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Preface

If we turn the pages of history all the world over, the first aviation pioneers can be traced to the late 19th to
early 20th centuries. One of the most prominent names in the history of aeronautics is of Sir George Cayley, who
contributed significantly to this field from the last decade of the 18th to mid-19th century. The first definition of
aerospace engineering appeared in the month of February in the year 1958,

There are two main branches of this field of engineering, commonly known as aeronautical engineering and
astronautical engineering. There is a vast difference between these two sub branches, as aeronautical engineering
deals with aircrafts that are operational in Earth’s atmosphere, and astronautical engineering studies about the space
craft which are basically operational outside the Earth’s atmosphere. Aerospace engineering also studies about the
aerodynamic characteristics of a spacecraft.

Given the demanding conditions that flight vehicles are often subjected to, both in the earth’s atmosphere and outside
it, aerospace engineering has seen some rapid growth in the past few decades. Evolving designs, improved safety
features, technical and technological improvements, and comfort, all form part of this branch of engineering. The
development and manufacturing of a modern flight vehicle is an extremely complex process. Aerospace engineers
design, test, and supervise the manufacture of aircraft, spacecraft, and missiles. Aerospace engineers develop new
technologies for use in aviation, defense systems, and space. This branch has crucial uses in both civil and military
contexts. This book takes a look at both.

I would like to thank all the contributing authors for their time and efforts. I would also like to thank my family
and friends for their constant support.

Editor
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Burning Characteristics of Ammonium-Nitrate-Based Composite
Propellants with a Hydroxyl-Terminated
Polybutadiene/Polytetrahydrofuran Blend Binder

Makoto Kohga, Tomoki Naya, and Kayoko Okamoto

Department of Applied Chemistry, National Defense Academy, Hashirimizu 1-10-20, Yokosuka, Kanagawa 239-8686, Japan
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Ammonium-nitrate-(AN-) based composite propellants prepared with a hydroxyl-terminated polybutadiene (HTPB)/polytetra-
hydrofuran (PTHF) blend binder have unique thermal decomposition characteristics. In this study, the burning characteristics of
AN/HTPB/PTHF propellants are investigated. The specific impulse and adiabatic flame temperature of an AN-based propellant
theoretically increases with an increase in the proportion of PTHF in the HTPB/PTHF blend. With an AN/HTPB propellant, a
solid residue is left on the burning surface of the propellant, and the shape of this residue is similar to that of the propellant.
On the other hand, an AN/HTPB/PTHF propellant does not leave a solid residue. The burning rates of the AN/HTPB/PTHF
propellant are not markedly different from those of the AN/HTPB propellant because some of the liquefied HTPB/PTHF binder
cover the burning surface and impede decomposition and combustion. The burning rates of an AN/HTPB/PTHF propellant with
a burning catalyst are higher than those of an AN/HTPB propellant supplemented with a catalyst. The beneficial effect of the blend
binder on the burning characteristics is clarified upon the addition of a catalyst. The catalyst suppresses the negative influence of
the liquefied binder that covers the burning surface. Thus, HTPB/PTHF blend binders are useful in improving the performance of

AN-based propellants.

1. Introduction

Solid propellants are contained and stored in the combus-
tion chamber of a solid rocket motor and are sometimes
hermetically sealed in the chamber for long-term storage.
Upon ignition, the propellants react to form hot gases within
the chamber, which in turn are accelerated and ejected
at a high velocity through a supersonic nozzle, thereby
imparting momentum to the rocket motor. Solid rocket
motors offer the advantage of having few moving parts.
Therefore, they are used as propulsion systems for launch
vehicles, spacecrafts, missiles, and other applications.

There are various types of solid propellants, and a
suitable propellant is selected to meet the requirements of
each rocket motor application. A composite propellant is
a solid propellant in the form of heterogeneous propellant
grains composed of oxidizer crystals held together in a matrix
of a synthetic or plastic binder. Ammonium perchlorate

(AP) and hydroxyl-terminated polybutadiene (HTPB) are
widely used as an oxidizer and a binder, respectively, because
AP/HTPB-based propellants have excellent burning and
mechanical characteristics. One of the few serious drawbacks
of AP-based propellants are the products of combustion,
such as HCI, chlorine, and chlorine oxides, which cause

atmospheric pollution.
Recently, ammonium-nitrate-(AN-) based composite

propellants, that is, propellants prepared with AN as the
oxidizer, have become popular, although there are some
major problems associated with their use. These problems
include a low burning rate, poor ignitability, and low energy
output compared to AP-based propellants [1, 2]. Despite
these problems, AN-based propellants are popular because
they are chlorine-free, present a small hazard, and have
low observable emissions (minimum smoke). Numerous
approaches have been adopted to improve the burning
characteristics of AN-based propellants, including the use of



catalysts [3-9], the addition of metals [10-13], and the use of
energetic binders based on azide polymers [14-20].

