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The experimental research program described i 
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Missiles flying in the atmosphere could be subjected to passage through 

dust clouds formed by surface bursts of nuclear weapons. Such flight 

would result in the erosion of frontal surfaces, particularly the regions 
i^s 

covered with ablative-insulative materials. The technique described in 

this paper was developed to provide data on the erosive effects of dust 

on cork, carborozole and silicone rubber (DC-93-072) in the Mach 3 to 6 

flight regime/) 

The Erosion Test technique was developed utilizing the Boeing 12-inch 

Hypersonic Wind ‘funnel. The wind tunnel was modified so that sand and 

glass beads*could be introduced into the tunnel flow" anytime during a test 

run. The material was injected up-stream of the nozzle throat and drag 

accelerated to high velocities prior to arrival at the test section. Drag 

computations based upon spherical particle drag^ with the drag coefficient 

a function of Mach Number and Reynolds Number^ indicate that the partic3.es 

attained velocities^ dependent upon size^ of 2550 to 3250 feet-per-second.. 

The tests were conducted at Mach Numbers of 6.05 and 6.50, P = 85O, 1000 
t 

and ÍI50 PSÏ, - 1000 F, with the test section gas velocity remaining 

constant at approximately 4000 ft/sec. 

The conical test specimens introduced into.:.the test stream were subjected 

to either an ablative or a combined ablative-erosive stream. The debris 

injection mechanism was capable of varying both the duration and the 

density of the particulate cloud. The clöud distribution throughout the 

tunnel test core was calibrated with a specially designed "cloud-sampler,f. 
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This sampling technique provided the' contamination profile existing within 

the test section. From this profile the amsuht of material impinging upon 

the model position could be readily determined. The surface temperature of 

the models was increased above the nominal recovery temperature of 850r 

by an auxiliary radiant furnace that completely enclosed the tunnel test 

section. This furnace produced a maximum radiant heat flux of 37.5 BTU/FT¿- 

■SFG resulting in a measured model surface temperature of 2100°F. 
» 

The conclusions derived from this experimental program can be summarized 

as follows : 

1. Contamination on the order of 1 LB/ft -MIN can increase the weight 

loss incurred by ablative-insulative materials by a factor of 5 to 10. 

2. The erosion loss is highly dependent upon temperature with materials 

exhibiting threshold levels beyond which, the loss is greatly accelerated. 

3. Virgin materials are the most resistant to particle erosion with a 

cold char exhibiting somewhat more resistance than a hot char. 

4. The erosion loss increases proportionally with the mass of the impinging 

-material. 

5. A.s the dust cloud particle density increases the erosion loss ratio* 

mass eroded/mass impinged* decreases approaching some asymptotic value. 

6. The analyses of cork and carborazole hemispheres by the Neilson- 

,Gilchrist method indicate, that they exhibit the general characteristics of 

a material like plexiglas. These results also show why the haIf-angles 

tested* 9°, 15°*25°, did not reveal a most vulnerable angle; the loss 

ratio curves tend to be very flat at impingement angles between 10 and 20 
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Particle Mass Density, LB SBC /FT 

A = , Particle Area, FT 

= Particle Drag Coefficient, Dimensionless * 

D = Drag, Lbs 

F ~ Force, Lbs 

g-= Gravitational Constant, FT/SEC 

K = Particle Velocity Component formal to Surface, FT/SEC 

k = Ratio of Specific Heats, Dimensionless 

M = Mach Humber, Dimensionless 

MW = Model or Sx?ecimen Weight, Grams 

m 

. Re = Reynolds Number, Dimensionless 

r = Particle Radius, FT 

T = Temperature, °F 

V > Velocity, FT/SEC 

V « Particle Residual Parallel Velocity Component, FT/SEC 

W = Dust Weight, Lbs 

WR = Wear, Grams 

Greek Letters 

= Impingement Angle, Degrees 

y = Particle Specific Weight, LB/FT3 
• ; . . 

£ =- Resistance Factor For Impact Wear, PT-LB/GM 

= Collection and/or 

’ -p = Gas Density, 

= Resistance Factor 
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Missile flight through dust clouds induced by nuclear bombs would result in 

multiple particle impacts on the frontal surfaces of the vehicle. The size 

of these particles would be dependent upon the time after burst and cloud 

altitude... The question that arises is: what effect do these impacts, with 

the possible resultant damage and erosive wear, have on the vehicle's thermal 

protection and structural requirements? 

Techniques for determining the effects of large particle impacts are well 

developed. These particles (down to 0.030” diameter) can be fired at test 

specimens from various types of launching devices at velocities up to 50*000 

feet/sec. The damage to these specimens is readily discernible and consists 

primarily of damage to the thermal insulation and substructure, and penetration 

resulting in damage to-internal components. However, the erosive effects of 

the multiple impacts of micron-sized particles is u different matter. Here 

the problem becomes one of whether or not excessive structural temperatures 

occur because of the wear sustained by the heat resistance covering; i.e., 

does enough of the ablation cr ablation-insulation material erode away to cause 

loss of structural integrity because of excessive structural temperatures? 

A considerable amount of research has been done in the field of low velocity 

erosion similar to the effects of sand-blasting. In this work the velocities 

are largely subsonic and the specimens are static non-ablative type materials, 

unheated and unaffected by aerodynamic forces. Some of the theoretical 

concepts developed from this work hâve been found to be applicable and have 

been used to analyze the datB derived from the subject program. 
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A limited amount ,of rése^rch haâ been done using the hot-shot type tunnel to 

•:■ / ‘ ‘ - - ' - • . ■ '■ . . . 
. . ' -., '• ; . ;'. .-,. ..-.::.- 

launch small particles to velocities ranging from 5000 to 20,000 feet/second. 

This activity has been directed toward ablative materials, particularly cork, 

where in some cases the material has been pre-charred and even heated prior 
- , - ; ■ . '. _ . . ; ' ''' -, ■ ;■ 
to impact. However, at best, this testing procedure lacks the capability of 

■ -. ---1 ' ■;• I V- • . . 

simulating the parameters of aerodynamic heating coupled with wind sheer and 

material chairing. 

■ -.-J .V -i'. i., • ■ ' -.. ' 
The purpose, here was to develop an experimental technique that could evaluate 

the erosive effects while simulating the existing aerodynamic heating, flow 

forces and simultaneous effects of erosion and ablation. The technique was 

developed by introducing particles into thefflow of a hypersonic wind tunnel, 

drag accelerating them to velocities up to 3^50 feet-per-second and then 

having them impact upon ablation material specimens. The parameters of 

specimen surface témpera tu re, particle size, partido impingement anè5le> 

condition of thé surface char, particle mass weight and particle mass-density 

were investigated. 

The first portion of this study reviews the information cn the erosion and - 

veer of multiple impacts. Next, the experimental program is described and 

the results presented. Finally, the "Appendices" present the details of the 

NSILSON-GILCÏÏRÎST method of analysis and a summary of a range 6f flow 

parameter? that could be attained in the Boeing Hypersonic Wind Tunnel (used 

for this work) and other available facilities. The parameters described 

would be limited to those applicable to the boost phases of ballistic missile 

flight or the flight of various low-speed missiles that remain in the 

atmosphere. ' ÿ , 

y-■' ■■ ;'V.V • -.- 
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2*0 STATUS OF PARriCLE ERÓSIQK 
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Much research, theoretical and experimental, has been done in the field of 

high velocity, large particle, single impact damage mechanics. Since this 

work is directed primarily toward penetration, kill probability, and structural 

damage, it is 'beyond the scope of this study and report. For those that are 

interested, a sample of this work may be found in References 1, 2 or 3. 

