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ABSTRACT

Six aircraft rain erosion candidate materials, supplied by
Naval Air Development Center (NADC) have been tested in the
University of Michigan water gun facility for impact erosion
resistance at Mach Numbers referred to in air at STP ranging from
1.5 to 0.6 and at angles of impact ranging from perpendicular (900)
to 300. A 7th material was tested at Mach 0. 9, 900. The results
are compared with previous results obtained for Epon-828 and Plexiglas.
All of the materials were also tested in a statioﬁary specimen vibratory
cavitation facility. It is concluded that V sin @ is not a suitable cor-
relating parameter for these materials since an incremental change
in V produces generally a.different damage increment than the correspond-
ing increment in sin 8. The '"damage exponent”;was. n5, as observed in
other tests for perpendicular impact for one material, but appears
to depend on both angle and material. The relative ranking of
materials produced by the cavitation test and the impact test for

)
the maximum velocity at 90~ is fairly similar.
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I. INTRODUCTION

As a final portion of our present contract with NADC, we have
tested 7 materials for rain erosion reéistance using our repeating
water gun device over a range of velocities between approximately
Mach 1.5 and 0.6 (referred to air at STP) and impact angles bei:ween
90° (perpendicular impact) and 30°. In additition cavitation tests
using our vibratory facility (with stationary specimen) were to be made
upon the same materials. These tests have all been completed and the
full results are included in this report. The effect of impact angle and
velocity are evaluated for the materials and a comparison is made be-

tween cavitation and impact erosion rates.

II. EXPERIMENTAL EQUIPMENT

A. Impact Facility

For the liquid impact tests, a repeating water gun

l,e.g.
previously described in detail (Le-g.)

was utilized. This device pro-
duces liquid jets with velocities up to about 600 m/s! (N 1‘\/_1_21:61?}'_1}‘5._)‘;:_A'§{}’f}_énating
from an orifice of 1. 61 mm. dia. The repetition rate is up to about

50 per minute. The actual jet shape depends upon various parameter
settings. Generally, the initial stage of the impact is with a "precur-
sor jet'" of diameter somewhat smaller (about 1/2~ mm) than that of

the main jet diameter which is about 15 mm. It is believed that the
important part of the impact from the viewpoint of damage production is
the initial part during which high transient pressures and velocities are
possible. For these tests, considerable investigation of suitable rig
parameter settings, using our high-speed motion picture apparatus,

was made to assure that the required impact velocities could be achieved

without significant change in jet shape. The typical jet shape utilized is as

shown in Fig. 1. The angle of impact is adjusted as required between



30° and 900, and the distance to point of impact is maintained constant.

B. Cavitation Facility

All the materials were also tested in cold water (7OOF) in our
vibratory stationary specimen set-up,fpr'eyious_l')‘{._zc‘ie_scribed. The specimen is
held 20 mils from the tip of the vibrating horn; (1) horn doubvle_ ‘a.rnpli-_
tude is 2 mils and frequency 20 kHz. .

III. EXPERIMENTAL RESULTS

A. Ekperiménfal Conditions and Materials

The six materials initially supplied by NADC were each to be
tested at 4 Mach numbers (1.5, 1.2, 0.9, and 0.6 referred to air at
STP) and at 3 angles of impact (900, 600, and 300). An additional
material was ev;entually furnished to be tested only at 0.9 Mach and
90° impact angle. For comparison purposes, 2 additional materials
were also tested, Epon-828 and Plexiglas, at various conditions. The
materials and test conditions arellisted‘ completely and specified in
Table 1. Epon-828 and Plexiglas were called Navy #1 and #2 respectively,
the initial 6 materials supplied for this particular program were called
Navy #3 - #8, and the final materialvNévy #9. All of the above materials

were also tested in the vibratory stationary specimen cavitation facility.

All materials were tested for impact resistance in the water gun
facility at the maximum velocity and 960. These tests were continued
to a maximum - of 10,000 impacts, or until a first maximum
weight loss rate had been reached and passed. In most cases the same
tests were made at the other angles, but if no damage were achieved in
a given test, the same material was not further tested under less dama-
ging conditions, i.e., at reduced velocity and/or more leique angle. Tests
at the lower Mach numbers were continued to a maximum of 20,000 im-

pacts. In those cases where no damage was achieved at a relatively



high Mach number, the tests were not carried out at lower Mach

number or less damaging angle.l Table 1 shows the complete

matrix of tests performed. It lists for each material maximum

weight loss per impact, "incubation period'", and impacts to 5 mm

volume loss, which is takenAas the most meaningful measure of a real
incubation period and figure of merit. Maximum volume loss rate (MDPR)
is listed for the cavitation tests. In addition the hardness and density*

of each material is listed. 'Incubation period" is estimated by extra-
polation of that portion of the curve, where a rapid increase in damage
occurs, to zero. It is believed that impacts to a finite but small volume

loss is more meaningful, and this latter parameter is used in this report.