Applying an energetic binder is an effective approach
toward AN-based propellants. However, the synthesis pro-
cesses of energetic binders are complicated and costly; there-
fore, it is difficult to manufacture these binders industrially.
To date, such energetic binders have not yet been used for
practical applications because they are expensive.

Polytetrahydrofuran (PTHF) is used as an ingredient in
making rubber products. This inexpensive polymer is mass-
produced commercially in several molecular weights. Table 1
shows the chemical properties of PTHF and HTPB. Although
PTHF is not an energetic material, it could be a useful
binder to improve the burning characteristics of composite
propellants because oxygen is present in the repeating unit of
PTHEF as opposed to HTPB in which oxygen is not present
[21-23]. The chemical structure of PTHF is similar to that of
HTPB, and therefore, PTHF should mix easily and uniformly
with HTPB.

The curing behavior, mechanical properties, and thermal
decomposition behavior of HTPB binders are improved
by the addition of a small amount of PTHE PTHF is an
effective plasticizer in the preparation of high-performance
composite propellants [24, 25]. Furthermore, compared to
HTPB, HTPB/PTHEF blends have preferable curing behaviors
and tensile properties for use as binders [26]. Therefore, it is
expected that a HTPB/PTHF blend will prove to be a useful
binder ingredient for improving the performance of AN-
based composite propellants.

The thermal decomposition behaviors of AN-based
composite propellants with a HTPB/PTHF-blend binder
are provided in [27]. The thermal decomposition of
AN/HTPB/PTHF propellants occurs at lower temperatures
than that of AN/HTPB propellants according to the results of
thermogravimetry/differential thermal analysis (TG-DTA).
According to a visual observation of the decomposition
phenomena, the propellants had decomposed significantly
and the generation of smoke was more vigorous in the
temperature range of 530-550 K. The size of the black
residue after decomposition was smaller than that of the
propellant sample before heating. The AN in the propellant
decomposed completely, and the quantity of liquefied or
decomposed binder increased with an increase in the mass
ratio (&) of PTHF in the binder. AN/HTPB/PTHF propel-
lants were found to have unique thermal decompositions.
In this study, the burning characteristics of AN/HTPB/PTHF
propellants were examined and reported.

2. Experimental

2.1. Sample Ingredients. AN was ground in a vibration ball
mill (for 5min) for use as an oxidizer. The weight mean
diameter of AN was 125 ym. PTHF and HTPB were used
as binder materials. HTPB is a widely used binder and
composite propellant, while PTHF is produced in several
molecular weights. In this study, three types of PTHF with
sample molecular weights of 650, 1400, and 2900 designated
as PTHF1, PTHF2, and PTHES3, respectively, were used. The
value of the symbol increased with increasing molecular
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weight. Isophorone diisocyanate (IPDI) was used as the
curing agent. The ratio of the NCO group of IPDI to the OH
group of HTPB and PTHF was 1.2.

The values of £ were 0, 0.2, 0.4, 0.6, and 0.8. Table 2 shows
the binder formulations. A binder at £ = 1 was not prepared
in this study because the burning rate characteristics of an
AN-based propellant at £ = 1 are provided in [23]. PTHF
did not become solid by using IPDI alone, but it did become
sufficiently rubbery by adding glycerin as a crosslinking
modifier such that it could be used as a binder. In this study,
the burning characteristics of an AN-based propellant with a
HTPB/PTHEF blend binder were not compared with those of
a propellant at £ = 1 because the addition of glycerin would
make the comparison inconsistent.

Ammonium dichromate (ADC) was used as a burning
catalyst and added to the propellant at 6% [8]. The weight
mean diameter of ADC was 61 ym.