The Structures Technology Staff conducted, in I967, a limited experimental 

program directed toward obtaining single Impact data on various ablation 

materials. A light gas gun vas used to launch small glass beads at cork over 

aluminum honeycomb and phenolic silica over aluminum targets. Some penetration 

threshold data were obtained. The extent of the work performed can be found 

in References 4 and 5* 

2.1 THEORETICAL EROSION STUDIES 
A 

The early work in erosion effects was mostly experimental (circa 1930) and 

was directed mainly toward sand blasting techniques. In 1958, FINNIE ^ 

presented 9 theoretical approach by analysing an idealized ease of an 

abrasive grain striking and removing material from a flat surface. He 

followed this by a more comprehensive article ^ that included an extensive 

literature search and introduced aerodynamic flow and surface hardness. In 

one of the articles, HQLTLEY 8, introduced the concept of attributing the 

weight loss to two wearing factors: (l) loss by impact wear, and (2) by 

cutting wear. This weight loss principle was examined thoroughly by BITTER 

who presented a comprehensive theoretical analysis of both wearing factors in 

Reference 9> This was followed in I968 by NEILSON AND GILCHRIST 10 who 

■ 7%; 
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expanded. Bitter’s work with theoretical expressions based upon empirical 
. -, . ÿ . ^ V. 

data. This latter approach has been applied in the analysis of the data 
’ . 

obtained in the subject test program with considerable success 

2.2 EXPERIMENTAL BACKGROUND 

Early concern about particle erosion was precipitated by the wear of steam 

turbine blades caused by condensing water droplets. This problem was compounded 

when powdered coal was considered as the fuel for railroad gas turbine loco- 

motiyee. As a result an experimental program (Reference 11) was conducted 

blowing high temperature ’fly-ash" on metals representative of turbine blades. 

Atphe same time other experiments (Reference 12) were being conducted to 

doriye data with regard to the gas-solid problem in catalytic cracking plants. 

A related problem, that of sand erosion of hydroelectric water wheel buckets 
. . 

was aleo being investigated. However, these papers, although of general 

interest, do not develop useful trends toward the basic problem of erosion 

with respect to heated ablation materials. - * 

In 1959 a more.meaningful experiment was conducted by FINNIE 13. He developed 

an abrasion flow apparatus (200 - 600 FT/SEC) and obtained wear data as a 

function of impingement angle for various metals and glass. The most meaningful 

test data and empirical expressions appear in the previously mentioned Reference 

10 by NEILSÛN AND GILCHRIST. In this work experimental data are broken down 

into the impact, and cutting wear for various metals, glass, graphite, and 

plexiglas. From these data they developed methods that are fairly applicable 

to other types of material. These methods have been applied to charred cork 

and carborazole and are described in another portion of this report. The 

authors of Reference 10 have also prepared Reference 14,- which deals with 

the problem of erosion in rocket motor nozzles. 
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Another erosion test technique vhere ablation material, specimens are used. 

: , 

v-mmï 
is one developed by Rhodes and Bloxom. This technique- utilizes e hot-shot 

¡1; ■ . 

.UlÿrX' 

•. :;v'•.■■■.■ 

‘ 
' •■ : • 

tunnel to accelerate a few micron-sized particles to velocities in excess of 
" , 1 . . ‘ " * ' ■ ■ • • ' 

■ ■ . • ’ .-. ■ . . : 
10,000 feet.-per-secorid. These particles impinge on small test specimens 

that can either be virgin7 pre-charred, or in the process of being heated by 

a torch. This technique has recently been expanded, along the principles of 
mñ 

.: Î'.A 

the Gatling Gun to permit the firing of a series of particle*during one run. 

The details of this test technique and a sample of.some of the data can be 

obtained from Reference IJ. 
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3.0 EXPERIMENTAL PROGRAM 
.-—;— 

1 wmm 

■ 

3.1 ANALYTICAL PREPARATION 

3.1.1 Particle Velocity Analygis * . 

At the onset of this experimental program some effort was made to measure the 

actual particle velocity. However, it was soon determined that the usual arid 

ordinary photographic techniques would not suffice in this task. Since it 

appeared that an accurate and reliable velocity measurement system would be 

quite costly, it was decided that the particle velocities would be based on 

the computed values. Later calculations of the sensitivity of computed 

velocities to uncertainties in the drag coefficients showed that the variation 

in computed velocities was small for a realistic range of drag coefficient 

variation. 

The particles were injected into the wind tunnel approximately l8 inches 

upstream of the throat. Since they were injected downstream, and-the gas 

velocity in this region is low, the assumption was made that the particles 

attained gas velocity at the beginning of the converging section; 50 to 85 

feet^per-second. It was also assumed that they were uneffected by gravity. 

The force acting upon-the particles is drag: 
2, 

F = D - -£ 

and the particle is accelerated to a velocity approaching that of- the gas 

f c. 'Vy\ -p && 

S , f 
•Ü 
''»‘A dt * V/ Po 

% - fMjyxMJ.-Ci.í*- 
to 

A 

‘M* 
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In the aboye expression, the particle radius, r* and particle density, ^ , 

are given constants, and the wind tunnel velocity. and stream"density, ^ 

are inputs dependent upon flow conditions within the nozzle. The value of 

remains as a critical item highly dependent upon Reynolds Number and the 

relative Mach Number. After an extensive literature search the expression 

3-0 
derived by CROWS ° was used to compute the value of C^. 

- (¾. 

where A - 3«07 

11J2 
/ 

6 
Æ + 1 

h(^) 
_.f,,. >.. • 

■ O' ^ 

4 /7 

'l't'ns h¡ £0 LoC)f0 

o>S *-■] 

= ifz;? V- I - 2*3 

L v ~ 

6r 

•^c^io ^ l 

fo / h(M) 

B •= 

The values of computed with this expression compare favorably with the 

- ¿-1 17 
curves developed from the experimental results of SELBERG AND NICHOIjLS. 

The computed velocities for the dust material used during the subject test 

ere shown in Figure 1. 
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3»1-2 Mo^el Collection Efficiency 
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In. order to. evaluate the data obtained frora these tests, it vas Imperative 

' > ..." v;." 
.. ‘ S 

that the mass of material impinging upon the models be known with reasonable m; 

■ ■: 

WÊÍ 

accuracy. Á cloud sampler was designed (described in detail later in this 

report) which would determine the ratio of the impinging material tc the 

total amount of material dispensed into the tunnel. However, since the 

shape of this sampler and the models differed the question arose as to whether 

the model shock and flow patterns would divert an appreciable number of the 

particles from their original trajectories. (See Figure 2) Therefore, this 

analysis was undertaken to determine the magnitude of this correction factor. 

i: 

#3-.¾¾ 

EDGE” PARTICLE ^ BOW SHOCK 

SWEPT 

VOLUME 

IMPINGING 

PARHCLE VOLUME 

i 

77T? 
/ / ,j 

•.;,r ' •? " 

f 

SPECIMEN 

FIGURE 2 Model Collection Efficiency 

Using à sharp cone as the critical configuration, with air as an ideal gas, 

a conical flow field was developed using the Taylor-Maccoll equation. The 

analysis then computed the change in the particle trajectory'(using the dreg 

equations mentioned above) and determined which particle would just touch the 

shoulder of the core. This "edge" particle then establishes, the ratio of 

volumes which is the desired correction factor. This procedure revealed that 

SHEET 22 

'■'-.-W-V 
■ 

1¾ I 

>’( . U * 480t f4S4 REV. 8-«5 
" 

. V-'-jv-- 

■j-/ • ■ 
A‘Vi'. 11 • i'l l ..-A-.-0 

- I 
' ' 'V* l 



llHB, BOEING COMPAN" 

ttri 

t 

:¿¿UV: 

t-* M 

PARTICLE MAMETR, MICRONS 

no D2-125929-1 

: ; ; 1 ; 

* 
I 
Iff 

TrrÍX*-- 

-Llti J f 
‘JB 

i| 
:il r 

■I 
I 

INITIALS DATE 
Rtv DY 
INITIAL 

DATE TITLE MODEL 

CALC 
COMPUTED PARTICLE VELOCITIES IN 
THE TEST SECTION OF THE BOEING 

HYPERSONIC WIND TUNNEL 

Fig. 
1 

CHECK 

AP^O. 

