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Testing and Numerical Modeling of Hypervelocity Impact
Damaged Space Station Multilayer Insulation

William Keith Rule*
University of Alabama, Tuscaloosa, Alabama 35487

On orbit, Space Station Freedom will be subjected to hypervelocity impacts from space debris. These impacts
will damage the multilayer insulation in addition to other components. The purpose of this investigation was to

" develop a simple numerical model that could be used in an engineering design environment for quickly assessing
the thermal effects of hypervelocity impact damage to multilayer insulation. Thermal vacuum tests using
multilayer insulation with simulated impact damage were conducted to validate the numerical model. The
characteristics of the numerical model and the test results are described in this paper. The numerical model was
found to adequately agree with the experimental results.

Nomenclature

Ay = area used in F, calculation, m?

a = perpendicular distance between surfaces for view
factor calculation, m

b = radius for circular radiating area for view factor
calculation, m

C; = thermal equilibrium coefficients, W/m?K

c = radius of circular absorbing area for view factor
calculation, m

D = diameter of the projectile, m

D, = bumper standoff distance, m

F,.4, = view factor for radiating from circular area A1 to
circular area A2

F, = view factor for radiating from ring area to ring
area

G =b/a

H =c/a

hy = effective heat transfer coefficient of the Dacron
netting, W/mK

k = the in-plane thermal conductivity of a layer,
W/mK

q; = net heat flux into the ith node of a layer from
adjacent layers, W/m?

Gin = heat flux into a node from adjacent layers, W/m?

gn = heat flux through a layer of Dacron netting, W/m?

Gout = heat flux out of a node to adjacent layers, W/m?

q, = radiation heat flux, W/m?

R? = coefficient of determination

r = radial position of a node, m

T = temperature in a layer, K

T, = bumper thickness, m

T;; = temperature of the /th node of the jth layer, K

t = thickness of a layer, m

vV = impact velocity, km/s

A = radial distance between nodes, m

€ = emissivity of a radiating surface

[ = impact angle, deg

.o = Stefan-Boltzmann constant, W/mK

Introduction

HIS paper describes an experimental and numerical in-
vestigation of the degradation of the insulating capabili-

ties of the multilayer insulation (MLI) of Space Station Free-
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dom (SSF) due to hypervelocity impact damage. The main
goal of the project described here was to develop and experi-
mentally validate a simple design tool for approximately pre-
dicting the effects of debris impact damage to SSF MLI.

A significant quantity of orbital debris has been created
from abandoned spacecraft over the last three decades.! The
size of the debris varies from virtually intact upper stages of
rockets to small particles produced by explosions and impacts
on orbit. Particle sizes ranging from 0.5 mm to 2 cm are
potentially the most hazardous for spacecraft in low Earth
orbit because these particles have a high energy content, are
quite numerous, and are too small to track by radar or other
means. Because these particles are traveling at hypervelocities
(10-20 km/s), they can inflict severe impact damage to space-
craft. Spacecraft with long duration missions like SSF have a
relatively high probability of colliding with debris particles of
significant size and energy.? ,

SSF will use a Whipple® bumper for protection against space
debris impact. This will involve placing a thin aluminum shell
(the bumper) a small distance from the pressure wall. The
bumper protects by breaking up or vaporizing a debris particle
such that the pressure wall is impacted by a relatively benign
cloud of tiny particles instead of a single lethal particle. The
SSF bumper is being designed to minimize damage to the
pressure wall for the most probable range of debris particle
sizes and velocities.

The passive thermal control system (PTCS) of SSF consists
of MLI. As the name implies, this type of insulation primarily
consists of many layers of double aluminized Mylar. On SSF,
the MLI will be placed between the bumper and the pressure
wall. Experiments have shown that the debris cloud generated
by the bumper as a result of a hypervelocity impact can
produce a significant hole in the MLI blanket.

Specimens of MLI were subjected to simulated space debris
impact damage in the light gas gun of the Space Debris Simu-
lation Facility of NASA Marshall Space Flight Center
(MSFC). These damaged MLI specimens were then placed in
a thermal test fixture developed by the Boeing Company and
tested in the simulated space environment (liquid nitrogen
temperatures, < 1.3E-3 Pa vacuum) of the Sunspot 1 Thermal
Vacuum Chamber (STVC) of MSFC to determine the effects
of the impact damage under steady-state thermal conditions.
A numerical model was developed to simulate the behavior of
the damaged MLI during thermal vacuum testing. The numer-
ical model was calibrated with the experimental results.

There appears to be no reference to thermal vacuum testing
or numerical modeling of hypervelocity impact damaged MLI
in the open technical literature. Recently, undamaged MLI has
been tested and modeled,*¢ and some MLI research was per-
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formed during the Apollo era.” Auburn University recently
completed some testing for MSFC that involved manually
cutting a small hole (1.27 ¢cm) in an MLI blanket to simulate
the effect of a micrometeoroid strike on a spacecraft without
a bumper.? However, the primary focus of the Auburn study
was on the thermal characteristics of MLI covered protrusions
through the main MLI blanket.