2.2. Burning Rate Measurement. Each of the prepared pro-
pellant strands were 10mm in diameter and 40 mm in
length. The burning behavior was investigated in a chimney-
type strand burner that was pressurized with nitrogen. Each
strand was ignited by applying 10V to an electrically heated
wire threaded into the top of the strand. The temperature
of the wire was above 1200 K. Each propellant strand was
combusted within a pressure range of 0.5-7 MPa. The burn-
ing phenomenon of the propellant was recorded by a high-
speed video recorder, and the burning rate was measured
from the images obtained. The combustion phenomenon
was recorded at a shutter speed of 30-125 frames s™'. All
measurements were checked in triplicate at each pressure,
and the average values were used in the data analysis.

3. Results and Discussion

3.1. Theoretical Performance. The specific impulse (I5,) and
adiabatic flame temperature (T) of the propellants at 70%
and 80% AN were calculated using the NASA CEA program
[28] with a combustion pressure of 7 MPa, an exit pressure of
0.1 MPa, and an initial temperature of 298 K. Table 3 shows
the values of I, and Ty. The values of Iy, and Ty increase
with an increase in &, and at constant &, these values slightly
increase with a decrease in the molecular weight of PTHE
The propellant performance is theoretically dependent upon
the £ value and the molecular weight of PTHE. In particular,
the increases in the values of the propellant at 80% AN are
greater than those of the propellant at 70% AN. For example,
the maximum difference in I, between & = 0 and 0.8 at 80%
AN is 55, whereas that at 70% AN is 3s. The maximum
difference in Ty between & = 0 and 0.8 at 80% AN is 200K,
whereas that at 70% AN is 31 K. These values were obtained
for an AN/HTPB/PTHF]1 propellant. These results suggested
that the effect of PTHF on propellant performance would be
enhanced by the use of a smaller molecular weight of PTHF
at 80% AN.

The mass fraction of IPDI in the binder increases with
decreasing molecular weight of PTHE as shown in Table 2.
For example, at £ = 0.8, the mass fraction of IPDI for the
PTHF1 binder is 25.6% and that for the PTHE3 binder is
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TaBLE 1: Chemical properties of PTHF and HTPB.

Binder ingredient PTHF HTPB
Molecular structure HO-(-CH,-CH,-CH,-CH,-0-),-H HO—(-CH,-CH=CH-CH,-),—OH
Density (gem?) 0.970-0.981 0.902
Heat of formulation (kJ mol~") -219.2 -21.1

TaBLE 2: Binder formulations.

Binder 13 Mass fraction (%)
(—) HTPB PTHF IPDI
0 92.5 0.0 4D
0.2 69.7 17.4 12.8
PTHF1 0.4 49.5 329 17.6
0.6 313 46.9 21.8
0.8 14.9 59.5 25.6
0 92.5 0.0 Tied
0.2 72.5 18.1 9.4
PTHEF2 0.4 53.3 35.6 11.1
0.6 34.9 52.3 12.8
0.8 17.1 68.5 14.4
0 92.5 0.0 7.5
0:2 73.8 18.5 /4
PTHEF3 0.4 55.3 36.8 7.9
0.6 36.8 55.2 8.1
0.8 18.4 73.4 8.2

8.2%. For the 80% AN propellant at £ = 0.8, the difference
in I, and Ty between the AN/HTPB/PTHF]1 propellant and
the AN/HTPB/PTHE3 propellant is 1 sand 35 K, respectively.
This indicates that the influence of the IPDI fraction on
propellant performance is negligible.

The value of I, theoretically increases with the use of
PTHE, indicating that PTHF would be effective in enhancing
the performance of an AN-based propellant. The increase
in Ty would also accelerate the propellant combustion
reactions. Therefore, the burning rate of the AN/HTPB
propellant would be expected to increase with increasing &.

Table 4 shows the theoretical mole fraction of the
main combustion products from the AN/HTPB/PTHF2
propellants; these products were scarcely dependent on the
molecular weight of PTHF. For the 70% AN propellant, the
mole fraction of graphite notably decreases with the addition
of PTHF as a binder, and the fraction of other products
increases with an increase in . For the 80% AN propellant,
no graphite is produced. The mole fraction of H,O increases
with an increase in &, whereas the fractions of CHy, CO,
CO;, Hj, and N, decrease, indicating that the hydrogen
produced by the propellant decomposition would react with
the oxygen in PTHE. The oxygen contained in PTHF was
found to influence the reaction product compositions and
cause an increase in I, and Ty.

A subsequent experiment investigated the thermal
decomposition behavior and burning characteristics of
propellants at 80% AN, because the influence of the
HTPB/PTHF binder on the theoretical performance of a

propellant at 80% AN is greater than that of a propellant at
70% AN.