APPD. 



HK&r—_ 
'1 -¿f’ 

- - •y -pi; *$ f * -r'- V • ’ r'tTi* • -Í;^ ( : ' • ■ -5¾ 
V: 

' 

C:& 

ifpiv' 

'■ ■ 

wind 

were 

the correction factor was 0.999 for a particle with a diameter of 12, 

Since 50 micron glass-beads were the smallest particles used in this 

is apparent that a collection efficiency correction factor was unity, 

3.I.3 Aerodynamic Parameters 

All of the aerodynamic parameters required for simulation estimates5 

shear, heat flux, heat transfer coefficient and surface temperatures 

computed by the CHAP computer program. (Reference l8) 

3.2 TEST FACILITY 

3,2.1 Basic Tunnel Capabilities 

The experiments were conducted in the Boeing 12 inch Hypersonic Wind Tunnel 

located at the Plant IÏ tunnel complex. This is a standard intermittent 

blow-down facility with nozzles for Mach 5-0, 6.05, 6.5 and 7.O flow. The 

nozzle exits are 12 inches in diameter with a useable flow core, dependent 

upon the Mach Number, between 8 and 9 inches in diameter, ihis facility 

has a wide operating range of total pressure and total temperature with 

maximums of 1200 PSICi and 1000°F. Run time, again dependent upon the Mach 

Number, is on the order of 1-^ to 2 minutes, sufficiently long for these tests. 

The general tunnel configuration is shown in Figure 3- This sketch shows the 

pod injection mechanism which can rapidly inject and retract specimens in and 

out of the test stream. This feature is required for good heat transfer 

measurements and has proven to be indispensible in the conduction of these 

erosion tests. The test chamber shell has three viewing porta which permit 

easy visual observations as well as motion picture and Schlieren/shadowgraph 

photography.- 
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f. ® 3.2-2 Dust Injection Meghaaista 

The basic wind tunnel was slightly modified to. accommodate the installation 

of the dust injection equipment. The installation in its final form is 

pictured in Figure h. It consists primarily of a pressurized sand storage 

can with an electrically driven rotary spool at the base. This rotating spool 

allowed a slight advance of the gas flow (high pressure bottled nitrogen) 

followed by the dust flow. The latter was regulated by the dome pressure 

and by the size of the adjustable orifice at the base of the can. The 

rotating spool also, provided for s slight delay in the gas flow at shut-down 

to allow a purging of the delivery tube. 

The latter (seen on the right of the container) runs from the container base, 

through the tunnel wall and bends 90^ to point directly downstream and 

directly at the throat section. The end of the tube was designed with a 

four-way opening that provided a spraying effect for dispersion of the dust 

particles. The end of this tube was located approximately 18 inches upstream 

of the throat section. 

The system pressurization was controlled by a solenoid valve. This valve and 

the motor driving the rotary spool were controlled by an electric timing device 

that was accurate to l/l00th of a second. 

3.2.3 Auxiliary Radiant Furnace 
•-•ir/'' : ' ’ '' ? ' ' \ .. . ■ 

The Boeing Hypersonic tunnel has a maximum operating total temperature of 

1000°F. With this total temperature limitation, the nominal maximum specimen 

surface temperature is 85O to 900°F. This temperature will char low temper- 

ature. ablators such as cork and carborazole, but it will produce littIç or no 
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char on higher temperature ablators such as silicone rubber. As a consequence, 

for these materials, the erosion effects will be those associated with the 
'y' -..- ■ ■’ " . ' , . ' . 'i ' , • . . - ’^'¡u 

heated virgin material. 

In order to produce a char on the surface of these high temperature ablators 

and more closely simulate the more severe heating conditions for certain 

trajectories, an auxiliary radiant furnace was installed surrounding the wind 

tunnel test section. As shown in Figure 5 this furnace encloses all of the 

test section except for a slot at the bottom. This slot is required for 

injec\ sn of the test specimens. The. furnace is composed of a water cooled 

shell with 72 quartz heating elements lining the inside surface. Prior to 

installation in the wind tunnel the furnace was calibrated with the voltage 

vs. heat flux results as shown in Figure 6. The maximum heat flux, 37.5 

BTLJ/ft^-SSC, when imposed upon a test specimen in the stream flow will produce 

a surface temperature, dependent upon the thermal properties of the material, 

.o. of approximately 2100 F. Therefore this auxiliary device is an extremely 

valuable addition to the over-all tunnel installation by permitting a wide 

range of surface temperatures for ablation and erosion-ablation testing. 
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Tests were' conducted under conditions noted in the table below: 

wmv. 
mâ£ > 
:: 

-V- 

MACH NO. 

GAS VELOCITY, FT/SEC 

TOTAL PRESSURE, PSI . 

TOTAL TEMPERATURE , °F 

Re/FT X 10’6 

RADIANT HEATING 

PHASE I 

6.50 

1150 

1000 

8.0 

NONE 

PHASE. II 

6.05 

38OO 

85Õ 

1000 

7.2 

NONE 

PHASE III 

6.O5 

396O 

1000 

1000 

8.5 

TO 37. 5 BTU/FT2 SEC 

Phase I was conducted with the Mach 6.50 nozzle because the latter was 

considered to be expendable. Therefore, any damage incurred by the particles 

passing through the throat would have little consequence. When the damage 

factor was found to be negligible, and the Mach 6.50 nozzle was required for 

another test, testing was switched to the Mach 6.05 nozzle. The total pressure 

was reduced during Phase II operations in order that the specimen heating rates 

would be the same in each case. Since the auxiliary furnace was not installed 

at this time, the specimen surface temperatures would have been approximately 

850 to 900°F. 

The Phase III teste were conducted in order to help resolve a wind tunnel 

contamination problem, incurred during the AGM ablation testing. These tests 

.. . . ,1-. ’• Q -.-.. . ,v ' 

required surface temperatures in excess of 900 F and as 0. result led to the 

design and installation of the radiant furnace. The total pressure was raised 

to 1000 PSI in order to generate the highest wall shear possible. 
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3.3.2 Dust Cloud 

The two main factors associated with the simulation of a dust cloud are: 

(l) the mass density of the contaminants and (2) the size of the particles. 

Based upon various analyses performed by the Physics Technology staff it was 

determined that the expected range of densities in nuclear dust clouds was 

within the range which could be simulated by the dust injection device in the 

hypersonic tunnel. A range of particle sizes typical of those expected in 

nuclear dust clouds was selected for these tests. 

A convenient contaminant with a mean diameter of 125 microns was found to be 

an olivine casting sand which is used in the Boeing Foundry. In order to 

determine the effects of particle size larger and smaller sizes were tested. 

For the larger particles a silica casting sand with & mean size of 210 microns 

was selected. Finding an earth-like material of a smaller size proved to be 

more difficult and therefore 50 micron glass beads were substituted. . 

