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Paper presents the problem of heating the damaged insulation of an orbiter.
Changes of the insulation’s thermal properties, made by adding conductive mate-
rial of high value of specific heat in a form of a dope to the protective layer, were
examined. An iterative algorithm determining a variable of dope concentration in
the material was developed. Insulating material LI900 was used for calculations.
Determination of distribution of conductive material concentration was made for
materials which, after verification, demonstrated the most beneficial effect on
protective properties of the modified insulation layer. Change of properties was
to enable time extension of the L1900 insulation tile heating up to the maximal
temperature and, additionally, to lowering this temperature.
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Introduction

The problems of heating of thermal shields of orbiters usually focus on two im-
portant topics:

— evaluation of the existing reusable thermal protection system and
— search for new solutions of the said system.

The first of the two problems is discussed in literature concentrating on the insula-
tion itself, its thermal loads and the influence of damage on the load endurance [1, 2]. There
are results of experimental research that show how the insulation heats up in different gas en-
vironments [3], and how it can be used in spaceflights [4]. To this end, the possibility of a
combination of the insulator and the ablator has been explored. In such a combination, the
ablator serves its purpose only in the initial stage of the heating during atmospheric reentry,
when the temperatures are too high for a modern reusable heat protection system.

The second of the problems is discussed in works [5, 6]. The literature is very often
devoted to the shields designed based on metal alloys e. g. honeycomb shaped structures [7,
8]. The advantage of such solutions is a significant increase in the durability and resistance to
impact. Despite the resistance to relatively high thermal loads, they still have great limitations
compared to insulation. The idea of applying MHD power panels appears to be very interest-
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ing [9]. It consists in using the external source of power (from the hot air around the orbiter).
The sudden surge in the power output can be used to activate the thermal shield.

Unfortunately, there are few publications that present the thermos mechanical analy-
sis of damaged surface insulation. Besides, the solutions of this problem in recent literature
findings either do not contain data related to the properties of the used materials or their effi-
ciency is still to be confirmed experimentally. The LI900 surface insulation is a well-explored
material, and much information can be obtained about it [10-12]. The material is reliable,
which makes it appropriate in terms of research on the advancement of the existing thermal
protection systems.

The object of the research described in this paper is high temperature reusable sur-
face insulation (HRSI) of an orbiter. In extreme cases, the damage of the insulation material
results in melting of the orbiter aluminum structure, leading directly to its destruction. Under
normal conditions, when the thermal protection system is fully operative, a significant in-
crease in the temperature of the orbiter structure takes place only after the vehicle has landed.
When a malfunction occurs, the temperature increase takes place earlier, already at the flight
stage. Contrary to many concepts discussed in literature, the paper does not focus on increas-
ing of the thermal durability.

Formulation of the heat transfer problem

The numerical simulations were carried out in the FreeFem++ environment with the
assumed flight duration of the shuttle of t, = 2100 s and the present heat flux, fig. 1. Each
model used in the research had 3 layers, i. e. aluminum structure of the vehicle (1.6002 mm
thick), NOMEX SIP (4.3942 mm thick), and the LI900 insulation (77 mm thick), fig. 2.
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Figure 1. Distribution of heat flux density as a function of time [2]

The conductive material in the insulation was nickel, beryllium, and a material of ideal
thermal parameters (reference material). The specifications of the HRSI tile material and addi-
tional materials were taken from [13]. For the reference material, the material data of hydro-
gen were adopted. Due to its very large value of specific heat, it expresses the theoretical limit
of the possibilities in the presented method. Material properties of dopant are presents in tab. 1.

Model of damage was made for the case, where the defect in insulation is formed by an
impact with small object moving at a hypersonic speed. Its shape and simplification is given
in fig. 3. In the simulations were included models 1, 2, 3, 4, and 5 for which the following
diameter D equal to 0, 1, 2, 3, and 4 cm.
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Figure 2. Geometry of model; (a) the real model, (b) simplification

Table 1. Material properties of additional materials

T[°C] Co [Dkg 'K | kWK™ | p [kgm™] Material

20 444 90,0 8902 nickel

20 1825 218 1848 beryllium

20 10000 10 1000 reference material
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Figure 3. Geometry of damage; (a) the real model, (b) simplification

Problem of radiation was solved using P1 approximation. This model assumes
plane-parallel symmetry that matter is in local thermodynamic equilibrium, scattering is co-
herent and isotropic. This model is one of approximations to solve radiative transfer equation.
This equation for an absorbing, emitting, and scattering medium at position R in the direction
S is [14, 15], fig. 4:
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where ReQ,, 1(R,s) is the intensity of radiation, P(R,R') — the phase function, andR"' —
the direction of displacement of photon as a result of scattering.

