was measured
to 0.01 atm, resulting in an error of about 2% for a mean value cf 0.5 atm.
The shock density ratio also varied with shock angle. The shock front was
normal only near the stagnation region of the projectile. Away from the
stagnation region the shock became oblique but remained strong. The maxi-
mum shock angle observed in the impact region was about 15°. The effect
of this obliquity on air density outside the stagnation region was not
estimated. These errors all add, to provide maximum estimated error in the

shock layer density of
805/pp = 4.5%. (22)

Bi3.2.3 Droplet Density. The droplet density was taken as 1000 kg/m3,
the density of water at room temperature. The error in this value was re-

garded to be negligible.

4.3.2.4 Droplet Surface Tension. The surface tension of water was
obtained from the Handbook® and at 295°K is 0.0725 N/m. Over the range of
ambient temperatures (290-300°K), the surface tension varied from 0.0732 to

0.0717 N/m, a deviation of:

=l 3
602/02 1%. (23)

"Lewis, H. and Burgess, E. G., "Charts of Normal Shock Properties in
Imperfect Air", AEDC-TDR-64-43, 1964.
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Distilled water was employed so the effects of impurities on surface tension

are probably negligible.

o

4.3.2 Errors of Reduced Data

The primary and derived data errors collected from the preceding
paragraphs are tabulated in Table 5. The cumulative effects of these errors
on the reduced quantities of Weber number and nondimensional time were then
determined by adding the appropriate values from Table 5. The results are

displayed in Table 6.

Typical error bars are shown in Figures 9, 12, and 1l4. The corre-
lative prediction of droplet breakup clearly lies within the uncertainty in

the data.

%.3.40 Observation Uncertainties

There was a condition under which impacts could occur and debris,
although present, could not be detected. If the impacts occurred beyond the
"horizon" of a spherical nosetip, the impact site became unobservable to the
shadowgraphic camera. The conditions are illustrated in Figure 15. 1In
order to observe the impact debris, the debris plume must be longer than the
shielded distance.

The shielded distance, x, is a function of the off-center displace-
ment, y, of the droplets at impact, and may be expressed in terms of the
nosetip radius, RN, as:

2)1/2

x=RN-(RN2—y (2u)

Four nosetip radii were used; 9.1 mm, 12.7 mm, 25.4 mm and » (flat). The
shielded distance versus off-center displacement is shown plotted in
Figure 16. For the flat nosetips the shielded distance given by Equation

(24) is zero.

b,3.4.1 Off-Center Displacements. There are two sources of off-center
displacements: projectile fly-off and droplet stream placement. The drop-
lets were located with respect to a fiducial wire which was accurately
located to less than 0.5 mm from trajectory. The 90 - 100 ym and 35 - 40 um
diameter droplet streams were stable and remained in the set location

indefinitely. The 25 - 30 um diameter stream was relatively unstable, and

moved erratically around the set position up to 1 mm off trajectory.




TA3LE 5. ESTIMATED DATA ERROFS

Estimated
Error

Parameter (%)

velocity (v) 0.5
droplet diameter (Do):

90-100 um diameter 5.0

35-40 um diameter 13.5

25-30 um diameter 18.5

shock standoff (A) 3.0

shock layer density 4.5

droplet surface tension 1.0

TABLE 6. ESTIMATED ERRORS IN REDUCED TCATA

Error (%)

Weber Nondimensional
Droplet Number Time
Diameter We b
90-100 um hils S 10.2
35-40 um 20.0 18.2

25-30 um 25.0

23.2

'1
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Figure 15. The geometry of off-center impacts.
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Figure 16. Shielded distance and debris plume height versus off-center

displacement.
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The only indication of the stream position at impact is obtained from the

pre-impact shadowgraph.

Droplets grossly off trajectory (1 mm) were out of

focus of the camera and appeared blurred. All of the 25-30 um diameter

droplet shots displayed some lack of droplet focus in the pre-impact shadow-

graphs.