Testing Facilities at Marshall Space Flight Center

The Space Debris Simulation Facility of MSFC has been
conducting impact tests for the SSF program since July 1985.
This facility has a two-stage light gas gun that can launch
2.5-12.7-mm projectiles at speeds of 2-8 km/s.’ Some of the
impact test results that have been produced by this facility
have recently been compiled.!? A typical test setup is shown in
Fig. 1. For this project, the MLI blanket was placed next to
the bumper. Thermal testing was conducted in the STVC of
MSFC. During this study, the pressure in the chamber was
reduced to < 1.3E-3 Pa and the LN, shrouds were maintained
at approximately 120 K.

The Boeing Company in Huntsville, Alabama, is currently
charged with designing and testing the PTCS of SSF. As part
of this effort, Boeing fabricated a thermal vacuum test fixture
similar in construction to a portion of the Space Station wall.
Recently, an undamaged MLI blanket was tested using this
fixture in the STVC.* This test fixture will now be described.
A 4.06-m? portion of the wall structure was considered. The
pressure wall was modeled using two 3.18-mm-thick 2219 AL
plates welded to the edges of the bottom flange of a 6061 AL
I-beam meant to represent a ring frame, Fig. 2. The curvature
of SSF was not modeled and need not be for PTCS validation.
Four 304 stainless steel members modeling the stringers of SSF
were attached to the top flange of the ring frame. The stringers
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Fig. 3 MLI lay-up used in the test fixture.

and the ring frame provided support for the MLI blanket and
the plates representing the bumper. The ends of the stringers
that were not connected to the ring frame were supported on
Teflon blocks. T-type (copper/constantan) thermocouples
were used as temperature sensors.!! A uniform array of strip
heaters was attached to the bottom of the pressure wall struc-
ture to simulate convective heat transfer from the interior of
an SSF module.

The six regions sectioned off by the ring frame and stringers
were covered by six overlapping MLI blankets of identical
composition. The MLI consisted of a protective outer cover of
beta cloth (Teflon impregnated porous fiberglass cloth), two
layers of double aluminized Kapton, and 18 layers of double
aluminized Mylar, Fig. 3. Dacron netting was placed between
the aluminized layers to inhibit interlayer heat transfer. by
conduction. Thus, radiation is the primary form of heat trans-
fer through the MLI in the vacuum of space. Approximately
3% of the surface area of the aluminized layers was uniformly
perforated to allow for degassing during launch. The model
for the bumper consisted of six 1.52-mm-thick 6061 T6 alumi-
num sheets placed on top of the MLI. Where supported, the
bumper standoff from the pressure wall was 10.2 cm. Because
of the force of gravity, both the MLI blankets and the bumper
plates sagged somewhat between supports.

The modeled portion of the SSF wall was placed in a shal-
low box supported on four legs. The depth of the box was
approximately equal to the thickness of the modeled SSF wall.
Heaters and thermocouples were applied to the box and sup-
porting legs. The temperature of the box was adjusted to
approximately equal that of the pressure wall plate so that the
box would behave like an insulated boundary. Thus, essen-
tially all heat applied to the pressure wall by the strip heaters
was forced to radiate through the MLI and bumper to the LN,
shrouds. The box was covered with a layer of MLI to further
retard heat transfer between the box and the pressure wall
plate. A schematic drawing of a cross section through the test
fixture is shown in Fig. 4.

Hypervelocity Impact Damaged Test Specimens

Fourteen specimens were tested in STVC. Two undamaged
specimens were tested to provide a datum against which to
compare the results of the damaged specimens. Table 1 sum-
marizes the impact parameters associated with the 12 impact
damaged specimens tested. Table 1 also provides some mea-
surements of the impact damage in terms of hole diameters for
the aluminized layers of the MLI and the beta cloth. These
values are approximate because the holes were somewhat ir-
regular in shape and thus difficult to measure. Most of the
aluminized layers of a given specimen had approximately the
same hole diameter. The beta cloth holes were typically
smaller. To simplify the calculations, and because the alu-
minized layers provided the bulk of the insulating capabilities,
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Table 1 Impact parameters associated with the impact damaged multilayer insulation specimens

Data MSFC Al 1100 Hall Impact Al 6061-T6 Aluminized Beta
point test projectile projectile angle, bumper layers of MLI cloth hole
number? number  diameter, mm  velocity, km/s 0, deg  thickness, mm hole diameter, cm diameter, cm
3 1016 4.75 6.13 45 2.03 3.81 1.52
4 1028 6.35 6.98 0 1.60 4.83 3.05
5 1018 6.35 6.28 45 2.03 4.83 3.81
6 - 1020 6.35 6.91 45 2.03 4.83 3.05
7 1019 6.35 6.84 45 2.03 4.83 3.05
8 1027 6.35 7.05 0 1.60 4.83 2.54
9 1034 6.35 5.20 45 1.60 4.83 3.81
10 1029 6.35 4.98 0 2.03 5.08 1.52
11 1026 6.35 5.22 0 1.60 5.08 3.56
12 1035 6.35 6.21 45 1.60 5.08 3.56
13 1017 6.35 6.20 45 2.03 5.33 3.05
14 1012 7.95 6.72 0 2.03 5.59 4.06

