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Table 1 Energy balance of a 25kw xenon lamp

Energy, kw %
Removed from anode 8.75 34.5
Removed from cathode 1.32 5.2
Removed by convection etc. 2.53 9.8
Radiated from arc 12.80 50.5
Total lamp input 25.40 100.0

completely avoided by this fin-type structure; however, the
current capacity of the anode was not so much improved, and
the anode required twice as much water flow as conventional
ones. These defects of the fin-type anode are practically
eliminated by adopting the multiple reciprocated-fin-type
structure shown in Fig. 3. The sectional area of the center
fin group is narrower than those of the either side, and the cool-
ant flows in series through these three or more fin groups.
Thus, at the center portion of the anode where the heat gen-
eration rate is high, the flow speed is high, and at the edge por-
tions, the flow speed is relatively low. Utilizing this recip-
rocated-fin-type anode, the 25-kw and 30-kw lamps are de-
veloped which have enough anode heat dissipation capacity
against sputtering, melting, or deformation of the anode under
the rated maximum lamp inputs of 26 kw and 31 kw, re-
spectively.

Operating Characteristics

Figure 4 shows the relation between xenon-gas pressure and
lamp voltage in operation which is obtained by the test lamp
‘with the same geometry as the 25-kw type and provided with
pressure gauge. The fact that the two curves for 2.3 and 4.2
atm cold-gas pressures connect smoothly suggests that the
Jamp voltage depends only on the operating gas pressure but
not on the lamp input. Asa compromise to the contrary re-
quirements for the lamp safety and the conversion efficiency,
the average lamp voltage of 45 v, the operating xenon-gas
pressure of 13 atm and the cold-gas pressure of 2.3 atm are se-
lected for the lamps with are gap of 12 mm from the data of
Fig. 4.4 The safety factors of the lamp bulbs for these operat-
ing conditions are estimated to be around 6.5 for operation and
80 for the cold condition, respectively. The 6.5 for operation
is of the same order as the safety factors for conventional
xenon short-are lamps, which are widely used for movie pro-
jectors, but the 80 for the cold condition is much higher than
those for conventional lamps, because of fairly low cold-gas
pressure of 1.3 atm over normal.

The electric and radiation characteristics of the 25-kw and
30-kw lamps are shown in Figs. 5-7. Table 1 describes typi-
cal energy dissipation balance of a 25-kw arc lamp. As shown
in the table, up to 50.5%, of the energy conversion efficiency is
obtained for 25.4-kw lamp input.

As a result of this developmental work, 25-kw and 30-kw
xenon short-arc sources, as shown in Fig. 1, with at least 400
hr of service life are obtained.

References

L Thouret, W. K., ‘“High-Brightness Xenon Lamps with Liquid-
Cooled Electrodes,” Illuminating Engineering, Vol. LX, No. 5
May 1965, p. 339.

2 Leinhard, O. E., “Xenon Compact Are Lamps with Liquid-
Cooled Electrodes,” Illuminating Engineering, Vol. LX, No. 5,
May 1965, p. 348.

¢ Bartera, R. E., “Recent Solar Simulation Developments at
the Jet Propulsion Laboratory,” Research Report, Contract
NAS 7-100, Jet Propulsion Lab., pp. 681-683.

¢ Thouret, W. E., “Tensile and Thermal Stresses in the En-

velope of High Brightness High Pressure Discharge Lamps,”
Illuminating Engineering, Vol. LV, No. 5, May, 1960, p. 295.

$4

VOL. 7, NO. 4

Theoretical Penetration Mechanics
of Multisheet Structures Based on
Discrete Debris Particle Modeling

A. J. Ricaarpson*®
Space Division of North American Rockwell,
Downey, Calsf.

Nomeneclaturef

a = area on surface of debris cloud associated with each
particle

= primary particle and first-sheet material property re-
lated to internal energy to cause fracture

diameters of primary and composite particles

diameter of average particle in debris cloud

diameter of spherical debris cloud

diameter of hole in first sheet

peak internal energy in composite particle due to impact

peak internal energy per unit volume of composite par-
ticle

finite sheet factor

instantaneous force at primary particle and first-sheet
interface

spacing between two sheets

sheet spacing cutoff

Brinell hardness of sheet ¢, kg/ mm?