In addition to droplet off-center placement, projectile "flyoff"

can also contribute to off-center displacement of the impacts. The projec-

tile is in free flight for approximately 50 cm from the muzzle of the guide

rail system to the droplet stream. During this time the projectile can

develop yaw and 1ift, resulting in off-trajectory displacement of the nosetip.

The laser-microscope camera shadowgraphs usually show the top edge of the

projectile. The distance between this edge and the edge of the shadowgraph

was determined to obtain a measurement of the average off-trajectory displace-

ment of the projectile in free flight. The mean of all the measurements was

taken as the trajectory.

The standard deviation was assumed to be a measure-

ment of the mean off-trajectory displacement (in any direction). The mean

was found to be 0.3 mm.

The total off-center displacement of the impact sites could

therefore be as much as 0.8 mm on the average. These values are indicated

on Figure 16.

4.3.4.2 Debris Plume Height. For debris to be observable the debris

plume must extend beyond the shielded distance. All the debris plumes

observed were measured and the results are collected in Table 7.

TABLE 7

Debris Plume Heights

(mm)

Droplet Standard Low High
Diameter Mean Deviation Extreme Extreme
90-100 um 0.36 .02 0.29 0.43
35-40 um 0.13 .01 0.11 0.15
25-30 um - - 00 00

No debris plumes were clearly

observed on 25-30 um diameter droplet impacts.
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However, the plume heights appear to scale approximately as the droplet

diameter so the 25-30 um diameter droplet debris plumes might be assumed to

be of the order of 0.09 mm high. These values are all indicated on Figure 16.

The 35-40 um and 90-100 um diameter droplet testing was conducted
on nosetipe 12.7 mm in radius or greater. From Figure 16 it is apparent
that debris should have definitely been observable for these sizes.

The 25-30 um diameter droplets were tested on 9.1 mm radius
nosetips. In addition, the erratic motion of the drop stream introduces an
uncertainty into the off-center displacement of the water drops. The number
of tests conducted on 25-30 um diameter drops was not sufficient to reliably

locate the breakup criterion.

37

haa s




SECTION V
CONCLUSIONS

Obscrvations of the dilatation and breakup of 90-100 um diameter
droplets just prior to impact indicated that the droplets behave as observed
in shock tubes. For the Weber numbers investigated (>20,000), the breakup
mode was the catastrophic instability. The growth of unstable surface waves
in the droplets leading face could be readily observed. Droplet dilatation
was measured and agreed very well with the data of Reinecke. et al.(l)
(See Figure 5).

The impact of water droplets which survive transit through the low
shock layer was observed. It was found that the observed debris generated
at impact on ATJS graphite was predominantly graphite. Therefore, the
detection of debris may be used as a test for material damage. That is, if
debris is observed at an impact site, an erosive impact occurred. If debris
is not observed at an expected impact site, the droplet must have broken up
prior to impact.

This determination of the breakup criterion was examined for 90-100 pm,
35-40 um, and 25-30 um diameter water droplets. It was found that over
the range of Weber numbers tested (20,000 to 160,000), the breakup criteria
found agreed, within the data uncertainty, with the correlation of Reinecke,
et al.(l) The results are collected together in Figure 17. The uncertainty
in the 25-30 um diameter droplet data was so large that it does not
correlate well with prediction. The 90-100 pm and 35-40 pm diameter
droplet results show very good agreement.

The results presented in this report provide strong, direct confirma-
tion of the breakup criteria at high Weber numbers (»20,000) derived from
shock tube water droplet breakup observations. The study extended direct
observation of the breakup criteria down to droplets of the order of 25 um
in diameter, thus including most of the mass contained in nonprecipitating

clouds.
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APPENDIX A

WATER DROPLET BREAKUP LASER SHADOWGRA PHS
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APPENDIX B

.' WATER DROPLET IMPACT LASER SHADOWGRAPHS
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