#Data points 1 and 2 were undamaged multilayer insulation specimens.
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Fig. 4 Schematic drawing of a cross section through the thermal test
fixture.

it was assumed for modeling purposes that the beta cloth hole
was identical to that of the aluminized layers. Some correction
of the beta cloth hole diameter was provided for with the
diameter ratio parameter, as will be discussed. The impact
specimens of Table 1 were not generated especially for this
project. Rather, they were obtained from a program to qualify
the bumper of SSF against orbital debris impacts.!?

A typical MLI impact specimen consisted of a 30.5-cm
square blanket with the impact damage in the form of a
ragged, approximately circular, centrally located hole. The
many layers of the MLI blanket were kept from separating
during testing with a few wire staples. The impact specimens
were covered with a layer of soot from the explosive charge of
the light gas gun. As much of the soot as possible was removed
by placing each specimen between stainless steel wire screens
and carefully cleaning the specimen with a soft brush using
Freon as a solvent. A sharpened section of pipe was used to
cut a 30.5-cm-diam disk from each specimen. A disk shape
was used in the thermal testing to preserve axial symmetry. As
large a disk as possible was cut from the impact specimens to
minimize the disturbing effects of the disk boundary on the
heat transfer characteristics of the hole in the MLI. The 30.5-
cm-diam undamaged MLI specimens were fabricated in the
same fashion.

For thermal testing purposes, each 30.5-cm-diam MLI spec-
imen was centered over a 25.4-cm-diam hole in the MLI blan-
ket of the thermal test fixture. Thus, there was a 2.54-cm lap
joint all around the outer edge of the specimen. Teflon tape
was used to tape down the outer edge of the top layer (beta
cloth) of the specimen to the beta cloth layer of the test fixture
MLI blanket. Care was taken to tape each specimen in an
identical fashion to enhance the consistency of the experimen-

tal results. Ideally, it would have been best not to have a lap
joint in the MLI blanket. This was not possible due to the cost
of impact testing large MLI blankets. However, some of the
perturbing effects of the lap joint were filtered out of the
results since the undamaged MLI disks, which provided a
no-damage datum, also had a lap joint. To simplify the calcu-
lations, the presence of the lap joint was not numerically
modeled in this investigation.

Unfortunately, all impact specimens available at the start of
this project consisted of 30 aluminized layers (the old SSF
baseline), whereas the Boeing test fixture blanket (and the new
SSF baseline) consisted of a 20-layer MLI. Ideally, the MLI
lay-up of the impact specimens should have been identical to
that of the test -fixture. However, the constituents of both
blankets were identical and their insulating behavior similar.
Numerical simulations of 20- and 30-layer MLI blankets with
no MLI hole and typical thermal system parameters were run,
and it was found that the absolute temperature of the pressure
wall covered with the 30-layer blanket was only 11% higher
than that of the 20-layer blanket case. To simplify the calcula-
tions, and because 98% of the test fixture was covered with a
20-layer MLI, all MLI were assumed to be a 20-layer MLI.

Experimental Results

The testing was conducted in the following manner. Each
specimen was carefully taped in place on the MLI blanket of
the test fixture. The STVC was closed, evacuated to less than
1.3E-3 Pa, and the LN, shrouds were cooled to approximately
120 K. Then, 23.05 W were applied to the pressure wall, and
the guard heaters on the remainder of the test fixture were
energized to maintain approximately adiabatic conditions
(zero temperature difference) between the pressure wall plate
and the surrounding, supporting test fixture. The guard heater
outputs were adjusted periodically during the testing to follow
changes in the pressure wall temperatures. After allowing a
brief time for stabilization, the thermocouple temperature
data for the pressure wall and the bumper was collected ap-
proximately every 5 min for about 6 h. The same procedure
was followed for all 14 specimens tested.

Approximately 6 h was allowed for the test fixture to come
to steady-state conditions. This amount of time appeared to be
adequate for most of the specimens. In any case, temperature
fluctuations in the large STVC shrouds due to changes in the
local environment would prohibit the attainment of perfect
steady-state conditions no matter how long the experiment
was allowed to run. The relatively high thermal conductivity
of the pressure wall and the bumper prevented the develop-
ment of large temperature gradients in these components.
Thus, local temperature gradients in the vicinity of the impact
damage were not large enough to characterize the degradation
of the insulating capabilities of the MLI. Accordingly, only
the temperatures of the thermocouples centered on the MLI
impact damage were used to calibrate the numerical model.
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Numérical Model to Simulate the Behavior of Damaged
Multilayer Insulation in the Thermal Vacuum Chamber

The main goal of this project was to develop a design tool to
approximately predict the thermal effects of space debris im-
pact damage to the MLI of SSF. To be suitable as a design tool
requires that the program be easy to use and that the solution
times be minimized to rapidly provide feedback for design and
maintenance studies. These requirements dictated that the nu-
merical model be made as simple as possible while still retain-
ing the capability to provide physically reasonable results. The
analysis technique described and validated herein has been
incorporated into a user-friendly computer program. This
program is suitable for on-orbit, spacecraft design studies
involving changing such system parameters as the MLI hole
diameter and the level of thermal radiation from space.!?