In the literature about radiation transport
problem may find works, which shows that re-
sults gave by P1 approximation are comparable
with results obtained using Monte Carlo method
[16, 17]. The First law of thermodynamics and
Fourier’s law were used in carrying out the anal-
ysis of the heat-flow in non-stationary conditions
for axisymmetric heat conduction model. There-
fore, for the cylindrical co-ordinate system in
space, Q4, the following formula was used:

oT\ 10( orT\ of. oT
SN FECLI D S EcA I IR VLI
p"(atj rar(’ arj az(zazj @)

Initial condition is:

T |Ql =To ©))

where Ty is initial temperature.

The model was built from three layers:
underlying structure, strain isolator pad, and
insulation. Space ©Q, was defined by equation:
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Figure 4. Layer numbering
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(4)

The cavity is filled by air that permanently flows through this space. Therefore, the
heat is permanently being transported away from the cavity so the heat sources that can pro-
duce heat radiation are not present on the right-hand side of the eq. (4). Damage was repre-
sented by space Q.. In this part heat transfer was expressed by energy of the heat radiation ¢

and coefficient g:

Ap—3B*p=0
There was assumed that our hypothetical medium is homogeneous and isotropic, so

it is characterized by the attenuation factor £ only. Thus, this is a single fitting parameter and
its value is reverse of the mean free path of photons in the medium. Boundary condition on

the wall ATS
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For wall I'; boundary condition is expressed:
or 4 T4
—k%——q—i-go-(TW -T, ) 9

In analysis convection was not considered, because it is very small. For walls I, I,
and 75 boundary condition:

or

-0 10

= (10)
For wall I';3 boundary condition (symmetry):

o9

-0 11

P (11)

On the other hand, the motion of the medium in the cavity has no effect on the prop-
agation of the heat radiation, and was applied conventional models of radiative heat transfer
[15].

Problem of thermal conductivity of the additional material

The concentration of heat-conducting material, y, in the insulating layer is defined in
dimensionless co-ordinates, according to the indications from fig. 5:

y=ab (12)
Assuming s = b/a, dimensions of the conductive layer are:

a= Y, b=\ys (13)
s
vy N\ The heat capacity of the LI900 insu-
lating layer with dopant of heat conductor
Ix lix lHix filings is given:

pe=(pe), (L-7)+(pc),7  (14)

To estimate values of the equivalent
conductivity coefficient separately in the

- - - - direction of the x and y axes, the area of
Iy a the square with side 1 is divided into three

parts, fig. 4. Thermal conductivity of the

Iy

insulating layer was marked as ki, Kiiy

i
|
|
'l conductivities of layers Ix, Ilx, Illx are,

and the conductive layer as k;. The thermal
- = x  respectively:
Figure 5. Location of the conductive layer inside Ix: kg
the insulating layer in the elementary volume unit g
of material L1900 _ Kuk,
Ix: —— (15)
k,b+k, (1-b)
ix: k,

the equivalent thermal conductivity coefficient in the x-direction is equal:
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Similarly, the equivalent thermal conductivity coefficient in the direction of the y

axis was determined:
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The filings are elongated in a transverse direction in relation to the main direction of
the heat-flow. The heat conduction will mainly occur in the lateral direction of the insulation.
In the paper, the influence of taking into account the conductivity of filings in the heat ex-
change in the vertical direction was checked. Using the previously discussed assumptions (for
model of damaged tile, D = 4 cm), the analysis of the heat-flow through the insulator was per-
formed. In the first case, calculations were made using the equivalent thermal conduction co-
efficient in the vertical and horizontal direction, egs. (16) and (18). In the second case, only
the equivalent thermal conduction coefficient was used in the horizontal direction, eq. (16).
The temperature difference on the aluminum surface is shown in fig. 6. From the presented

analysis, it can be concluded that in the
calculations of heat exchange, the influ-
ence of changes in thermal conductivity
of the insulator layer due to the presence
of conductive material in the vertical di-
rection can be neglected.

Numerical analysis of the
influence of conductive material
concentration variable

In calculations for a model of a
HRSI tile with an addition of nickel and
the reference material, 1% and 3%, re-
spectively, were made. The purpose of
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Figure 6. The difference between the maximum
temperatures on the aluminum surface
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the iterative algorithm was to determine such a distribution of the concentration as to reduce
the temperature increase on the surface of the aluminum structure. This objective was com-
pleted in all investigated cases, as shown in fig. 7. Significant differences occur among the
curves of these cases after 2100 seconds. The most important factor decisive of whether the
addition of the conductive material will serve its purpose in the insulation is its impact on the
temperature curve of a damaged layer. In the investigations, a material loss of the diameter of
4 cm was assumed. These curves have been shown in fig. 8. In ideal conditions, with the 3%
addition of reference material, due to its very high thermal capacity, the temperature in the
structure was reduced by over 200 °C. It is noteworthy, however, that the influence of the
weight on the costs of operation in orbital transport is significant, which is why the tempera-
ture curve for the 1% addition of nickel may be more significant in practice.