3.h MODEL DESIGN 

The configurations of the models tested are shown in Figure 7. They consisted 

of four basic shapes; (!) hemisphere, (2) 25° half-angle cone with a 3/8 inch 

nose radius, (3) a 15° half-angle ccne with both sharp and blunt nôXèB and 

(4) a 9° half-angle cone with sharp and blunt noses. All of the models had 

a 1.8 inch base diameter, a dimension which coincided exactly with the opening 

iri the cloud sampling device. The sharp nosed versions had a boundary layer 

.- 

trip strip consisting of .030 steel balls spot welded with á spáeing'of ; oite - 

¿iaméter, 
:-..- ■■Vtf. J.-t'A . - 

èk^rÇ;.'- 
m 

WM 

?- - :-Î.V ÿC-.- : '. V 
1¾¾ 

SHEET 31 

U 3 40®r I4M R E V . §-6 9 

■ . . ! , ; A /■: 1,1.; • V ,.V 
• ' , ’. >V, .¿.4' t 

j -J 
' ? . , : 

f 



ilftSÄSg 
fcÉÂai 

:wÊÊÊÊËÊÊM$M 

I Æ ;.- ?:ï* - ¿k ï æâ: 

ÄWÄiiiSfiaS ?59à94« 

" ‘:Hf ' i’'* ^ ;■- 
::-^¾ :':Vv':v:,- -vr 

(¿MâÊm 

■ »I i jl* ij »■^■lÉ 

mßm êéÈ 

i»|Â —»>*»»<» «w 

vi 

lA" DRILL BOD' (ÿvp) 

BOÜÏÏBABY ÎAÏEB TRIP {;. 030 SPHEHRS) 

IEÏÏAILS OF PARTICLE BROSÍON MODELS FIGURE 7 

REV SYM 

Üí.\¿ü¡aW'¿.-. 



mmmm. WMWIU'-M 

K 
ir 

• r'.. : * ••*> ivWi 9 .frï- V>wS* : ^v;,-'-i .-¾ 
. V'. ; ,vA;' 

5^3¾¾¾ V ■ ' *g|S US®® 
•:■ . ’ Ä: . Z -, 
NUMBER: D2*3.25929-1 

Æ-m '. KÜ ~ ■ “ " '" '" ■' " ?-■’ 
' -. '• '?>- '-1- ” • - v.- -■ J'<-, V’kU. '..fldif 

' ’ m ' r ' ' £;K : ÜSk ! 
,•1.' 

"1P EMf i““"»! »« «l»te„o5 af « turbulEn.t boubd,^ J,yer o«r th. 

aurf ácé thasa ao,,«,. W of the =o„,6 «.f. .oldeí , >tlng maunt f|| 

that was simply a /pièce of i inch drill rod. 
■ • . • J - 

The .roodsIs, were made óí1 three moflar»^ oi 0 • . _ I 
materials, cork, Dow Corning DO 93-072 silicone | 

Mbb-r, wd.e Boeing .developed eo.johnd referred to ee (Srborezole. 

*. .ond, models that rere dnstr.ented «« a group « f donee „de of ^ 

ailloane rubber, ffieèe speelmens had four horseshoe shaped foil th.mooouplesí 

molded :st epeelflc depths - .010 to .050 Ineh - belo» the surface, »ese 

models „ere used to determine the surface temper,tures of the silicon, rubber 

specimens »hen the, »Sr. subjected to the combined effecia of tuhnel flop 

external radiant heating. 

3.5 TEST PROCEDURE 

l^'l Dust. Cloud Calibration • . ' 

The success of,this test urogram was largely dependent uccn a reasonably 

accurate determination of the mass of material impinging ^ the'test ^ 

sveciraens. teoause of particle stratification In the tunnel flow, concurrent 

specimen testing and cloud sn.pllog »„6 „l]sMe .„a f.„lbIe. WjÉÜ 

..up repetitious sompllng run, were conducted. These run. Included . horltont.l | 

and vertical cloud survep to determine the beet model locetion. The everage i 
these runs provided . reu.We ratio bet.eeh the „nt-rta, impinging to the 

■mount dispensed. . After considerable experimentation a dlepenslng teehn«iie- 

S 4e,el0Ped "härS thlS repmatable.wltfiin 5». K ,., th.n ...¾ 

that this ratio also prevailed during a specimen run; i.e.. the „eight of 

material diapered muUlpdl.d bp this r.tlo determined the amount of material 

SHEET 33 

ÚS 4 89t T4$4 R f V . a-«3 

* « 
; ■:? * 

,- t av' • . ,-V T .■ }>: • ■- V' 
-.- " " '■ 

. m- ■ « 



, . .J i LRlip lili ... ' . ' 

. 
■ 

HP 

. / ■ ■ ' ■/- ■■ - ■ 
THE MâWÆfJVÆS r-nMRA^V 

, \ * /ft; ■ 

ft -//-¾ - •/»/;' •; .ft/'-’,-.;; 

.fti*.- _ - 

. ' ■ ■ ■' ' ./ • 
. ¢. - r.f.| ^ ïft/t/rft ? ?ftï- ' -î A4f 

:/:,.. Number D2-125929-Í 
Th< b MPMWjeWtWM* COMPANY 

■ •:. ; . 

REV LTR 
. ■: , .■■..’■■ ftii. ;ou# 

. /. ‘ ' ' ' ' ■ - . ' ,.- ■' '' : ' ' ' - ' ;,: 

... ■ . ■ - ' • 

: that struck the specimen. A ratio was determined, in this manner, for each 
', •• 

ïïZÏPM 
. 

.:• 

: 

of the three particle si^e¿3 tested. 
” . • J . • " ' ' ‘ ’-' , •. /' _._ :i-_ .-. -, ft-: -, 

.' k /,.-' ./ '-...' -, a - , " •. 1 'ft' -'•. ./'’'. '■ 

'•-'/; , .-, Hv /•• /- ,^ /• //ft.-‘ - •/- '/ • -, . ~ /; ‘ / _ . .. / .-,. >•' -./:. . -//////^,.. /¾¾ 

The cloud sampler design that proved to be the most effective is shown in 

Figure 8. It is quite simply an TTLM shaped tube with the short leg open and 

the long end closed. The open end, equipped with a hardened steel nose-ring 

of an inside diameter identical (l.8M) to the specimensJ, was positioned in 

the tunnel flow. Particles flowing down the nozzle and into the test section 

passed through the sampler bow shock, entered the tube arid were collected at 

the closed end. At the conclusion of the run the material collected was removed 

from the sampler and weighed. Therefore, the relationship, ^/) -  1, ■ was 

c 
established for each of the particle sizes. Figure 9 is an -indication’of 

vertical and horizontal variations in the test section dust cloud. 

3-5-2 Specimen Testing 

The test specimens were -tested in three manners. These were: (l) ablation 

runs, (2) ablation-erosion runs and (3) surface temperature runs. 

In the ablation runs, the specimens were simply exposed to the tunnel flow, 

or combined tunnel flow-radiant heating conditions, for a specific length of 

time. These runs established the amount of basic weight loss and configuration 

change due to heating and shear. 

Ablation-erosion.runs were conducted using three modes of operations. These' 

three oiodes result in the érosion testing of three initial surface conditions : 

' - . 'ft' . * - . • ’ ' ' ' - / ", 

(l) a hot-char surface, (2) a cold-char surface and (3) a virgin or anchar red. • 

/// •ft."" ., / / . ; ' . . .- ‘ • / , - - /•'* 
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A hot-char run is made by exposing the specimen to the test environment for 

Z 
o 

-,,. .v^v> 
.5¾¾¾ 

a specific period of time (usually.10 seconds) prior to exposure to the dust 

cloud. This mode would be representative of missile entry into the dust cloud 

at the higher altitudes and hotter portion of the trajectory. 