3.2. Burning Rate of Propellant. Figure 1 shows the burning
rate characteristics of AN/HTPB/PTHF propellants. These
propellants only burned at pressures above 2MPa. The
burning rates are seen to increase linearly on the logarithmic
scale. The pressure exponent of these propellants is in the
range of 0.7-0.8, and the values are not correlated with & and
the molecular weight of PTHE. There is no obvious difference
in the burning rates of the AN/HTPB/PTHF and AN/HTPB
propellants.

The thermal decomposition behavior of the AN/HTPB/
PTHF propellant (§ = 0.2-0.8) was preferable for creating
a high burning rate propellant because the decomposition
temperature ranges of the AN/HTPB/PTHF propellant were
lower than those of the AN/HTPB propellant (¢ = 0)
[26]. The Ty for the AN/HTPB/PTHF propellant was higher
than that for the AN/HTPB propellant, as described in the
previous section. These results suggest that the burning rate
would increase by the use of PTHF as a binder; however,
the burning rates of the AN/HTPB/PTHE propellant were
not significantly different from those of the AN/HTPB
propellant, as shown in Figure 1.

The burning propellant at 7 MPa was quenched by
a depressurization of approximately —1MPas™!. Figure 2
shows photographs of the AN/HTPB/PTHF2 propellant at &
=0 and 0.6 after quenching. With the AN/HTPB propellant
(£ = 0), there was solid residue on the burning surface,
and the shape of the residue was almost the same as
that of the propellant. Theoretically, the propellant with
80% AN should not generate graphite, as described in
Section 3.1. However, in actual, this propellant did produce
a residue after the burning test, indicating that the actual
propellant combustion is inferior to the theoretical one.
This is because the theoretical values were calculated for an
adiabatic process, while in actual combustion the propellant
sample burned in a nitrogen gas flow, resulting in heat loss
and mass transfer into/from the system.

On the other hand, the propellant containing PTHF did
not leave a solid residue at £ = 0.6, as shown in Figure 2(b). A
small amount of solid residue was generated by burning, but
this was removed from the burning surface and discharged
from the combustion chamber along with nitrogen.

When a solid residue is produced in the combustion
chamber of a rocket motor, it interferes with the combustion
of the propellant and the mass ratio of the rocket decreases.
Furthermore, the presence of a solid residue results in erosion
of the nozzle and an exhaust plume is produced. Thus, the
generation of a solid residue is undesirable. The use of PTHF
as a binder ingredient prevents the generation of a solid
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TasLE 3: Theoretical values of Iy, and T/.

Propellant AN/HTPB/PTHF1 AN/HTPB/PTHEF2 AN/HTPB/PTHF3
AN content (%) 70 80 80 70 80
£(—) Ly (s)
0 189 198 189 198 189 198
0.2 190 199 189 199 189 199
0.4 190 201 190 200 190 200
0.6 191 202 191 201 191 201
0.8 192 203 191 203 191 202
) Ty (K)
0 1186 1353 1186 1353 1186 1353
0.2 1194 1403 1191 1393 1190 1388
0.4 1200 1456 1197 1438 1195 1429
0.6 1208 1507 1203 1485 1200 1473
0.8 1217 1553 1210 1531 1207 1518
TasLE 4: Theoretical mole fraction of main combustion products of AN/HTPB/PTHEF2 propellants.
70% AN
£(—) Mole fraction (—)
CH,4 CcO CO, H, H,O N, Graphite
0 0.0843 0.0358 0.1270 0.2397 0.2086 0.1653 0.1393
0.2 0.0852 0.0364 0.1338 0.2411 0.2156 0.1681 0.1198
0.4 0.0862 0.0368 0.1406 0.2423 0.2227 0.1709 0.1005
0.6 0.0873 0.0371 0.1473 0.2433 0.2299 0.1737 0.0814
0.8 0.0885 0.0374 0.1541 0.2440 0.2371 0.1765 0.0624
80% AN
£(—) Mole fraction (—)
CH,4 CcO CO, H, H,O N, Graphite
0 0.0662 0.0507 0.1719 0.2642 0.2371 0.2099 0
0.2 0.0581 0.0469 0.1700 0.2636 0.2521 0.2093 0
0.4 0.0506 0.0434 0.1680 0.2620 0.2672 0.2088 0
0.6 0.0437 0.0401 0.1659 0.2596 0.2822 0.2085 0
0.8 0.0373 0.0370 0.1637 0.2564 0.2974 0.2082 0

residue for the AN/HTPB propellant, although the burning
rate of the propellant does not increase, indicating that PTHF
improves the propellant performance.

