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Abstract: The present work studies an aerogel/epoxy composite that was dip coated onto a
carbon fibre substrate by adding the aerogel at the 1 hour and the 1.5 mark of the epoxy cure.
Both coatings show decrease in thermal conductivity values (39% and 47% respectively) when
compared to a pure epoxy coating. The coatings’ reflectance spectra also provided further
evidence for the existence of the nano-pores within the aerogel particles. The aerogel coating
was modelled using material properties from literature and solved using finite element
methods. The model, which validated using experimental data, was then used to predict the
coating’s performance in cyclic thermal loads. Additionally, coatings on a single surface- top
and bottom; were also modelled and compared with the double coating system wherein it was
seen that the double coating system had the lowest rate of temperature change and fluctuations
at steady-state in contrast to the bottom coating which, showed the fastest drop in temperature
as well as the highest fluctuations at steady state conditions. The performance of the top coating
was in the middle.
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1 Introduction

Carbon composites, like carbon/epoxy and carbon/carbon (graphite) exhibit a high strength to
weight ratio and excellent retention of high temperature properties such as modulus and
strength in an inert atmosphere, high thermal conductivity and shock resistance, low coefficient
of thermal expansion (CTE) and recession in ablative environments [1,2,3]. Additionally,
composite materials are resistant to corrosion and fatigue in most cases [4], making them an
ideal choice for various high performance applications in the aerospace and automotive
industry (amongst many others). However these materials are limited by their high cost, low
impact resistance, low fracture toughness and low ductility [5,4]. The operating temperatures
of the polymers also limit the polymer matrix composites’ usage. From the examples given in
Peel’s [5] work, it is seen that only two (out of five) polymers have their maximum operating
temperatures in excess of 200°C: thermoset polyamides and semi-thermoplastic polyether ether
ketone (PEEK). Therefore to increase the service life of composite materials in certain
applications that require operation at higher temperatures, the use of a coating is needed.

The use of aerogels as a filler material is a promising route for future thermal coatings. Aerogels
are jellies whose liquid has been removed with very minimal or no shrinkage [6]. The resultant
material exhibits, amongst others, very low thermal conductivity (0.012 W/(m K)), low density
(3*10%-1*10° g/mq), low dielectric constant (1.1-2.0), high specific surface area (500-1200
m?/g) and low refraction index (1.05) [7,8,9] values. However, the material’s structure, which
contributes to the properties discussed above, results in a very limited mechanical strength [10].
Therefore, strengthening mechanisms include the use of polymer binders/matrices as discussed
by Schmidt & Schwertfeger[11] which could offer potential routes to aerogel coating
applications. According to Zhao et al. [12] aerogel/epoxy composites have thermal
conductivities as low as 0.105-0.175 W/(m*K) and the relationship between the property and
the weight fraction of the aerogel is not linear. Their study also showed that bigger aerogel
particles (0.2-2 mm) showed better thermal properties than smaller particles (<0.2 mm).
Williams et al. [13] discussed various examples of aerogels in different thermoplastic matrices
such as polyamides and polyolefins with promising results. A reduction in the thermal
conductivity was also observed with the addition of silica aerogel into a poly (ethylene-co-
vinyl acetate) (EVA) composite film [14]. In another work, Achar & Procopio[15] compared
waterborne acrylic-styrene latex and epoxy systems with different amounts of aerogel and
hollow glass microspheres as fillers. They showed that the acrylic-based coatings performed
better than their epoxy counterparts and that aerogel had higher thermal conductivity compared
to glass microspheres (in acrylic polymers), which according to the authors, could be due to
the polymer intrusion into the pores of the aerogel. Additionally, the authors also commented
on the high viscosity of the resin which resulted in poor processing. The infiltration of the resin
in the pores of the aerogel is also discussed in [9]. This effect was further noted in the work by
Vahtrus et al. [16] wherein the authors noted an increase in the thermal conductivity of
aerogel/epoxy composites due to the filling of the resin into the pores of the aerogel. Therefore,
works such as those of Gupta & Ricci [17] and Ge et al. [8] looked at different processing
methods/materials to incorporate the aerogel in an epoxy matrix with the former reducing the
viscosity of epoxy and the latter using solid epoxy powder. Another limitation of using resins
like epoxy is the formation of bubbles during the processing (mixing) of the composite. This
is highlighted in [18] wherein the influence of stirring speed and time on the water absorption
and hence, the trapped air bubble size were investigated.