ïW-HÎ 

The cold-char mode consists of exposing a previously charred but not eroded 
d’-M 

specimen to the dust cloud at the instant the model arrived at the tunnel 

centerline. This results in a concurrent reheating of the char while erosion 

is taking place. This mode was tested in order to evaluate the relative 

resistance of a hot and cold char and not to simulate flight conditions. 

When the above test procedure was employed using a new uncharred specimen it 

was considered to be a virgin run. This mode would be representative of the 

missile entry into a dust cloud at lower altitudes while the missile is still 

relatively cool. During this procedure the surface is concurrently being 

charred and eroded. 

The surface temperature runs were conducted with the instrumented silicone 

rubber models. These models were exposed to the combined tunnel flow-radiant 

heat environment. Each model was run with an increase in the radiant heat 

flux until the maximum level of 37¾ BTU/ft2-SEC was achieved. During these 

runs the thermocouple temperatures were recorded on strip charts revealing 

the temperature profiles at four surface depths. This temperature data was 

analyzed to obtain surface temperatures versus heat flux as described later. 
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4.0 DATA REDUCTION 
5'i : 

4.1 CONTAMINATION RATES 

The weight of dudt or sand dispensed into the tunnel was determined by placing 

a 300 gram sample in the sand storage can prior to a run and weighing the 

residue after the run. Therefore, 

wd = 300 - WA 

As mentioned previously, the amount of sand presumed to have impinged upon a 

specimen, W^, was the product of the amount dispensed and the impingement ratio, 

"i - %, * “a 

1..2 ABIAÏI0H LOSSES 

The loss of material due to stream and radiant heating effects was determined 

by simple before and after weight measurements;, 

AW 
Aß $ A 

The ablation only losses, as a function of time, for cork and carborazole 

are shown in Figure 10. Ibis loss for the silicone rubber, Figure 11, is 

shown as a function of surface temperature. 

4.3 ABLATION - EROSION 

The- specimen material lost during an ablation (pre-char) interval followed by 

erosion is also a measurement of before and after weights. To obtain the 

weight loss due to erosion alone, either of two analysis methods can be 

employed: (l) to subtract just the pre-char ablative losses or (2) to subtract 

the ablative loss for the entire exposure period. For example, if a model 

were subjected to 10 seconds of pre-char and 10 seconds of erosion, the pre- 

m 
test weight could be reduced by either 10 seconds or 20'seconds of ablative 

weight loss per Figure 10. 
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Neither approach is absolutely correct because during the erosion phase the 

lasses are due to the combined effect of ablation and erosion. ' However, since 
.  ' '- --'- ' ' - ' ■ -:*• ‘ -, - .i. . i 

the two effects cannot be separated and extended pre-char ablative losses, are 
- - - ! . .... ' - •-- • -- • ; • • ■ ' ■ • ' i; 

not available for all specimen configurations, method (l) above has been used 

in the analysis of these data. The effects of including and excluding the 

weight loss can be seen ir Figure 12, where the data for the hemisphere models 

for each method is shown. 

■ 
m V; • 

t0* mm miáa 

Specimens subjected to the combined effects of ablation and erosion quite often 

suffer a considerable change in shape. In order to record this shape-change 

a profile measuring device was devised. This device, referred to as a comparitor 

consisted of a spark gap generator, a columnatiag mirror and a poiaroid film 

holder. The before and after profile shadows of the specimens were projected 

upon the film by the short time duration spark gap. The result is a black 

profile of the remaining configuration superimposed upon a gray profile of the 

original shape. Several examples of the comparitor results are shown in 

Figure 13. With these records, shape changes as a function of erosion rates 

could he analyzed. 

Ü.Í4- WEAR ANALYSIS 

Some of the hemispherical cylinder erosion data was analyzed using the method 

of Neilson and Gilchrist, Reference 10. The details of the procedure as 

applied to these specimens can be found in Appendix A. Briefly the method 

consisted of dividing the total erosive wear into two wear factors^ impact 

wear and cutting wear4 The hemisphere cylinder data were used in this manner 

by dividing the total eroded volume into sections and assuming an average , 

impingemen x.gie, for each of the volumes. Thus, by knowing the 
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weight of ablation material eroded and the weight of the impacting dust 

particles, the wear attributable to each factor can be derived. The exact 

procedure is outlined in Appendix A and the data derived is shewn in a 

following section. 

: IMS 

4:. 5 SURFACE TEMPERATURE EXTRAPOLATION 

As mentioned previously, the instrumented silicone rubber models had four foil • 

thermocouples imbedded beneath the surface at known depths. The temperatures 

recorded by these thermocouples were plotted, as a function of depths temper¬ 

ature and time, as sh^oyn in the example of Figure l4.. This was done for each 

of the radiant heat flux rates. This resulted in a specimen surface temperature 

plot as a function of exposure time as is shown in Figure 15.. 

4.6 CONVERSION-OF DATA TO CK VALUE 

The notation CN, in the units of Joules per gram of material removed, is often 

used in expressing a degree of erosion loss. (it would be found, for instance, 

in Reference 15. ). 'The data shown in. this report can be expressed in terms of --;. 

Cj. by the use of the equation 

c 3 4,63 X 10^ X 
N 

Loss Ratio 

where the loss ratio is the specimen weight loss divided by the weight of the 

impinging dust. • 
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5.1 PARAMETER EFFECTS 

5.1.1 

The dramatic increase in the erosion rate of Dow Corning DC-93-072 silicone 

rubber as the surface temperature is elevated from 850^F to 1800°? is shown 

in Figure l6. The erosive effects are rather insignificant below a surface 

temperature of approximately IQOO^F. The material is relatively uneffected 

(notable in Figure 11) at these lower temperatures and acts essentially like 

the tough virgin material. However, at temperatures above lOOO^F the rubber . 

surface begins to take on the appearance of a dried "mud-flatn and becomes 

rather soft and brittle. This surface is very susceptible to particle impact 

and the erosion rate rises very rapidly, as can be noted in Figure lös. The 

effect of a small amount of contamination is notable in the cross-plotted 
-2 

, data of Figure l6c where an impaction rate of 0.5 grams (1.67 x 10" grams/sec) 

results in an increase of specimen weight loss of several factors; e.g.',, 

5 at 1500°F. This same data is presented in Figure i6d, where the total 

specimen weight loss is normalized by the uncontaminated ablation loss, 

revealing that the effect of increasing the particle impingement rate 

diminishes as the surface temperature of the rubber is elevated beyond 1200JF. 

Thia can be attributed to the increasing significance of the pure ablation 
... Q 

loss as the surface temperature is elevated beyond 1200 F, 

The effects of elevated surface temperatures on the particle erosion of cork 

are shown in Figure 17. Because cork forms a surface char at a lower temper¬ 

ature than silicone rubber, it shows a relatively high loss ratio at 850°F. 

At a temperature of 1250°F, the only other data point, the cork loss ratio 

increases by a factor of 2 to 3- However, the curve indicates that as the 

particulate mass density increases, the char is. removed faster than it is 

formed and the loss ratio approaches en asymptote. The cork elevated temper¬ 

ature data is limited.to this one curve and no tests were conducted with 

carborazole at elevated temperatures. 
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5.1,2 Particle Size ..- 

The effect of partidíe size can be noted in most of the plotted data, especially 

in Figures l6 and l8. The latter illustrates the weight loss incurred by the 

cork and carborazole hemispheres when impacted by-the three particulate sizes. 