Figure 3 shows scanning electron microscopy (SEM)
photographs of the burning surface of a propellant quenched
at £ = 0 and 0.6. In Figure 3(a), the burning surface of
the quenched AN/HTPB propellant (£ = 0) has a sponge-
like appearance. What appear to be voids in the sponge are
traces of AN particles caused by the HTPB binder being
barely liquefied just before decomposition [23-27]. The
AN particles exposed at the burning surface decomposed
and disappeared during the depressurization event. A trace
amount of AN was observed at the bottom. The HTPB at
the burning surface barely liquefied and maintained its shape
just before decomposition. Because the shape of the binder

was preserved, the AN particles were exposed at the burning
surface and decomposition gases were emitted in the gas
phase.

Figure 3(b) shows the burning surface of the quenched
AN/HTPB/PTHEF2 propellant (¢ = 0.6), which is basically
smooth and wavy. When the melted AN at the burning
surface was cooled to the surrounding temperature, the AN
crystallized and numerous cracks were generated in the AN
crystals owing to phase transitions. As described above, the
burning surface was smooth, indicating that a majority of
materials at the burning surface were binder ingredients. The
depressions depict the traces of the decomposition of AN
particles and also some projections at the burning surface.
The AN particles were below the surface of these projections;
small holes were produced by ejection of the decomposed
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FIGURE 1: Burning rate characteristics of propellants.

gases of AN trapped under the surface. Part of the AN
particles was observed at the surface of the projections.

As described in Section 3.1, the value of T was increased
by adding PTHE The increase in T accelerates the pro-
pellant combustion reaction and enhances the temperature
gradient just above the burning surface; the burning rate
of the AN/HTPB propellant would therefore be expected
to increase by the addition of PTHE It was hypothesized
that the burning rates of the AN/HTPB/PTHF propellant

were not noticeably different from those of the AN/HTPB
propellant for physical rather than chemical reasons.

The combustion process of the AN/HTPB propellant is
as follows [23]. At the burning surface, AN melts and decom-
poses, while the HTPB binder barely liquefies and retains its
shape until just before decomposition. A condensed phase
is formed by the melted AN and the solid HTPB binder
just below the burning surface. The decomposition gases
of the AN and HTPB binder are diffused in the gas phase
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(b) AN/HTPB/PTHEF2 propellant
(§=06)

FiGure 2: Photograph of propellant quenched at 7 MPa.

(a) AN/HTPB propellant (§ = 0)

F1GUre 3: SEM photographs of burning surface of propellant quenched at 7 MPa.

and burned. A large quantity of heat is produced by the
combustion of the decomposition gases, and this heat is
fed back to the burning surface of the propellant, thus
increasing the surface temperature even more. Combustion
of the AN/HTPB propellant is maintained by this sequence of
processes. During this sequence of events, AN is continually
exposed on the burning surface.

For the AN/PTHF/glycerin propellant, the liquefied
binder covering the burning surface interferes with the
evolution of the AN decomposition gases and the heat
flux feedback from the flame to AN, and therefore, the
AN/PTHF/glycerin propellant does not ignite [23]. It was
found that an AN-based propellant does not burn when the
burning surface is covered with a liquefied binder, which
prevents AN from being exposed.

In a previous study [27], at & = 0.6 and 0.8, a
small quantity of HTPB/PTHF-blended binders liquefied at
approximately 474 K, and that of AN/HTPB/PTHF propel-
lants liquefied at approximately 500 K. As described above,

most of the materials at the burning surface are binder
ingredients. This suggests that the burning rates of the
AN/HTPB/PTHEF propellant are not higher than those of the
AN/HTPB propellant because some portion of the liquefied
HTPB/PTHEF binder covered the burning surface.

3.3. Burning Rate of Propellant Supplemented with ADC.
The effect of a PTHF/glycerin binder on improving the
burning characteristics of an AN/PTHF/glycerin propellant
was clarified by adding ADC, which suppressed the negative
influence of the liquefied binder covering the burning surface
[23]. The AN/HTPB/PTHF propellants were supplemented
with ADC, and the burning rates of these propellants were
measured.