The epoxy matrices also usually soften, distort and collapse between 60°C and 150°C [19].
Therefore, traditional processing techniques like plasma spraying and EB-PVD are not possible
since the low thermal stability of these organic resins demands processing temperatures less
than their glass transition (150°C-200°C) and/or decomposition temperature [20]. However
since, the highest temperature considered in the present work is 100°C, a liquid epoxy system
was chosen as a binding material in the present work because of the polymer’s wide use in
composite materials, adhesives and moulding compounds[21,22,23].

The present work evaluates the applicability of aerogel/epoxy coatings on carbon fibre
reinforced polymer (CFRP) substrates wherein its aim was to increase the latter’s thermal
performance. The thermal conductivity of the coatings was determined in relation to a pure
epoxy coating. Additionally, a finite element (FE) model of the coating and substrate was built
to simulate the system’s performance thereby allowing a greater understanding of the
material’s behaviour under different loads/environments. In the following section, details on
the methodology to process the coating, the experimental techniques and the FE model are
described. The experimental results along and the output of the validated model subjected to
cyclic loads are then presented and subsequently discussed.

2 Materials and Methods

2.1 Sample Preparation

The carbon fibre substrates were prepared using a multiaxial ACG (Advanced Composites
Group Ltd, UK) MTM46/CF6657- 38%RW-DC prepreg cut and assembled on a flat mould to
a thickness of around 5mm. These samples were initially cured at 80°C for 1 hour using resin
film infusion (RFI) by ramping up the temperature from 20°C to 80°C at 3°C/min. They were
then put in an autoclave at 120°C for 1 hour using 50 psi (80°C to 120°C at 3°C/min). The top
surface of the composite was then cleaned using a 400 grit paper, washed and dried.

To test the material, the composite plate was cut into samples of 40x40 mm? using a rotating
blade. After which, the surface of samples used as substrates for the coating were roughened
using a 120 grit sand paper. All the samples were then subsequently washed and dried.

Aerogel/epoxy coatings for the CFRP substrate were processed using aerogel particles and an
epoxy network. For the matrix, RS-M135 (PRF composites, UK) epoxy formulation was mixed
in a 10:3 ratio (by weight) with a custom hardener that was in turn, a 2:1 (also by weight)
mixture of RS-MH137 and RS-MH134 (both by PRF composites). Enova Aerogel 1C3110
(Cabot Corporation, USA) were the silica aerogel particles used. Additionally, a wetting agent-
BYK-P 9920 (BYK-Chemie, Germany) was used to increase the wetting of the aerogel
particles with the matrix binder.

The first batch was a plain resin coating without the aerogel particles. To prepare this set of
samples, the epoxy and the hardener were mixed in the ratio described previously and the
mixture was degassed in a vacuum oven for around 30 mins. After degassing, the CFRP
substrates were dipped into the resin to form a coating around it and the new coated composite
was left to cure at room temperature for a minimum of 48 hours. For the second batch, 3% (of
the total weight of the coating) wetting agent was stirred into the resin before the addition of
the hardener and the resulting solution was degassed in a vacuum oven for 1 hour. After which,
3% (by weight of the resin system) of the aerogel was added and manually stirred into the



solution before dip coating the CFRP substrates and curing, again for a minimum of 48 hours.
The preparation of the final batch of the coating was identical to the second batch with the only
exception being the time of addition of the aerogel particles. Here, the epoxy solution (with the
wetting agent) was left in the vacuum oven for 1.5 hours before the addition of the aerogel.
The coating process and the cure time were similar to the previous batches.It must be noted
that the coated samples were further trimmed to 30x30 (mm?) to remove the excess coating
aggregated on the sides of the samples.