It is notable that the 125 and 210 micron data fall on the same loss ratio line 

with a marked reduction in the 50 micron glass data. The latter was unexpected 

because one could anticipate that the greater surface area to mass ratio would 

result in- an increasing volume removal, per unit mass, of abrasive. However, 

considering the; analytical method of FltffllE T it would appear, that at similar 

energy levels, angular particles should produce more erosion than sphere-like . 

particles. This is confirmed by test data from Reference 19 where sandblasting 

with ,,sharp,, sand produced four times the wear of round ^and. Viewed through 

a microscope the 125 micron olivine sand and 210 silica sand are very angular 

and the glass beads are spherical and smooth. Therefore, it is concluded 

that the'particle size effect noted in these data can also be attributed to 

the particle shape rather than size. 

5.1.3 Material 

The relative abrasion resistance characteristics of the three materials can• 

be seen in Figure 18, Rere the data derived from the hemisphere specimens of 

cork and carborazole can be compared. It will be noted that at the 850 F , 

surface temperature1 condition, the carborazole is slightly more resisrant to 

the sand particles and considerably more resistant to the glass beads. The 

same effect can be noted in Figure 19 where the data is more extensive. For 

added comparison, the resistance of the virgin silicone rubber is referenced, 

indicating its superior, abrasion resistance et these low surface temperatures. 
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The testing of impingement angle was limited to angles between 9 and 25 
‘ ...... . - . -3 .... 2,-. ... , . • -., ■ • ■ -r 

5.1.4 Impingement Angle 

by these ablation-insulation materials are essentially within these limita. 

Figure 19 is a result of tests conducted with cone specimens with half-angles 

of 9, 15 and 25 degrees. 
«¿m 

The data verify the previously noted effects that carborszole is slightly more 

resistant than cork and also that the smaller glass beads produce less wear. 

However, concerning the effect of impingement'angle, the data indicate that 

there was very little difference between tue three angles. This was eS^eciálxy 

true regarding the more extensive data existing for the larger particle sizes. 

The cork and carborazole data show loss ratio curves where all three cone 

angles lie essentially.within the limits of experimental error. The limited 

data with the glass beads more vaguely indicate that the 15 angle is more 

susceptible in carbúramele while the lower 9° angle is most critical in cork. 

It would be more reasonable to state that none of the angles offer any 

particular vulnerability over the others, at least not at the conditions tested, 

In an attempt to resolve the impasse regarding impingement angla, some of the 

hemisphere data was reduced using the procedures outlined in Reference 10. 

The details of this analysis are given in Appendix A; Briefly, the hemisphere 

surfaces are divided into segments of average impingement angles and knowing 

the loss ratio for each segment, the impact wear and cutting wear can be 

separated. This analysis: leads to an empirical solution fer the angle producing 

the maximum total wear rate. These solutions indicate that the maximum wear 

curves for cork and carbcrazole are very flat (see Appendix A) between 

«--.:3..1 

, . ¿ :- 
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¢/ = 103 and --r 30 . Therefore these resalts tend to confirm the test data 

. by failing to reveal a critical impingement angle among those tested. 

5.1. 5 Specimen Surface Conditions 

Specimens were tested, as noted previously, under three modes of surface 

conditions; (l) hot-char, (2) cold-char and (3) a new or virgin surface. 

The results of these runs can be seen in Figure 20. It appears that loss 

ratio for the cork is somewhat dependent upon the surface condition with the 

virgin surface being r^öt resistant, followed by the cold-char and hot-char, 

respectively. Fie carborázole specimens did not exhibit this tendency; the 

loss ratio was essentially the same regardless of the surface condition. This 

is. probably due to the sticky or tacky nature of the carborazole char; a 

condition that more closely resembles the virgin material. 

5.I.6 Contaminant Mass -Density and Mass 

During‘the initial phases of this research program it was discovered that 

the cloud dust-density or mass-density had a pronounced effect on the loss 

ratio. A good example of this effect is noticeable in the 1250°F curve of 

Figure IT. This data was generated using the same test mode, 10 seconds char 

followed by 10 seconds of dust. However, the total amount of dust dispensed 

was different for each run, producing the curve in the data. As discussed 

previously (Temperature Effects) this would indicate that as the cloud density 

on impingement rate is increased the char is essentially removed as fast as 

it forms. Therefore, the loss ratio curve should approach the asmyptotic 

value that would exist for the virgin unheated material. However, since the 

mass density valués used in' this experiment were consistent with those antiei*- , 

pated in a nuclear cloud; it is doubtful that this case would ever exist in 

actual flight. 
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changing the impinging mass while maintaining essentially a constant cloudr 
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density. This was accomplished by holding s constant dispenser output setting 
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and operating it for different lengths of time. This results in straight line 

data that would indicate that with a constant cloud density the material 

eroded is a direct function of the impinging mass. 
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NUMBER Û2-125929-I 
REV LTR ■ , »COMPANV 

CONCIUSIONS 

1. A dust cloud with a contamination density close to predicted values can 

*>.t- */.' fâ: »Vf,* ? increase the weight loss in an ablative-insulative material, such as cork or 

vtv : •' •' 

mmmm 

silicone rubber by a factor of 5 to 10 times. 

2. The erosion loss ratio is highly dependent upon the surface temperature 

and material characteristics. The silicone rubber used in these tests appeared 

to have a resistance threshold at 1000¾ beyond which the loss ratio is 

.greatly accelerated. Cork appears to have similar characteristics at a lower 

temperature, however, the data is insufficient to predict the exact temperature 

threshold. 

3. Materials that are exposed to the combined effects of ablation-erosion in 

the virgin-uncharred condition are the most resistant to erosion. If a char 

already exists on the surface of a. cork specimen when the erosion process 

begins, the initially cold char is more resistant than 0 hot char. 

k. With the cloud contamination density held constant (within the predicted 

limits) the weight of material eroded increases in direct proportion with the 

mass of the impinging material. 

5. When the cloud particle density is increased the erosion loss ratio 

decreases approaching an asymptotic value that could be established with 

uncharred virgin material. 

6. Analysis of the hemisphere data by the method of Neilson and Gilchrist 

indicates that charring cork .exhibits the general characteristics of a material 
- ’ . , • ' \ - - 

like plexiglas. Using this method the relationship between the impact wear 

and cutting wear were determined. 
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7. The tests conducted with cones with different half-ahg] 
■ , 

250 did not produce sufficient evidence to determine which 
■ ■ . ■ ••-■ . ; - -• 

of the hemispheres by the procedure of and Gilchrist Neilson able. The analysis 

(Reference 10, Appendix,A) substantiate this conclusion by revealing very flat 

loss ratio curves between impingement angles of 10 to 30?. 
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The above authors, in Reference 10, have developed a simple approach to a 
. ..... * 

theoretical analysis of the general erosion problem. The derived equations, 

are correlated by experimental results and can be used to predict the erosion 

•' characteristics of various materials. 
':Si.. V-' - ‘ ' ■■ .. ' . .’ V'.’ 

The total erosive wear sustained by a specimen can be broken down into the 

sum of the cutting wear and impact wear. 

W% = mCu* 

and '5' ^ 
'.vK 

* CoÄ - ) ^v\ (Vp 
----————  — 

ï 

where WR^ is the erosion produced by m pounds of particles impinging at an 

angle ^ and with a velocity V. K is the velocity component normal to the 

surface below which no erosion takes place and v is the residual parallel 
r 

component of particle velocity at low Due to the large magnitude of V 

in the Boeing tests, in relation to K and v^, the latter are assumed to be 

negligible. 

