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Abstract

Drones flown near active fires must survive radiant heat, hot plumes and thin air, yet the obvious fix—wrapping
the aircraft in insulation—fails, because hover power rises with the 3/2 power of mass and every gram of shielding
is paid for in flight time. Existing reviews compare thermal protection materials by conductivity alone, which
ignores this mass coupling. This study synthesises property and degradation data from 28 published sources
and evaluates them inside an analytical framework covering radiant loading, transient conduction, mass-penalty
scaling and rotor performance in heated air. Its central contribution is a mass-specific figure of merit, Φ = 1/(kρ),
giving thermal resistance per unit areal mass; because Φ is independent of layer thickness, it ranks candidate
systems on a basis that thickness cannot distort. Ranked this way the ordering changes sharply. Ceramic fiber-
functionalized silica aerogel (CFSA) outperforms bare carbon-fiber-reinforced polymer by a factor of 316, a Si–B
phenolic aerogel by 61 and low-density carbon–carbon by 29, whereas a dense ceramic barrier coating gains only
a factor of 2.0 and is therefore justified solely as a micrometre-scale radiative film. A worked sizing case shows
a 0.5m2K/W barrier around a 0.05m2 avionics bay on a 2 kg platform costs 6.1% of gross mass and 8% of
endurance in CFSA, but 31.9% and 34% in the phenolic system. A separate result shows shaft speed and hover
power both scale as

√
T , rising 62% at 500 ◦C. The analysis supports component-specific rather than uniform

protection.

Keywords: thermal protection systems; silica aerogel; multirotor UAV; firefighting robotics; materials selection;
hover endurance.

1 Introduction and Objective

Smoke inhalation, not flame, is what disables most fire-
ground survivors in the minutes before a rescue team
can reach them, and that window is exactly where aerial
platforms already operate: supplying infrared imagery
of the fire front, tracking its spread, and surveying dam-
aged structures without exposing crews [1, 27]. A mul-
tirotor tasked with actually placing protective masks
in survivors’ hands, rather than only observing from
a safe standoff, has to close that distance — loitering
directly over a collapsed stairwell or hovering inside a
smoke-filled room long enough to release its payload.
That mission profile means accepting flame impinge-
ment, sustained radiant flux, and immersion in con-
vective plumes for longer and at closer range than a
surveillance pass requires [2, 11], and the polymer ma-
trices that keep a small multirotor light enough to carry
a useful mask payload begin to fail within minutes un-
der that exposure [6, 28].

Two failure paths dominate. Thermally, flight con-
trollers, sensors, the payload-release mechanism, and
lithium-polymer cells all sustain irreversible damage
above roughly 70 ◦C [27, 28]. Aerodynamically, hot air
is thin air, so a rotor inside a plume produces less thrust
at the same shaft speed, forcing higher RPM and higher
current—which adds Joule heating to an already hot
vehicle [2, 7]. Neither path is solved by simply adding
insulation, because on a mask-delivery platform every
gram of shielding is a gram not available for mask cargo,
and added mass degrades endurance faster than it buys
protection [10,12].

The objective of this study is therefore to determine
which thermal protection materials a small multiro-
tor can actually afford to carry without crowding out

its life-saving payload, and where on the vehicle each
belongs, by treating protection as a constrained opti-
misation shared with payload capacity rather than a
material-selection exercise in isolation.

2 Literature Review
Unmanned aerial vehicles that operate near active fire-
grounds face a punishing thermal environment: intense
radiative flux, occasional direct flame contact, and con-
vective plumes that can compromise both structural in-
tegrity and onboard functionality [1,2,27]. Most small
multirotor UAVs are built from thermoplastics, ther-
mosets, or carbon-fiber-reinforced polymer (CFRP),
materials chosen mainly for their favorable strength-
to-weight ratios [3,4]. The trade-off is thermal toler-
ance. Glycol-modified PET (PETG), for instance, be-
gins to soften near its glass transition temperature of
roughly 80°C [3]; aramid-reinforced thermoplastics hold
up well against physical impact but offer almost no ther-
mal insulation [5]; and CFRP airframes start to suffer
matrix resin oxidation and delamination once temper-
atures climb past 300°C [6]. Beyond outright mate-
rial degradation, elevated ambient heat also warps pro-
pellers, twists blades, and creates structural hotspots
— effects that shorten service life and raise the risk of
aerothermoelastic flutter [7–10].