For simplicity, the samples coated with the pure epoxy are named P(x) and samples with the
aerogel/epoxy coating are named 1C(x) and 1.5C(x) depending upon the time of aerogel
addition (1 hour and 1.5 hours respectively).

2.2 Scattering Coefficient

The reflection spectra of the samples were measured using a Jasco V-670 spectrophotometer
fitted with an integrating sphere of 60mm diameter using a fluro-polymer based spectralon as
a calibration standard. The scan range was set between 200nm - 1500nm with a scan speed of
400nm/min.

2.3 Thermal conductivity

To measure the thermal conductivity of the samples, Equation 1 was made use of which
describes the one dimensional heat conduction through a plane wall under steady state
conditions as given in [24,p.378] wherein k is the thermal conductivity of the sample, Q is the
rate of heat flow (conduction) across the sample, A is the cross sectional area, AT is the
temperature difference across the sample and L is the thickness.

p= U4
AT/L
Equation 1

The cross sectional area (A) and the thickness (L) of the samples were determined using a line
gauge. The temperature difference across the sample (47) was measured at three different
temperatures- 50°C, 75°C and 100°C wherein the heat was provided by a heater connected to
a Eurotherm 2216e (Schneider Electric, United Kingdom) controller. For each temperature, the
system was allowed to stabilise for 1 hour (to achieve steady state) before recording the
temperature at the top and the bottom of the sample using cement on polyimide thin film
thermocouples supplied by TC Direct (UK). A schematic diagram and a picture of the setup
are shown in Figure 1 (a) and (b) respectively.

To calculate the heat flow across the sample (Q), a material of known thermal conductivity
value (a standard) was used and the temperature at the top and the bottom of the sample was
recorded. Since the thermal conductivity was known, Q could be calculated at different
temperatures using the Equation 1. Three different runs at the above-mentioned temperature
were conducted and the average Q value for each temperature was used for subsequent thermal
conductivity calculations for the samples. The standard used was a lead zirconate titanium
(PZT) disc (PC 8) by Morgan Matroc (UK).

To calculate the thermal conductivity of the samples, 5 specimens for each samples were
utilised wherein the cross sectional area for each specimen was calculated using the average of
three separate length and breadth measurements. Similarly the thickness used was also the



average of three measurements. Using the average values, the thermal conductivity for each of
the samples was determined at the three different temperatures using the pyro rig. Finally for
each temperature, the average of the 5 specimens was used as the thermal conductivity of that
particular material.

2.4 Finite element model

A finite element (FE) model was built using LS-PrePost- 4.3dp and solved in LS-DYNA. The
geometry of the substrate was a rectangular plate of 0.03x0.03x0.005 m® which was similar to
the experimental samples. The coating was also modelled as rectangular boxes with dimensions
of 0.03x0.03x0.0007 m? above and/or below the CFRP substrate. The thickness of the coating
modelled was the average value of the dip-coated experimental samples.

2.4.1 Material Card

Since the model was subjected to thermal analysis, only the thermal material cards were
defined. The substrate’s properties were defined using the
MAT_THERMAL_ORTHOTROPIC card. The coating was modelled using the
MAT_THERMAL_ISOTROPIC card because of the homogenous distribution of aerogel
particles within the epoxy matrix. The properties of the substrate and coating used are presented
in Table 1. The coating’s thermal conductivity was the experimental value of the bulk material
determined previously [25]. The other properties of the coating were calculated using the rule
of mixtures and individual properties of aerogel and epoxy . The volume fraction of aerogel
used in the rule of mixture was 0.21 determined from the densities of the resin and aerogel in
Table 1.

2.4.2 Elements and Meshing

The work of Shapiro [26] suggests the use of 8 node brick elements as one of the element types
that could be used in thermal analysis. Hence, the coating and substrate were modelled using
fully integrated quadratic 8 node solid elements with nodal rotations (ELFORM = 3). This
element formulation gives accurate results in small strain conditions [27].