magss of incident primary particle

mass of average particle in debris cloud

mass removed from first sheet by primary particle

number of particles in debris cloud

penetration into second sheet; ps = p2forh = 0and/or
th=0; pu=pforhk =i

distance between particles on surface of debris cloud

distance between leading particles on second-sheet im-
pact

thickness of sheet 7

minimum thickness of second sheet to resist perforation;
By = Lforh = Oand/ort; = 0; &y = Lforh >k

= time after cloud expansion begins

time at which leading particles strike second sheet

velocity of center of debris cloud along X axis

X component of velocity of leading particle in debris
cloud

normal impact velocity of primary particle

velocity of primary particle during impact

radial velocity of particles in debris cloud

velocity of material removed from first sheet during im-
pact

distance cloud center has traveled

spacing factor for center impacts on second sheet

M/ My

ultimate room-~temperature tensile strain of particle and
first-sheet material (%)

v = second-sheet material constant related to penetration re-

sistance (use 0.367 for metals)

7 = primary particle and first-sheet material property relat-
ing fracture energy to material temperature

density of primary particle

density of average particle of debris cloud

density of sheet ¢

time between initial impact and formation of composite
particle
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Introduection

0 date, two approaches have been followed in developing
penetration mechanics for multisheet meteoroid-protec-
tion systems: the theoretical approach, based upon gaseous
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debris cloud modeling (e.g., Madden?! and Maiden?), and the
empirical approach, based upon particulate debris clouds
most often obtained in hypervelocity impact testing (e.g.,
Lundeberg® and Nysmith?). Petalling is the mode of rear-
sheet failure in the first case, penetration and rear spall the
mode of failure in the second. Disagreements between pro-
ponents of the two approaches have led to debates of some
duration. For example, is the required second-sheet thick-
ness proportional to projectile momentum or to projectile
kinetic energy to the 3 power? Such questions have forced
analysts to make decisions they are ill-equipped to make.
This Note presents a theoretical formulation based upon dis-
crete particle debris cloud modeling intended to describe
impact behavior more accurately. It is assumed that a de-
termination has been made of the particle or range of particles
to be resisted.

Debris Cloud Modeling

The debris particle size resulting from the impact of a pri-
mary particle with a thin sheet can vary drastically, depend-
ing on the combination of parameters existing at impact. In
Fig. 1a, as t; — 0, the debris particle size, d;, must approach d.
On the other hand, tests have shown that by careful selection
of parameters (particularly the impact velocity and the melt-
ing point of the original particle and the shield material) one
can obtain d; < d.

Figure 2 shows the second sheets of two-sheet targets im-
pacted by a microparticle and a macroparticle. The micro-
particle test was performed by C. N. Scully of North American
Rockwell’s Space Division (NR SD) using a 0.002-in.-diam
borosilicate glass projectile traveling at 12.7 km/sec. The
first sheet was 0.0005 in. of 1100-0 aluminum, and the second
sheet was 0.0015 in. of the same material. The original
particle and shield material divided into approximately 500
major particles, which proceeded to crater the second sheet
over a wide area. The macroparticle test was one of a series
performed for NR SD by J. Jeslis at Illinois Institute of Tech-
nology Research Institute using a 0.25-in.-diam ‘aluminum
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Fig. 1 Modeling of first-sheet interaction, debris cloud,
and second-sheet impact.
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Fig. 2 Rear sheets of two-sheet aluminum targets im-
pacted by hypervelocity microparticle (top) and by macro-
particle (bottom).

sphere traveling at 7 km/sec. The target material was
2024-T3 aluminum, with first- and second-sheet thicknesses of
0.032 in. and 0.190 in. Numerous craters appeared in the
second sheet. Comparing the total number of particles re-
sulting from impacts by these particles, one observes that for
similar target and projectile proportions, materials, and im-
pact velocities, the resulting number of debris particles is
comparable. One also observes that discrete debris particles
are present over a wide range of impact velocities.

For an understanding of the fragmentation process, the
model of Fig. 1, based on early work by Lull,® was employed.
Here the first sheet and particle impact proceeds as follows.
In Fig. 1b, the particle and target materials at the interface
are ejected laterally, while the interface pressure decelerates
the particle and accelerates the first-sheet material. In Fig.
le, sheet and particle materials are traveling at the same
velocity. A composite particle has been formed, and internal
energy is at its peak in the form of increased pressure and
temperature. In Fig. 1d, the composite particle internal
energy has been converted to particle fragmentation and
radial expansion of fragments. The center of the expanding
spherical debris cloud travels at a velocity V..