Therefore. Wf? 
i 

t 

• L 
4- % t 

^ ^ J 

Now, at ^ = 90° the first part of the expression, cutting wear, is zero 

and the impact resistance constant £ is determined by 

m V 
JL 

2 

\'\r. 
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Aft*r' £ haa been obtadned the impact wear at all angle? can be .determined 

^:-> 

l\ 
ï- 

and by: subtracting-lx from WR^, ’WR^, and the cutting reaistanes constant (p can 

be obtained. 
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mm 
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Some of, the hemisphere cylinder date was reduced by this method using the 

coraparitor photographs typified in Figuré 13. The hetnispherical surface was 

divided into segments; the recession measured and the shape transformed into a 

series of trapezoids. 

mm M 

s 
u. 
Ill 

m 

Figure 21 Modified Hemisphere for Neilaon-Gilchrist Analysis 

_ The volume of each revolved trapezoid can be•determined and with the resulting 

volume ratio, the weight loss of each part can be found. Using a similar 

approach, the swept area can be ratioed and the amount of dust impinging on 

each segment can be determined. From this the eroded weight-impacted weight 

ratio for each segment is resolved. 

Now, all of the qúáhtitiés in the wear equation are known except the wear 

resistance factors, £ and 0; The impact factor, Ç , was obtained from the 

center segment where the impingement angle is essentially ,90°. The <?< for 

each of the other segments was the average across the face of the trapezoid. 

Using this approach, the total wear can be resolved into its two components and 

the angle of maximum wear ,can be obtained. Therefore, an approximation of the 

materials relative resistance to impact and cutting wear can be derived. 
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as developed and a few of the specimens were 
. 

The results are shown in the following Figures 22 analyzed by this method 
5 $1¾¾¾^ 

through 28 
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FACIL!TÏ CAPABILITIES AND NEW TESTING CONCEPTS 

FOR FUTURE EROSION :PEST PROGRAMS 

FUTURE TESTING CAPABILITIES 

The test program described in this report was conducted with severe performance 

limitations. Before the installation of the radiant furnace, all of the tests 

o 
had to be run at the maximum available total temperature, 1000 F,.in order to 

create an ablative environment. The total temperature establishes the test 

section gas velocity which in turn dictates the speed that the particles will 

attain. Therefore, the tests were conducted under a single point condition 

with one particle velocity for each particle size. Figure 29 is a plot of a 

typical boost trajectory, in terms of velocity and pressure altitude, with the 

test point shown as the <^> and Q with a specimen surface temperature, Tc,, 

of 850°F. (Mach number has a slight influence on the pressure altitude, but 

other than that the test points are essentially identical.) 

The installation of the radiant furnace introduced a considerable degree of 

flexibility in the selection of test points. It permits the tunnel to be run 

at lower total temperatures thereby allowing the gas velocity and particle 

velocity to become variables. Ihe ablative environment would be maintained 

or intensified by the radiant furnace with corresponding higher heat fluxes 

required as the tunnel total temperature was reduced; The range of test points 

presently available, in the Boeing Hypersonic Wind Tunnel, with respect to 

Mach Number, pressure altitude, and surface temperatures, are shown on the 

left side of the trajectory curve of Figure 29. The résultant spectrum of 

particle velocities produced by this variety of test points is shown in 

Figure 30, 
. 
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In order to increa.se the particle velocity in the test section, a highly 
Y- * • ■ • . . ' "■ ;- ' •_ v- '' ' :/T . !' 

desirable situation:, a higher tunnel total temperature is required. Since the 
_ 

Boeing Hypersonic is limited to 1000“F another facility would be required. A 

logical candidate would be a pebble bed heated facility with a total tempera¬ 

ture in the vicinity of 3000^R. This would result in a test section gas velocity 

of approximately 6000 feet-per-second. The Norair Division of the Northrup 

Corporation has such a facility. After some exchange of information and a 

visit to the facility it has been established that Norair would consider 

conducting such tests and that alteration of the facility to include the 

dispensing mechanism is quite feasible. 

The Norair test point is noted cn Figure 29 and the range of particle velocities^ 

obtainable in the facility are shown in Figure 31- 

The CHAP program (Reference 18) was utilized to determine the'various aero¬ 

dynamic parameters available in the Boeing Hypersonic and Norair Facility for 

the various test points. The results of these computer runsj (l) anticipated 

surface temperatures, (2) wall shear stress and (3) heat transfer coefficients 

are shown in Figures 32, 33 and 3^« 

DESIGN IMPROVEMENTS 

A rather simple design for a device capable of measuring the particle velocity 

has been devised.. It basically consists of a pointed rotating drum mounted 

on the test section sting. The drum, 3 inches in diameter would be rotated 

at a precise known RPM; e.g., 3000. As it rotates a small hole In the conical 

bulkhead is open to the dust flow allowing a few particles to enter the vented 

drum. These particles will pass down through the hollow cylinder and impinge 

upon a soft rear bulkhead. The angle that the resultant indentations make 
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with the plane of the hole can be easily raeaaured. Knowing this along'with 

the length and the exact rotation of the drum.will result in reasonably 

accurate measurement of the particle velocity. Calculations show that the 

drag deceleration within the short drum would be negligible due to the low 

density at test section static pressure to which the drum would be vented. 

Improvement of the dust spray-head would be highly desirable. Although the 

final design used during the subject test performed satisfactorily a better 

design may be able to distribute the debris more evenly throughout the stream 

core. This task would require a bench test tank so that the dust spray could 

be seen while operating against a back pressure of 1G00 PSI. At present the 

system can only be tried by triad and error while the tunnel is operating - 

a costly procedure. 

An improved method of measuring the specimen temperature is required. The 

flat horseshoe shaped foil thermocouples used in the subject test produced 

rather erratic traces during most of the run. This was due to a tendency for 

the material to delaminate in the vicinity of the thermocouple backing causing 

air pockets and sundry related problems. A possible solution to this problem 

might be the use of thermocouples buried in a very small diameter metal sheath. 

VERIFICATION OF REILSON-GILCHRIST 

It is recommended that a future erosion test program should include test speci¬ 

mens specifically designed to verify the referenced erosion analysis method. 

These specimens should include a series with impingement angles ranging from 

'0 o y 90 to as close to 0 as feasible. This would provide accurate data for the 

formulation of loss ratio curves, cutting resistance and impact resistance for 

any desired material. 

SHEET 0¾ 



i.. 'utt V ■ i u-M ^ 1 ''1 •' -■,IJ 

\^ V ;. ' j 

SSfei 

This document is controlled hy Structures and Materials Technology, 
Orgn. 2-55Ö3 

All revisions to this document shall be approved by the 

*V'V-,'’7 

U3 4802 1438 REV 8/66 

- ■ 

SHEET 85 

r.&V'iî'jft'âîîîi 

Kw¿i •"••’•"''.•i-i 'vrú'&ié 
--.-.-7:.:..:--1- . 

■-.-- ’ v.'f’.‘ . • - 

u. 
■ 

i ■ - -.—“— -- -.- . . ■ .. - .. 





- -, V" ' j '1 ilJIW.i w w1 j b iwmmmmn/mgBjimmAÊ 



m mmmm 

5 )». V, v' ',■ 

' -- : 

ß 

> ( 

(Spqurity cinfiKification of title, body of «batract ami Indexing 

DOCUMENT CONTROL DATA - R&D 
$)iuiot£ition must be entered when the ovefall report is classing); 

•t^'OR JGl N A T IN G ACTIVITY (Corporate author) 

THE BOEING COMPAOT 

2ki. REPORT SECURITY CLASSIFICATION 

Unclassified 
2b. GROUP 

3. REPORT TITLE 

Particle Erosion Testing in The Boeing Hypersonic Wind Tunnel 
-. 