B. Experimental Results

Figure 2 - 34 are the basic plots of weight loss vs. number of
impacts for the various conditions and materials. From these, incubation
period (as described above), impacts to 5 mm3 volume ldss, and maximum
weight and volume loss rates are calculated. Fig. 35-a and -b are plots
of impacts to 5 ml.rn3 volume loss vs. angle of impact, with impact velocity
in Mach units (at STP) as curve parameter.

Figure 36 is a similar curve for maximum volume loss rate.

Fig. 37 shows the effect of velocity variation at constant angle upon
impacts to 5 mm3 volume loss (as contrasted to Fig. 35 and 36 which
show the effect of angle variation at constant velocity). Fig. 38 combines
the two velocity parameters into V sin 8 as abscissa (which has common-
ly been utilized in the past). This last figure (Fig. 38) indicates that

V sin 6 is not a sufficient correlating parameter for these tests for

*Measured approximately in our laboratory by stripping off a small

piece of coating and weighing.



those cases where sufficient data is available for an evaluation.
For example, the curves of Navy 6 at1.5 M and 1.2 M (the only
cases for which the effect of M and 0 can be examined separately)
are widely separated. The effects of variation of 0 or V alone are
shown in Fig. 35 - 37.

Figure 37 indicates the damage exponent for the relation
- n
Number Impacts/Vol. oC 1/V

It is shown that n £ 5 for Navy 6 (material for which most data is
available) at 6 = 900, but increases to 6.6 at 60°. Not enough data
are available to determine a value at 30°. More sparse data for
Navy 4 at 900 indicates n = 2.0 for this material over the velocity
range available. No other assessments of n can be made from the
present tests. However, we believe that it is a function of both

velocity range and material, and have so indicated in the past.

Fig. 39 and 40 show impacts to 5 1'nm3 volume loss and maximum
volume loss rate vs. hardness for all materials (with the exception of
Navy #9 which was only tested at reduced velocity) against hardness.
The plots indicate a general trend at best which could not be used for

engineering predictions.

Fig. 41 - 49 are the basic cavitation damage curves showing weight
loss against time. The cavitation data is much less reproducible for
materials of this type due to the difficult of preventing moisture penetra-
tion into the substrate which affects seriously the weight loss measure-
ments. Since weight losses are so small and erratic, no meaningful
estimate of incubation pevrioc'i is possible. Figure50 correlates maximum
MDPR from these tests against hardness. Again there is only a fairly
general trend with hardness, and only limited capability for engineering

prediction.



Figure 51 plots the reciprocal of maximum cavitation volume
3
loss rate (MDPR) against impacts to 5 mm~ volume loss for the various
materials showing that a reasonable correlation exists between liquid

impact and cavitation resistance for these materials.

Figure 52-55 are photos of damaged specimens from the impact
o
tests at maximum velocity 90 angles, and also from the cavitation

tests. Figure 56-59 show typical damage patternsresulting from oblique

impact (30° and 60°).

Table 2-A summarizes the damage results at maximum velocity
along with the results from the cavitation test. Table 2-B shows the
same data normalized to the least resistant material which then has a
value of unity, the more resistent materials having the higher values.’
Table 2-C lists the relative rankings of the materials in maximum velocity
impact at 900 (according to impacts to 5 mm.3 volume loss and maximum

MDPR for the cavitation test).

IV. CONCLUSIONS

The following major conclusions result from this work.

1. Six aircraft rain erosion materials supplied by NADC have been
tested using our water gun device at impact velocities ranging from 1.5
to 0.6 Mach and impact angles from 900 to 30° a room temperature.
All of these materials suffered some weight loss at the maximum condition
of Mach 1.5 at 900, but Navyf#S (Midland Magna Ceramic) was the best.
Several of the materials sufféred no damage at Mach 1.2 at any angle,
but Navy#6(Chycar AFG) was damaged at all conditions. Thus the effects of
angle and ;relocity could be evaluated. A T7th inaterial, Navy #9, was
tested as requested only at Mach 0.9, 900, and suffered considerable
damage at that condition. Complete damage results are shown in Table 1,
and comparison under Mach 1.5 at 900 for the Navy materials tested under
this condition is made between impact and cavitation tests in Table 2. Some
results for Epon-828 and Plexiglas (Navy #1 and #2) are also included for
ciomparison. These latter twé were tested at Mach 1. 82 only.

5



2. All materials have also been tested in our stationary
specimen vibratory cavitation facility. These results are compared
- with the impact results for maximum velocity and 900 in Table 2.
For this family of materials the relative erosion resistance rankings

according to impact and cavitation tests is quite similar, particularly

for impacts to 5 mm> volume loss.
3. For this particular group of materials and impact test device,

damage rate cannot be correlated against V sin & alone as has often
been hypothesized. A proportionate increase in V produced generally a differ-

ent damage increment than a similar increase in sin 6.