Figure 4 shows the burning rate characteristics of
AN/HTPB and AN/HTPB/PTHF propellants with ADC.
These propellants were successfully burned above 0.5 MPa by
the addition of ADC and the burning rates increased linearly
on the logarithmic scale. The pressure exponent of these
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F1GURE 4: Burning rate characteristics of propellants with ADC.

propellants was approximately 0.6 and the type of binder
did not influence the values. As described above, the pressure
exponent of the propellants without ADC was in the range of
0.7-0.8. The pressure exponent of the propellant with ADC
was lower than that of the propellant without it.

The burning rates of an AN/HTPB propellant with-
out ADC, as shown in Figure 1, are also illustrated in

Figure 4 with broken lines for comparison. The burning
rates of propellants with ADC were higher than those of
propellants without ADC. Furthermore, the burning rates of
AN/HTPB/PTHF propellants with ADC were approximately
1.3 times those of AN/HTPB propellants with ADC. The
effect of the HTPB/PTHF blend on the improvement of the
burning characteristics is clarified by adding ADC because



it suppressed the negative influence of the liquefied binder
covering the burning surface. However, the burning rate of
the AN-based propellant with the HTPB/PTHF blend as a
binder was clearly not dependent on & and the molecular
weight of PTHE.

4. Conclusions

The burning characteristics of an AN-based propellant with
a HTPB/PTHF blend binder were investigated. The use of
a HTPB/PTHF blend is theoretically effective in enhancing
the specific impulse and adiabatic flame temperature of
an AN-based propellant. The AN/HTPB propellant left a
solid residue on the burning surface, and the shape of
the residue was almost the same as that of the propellant.
On the other hand, an AN/HTPB/PTHF propellant did
not leave a solid residue, and the burning rates of the
AN/HTPB/PTHF propellant were almost the same as those
of the AN/HTPB propellant. This was because some of the
liquefied HTPB/PTHF binder covered the burning surface
of the AN/HTPB/PTHF propellant. The burning rates of
AN/HTPB/PTHF propellants with ADC were higher than
those of AN/HTPB propellants with ADC. The addition of
ADC to the AN/HTPB/PTHF propellant was required to
clarify the effect of the blend binder on the improvement
of the burning characteristics. The effect of the HTPB/PTHF
blend on the increase of the burning rate was independent of
the mass ratio of PTHF in the blend.

Nomenclature

Ip: Specific impulse, s
Ty: Adiabatic flame temperature, K
& Mass ratio of PTHF in binder, —.

Abbreviations

AN:  Ammonium nitrate

AP:  Ammonium perchlorate

DTA: Differential thermal analysis

HTPB: Hydroxyl-terminated polybutadiene
IPDI:  Isophorone diisocyanate

PTHF: Polytetrahydrofuran

TG:  Thermogravimetry.
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During atmospheric reentry, radiative heating is one of the most important component of the total heat flux. In this paper, we
investigate how the thermal radiation coming from the postshock region interacts with the spacecraft structure. A model that
takes into account the radiation reflected by the surface is developed and implemented in a solid solver. A partitioned algorithm
performs the coupling between the fluid and the solid thermal fields. Numerical simulation of a hollow cone head and a deployed
flap region shows the effects of the radiative cooling and the significance of the surface radiation.

1. Introduction

When a space vehicle travels through the difterent layers of
the atmosphere in the reentry phase, its most external part is
subject to extreme thermal conditions. A thermal protection
system (TPS) is hence installed to insulate the vehicle’s parts
or its contents from high temperatures and heat fluxes. A
significant amount of the total heat flux reaching the vehicle
is due to the radiation coming from the postshock hot plasma
[1].

Numerical simulations are one of the most widely used
tools to design the TPS, and a detailed mathematical model
allows to reduce margins in the sizing. A higher level of
accuracy is obtained by including in the physical model the
thermal response of the solid to the heat fluxes, through a
coupled approach. In the latter, atmosphere gases and the
spacecraft structure form two distinct systems that interact
through the external surface of the TPS, and through which
energy exchanges occur. To enhance the thermal control,
the material of the TPS is chosen such that it reflects part
of the incident radiation. However, in particular geometric
configurations such as cavities, the reflected radiation can
reach other surfaces of the vehicle structure. This paper
exposes the development and the implementation of an

implicit method for the calculation of surface radiation. This
solution of the structure problem is coupled to the fluid flow
through a partitioned algorithm.