2.4.3 Loading and Simulation

The temperature was applied on the nodes at the top of the specimen through the
BOUNDARY_TEMPERATURE_SET card using DEFINE_CURVE. The initial temperature
was set to 23°C for all the nodes with the INITIAL_TEMPERATURE card. Because the
material properties for the substrate and coating are assumed to be constant with respect to time
and temperature, a linear transient analysis using a diagonal scaled conjugate gradient iterative
solver (SOLVER = 3) was performed. An iterative solver was used due to its higher efficiency
compared to a direct solver (LS-DYNA user manual [28]).The models also used a fully implicit
time integration parameter to calculate the thermal timestep.

The coated models additionally made use of the
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_SMOOTH  card with  the
THERMAL option for both surfaces. Here, the heat transfer conductance was 100; an
arbitrarily chosen high value with the minimum and maximum lengths to be 0.0002 and 1
respectively.



3 Results

3.1 Scattering coefficient

The scattering plot for the samples is shown in Figure 2. It is seen that both the aerogel samples
have identical curves and show a peak in the 200nm -250nm interval. The higher prominence
of the aerogel composites peak near the 200nm wavelength was also observed by Fernandes et
al. [29] in their aerogel samples, thereby providing evidence for the material’s existence in the
coatings of the present work. Further, the pure epoxy coating shows an increase in this region
as well, but the scattering intensity is not as high as the aerogel coated samples and the carbon
fibre substrate does not exhibit this phenomenon thereby suggesting this to be an effect of the
coating and in particular, that of the aerogel particles.

3.2 Heat flow across the sample

Since the thermal conductivity values for each of the samples were calculated at three different
temperatures: 50°C, 75°C and 100°C, the heat flow across the standard at these temperatures
had to be determined using Equation 1. The results are given in Table 2 wherein the diameter
and the thickness of the standard were 0.024m and 0.002m respectively. Further, the thermal
conductivity of the standard used was 1.1 W/(m*K), as given in[30].

The average of the three values calculated for each temperature was then used in the subsequent
thermal conductivity calculations.

3.3 Thermal conductivity

The calculated thermal conductivity values along with the standard deviation (o) and
temperature difference between T1 and T2 are shown in Table 3 for all the samples. For the
purpose of comparison, the average thermal conductivity values for each sample at the given
temperature was also calculated and shown in the table.

The thermal conductivity values for each sample are almost constant in the measured
temperature interval. However, there is a reduction between the pure epoxy and the
aerogel/epoxy samples; 0.69 W/(m*K) for the pure epoxy coating at 75°C to 0.41 W/(m*K)
and 0.36 W/(m*K) for the samples 1C and 1.5C respectively. This indicates a positive influence
of the aerogel particles on the thermal insulation performance of the coating. Between the
aerogel coatings, 1.5C shows marginally lower values when compared to 1C. This
improvement in insulation capability of the former is due to the curing epoxy being more
viscous during aerogel addition. However, it must be noted that a more viscous resin would
result in a greater degree of difficulty whilst coating complex shapes.

4 Modelling

4.1 Mesh optimisation and validation

To identify the most efficient element size, a model of the substrate was subjected to a constant
temperature of 75°C through all the nodes at the top of the geometry for 150 seconds. A random
element towards the centre of the bottom surface was chosen and its temperature as a function
of time was plotted and compared between different element sizes; the results are shown in
Figure 3. It is seen that regardless of the size of the mesh, all models attained steady state within
100 seconds. Mesh sizes lower than 0.0001m were not considered due to their complexity and



resource constraints. The hybrid mesh model consisted of rectangular elements whose size was
0.001m in the plane perpendicular to the heat flow (x and y axes) and 0.0001m along the
direction of the heat flow (z axis).