The numerical model was based on the assumption of axial
symmetry about the center of the MLI damage. A finite differ-
ence analysis scheme was used to discretize the system, where
an axially symmetric ring of material can be modeled by a
single node. Thus, only a single, radial line of nodes was
required for each layer in the thermal system. Higher levels of
accuracy can be obtained by using more nodes and spacing
them closer together. The numerical model uses the same
number of nodes in each layer. The time required to complete
a set of calculations increases greatly as more nodes are used.
The presence of the ring frames and stringers was not mod-
eled. These would be difficult and computationally expensive
to model since they would be arbitrarily placed, which would
destroy the radial symmetry. Accurate studies of the effects of
the ring frames and stringers would require a very detailed
special purpose thermal model. Such studies are beyond the
scope of the design tool under development in this study.
However, the presence of the ring frame and stringers was
accounted for indirectly during the thermal model calibration
process, as will be discussed in the next section.

As was discussed, it was assumed that all of the MLI con-
sisted of the same number of layers, and that no lap joints
were present in the MLI. It was also assumed that the damage
to the MLI consisted of a circular hole of the same diameter
through all of the MLI layers. Deviations from this assumed
ideal hole geometry are provided by an experimentally deter-
mined parameter called the diameter ratio, which is described

in the next section. Each layer of the MLI was explicitly -

modeled with an array of nodes except for the beta cloth and
outer Kapton layers. These layers were modeled as a single
layer since there was no Dacron netting layer to separate them.
Thus, for the insulation system tested, 22 layers had to be

Cy Cy O 0 0 0
Gy Cp Gy 0 0 0
0 Cy Cp Cy 0 0

0 0 0 0 Cy-azn Cw-2p

] 0 0 0 o 0 Cov-1n

modeled: the pressure wall, 19 aluminized MLI Tayers, the

combined Kapton-beta cloth layer, and the bumper layer. The
STVC was modeled as a single node with one set of effective
properties.

The numerical model was designed to treat steady-state
conditions. This means that the heat flux into each node must
equal the heat flux out of that node. Thus, an equation can be
written for each node to calculate the nodal temperature such
that the heat influx will equal the heat outflow. In a vacuum,
the modes of heat transfer are conduction and radiation. Since
radiation heat transfer is a function of temperature to the
fourth power, the nodal heat flux equilibrium equations are

nonlinear and must be solved by an iterative process. The
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Cov-1p2
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thermal equilibrium equations are coupled as well—the tem-
perature of a given node depends on the temperature of adja-
cent nodes in the same layer as well as the nodal temperatures
of adjacent layers.

The following equation!? can be written to describe thermal
equilibrium at a node:

&>Tr

tzﬁ )

=gin ~ Qout = i
This equation states that the heat conducted away from a node
in the plane of the layer must equal the net influx of heat to
that node from adjacent layers. The temperature derivatives
were represented by finite difference approximations using the
temperatures of three adjacent nodes in a layer in the usual
fashion:

a7 Ty~ Tiog

dr 2A @
@T T = 2T+ T,y
dr? A? ®

For the case of a layer with no hole, axial symmetry dictates
that the in-plane heat flux through the origin must be zero.
Also, layers with a hole have no in-plane heat flux at the free
edge. Considering the form of Egs. (2) and (3), these bound-
ary conditions can be satisfied by setting the temperatures of
the first two nodes of a layer equal to that of the third node.
Similarly, there was no in-plane heat flux at the outer free edge.
of the modeled area. Here, the temperatures of the outer two
nodes were set equal to that of the third node from the outer
free edge.

Substituting Egs. (2) and (3) into Eq. (1) produces the
following equation, which describes thermal equilibrium at
the ith node of a layer:

kt kt 2kt kt kt
T(ﬁﬂT(r)(z—zx)q @

Equation (4) can be written in a more compact form as

CaTio 1+ CpTi + CaTi 1 = qi &)

where the Cj; are thermal equilibrium coefficients that can be
determined from Eq. (4). Equation (5) can be expanded in
matrix fashion to represent an entire layer of nodal tempera-
tures:

SN W ‘

0 T, q> — CpTy

0 Ty q3

0

Pk L= A ©)
TN—z gN-2
Tn-y gn-1— Cn—13Tn

40 L J

Equation (6) consists of a tridiagonal system of equations that
can be solved very efficiently. Note that T, (at the edge of the
MLI hole) and Ty (at the outer edge of the modeled area) are
not explicitly solved for, rather they are set equal to 73 and
Tn_,, respectively, of the previous iteration, as was men-
tioned in the boundary condition discussion. An iterative pro-
cedure was required to solve Eq. (6) because the g; values are
complicated nonlinear functions of the nodal temperatures.
The solution procedure consisted of solving Eq. (6) for the
nodal temperatures of the first layer (pressure wall) and then
proceeding to the next layer, solving for the nodal tempera-
tures, and so forth, until finally solving for the nodal temper-
atures of the final layer (bumper). This procedure was re-
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peated until the nodal temperatures converged within a small
tolerance. The calculation of the g; values will now be dis-
cussed. The formulas used to calculate the g; values varied
from layer to layer.