160+
140
& 120+
e
=
s 100
a
g 80+
)
[ 2=
60
V/
40 DS 4 —
< Unmodified model
£ LT o = = = Model + 1% of nickel
20 . — — —Model + 1% of reference material
— — Model + 31% of nickel
— — Model + 3% of reference material

(0] 1000 2000 3000 4000 5000 6000 7000 8000
Time [s]

Figure 7. Comparison of the distribution of temperature on the

surface of the orbiter structure for an undamaged tile
(for colour image see journal web site)
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Figure 8. Comparison of the distribution of temperature on the
surface of the orbiter structure for a damaged tile
(for colour image see journal web site)

It is noteworthy that in the performed analysis, after 2100 second from the atmos-
pheric re-entry, the temperature of the structure with the 1% addition of nickel amounts to
almost 150 °C. The temperature of the aluminum structure without the addition after the same
time is higher by approximatly 50 °C. This is a very significant difference, because at the
moment of the orbiter touchdown, the temperature of the aluminum alloy still remains within
its admissible operating range. An additional conductive layer provides a more even heat
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transfer, fig. 9. Beryllium was also used as an admixture. The reason for this are its good
thermal properties and, at the same time, low weight. The study indicates that there are no
large differences in temperature distributions in models containing beryllium and nickel, fig.
10. The use of beryllium instead of nickel causes that the greater damage of insulation, the

maximum temperature is higher, and the difference in its appearance decreases, tab. 2.
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Table 2. Maximum temperature on the surface of the vehicle structure

Name of model Temperature [°C] zgsxgﬁénpq Time [s] Erlane[rse]nce i

Undamaged model, D =4 cm 415 - 4080 —

Model + beryllium, D =1 cm 147 2 6305 140

Model + nickel, D=1 cm 145 6445

Model + beryllium, D =2 cm 188 2 5975 140

Model + nickel, D=2 cm 186 6095

Model + beryllium, D =3 cm 267 3 5350 105

Model + nickel, D =3 cm 264 5455

Model + beryllium, D =4 cm 386 3 4525 85

Model + nickel, D =4 cm 381 4610
Conclusion

From the performed investigations, we know that a change in the conductive materi-
al concentration cannot significantly reduce the temperature of the aluminum alloy but only
delay its increase. This statement is true assuming specific spatial orientation of the filings of
the conductive material in the protective layer.

The delay in the temperature increase on the surface of the aluminum alloy (orbiter
structure) is of particular importance if the HRSI tiles are damaged. In extreme cases, it may
even save the lives of the orbiter crew when returning to Earth where the destruction of the
orbiter structure would take place after landing.

The additional conductive layer should be made from a material characterized by a
high value of specific heat and high melting point. These properties may turn out useful not
only for future orbital flights but perhaps also for interplanetary flights. Such a material
should also have a relatively high density. During the research, nickel was a good candidate in
this respect ensuring good insulator properties. For the adopted distribution of the heat flux
for the two considered additions of nickel during the flight, the structure did not exceed its
admissible operating temperature range, hence was not damaged. Moreover, the insulation
with an additional material should ensure limited heat conduction towards the orbiter struc-
ture. It should also be characterized by a greater conduction in the transverse direction (com-
pared to the main direction of the heat flux).

In the investigations, an improvement of the thermal properties of the insulator was
obtained through increased thermal capacity of the material added to it. Hence, a greater effi-
ciency of heat absorption was obtained — a limited heat flux to the protected inner layers. If
there is a material loss due to a malfunction, the increase in the thermal capacity may be in-
sufficient, which is why the transverse coefficient of heat conduction of the insulator was also
increased. With relatively high material loss, the distance the heat needs to cover in order to
penetrate the structure may be significantly reduced. This poses a risk of a quick damage of
the structure. By increasing the transverse heat flux, the mechanism of accelerated heating of
the lower insulator layers is inhibited. Such a property does not cause changes in the material
that has not suffered any loss. In order to obtain such features, a material of special thermal
properties was used and added to the insulator in the form of filings. The selection of the ma-
terial, its location in the matrix of the L1900 primary material as well as the final thermal pa-
rameters was the subject of analysis in this paper.
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Nomenclature

c — specific heat, [Jkg™K™] y — concentration of the addition, [%]

k — thermal conductivity, [WmK™] e — thermal emissivity, [-]

n — refractive index, [-] Ka — absorption coefficient, [-]

q — heat flux density, [Wm?] Ks — scattering coefficient, [-]

s — optical thickness, [] P — density, [kgm™]

T — temperature, [K] o — Stefan-Boltzmann constant, [Wm2K™]
t —time, [s]

Greek symbols

B — attenuation coefficient, [m™]
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