From the results of Figure 3, which shows the temperature of the element in the bottom surface
as a function of time, it is seen that 0.0001m and 0.00025m element sizes attained steady state
conditions earlier and at lower temperatures than the coarser meshes, which displayed identical
results. The results of the 0.01m mesh also showed some difference from the other models
especially at the beginning; this is thought to be due to the coarse nature of the mesh which
resulted in the presence of the same element for both, top and bottom surfaces and would have
resulted in the cross-sectional heat transfer occurring through a single element. Hence, this
mesh is not considered further. When considering the steady state temperatures attained by the
models (shown in Table 4), it is seen that none of them reached the input temperature of 75°C.
However, because no losses were defined in the original model, it is believed that temperatures
at the bottom should ultimately reach the input temperature. Therefore, the convergence
tolerance of the thermal solver (CGTOL in CONTROL_THERMAL_SOLVER) was
decreased to reduce the error in the solution and hence, attain a more representative result. To
find the most effective tolerance value, the 0.001m model was simulated with progressively
smaller tolerance values starting from 1e-04 until le-14 with decrease of 0.01 for each
successive step. The respective error from the equilibrium temperature (75°C) was calculated
and plotted as a function of the tolerance value in Figure 4. The temperature at the bottom was
rounded off to two decimal places before calculating the error value. Once again, a random
element towards the middle of the bottom surface was chosen for the calculation and the
simulation time was increased to 300s.

As expected, Figure 4 shows a reduction in error as the convergence tolerance is lowered and
stabilises at 0 from 1e-08 onwards. The results were also corroborated by the time taken to
reach the steady-state (Table 5) which reaches a constant value of 221 seconds from 1e-08 as
well. Hence, it is believed that the selection of 1e-08 would allow for more accurate simulation
results. Although values lower than 1e-08 could also be chosen, they would result in more
number of iterations and hence, larger simulation times and resource consumption.

Therefore to identify the most efficient mesh size, convergence tolerance value of 1e-08 was
used to run the previously described models and the updated time-temperature plots are shown
in Figure 5. It is seen from the graphs that the models all reach 75°C thereby overcoming the
initial problem of lower temperatures. However, the mesh sizes tested in the present work show
similar temperature profiles with respect to time and cannot be differentiated from one another.
It must also be noted that the 0.01m mesh was not simulated for reasons identified previously.
Therefore, the coarsest mesh was chosen to model future samples since it would consume the
least resources and time. Additionally, the results also show the ineffectiveness of using hybrid
meshes having different size perpendicular to and along the direction of heat flow is also shown
in Figure 5.

According to the results presented in Figure 5, the selection of 0.001m mesh size would seem
the most logical solution for future models. However, since a 0.7mm (0.0007m) coating was
going to be applied onto the substrate, the mesh size needed to be smaller than the coating
thickness since it is believed that a single element along a materials cross section would result
in a slightly different temperature profile as compared to the others (see Figure 3). Therefore a



mesh size of 0.00025m was used for all future models. 0.0005m, although theoretically
possibly, resulted in a single layer of elements due to the closeness of the mesh size to the
coating thickness and hence was not considered.

To try and replicate the experimental setup described previously, two layers of coating were
added to the top and bottom of the models as shown in Figure 6. This allowed a means of
comparing the model with the experimental runs. To try and achieve this, three different
temperatures- 50°C, 75°C and 100°C were applied to the nodes at the top surface similar to the
experimental setup and the model was allowed to run for 1800s (0.5 hours). The material
properties for coating were defined according to Table 1. The output at the bottom surface is
the steady-state temperature (rounded off to two decimal places) of a single random element
taken towards the centre of the bottom surface for each run. This result, along with the time
taken to reach the steady state is reported in Table 6 for the runs of 0.00025m model.

The results show that the temperature at the bottom of the specimen matches the input
temperature for all three cases, thereby confirming the previous findings for this particular
model and tolerance value. Further, the time taken to reach steady state conditions increases
with the input temperature. Hence, these results demonstrate the validity of using the present
model to simulate coated samples across the range of temperatures considered in the present
study.

Finally, the results of the coated samples were compared with the experimental runs 1C and
1.5C as shown in Figure 7. The predictions of the FE model (shown as a line) were higher when
compared to experimental results (markers). However, this is believed to be due to the absence
of any heat loss effects such as air convection cooling in the model and the use of theoretical
values in the models using the rule of mixtures (with the exception of the coating thermal
conductivity) which, does not assume any resin infiltration into the aerogel. Additionally,
although the temperature set in the experiment was as described previously, the actual readings
at T1 (top thermocouple) were lower. Therefore when accounted for these differences, the
model does represent a fair reproduction of the experiment showing the right linear trend
between the temperatures.