Pressure Wall Heat Flux Calculations

Every node of the pressure wall was assumed to receive the
same magnitude of heat flux from the pressure wall strip
heaters since they were uniformly distributed over the bottom
surface of the pressure wall. The magnitude of this heat influx
was determined by dividing the total strip heater input to the
pressure wall by the total area of the pressure wall.

The pressure wall radiated heat toward the MLI blanket.
This heat flux is described by the following equation!?:

g, = eoT} @)

Emissivity values can vary between 0 and 1 depending on the
material the surface is made from and the condition of the
surface (polished or tarnished, and so forth). Emissivities can
vary as a function of time and temperature. In this investiga-
tion, all emissivities were assumed to be constant. The pres-
sure wall was exposed to heat flux radiated from the adjacent
MLI layer and from the bumper if an MLI hole is present.
Only a portion of the radiation impinging on the pressure wall
was absorbed. The fraction absorbed is called the absorptiv-
ity, and it is commonly assumed to equal the emissivity.!3
Radiated energy that is not absorbed is reflected. The com-
puter model was designed to track the magnitudes of all emit-
ted, absorbed, and reflected radiation to preserve conserva-
tion of energy.

First, consider the simplest case of no ML] hole. Here, all of
the nodal temperatures of the MLI layer next to the pressure
wall will be identical after equilibrium is attained. Thus, the
thermal radiation emitted and reflected will be the same for
each node in the MLI layer. Also, no thermal energy from the
bumper will strike the pressure wall. Accordingly, for this
simple case, the computer program used the thermal radiation
(both emitted and reflected) from the ith node of the MLI
layer next to the pressure wall when calculating the heat influx
to the ith node of the pressure wall.

The more general case with a hole in the MLI is consider-
ably more complicated. Here, the thermal radiation coming
from each node of the MLI layer next to the pressure wall will
vary. Also, some of the thermal radiation given off by the
bumper will pass through the hole in the MLI and strike the
pressure wall plate. The concept of view factors!® was used to
treat this problem.

View factors give the fraction of the thermal radiation given
off from a surface that will strike another surface of known
geometry and orientation. Consider the case where thermal

energy is radiating from a circular area A, (of radius b) to a v

circular area A, (of radius c¢), where the planes of areas are
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Fig.7 Schematic drawing illustrating the method of calculating the
heat flux to the pressure wall from the bumper through the MLI hole.

parallel, separated by a distance a, and the areas are centered
over each other. The view factor associated with this geome-
try, FAI—AZa is" 13

1+ G2+ H? - [(1 + G* + H?? — 4G*HY*

2G?

®

Fai_a2=

where G = b/a and H = c/a. This investigation was based on
the assumption of axial symmetry, and so a view factor F, for
radiating from ring to ring is required (see Fig. 5):

AnFan-an — Fan-an) ~ AilFan—a21 — Faz—an)

F, = ©)
" Ay —Ap

Thus, F, specifies the fraction of the energy that is radiated by
AA,; ( = A11 - Alz) that will strike AA, ( = A21 - Azz).

The total heat influx to the ring corresponding to the ith
node of the pressure wall from the adjacent MLI layer was
calculated by a summation formed from repeatedly using Eq.
(9) for each node (and thus corresponding ring) of the MLI
layer. This is illustrated schematically in Fig. 6. The heat
influx from the bumper to the pressure wall was treated in two
steps. First the ring approach of Eq. (9) was used to calculate
the total heat influx to the MLI hole from each node on the
bumper. For this calculation, 4, (Fig. 5) was set to zero and
A, corresponded to the area of the MLI hole. Then this total
heat influx to the MLI hole was allocated to the pressure wall
node under consideration by using Eq. (9) again. For this
calculation, A, was set to zero and A, was set equal to the
area of the MLI hole. This process is illustrated in Fig. 7.