For analysis, we are econcerned with defining the division of
the impacting particle and the shield material. Ultimately,
the two must be treated separately. For now, a simpler
treatment has been followed where the original particle and
the shield material are partitioned into a finite number (n) of
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Fig. 3 Theoretical influence of mass ratio on fragmenta-
i tion.

equal-sizé,fg}giér-spherical particles or
: My = (Mp + m.)/n 1)

where 1 < n < «,and p, = py=p. The value of m,, the
mass of shield material removed, is given by

ms = 0.785p14,D 2 @)
wheret
Dy/d = 0.658(4:/d)" 14 22(V ,/10°)  exp[0.63(t/d)0-#] (3)

Preliminary work has indicated that n = C(E")"; if n <
1.0, no fragmentation occurs.

To estimate the internal energy and velocity of the par-
ticles, we neglect the material lost by ejection and forces ap-
plied to remove the mass m, from the first sheet. In Fig. 1,
we balance forces; the instantaneous interface force (¥) acts
on the two masses, and

Ve Ve
mof S AV = m, fo av, = Faf
and m,(V, — V.) = m;V.. Thus

Ve = myVy/(ms + my) 4)
Next, equating the kinetic energies, one obtains
E = m;m,V,2/2(my + m.) (5)

The internal energy E of the composite particle now is re-
leased in partitioning of the material and as radial expansion of
all particles. If all energy is allowed to be kinetic energy, the
radial particle velocity is

Ve = Va(mema) '/ (mp + ms)
With the introduction of
B=m./m, = 3D:*p1/2d%p,
Ve = VB3 (1 + 8)
The leading particles in the model debris cloud have the most

(6)
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Fig. 5 Effect of first-sheet thickness on penetration of
two-sheet target.

penetrating capability and would have a velocity in the z di-
rection of

Vie =V, + Vo= V,(1 4+ BY3/(1 + 8) @)

When Eq. (5) is used, the specific internal energy of the
composite particle is

E" = pE/(ms + my) = pBV,2/2(1 + §)* t))

When this is combined with n = C(E’'")", the relationship for
fragmentation becomes

n = C[pBV,*/2(1 + B)2] 9)

Next, establish the location of each particle within the
debris cloud. Let all particles be uniformly distributed on
the surface of a sphere of diameter D. The variation of D
with time is

D =d.+ 2V.T@) ‘ (10)

When Eq. (4) is used, the time for the cloud center to travel a
distance X is T(X) = X/V, = X1 4+ B)/V,. Then

D =d. + 2Xpi2 (1
The sphere area associated with each particle is
a = w(d. + 2XpBV?%)2/n (12)

From these latter equations, the dispersion of the secondary
particles onto a second sheet can be determined.

Cloud Interaction With Second Sheet

Referring to Fig. e, if ¢ is spaced far enough from ¢, all the
particles will act independently and become miniature repro-
ductions of the original particle impact. This is an efficient
form of two-sheet structure. The model employed will show
the particles closely grouped at the center of impact on the
second sheet and thinly dispersed at the extremity of the
impaet area on a second sheet, which corresponds to the test
results of Fig. 2. The distance between the leading particles
is

s = a'* = (w/m)'*(d. + 2XB'?) (13)

For the case where X is large relative to d., Eq. (18) reduces to
8 >~ 2(xfB/n)2X. The time required for the leading particle
to cover the distance h is T = h/ Vix. The position of the
cloud at this time is X = TV. = AV,/Vix. Thus, the

minimum distance between impacts on the second sheet is
§ = 2(xB/n)1?hV./Vix 14

The impacts of the particles at the rear of the cloud are
neglected because of their reduced energy and wide scatter.
Making substitutions, one obtains

§ = 2(xB/m)'?h/ (1 + B*%) (15)

Since we wish to have a certain second-sheet area associated
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with each particle to stop the particle with a minimum-thick-
ness second sheet, s should be several times diameter d.
Let § = ad;.  Since

dy = (Bmu/7p)V* = [6m,(1 + B)/mpn]'? (16)
then
8 = albm,(1 + B)/mpn]!? amn
Equating Eqs. (15) and (17), solve for the spacing A to
achieve maximum spacing effect and obtain minimum second-
sheet thickness
B o= 0.282dant/s(1 + B)V3(1 + BU?)/BY2 18)