4.2 Model predictions

The validated 0.00025m model was then subjected to a load changing every 10 seconds
between 50°C and -50°C for 1800 seconds to determine the material’s performance when using
a cyclic temperature profile. These models had an initial temperature set to 23°C for all the
nodes. Due to numerous reasons such as resource availability and/or economics, it may not
always be possible to use a double layered coating. Therefore, the FE model with just the top
coating and just the bottom coating were also simulated and compared.

Once again, the temperature of a single element towards the middle of the bottom surface is
shown in Figure 8 as a function of time for the three different types of coatings. It is observed
that the results of the three runs started at 23°C due to the initial temperature definition and
attained equilibrium around 0°C. However, the time at which they reached steady state varied
with the type of coating used, with the double coating taking the longest at approximately 800
seconds and the bottom coating being quickest at around 200 seconds; the top coating was in
between taking close to 600 seconds. Additionally, the bottom coating resulted in bigger



fluctuations in temperature at steady state conditions and the double coating had the lowest;
once again, the top coating’s behaviour was in the middle.

5 Discussion

The thermal conductivity results in Table 3 show a decrease in the thermal conductivity
between the pure epoxy samples and aerogel/epoxy samples. The percentage decrease
compared to the pure epoxy coating is shown in Table 7 for the temperatures discussed in the
present study wherein Coating 1C showed an average decrease of 40.7% decrease and 1.5C
showed a 48.6% average decrease in thermal conductivity values. The existence of the aerogel
particles with the nano-pores was also supported by the reflectance spectrums of the samples
in the study which showed the presence of peaks at the 200-250nm interval for the aerogel
coating. This peak was absent in the pure epoxy and the CFRP substrate samples. The
reflectance spectrum of the aerogel coating also had a peak at 300nm which is believed to be
the result of the wetting agent. However, further research is needed to confirm this speculation.

When considering the FE simulations of the three types of coating, the double coating showed
less variation in temperature at steady state compared to both single coating systems. But the
latter attained equilibrium quicker than the former. Therefore, the choice of the coating system
would depend on the specific requirement of the application. The double coating system would
be preferred in environments where there are cyclic loads since the steady state is maintained
at an almost constant temperature. Additionally, any change would be carried out at a slower
rate resulting in a more comfortable environment for any living beings present. However, if a
double coating system is not possible, a single top coating is advocated. But if there is a need
to maintain the inside surface of the coating at a given bandwidth of temperature close to the
equilibrium temperature in a randomised loading, then the single coating at the bottom is
suggested.

However regardless of the coating system selected, the FE models do show an improvement in
the thermal insulation performance of the material with an aerogel coating and recommends its
usage. Nevertheless, it is believed that a more comprehensive model closer to experimental
data is needed to make more accurate predictions. One possible route to achieving this, apart
from accounting for the heat losses, would be the use of experimental data as input for the other
properties where the resin infiltration into the nano-pores of the aerogel would also be
accounted for.

6 Conclusion

The present study explored the possibility of using aerogel/epoxy composites as thermal
insulation coatings on CFRP substrates. The reflectance spectrum and the thermal conductivity
results showed evidence for the existence of the aerogel particles with limited resin infiltration.
The thermal conductivity results showed a decrease of 40.7% and 48.6% for the samples
wherein the aerogel was added after 1 hour and 1.5 hours respectively when compared with a
pure epoxy coating. The aerogel based coating was also modelled and simulated using a finite
element solver wherein the surface of its application affected the coating’s performance. The
double coating system showed the slowest rate of temperature change and the coating on the
bottom surface had the fastest rate of drop. However, the latter showed the highest fluctuations
at steady state with the former showing the least. The performance of the top coating was in-



between when considering either parameter. Further research towards an improved model,
particularly in the input of actual experimental values as material properties is suggested.
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Table 1 Material Card Properties. The sources of the values are given in the brackets next to their respective

values.
Property Substrate Coating
Aerogel 135 [32]
Density (kg/m?®) 1460 [31] Epoxy 1190 [33]
Coating 968.45
Aerogel 2100 [34]
Heat Capacity (J/(kg*K) 1170 [31] Epoxy 1890 [31]
Coating 1934.1
Thermal Conductivity (Axial)
(WI(m*K)) 14.57 [31]
Thermal Conductivity (Transverse) 0.20015 [25]
(WI(m*K)) 0.75[31]