Heat Flux Calculations for MLI Layer Next to Pressure Wall

The MLI layer next to the pressure wall (first MLI layer) can
radiate energy to both the pressure wall and the next MLI
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Table 2 Typical results showing the sensitivity of the calculated pressure wall temperature to
mesh density at the multilayer insulation damage position

. Percentage error with
Interpolated

Number Reciprocal of Calculated respect to extrapolated
of nodes number of nodes pressure wall pressure wall pressure wall
per layer per layer temperature, K temperature, K temperature
5 0.2000 306.00 306.07 0.41
9 0.1111 305.62 305.48 0.29
17 0.0588 305.13 305.13 0.13
33 0.0303 304.89 304.94 0.05
65 0.0154 304.83 304.85 0.03
Infinity 0 — 304.74

- 0.00

Table 3 Values of parameters used in the numerical model

0.0 >MLI hole diameter, m

5.08E-2 >MLI standoff, m

23.05 > Total heater input to pressure wall, W

4.0645 > Total pressure wall area, m

0.804 >Radius of area modeled, m

3.175E-3 > Pressure wall thickness, m

6.35E-6 > Average aluminized layer thickness of MLI, m

5.08E-5 > Beta cloth thickness, m

1.524E-3 > Bumper thickness, m

1.016E-1 > Bumper standoff, m

120 > Effective sunspot shroud temperature, K

130 > Pressure wall thermal conductivity, W/mK

50 >MLI aluminized layer thermal conductivity, W/mK

1.0687 > Effective heat transfer coefficient of Dacron netting,
W/mK

5 >Beta cloth thermal conductivity, W/mK

115 > Bumper thermal conductivity, W/mK

0.06 > Pressure wall emissivity

0.06 >MLI aluminized layer emissivity

0.94 > Beta cloth emissivity

0.04 > Bumper emissivity outward

0.14 > Bumper emissivity inward

0.90 > Effective sunspot shroud emissivity

5.6697E-8 > Stefan-Boltzmann constant, W/mK

layer. Thus, the g, for this layer will be twice that given by Eq.
(7). The pressure wall can subject the nearest MLI layer to
both emitted and reflected thermal radiation. This was dealt
with in the same way that MLI heat flux impinging on the
pressure wall was treated (reverse of Fig. 6), which has been
discussed. Note that the MLI layer next to the pressure wall is
blocked from directly receiving radiation from the bumper.

The MLI layer nearest the pressure wall will also be sub-
jected to emitted and reflected radiation from the next MLI
layer (second MLI layer). Since the MLI layers are so close to
each other, the view factor approach of Eq. (9) was not
required here. The thermal radiation flux from the second
MLI layer striking the ith node of the first MLI layer was
assumed to equal the thermal radiation flux from the ith node
of the second MLI layer.

Conduction between the first-and second MLI layers was
inhibited, but not stopped, by the presence of a layer of

. Dacron netting. The heat flux to the ith node of the first MLI __

layer from the ith node of the second MLI layer through the
Dacron netting gy was assumed to be of the following form:

gy =hn(Tip— T} )

A value for the effective netting heat transfer coefficient Ay
was determined by fitting the computer model to the experi-
mental data. It was assumed that the netting heat transfer
coefficient was the same for all netting layers.

(10

Heat Influx Calculations for a Typical Aluminized MLI Layer
Here the net heat influx g; to the nodes of the MLI layers

between the first (next to pressure wall) and last (next to

bumper) MLI layers are considered. The g; values for the

nodes of these layers are calculated in a similar fashion to

.what was done for the first MLI layer, except here there are

two MLI layers radiating into the MLI layer under consider-
ation. No view factor calculations are required since the layers
are assumed to be close together. Also, there are two layers of
Dacron netting next to each MLI layer, and thus, Eq. (10) will
have to be applied twice—once for the layer above and once
for the layer below. '

» Heat Influx Calculations for MLI Layer Next to Bumper

As was noted previously, the last aluminized MLI layer
(closest to bumper) and the beta cloth layer were not separated
by a layer of Dacron netting, Fig. 3. Accordingly, these layers
were -analyzed as a single layer with the inside surface having
the emissivity of an aluminized layer and the outside surface
having the emissivity of the beta cloth layer. The thermal
conductivity of the layer was assumed to equal the weighted
average (on the basis of thickness) of the two layers. For g;
calculation purposes, this combined layer was treated in ex-

the bumper takes the place of the pressure wall.

Heat Influx Calculations for the Bumper Layer

The net heat influx to the bumper layer was calculated in a
very similar manner to that of the pressure wall. The bumper
was subjected to heat influx from the pressure wall through

_ actly the same manner as the first MLI layer except that here

the MLI hole just as the pressure wall was from the bumper. .

However, unlike the pressure wall, there were no strip heaters
on the bumper. Instead, the bumper interacted in a thermal
radiation sense with the LN, shrouds of STVC. The shrouds
were treated as a single node, and averaged properties were
used.

This concludes the discussion of the g; calculation for the
various layers of the thermal system.

Table 2 shows the results of a convergence study. Here 5, 9,
17, 33, and 65 nodes per layer were successively used in the
calculations. The resulting pressure wall temperatures under
the center of the MLI hole are reported. A 2.54-cm-diam MLI

hole and typical SSF baseline thermal properties were used in

the convergence study. Table 2 also shows interpolated tem-
peratures based on a successful (R? = 0.97) linear fit through
the temperature data using the reciprocal of the number of
nodes per layer as the independent parameter. The fitted line
was used to extrapolate the temperature (304.74 K) for the
case of an infinite number of nodes per layer, the theoretically
exact answer, where the independent parameter is set to zero
(1/). On the basis of this extrapolated temperature, percent-
age errors for the calculated temperatures were determined
and are also listed in Table 2. Note that even the coarsest mesh
had a relatively small error.