4. The damage exponent appears to depend on both material
and angle for these tests. A value of about 5 (as often expected)
was found for the oﬁly material where comprehensive data was avail-
able (Navy 6) at 90° impact, but n = 6.6 was found for 60° and the
same. No other evaluation of the effect of angle was possible.
Very sparse data for Navy 4 (only other comparison possible)
indicated n £20 at 900. A computerized study of the impact phenome-
non is proceeding in this laboratory at present which will hopefully

help to clarify this situation (2).
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Table 2 - Comparison of Matcri.%ls)and Water € 1 with
Cavitation Tests,at 90 Impact, Mach 1.5
A. Actual Data

MDPR Impacts to 5 mm3 Max. WLR
Material (Cavit. ~-mils/hr.) Vol. Loss (mg /Tmpact)
Navy 1 , 11. 4 . T 1. 95
Navy 2 4.4 2.,4% 4.96
Navy 3 0.34 33 0.366
Navy 4 0.75 10 1. 833
Navy 5 0.63 812 ' 0.90
Navy 6 0.84 14 5.25
Navy 7 4. 91 12 2.55
Navy 8 5.16 127 0.058

Navy 9 415 300 0. 044

*Mach =1, 82. -
**Mach = 0.9 ; not compared in rankings because of low test Mach.

B. Normalized Data

MDPR Impacts to 5 mm3 Max. WLR
Material (Cavit. ) Vol. Loss (mg/impact)
Navy 1 33.60 , 0.212 5,32
Navy 2 12. 90 - .0.073 13.6
Navy 3 1. 00 | 1. 00 » | 1. 00
Navy 4 2.50 0.302 5.00
Navy 5 1.85 24,6 2.46
Navy 6 2.47 0.422 14. 40
Navy 7 14. 40 0.362 6.95
Navy 8 : 15.20 3.84 0.158

Navy 9 122. o 9. 02 ~0.120

C. Material Rankings
. (Most resistant material = Highest ranking)

Navy 1 2 2 4
Navy 2 5 1 2
Navy 3 9 6 7
Navy 4 6 3 5
Navy 5 8 8 6
Navy 6 7 5 1
Navy 7 4 4 3
Navy 8 3 7 8
Navy 9 1 -- --
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600, 1.82 Mach
WLR 1.15 mg/Imp

Incubation Period = 17 Impacts

Figure 3. Water Gun Weight Loss vs. Number of Impacts

3208

| ] 1 / 1 ! |

S 10 13 20 25 30 35
IMPACTS



(mg)

' WEIGHT LOSS

40

30

20

10

r /
NAVY 2 /
90°, 1.82 Mach /
WLR =4.96 mg/Imp
Incubation Period = 23 Impacts O
O
-
Figure 4. Water Gun Weight Loss vs. Number of Impacts
: / 1 | 1
20 25 30 35

IMPACTS

3209



NAVY 2

60°, 1.82 Mach
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NAVY 4
60°, 1.5 Mach
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Figure 12. Water Gun Weight Loss vs. Number of Impacts
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3
Water Gun Impacts to 5 mm Volume Lo:. as Function

of Velocity and Angle for Navy 6, Curves of Constant
Mach Number :

Figure 35a.
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. Water Gun Impacts to 5 mm3 Volume Loss as Function of
L Figure 35b. Velocity and Angle for Navy Materials Excluding 6, Curves
of Constant Mach Number
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Figure 36,

Velocity and Angle for All Material Curces of
Constant Mach Number
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NAVY 3

W LR =1.56 mg/hr
MDPR =0.34 mils/hr.

Figure 43, Cavitation Weight Loss vs. Time, Navy 3
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Figure 47. Cavitation Weight Loss vs. Time Navy 7
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52. Damage and Specimens Per?endicularv Impact and Cavitation
)
Navy 1l and 2 (1.8 Mach, 90



»3. Damage and Specimens Pe r%endicular Impact and Cavitation
Navy 3 and 4 (1.5 Mach, 90)



54, Damage and Specimens Pergendicular Impact and Cavitation
Navy 5 and 6 (1.5 Mach, 90")



55.

Damage and Specimens Perpendicular Impact and Cavitation
Navy 7, 8, and 9 (1.5 Mach, 90 )



56. Typical Damaged Specimens, Oblique Impact, Navy 1 and 2
0 0
(30" and 60 ")



57. Typical Damaged Specimens, Oblique Impact, Navy 3 and 4
5 )
(30" and 60 )



58. Typical Damaged Specimens, Oblique Impact, Navy 5 and 6
o o
(30° and 60°)



59. Typical Damaged Specimens, Oblique Impact, Navy 7 and 8
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(30" and 60 )
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