Table 2 Heat flow across the standard at different temperatures

Temperature RUN T1 T2 dT q

(°C) (°C) (°C) ) (W)
1 44.7 41.8 2.9 0.72

50 2 45 41.8 3.2 0.79
3 44.2 40.9 3.3 0.82

Average 0.78

1 65.5 59.6 5.9 1.46

75 2 65.7 59.5 6.2 1.53
3 65.1 58.7 6.4 1.58

Average 1.53

1 86.6 77.7 8.9 2.20

100 2 86.8 775 9.3 2.30
3 86.3 76.9 9.4 2.33

Average 2.28




Table 3 Thermal Conductivity values for the samples at different temperatures

Thermal Conductivity

Sample 50°C 75°C 100°C
dT k dT k dT k
(K) (W/(m*K)) (K) (W/(m*K)) (K) (W/(m*K))
6.4 0.67 11.9 0.71 17.8 0.70
7.2 0.59 12.8 0.66 18.8 0.66
Pure Epoxy Coating 6.1 0.72 11.7 0.74 17.6 0.73
®) 6.4 0.65 11.8 0.69 17.5 0.70
6.2 0.65 12.1 0.65 18 0.65
Average 0.66 Average 0.69 Average 0.69
c 0.047 c 0.037 c 0.033
14.5 0.35 26.9 0.36 39.5 0.37
13.8 0.39 24.7 0.43 35.3 0.45
1 Hour 13.6 0.42 24.6 0.45 35.3 0.47
Aerogel/Epoxy 15.2 0.36 27.5 0.39 39.9 0.40
Coating (1C) 14.1 0.38 26.4 0.40 37.7 0.41
Average 0.38 Average 0.41 Average 0.42
c 0.027 c 0.035 c 0.040
15.9 0.33 27.1 0.38 39.5 0.39
15.2 0.36 28.2 0.38 411 0.39
1.5 Hour 17.8 0.29 30.1 0.34 44 0.35
Aerogel/Epoxy 16.9 0.31 29.5 0.35 41.9 0.36
Coating (1.5C) 17.6 0.31 32 0.33 45.9 0.34
Average 0.32 Average 0.36 Average 0.37
c 0.026 c 0.023 c 0.023

Table 4 Steady state temperatures for different mesh sizes

Mesh size Steady state temperature

(m) (°C)
0.01 73.51
0.001 72.55
Hybrid 72.49
0.0005 71.35
0.00025 67.99
0.0001 54.22




Table 5 Steady state temperature times for different convergence tolerance values

Convergence Tolerance

Time to reach steady state

()
1.00E-04 81
1.00E-06 177
1.00E-08 221
1.00E-10 221
1.00E-12 221
1.00E-14 221

Table 6 Surface temperature of coated models

Temperature on Temperature on Time to reach
Element size the top surface the bottom surface steady state
¢S ¢S (s)
50 50 1419
0.00025 75 75 1525
100 100 1589

Table 7 Percentage decrease of the aerogel/epoxy coated samples

Sample 50°C 75°C 100°C Average
1C 42.4 40.6 39.1 40.7
1.5C 51.5 47.8 46.4 48.6




Figure 1 (a) labelled diagram of the heating setup; (b) Image of the pyro heater setup along with the controller



Figure 2 Scattering plot for the samples

Figure 3 Mesh size comparison (sizes in m)
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Figure 4 Simulation error as a function of convergence tolerance

Figure 5 Updated mesh size comparison with a convergence tolerance value of 1e-08



Figure 6 Sectional view of the coated sample
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Figure 7 Comparison of FE and experimental data
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Figure 8 Performance of different coating types with a cyclic temperature load