Numerical Analysis of the Experimental Data
The results of analyzing the experimental data using the
numerical model are discussed in this section. The purpose of
this analysis is to show that the numerical model can be made

to adequately represent the behavior of the thermal system .

and to empirically fit parameters associated with the thermal _
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Table 4 Thermal test data analysis results

MSFC  MLI Measured

Calculated

l3est fit

‘ Measured | Calculated Best Fit
Data test hole pressure wall  pressure wall bumper bumper Sunspot diameter
point number dlameter, cm __temperature, K temperature, K temperature, X temperature, K temperature, K " ratio
1 Undamaged 0.00 303.3 305.9 133.8 133.0 118. 3 Undamaged
2 Undamaged 0.00 306.3 306.5 135.1 135.1 121.1 Undamaged
3 1016 3.81 307.8 305.8 134.6 135.1 121.4 0.600
4 1028 4.83 303.8 303.8 133.9 133.9 120.0 0.746
5 1018 4.83 300.8 300.8 132.3 132.3 118.3 1.068
6 1020 4.83 300.9 300.9 133.2 133.2 119.6 1.090
7 1019 4.83 299.2 299.1 134.9 134.9 122.3 1.370
8 1027 4.83 . 300.4 300.4 133.4 133.3 119.9 1.160
9 1034 4.83 303.6 303.6 134.0 134.0 120.2 0.769
10 1029 5.08 304.8 304.7 133.9 133.9 119.8 0.600
11 1026 5.08 298.0 298.3 135.1 135.0 122.7 1.400
12 1035 5.08 303.9 303.9 133.9 133.8 119.9 0.693
13 1017 5.33 300.8 300.8 134.0 134.0 120.8 1.030
14 1012 5.59 306.2 304.5 133.9 134.3 120.4 0.600

Best fit Dacron netting heat transfer coefficient = 1.0687 W(m2K)

308
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304
303+
302 —
301
300
299

208 S -
298

CALCULATED PRESSURE WALL TEMP. (K)

297 g
207 298 200 300 301 302 303 304 305 306 307 308

MEASURED PRESSURE WALL TEMPERATURE (K)

Fig. 8 Calculated vs measured pressure wall temperatures at the MLI1
damage position.

~ system. The end product of analyzing the experimental data is

a validated and calibrated numencal model that can be used
for making predictions of system behavior. More details on

- the calibration procedure that was used are provided in Ref. -

14, The input parameters used by the numerical model are
listed in Table 3. The values of the parameters used were
typical handbook values except where noted.

The MLI hole diameter refers to the approximate diameter
of the hole in the aluminized layers of the MLI. The MLI
standoff is the distance between the MLI blanket and the
pressure wall. For all of the testing associated with this inves-
tigation, 23.05 W were apphed to a total pressure wall area of
4.065 m?. The test specimen was essentially divided into two
equal areas therrnally due to the presence of the ring frame,
Thus, only one half of the pressure wall area was modeled
(2.03 m?). The model developed here is based on the assump-
tion of axial symmetry, and so the modeled area was treated as
an equivalent circular region of the same size. The radius of
the modeled area used in the calculations was (2.03/7)%
= 0:804 m. The layer thicknesses used in the numerical model
were based on values reported by Solomon* and Buitekant.!!
The bumper standoff is the distance that the bumper is sepa-
rated from the pressure wall The emiissivity values used in the
numencal model were all obtained from Solomon.* The
bumper’s two surfaces had d1fferent emissivities because the
surface farthest from the pressure wall had a special thermal
coating.

Three pararneters had to be fitted from the experlmental
data: the diameter ratio associated with each data point, the
effective Sunspot shroud temperature associated -with each
data point, and the effective heat transfer coefficient of the
Dacron netting that was assumed to be the same for all speci-

_mens tested. The results of the thermal test data reduction are

132.5 -/

932 1325 133 1335 134 1345 135 1355
MEASURED BUMPER TEMPERATURE (K)

CALCULATED BUMPER TEMPERATURE (K)

Fig. 9 Cal‘eulated vs measured bumper temperatures at the MLI
damage position.

ng\}en in Table 4, and blots of c,alculated'vs measured pressure

wall and bumper temperatures are shown in Figs. 8 and 9,
respectively. The plots had R? values of 0.85 and 0.88 for the
pressure wall and bumper data, respectively, which indicates
that ‘the numerical model predlcts the expenmentally mea-
sured behavior adequately '

The diameter ratio is defined as the apparent hole diameter,
as determined by running the numerical model to determine
the best fit to the experimental data, divided by the measured
average diameter of the hole in the aluminized layers. Thus,
the diameter ratio is an empirical mult1pher for the actual
(physically measured) hole diameter. It is intended to account
for three effects:

1) The dtameter of the hole in the beta cloth is somewhat
different from that of the alumlnlzed layers In the numerical
model, it is assumed that all MLI layers have the same hole
diameter.