As one would expect, Eq. (18) indicates that asn — o, h
should also go to infinity to provide a free area for impact of
each of n particles. Certainly, it may be difficult to provide
extremely large spacings on the spacecraft. On the other
hand, the spacing required changes slowly with n. Also, asn
becomes very large, the particle can be stopped by an in-
finitely thin second sheet, which in itself is a solution to the
meteoroid shielding problem.

From previous work,? the penetration into the second sheet
by a single particle is

pu = 8.15 X 10——4mP1'yp1/2—7V1X2/3/H2ll4p21/6

and the minimum thickness of the second sheet required to re-
sist perforation may be expressed as

tn = fru (19)
Substituting for m,; and Vix, one obtains

Pn =

L {m\Y [1 + BY2JR/3 Y 2i8pli2—y -
8.15 X 1074 <7> (eI p21/6H21/4 hzh (20)

The value of second-sheet penetration for the case b = 0 is
given by

8.15 X 10-4m, 712 —7V,25 <H)/ (,,)us
- ' @1)

b0 H,t'%p,t H, P2
h=20
and the corresponding second-sheet thickness is
o = fpo, h =0 (22)

Values for intermediate spacings can be determined by inter-
polation. Equations (21) and (22) apply also to the case
where ¢, goes t0 0.

Application and Correlation

Some of the equations derived have been applied to sizing
of two-sheet structures and the following design considera-
tions were identified. When sizing structures (and meteo-
roid protection), one should be particularly interested
in the effect of the first-sheet thickness on particle division,
and Eq. (9) can be applied to determine trends for various
materials and impact velocities. Asindicated, 8 (rather than
t)) is the significant parameter; the maximum 7 should oceur
when 8 = 1. With data from early test shots against two-
sheet 2024-T3 aluminum targets, the materials constants were
tentatively established as n = £, C = 0.15,f = 1.8, and « =
10.0. (The shallower curve in Fig. 3 applies for the conditions
indicated.)

The B dependence of Eq. (9) should apply for the case when
p» # pi. Therefore, t; should be chosen to provide § ~ 1
for this case also. This finding provides theoretical support
to experimental findings that the optimum ¢; is not a constant
times d for all combinations of particle and first-sheet ma-
terials as thought earlier but, instead, is influenced strongly by
the material combinations chosen.

Increased sheet spacing reduces second-sheet damage only
up to the cutoff spacing h where the particles act inde-
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pendently; further spacing increase does not reduce the re-
quired #,. The value of % can be determined from Eq. (18),
wherein the important parameter is the 4/d ratio rather than
the spacing itself. Figure 4 compares the theory with a corre-
lation of the test data of Ref. 8. Equations (19-22) were
applied to determine the variations of total penetration and
total sheet thickness with ¢;/d (Fig. 5). The correlation with
test data obtained is encouraging. Note that the low points
of the curves are in the vicinity of ¢;/d = 0.1 to 0.2, corre-
sponding to-8 = 1.0.

The equations can be applied to obtain considerably more
information on two-sheet structures. The discrete particle
theory has been extended to more complex configurations and
has proven to be a powerful aid to the understanding of pene-
tration mechanics of three-sheet structures and structures
containing insulation.

As noted in the introduction, two modes of rear-sheet failure
must be considered: penetration plus rear spall and bulge
and tear. The foregoing method treats the first mode. In
spacecraft analysis, the second mode of failure also should be
checked. The debris cloud modeling described has been ap-
plied to this case also through consideration of the impulse
loading on the second sheet and the resulting energy absorp-
tion by bulging.
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Thermal Coupling of Equipment by
Interleaving Fins

SipNEY GrROSs*
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HERMAL radiation is employed extensively in space

applications for temperature control of internal com-
ponents.t2 However, radiation is often a weak method of
thermal coupling, because the rates of heat transfer are much
lower than attainable by conduction. Interleaving fins can
significantly increase the rate of heat transfer by increasing
the effective area per unit base area  The concept (Fig. 1)
consists of hot fins radiating to colder fins in counter-direction.
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