Some space vehicles can be equipped with side flaps that
are used to steer the vehicle. The deployed configuration of
these flaps presents a gap, and radiative effects in this area are
of major interest [2]. We will apply the methods developed
in the first part to this particular geometry, and the effects of
surface-to-surface radiation will be investigated.

2. Numerical Tools

During atmospheric reentry, the hot gas around the space-
craft transfers energy fluxes to the structure through the
fluid-structure interface. The solid then reacts, with part of
the heat being conducted in the deeper layers of the solid,
and part being reradiated from the surface into the fluid.
A continuous exchange is hence established on a transient
basis, with a thermal energy equilibrium on the interface.
The solution of the coupled problem is obtained using the
domain decomposition approach, where each domain is
described by its own model, and coupling conditions are
defined on the boundary [3].
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2.1. Fluid Domain Solver. The flow-field solver code
eilmer3, developed by the Centre for Hypersonics (The
University of ueensland, Australia), solves the compressible
Navier-Stokes equations via a cell-centred time-dependent
finite-volume formulation. The governing equations are
expressed in integral form over arbitrary quadrilateral cells
with the time rate of change of conserved quantities in each
cell specified as a summation of the mass, momentum, and
energy flux through the cell interfaces. A single temperature
T defines the population distributions amongst all thermal
modes [4].

The conservation of mass, momentum, and total energy
is expressed as

o <9
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In (1a)—(1c), p denotes the total mass density, and u is the
average fluid velocity. The viscous stresses for a Newtonian
fluid are given by:

auj au,-
Tij = ‘U(a—xl 5;]) /15,JV -u, (2)

where the secondary viscosity coefficient A is expressed
in terms of the primary viscosity coefficient y via Stokes
hypothesis, A = —(2/3)pu.

In (1c), E is the specific total energy defined as

E= %IuIZ e (3)

where e is the specific internal energy, and (1/2)|ul? is the
specific kinetic energy. The specific total enthalpy is denoted
as

H=E 2 (4)

To complete the system, the conservation equations have
to be supplemented by the equation of state that provides
pressure as a function of density and temperature, that is,

p=ppT). (5)

Finally, d = 1,2,3 is the number of dimensions of the
problem, and §;; is the Kronecker delta.

2.2. Solid Domain Solver. The in-house solid solver is a
code implemented in C  based on the finite element
method and solves the heat transfer problem by means

of conduction within the solid, according to the following
transient equation:

oT
pCPE = V(KsVT) = 0) (6)

where p is the solid mean density, C, and «; are respectively
the specific heat capacity at constant pressure and the heat
conduction coefficient of the material; T is the temperature.

On the walls that are in contact with the fluid, we impose
a Neumann boundary condition, that remains constant
between two successive coupling times.

In the classical discretised FEM matrix formulation of
(6), the solution vector of temperatures T at time n 1,
where Tj, i = 1,...,n, is the temperature value at node i,
is calculated by solving the matrix system:

AT ! = BT* <« (7)

where A and B are matrices of order n, X n,, where n,
is the number of nodes of the structural mesh. The vector
¢ contains the contribution of the Neumann boundary
conditions.

2.3. Implementation of Surface Radiation Heat Flux. All
forms of matter emit and exchange thermal radiation with
their surroundings. Radiation heat transfer can occur in the
absence of matter and so also without temperature gradients.

In our work, we model the radiative heat flux taking
into account the received radiation from adjacent surfaces
(irradiation), and the radiation reflected and then emitted by
the surface.

Given two different bodies or a single concave one, the
radiative heat fluxes between the surfaces that “see” each
other is modeled under two hypotheses:

(i) the individual surfaces absorb, reflect, and emit
diffusively, independently of the temperature and the
spectrum;

(ii) the gas between two surfaces is treated as optically
thin, that is, it does not interact with the radiation;
this implies that the radiative heat exchange occurs
only between surfaces.

The components of the total radiative heat flux incident
on a surface are [5]

(1) total irradiation towards the surface, G;

(2) emission from the surface, given by the Stefan-
Boltzmann law:

E=eo(T*-T), (8)

where ¢ is the surface emissivity, 0 = 5.670 X
1078 [Wm~2K™*] is the Stefan-Boltzmann constant,
and Ther is a reference temperature. In the applica-
tions studied in this work, T4/T* ~ 0 [6]; therefore,

we will use hereafter the simplified form E=eoT4

(3) reflected part of irradiation from the surface, pG,
where p is the material reflectivity.