4, DESCRIPTIVE NOTES (Types of report ami inclusive dotes) 

. 5, AUTHORS (First nome, tniddle iriifiaí, lost name) 

George C. Lorenz 

6. REPORT DATE 

December 1968 
8a. CONTRACT OR GRANT NO. 

d. 

7a. TOTAL NO. OF PAGES 

87 

7b. NO. OF REFS 

19 
9a. ORIGINATOR’S REPORT NUMBERS 

D2-125929-1 

9b. OTHER REPORT NO{S) (Any a*her numbers tl»ut may be nsaiçned 
tins1 report) 

10. DISTRIBUTION STATEMENT 

This document is controlled by Structures and Materials Technology,, Org. 2-5563 

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 

13. ABSTRACT 

Missiles flying in the atmosphere could be subjected to passage through dust 
clouds formed by surface bursts of nuclear weapons. Such flight would result in 
the erosion of frontal surfaces, particularly the regions covered with ablative¬ 
ins ulative materials.. The technique described in this paper was. developed to 
provide data on the erosive effects of dust on cork, carterosole and silicone 
ruhier (DC-93-072) in the Mach 3 to 6 flight regime. ’ 

The Erosion Test technique.,was developed utilizing the Boeing 12 inch Hypersonic 
Wind Tunnel. The wind tunnel was modified so that sand and glass beads could be 
introduced into the tunnel flow anytime during a -test run. The material was 
injected up-stream’of the'nozzle throat and dreg accelerated to high velocities, 
prior to arrival at the test section., Drag computations, based upon spherical 
particle drag, with the dreg coefficient a function of Mach Number and Reynolds 
Number, indicate that the particles attained velocities, dependent upon size, of 
2550 to 325O faat-per-seqond. The tests were conducted at Mach Numbers of 6.05 
and 6.50, P = 850, 1000 and 1150 PSÏ, rL = 1000 F, with the test section gas 
velocity remaining constent at approximately 4000 ft/sec. 

The.' conical test specimens introduced into, the test stream were subjected to 
either an ablative or a combined ablative-erosive stream. The debris injection 
mechanism was capable of varying both the duration and the density of the parti¬ 
culate cloud. The cloud distribution throughout the tunnel test core was cal-i- 

’ rvW F0HM DD I NOV,65 
U3' 4SÖ2 T03Ò- REV 7/66 

PART I.OF 3 

Unclassified 
Seeurity ClassifienÜòtV 

; g / 



mmmmmmmrn 

mm mi ' ■ ■ 
I** ?i. •»-. -» - ■ ■- ■■-•. 

:htâfà' 
wmmmm- Kffÿfei 

,14. ' LINK C 
KEY WORDS ■ ' .■• - , .ROLE- ROLE 

Abl&tiüiy 

Ablation-Erosion 

Heat Transfer 
: ‘ÿ'’v.;; \i [•'7 '• 1 '*7,¾ ;i ,-. 

Hypersonic Flow 

Aerodynamic Heating Nuclear Cloud Debris 
-,- ' ' ■ ' . ■ ■■ 

Carbbrazole Particle Velocity 

Collection Efficiency Radiant Heating 

Contamination Shear 

Cork Silicone Rubber 
, - , , < ' ■ . 'r- ■ 

Drag Coefficient Wear 

Dust Cloud 

Dust Sampler 

Wind Tunnel 



ir, ^ Iá»| 
ípm ? • > • • ' --- • / 

sV^-ÄäiVi'« 5?>5;ïj iivr 
.,- ■ '. ■ 

. 

»X; -Ÿ0 

w 
Si lis 

z' >'-- 
Jf 
V-'ï»' 

«f. 

; 
INSTRUCTIONS TO FILL OUT DD FORM 1573 • DOCUMENT CONTROL DATA 

(See ASPR 4 • 211) 

1. ORIGINATINti ACTiyiT.V: Eiuer «he name and oitdres» oí 
the 'contractor. stibcõntraclór. ßrant^e, UôpaHmvri of Offense 
activity or. ótSer or gañiz a t ion (corporate author) issuing 

the*; report. ^ . 

*»n REPORT 5ECURIXY CLASSIFICATION.' Enter the overall 
security clnsaificntio,. of: the report». Indicare whether He*- 
tricted Data^ i* included. Marking is to be in accordance wit.» 
mijiropriate security reRulntioiVJ. 

2b. GROUP Ayt.vim.tio duwnKradine is specified in 
directive 5200 10 and Arrted Forces Industrial Securlly^nu^; 
Enter the group number. Also, when ai>i>ltcnb • , . 

;oftóW«l:4rkmK« have been u«ed for Group T und Group 4 

as authorized 

1 RF PORT TITLE' Enter the complete rvpon title In aU 
cunitai letters. Titles in nil. cases should be uru lassliu d. If a 
menninKfut title cannot be «elected without classification show 
titLe classification m all capitals in parenthesis immediately 

following the* title- 

4. DESCRIPTIVE NOTES: if appropriate, enter the typ« «f 
report, eig. Interim, progrès«, »uinmary. annual, er final. Give 
the inclusive dates when a specific reporting period is covered. 

5. AUTllORiSl Enter the nûme(s) of the author!s) in normal 
order, é.g, ftül lirst num«. middle initial, lust name. If military, 
show grade and branch of service. The name of the principal 
author is n minimum requirement. 

G REPORT DATE: Enter the date of the report ns day. month, 
y b nr. or month, year. If more than one date appears on toe report, 
use date.of publication. 

7,, TOTAL NUMBER OF PAGES: The total page count should 
follow the normal pagination procedures. Lc. enter the number 
of pages containing information. 

7b. NUMBER OF REFERENCES; Enter the total number of 
references pited In the report. 

8«. CONTRACT OR GRANT NUMBER If appropriate, enter 
the applicable number uf the contract or grunt under which the 

report was written. 

8b Sc and Bel. PROJECT NUMBER: Enter the appropriate 
military department identifieution, such os pn-lect number, task 
area, systems numbers, work unit number, etc, 

oH. ORIGINATOR'S REPORT NUMB ER lS)- Enter th. official 
r.-ocri number bv which the doeuineut will b.» identified nrvl - . n- 

^ ^*v. fw» ^ 
to this report. 

,,.-- OTHER REPORT NUMB ER (S): If the report has been 

nX'*tnJ“£r » ,h" 0r’e‘”nK" °r 
bv the sponsor), also enter this numberls). 

Enter the one distribution 10 DISTRIBUTION STATEMENT 
statement pertnining to the report. 

Contractor-Imposed Distribution St nie ment 

T. Armer! Service« Procurement Regulations (ASPR). para 
«tes that each piece of data .6 which limited right, 

if fo iVras^ted must be marked with the following legend 

’«Furnished under United States Government Contract 
NI, __. Shall not be either r e 1 a u » vd outside the 
Government, or used, d-rplicuted, or disclosed in,W»wï«-or 
in part for manure ture or pro c virement. Without me 

. vrT{t0n pemtisaioh of-* except for: U) 
repair or overhaul work by or far the Government, wl c i 
t it i cm or process concerned is not otherwise reasonnhlv 
fmííahie to eniddc timely P«rformance ortho ^ « 
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STATEMENT NO. 3 (UNCLASSIFIED document). Each trims-. 
tnlitnl or this document outride the ngc-ncies of the U S. Gwtn- 
ment must have prior approval oí (fil! in control Urn. BoD office). 

(CLASSIFIED .lucumont). In addition to security require- 
merits which apply to this document **n<t must be 'imL each 
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