2) The damage to ‘the alummlzed layers extended some
distance back from the apparent edge of the MLI hole. This
damage typically takes the form of crinkling, melting, and
tearing of the delicate ahiminized layers due to the intense heat
and shock waves- generated by the impact.

3)- The MLI blanket had a finite thlckness This was not
modeled numencally

It was assumed that the dlameter ratio can be correlated to the
impact parameters such as particle diameter, velocity, and so
forth. The idea is to use the results of this investigation to
predlct suitable diameter ratios for use in future design stud-
ies. The diameter ratio was allowed to vary between 0.6 and
1.4 during the parameter adjustment process. Diameter ratios
beyond these bounds were not considered to be physically
reasonable -
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Some means of determining the appropriate diameter ratio
for a given set of impact parameters is required. This was
accomplished by fitting an empirical function through the
diameter ratio data of Table 4:

diameter ratio = D[0.1978V3-466T3-3% D (cos )} 6% + 2.575]
(1)

The form of Eq. (11) was discussed by Rule and Hayashida.!’
A linear plot of predicted [Eq. (11)] vs calculated (Table 4) best
fit diameter ratio had an R2 value of 0.48. The lack of good fit
between the predicted and calculated is probably due to the
scatter in the thermal data and, thus, some error in the calcu-
lated best fit diameter ratios. Also, the assumed functional
form of Eq. (11) is not exact. Equation (11) should only be used
to determine diameter ratios for impact conditions similar to
those of this investigation. Otherwise, new numerical coeffi-
cients must be fit from an appropriate set of experimental results
or a diameter ratio of unity can be used as an approximation.
Precise control of the LN, shroud temperatures was not
possible for the large STVC. Thus, the shroud temperatures
varied somewhat from specimen to specimen and while a given
specimen was being tested. Also, it was not clear how to
determine an appropriate single effective shroud temperature,
which is required for the computer program, based on the
measured temperatures of the six shrouds. Hence, the effec-
tive shroud temperature was considered to be an adjustable
parameter in each of the 14 specimens tested. The fitted values
(Table 4) varied between 118.3 and 122.7 K. Solomon* pre-
sented results showing that the measured STVC shroud tem-
peratures typically vary somewhat erratically between 89 and
122 K during testing. Thus, the fitted values of the shroud
temperatures seem reasonable.
- The effective heat transfer coefficient of the Dacron netting
(1.0687 W/m?K) was determined by fitting the computed re-
sults to the experimentally measured values. For comparison,
an approximate value for the netting heat transfer coefficient
was developed as follows. Based on a microscopic examina-
tion of a sample of the netting, the netting was assumed to
consist of a square mesh of 0.2-mm-diam fibers on 3-mm
centers. The thermal conductivity of the Dacron at tempera-
tures encountered in the Sunspot chamber was assumed to
equal 0.1 W/mK.!6!7 The Dacron netting was also assumed to
have uninterrupted contact with two adjacent MLI layers.
Based on these assumptions, and using classical heat transfer
calculation techniques, the estimated heat transfer coefficient
of the Dacron netting was 67 W/m?K. However, the alu-
minized layers of the MLI tend to crinkle somewhat, and the
netting is not perfectly flat since it is woven. Thus, far less
than perfect contact between the netting and the adjacent
layers would be expected. Accordingly, the value of the effec-
tive heat transfer coefficient for the netting obtained from
fitting the numerical model to the experimental data, 1.0687
W/m?K, seems reasonable.

Conclusions and Recommendations

During the course of this study, the following conclusions
were reached.

1) The damaged MLI specimens were created (impacted)
and thermally tested under as realistic conditions (with respect
to SSF) as were possible.

2) The goal of realistic testing conditions prevented some of
the thermal system parameters from being tightly controlled,
which produced some scatter in the measured data.

3) The behavior of the thermal test fixture and specimens
was adequately represented by an axially symmetric numerical
model that was developed during the course of this investiga-
tion.

4) The proposed parameter, diameter ratio, provides a con-
venient and practical means of converting a measured MLI
hole diameter to a thermally apparent MLI hole diameter.

5) The impact damaged MLI analysis technique described
and validated herein has been incorporated into a computer

program that is suitable for on-orbit spacecraft design studies
involving changing such system parameters as the MLI hole
diameter and the level of thermal radiation from space. The
degradation of the insulating capabilities of the MLI of SSF
due to a hypervelocity impact with space debris can be as-
sessed by running this program with appropriate system
parameters.

If more consistent data is desired, then it is recommended
that a new test fixture be developed to provide a means of
more tightly controlling or simplifying the thermal parameters
associated with the test fixture. It is also recommended that
more than 6 h be budgeted for the specimens to reach equi-
librium in the vacuum chamber.
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