These thermal limits have pushed researchers toward
ultra-low-density insulating systems. Aerogel compos-
ites, with thermal conductivities as low as 0.018–0.040
W/m·K, have already found their way into platforms
such as the FireDrone [11], medical delivery drones
[12], and automotive battery packs [18], where they
help keep internal temperatures below critical thresh-
olds even under severe thermal loading [19]. The
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Figure 1: Design space of thermal conductivity against bulk
density compiled from reviewed literature.

catch with aerogels has always been their mechani-
cal brittleness, and much of the recent work is aimed
squarely at that weakness. Ceramic fiber-functionalized
silica aerogels (CFSA) [13], ceramizable Si–B hybrid
phenolic aerogels [14], elastic ceramic-carbon aerogels
[15], and load-bearing carbon/carbon (C–C) compos-
ites [16,17,20] each attempt to graft ceramic-like re-
silience onto an aerogel’s inherently low density, and
collectively they push operational stability as high as
1800°C while resisting flame erosion.

Bulk insulation is only part of the picture, though.
Surface coatings and thermal barrier treatments play
a complementary role, governing radiative boundary
conditions and oxidation kinetics at the material sur-
face [21,22]. Research into endothermic pyrolysis [25],
high-temperature epoxy degradation [23], arc-jet test-
ing of modified resins [24], and hydrophobic polyimide
composites [26] has repeatedly surfaced the same un-
derlying tension among insulation efficiency, substrate
adhesion, and anti-vibration resistance — gains in one
area tend to come at the expense of another. For sensi-
tive onboard electronics, passive phase-change materi-
als and thermochemical energy storage system serve as
crucial secondary heat sinks [27,28].

A critical gap across existing literature is that ther-
mal protection candidate systems are evaluated primar-
ily by thermal conductivity (k), neglecting the substan-
tial flight endurance penalties associated with added
shield mass on multirotor platforms. Evaluating candi-
date systems within a unified design space of conduc-
tivity against bulk density (Fig. 1) demonstrates the
necessity of a mass-specific evaluation metric.

3 Methodology
The model is deliberately reduced. Its purpose is not to
predict a temperature field but to establish which mate-
rial classes can meet a protection requirement without
consuming the endurance budget.

Assumptions. Conduction is one-dimensional and
normal to the surface, valid for a thin shell whose in-
plane dimensions exceed its thickness. Properties are
constant over the exposure, which understates ceramiz-

ing systems [14,17]. The flame is a grey isotropic emit-
ter. Rotor behaviour follows momentum theory at fixed
thrust coefficient.

Radiant loading. For a component at standoff d
from a core of radiating area Af ,

q′′ =
εf σAf

(
T 4
src − T 4

surf

)
4πd2

, (1)

with σ = 5.670× 10−8 W/m2K4. The 4πd2 term is the
isotropic point-source limit; for a plume subtending a
large solid angle it becomes a lower bound. Only the
absorbed fraction drives conduction, so across a barrier
of thickness ∆x at steady state,

∆T = (1− αr) q
′′ ∆x/k, (2)

where αr is spectral reflectance over the source band.
Raising αr lowers the absorbed fraction. The design
target is spectrally selective: high reflectance in the
near-infrared where flames radiate, high emittance at
the surface’s own temperature so absorbed energy is
re-radiated [21,22].

Transient response. A fireground pass is tran-
sient, governed by ∂T/∂t = α∂2T/∂x2 with diffusivity
α = k/ρcp. Using the Fourier number Fo = αt/L2 and
taking significant inner-face response at Fo ≈ 0.1–0.3,
the time for the inner face of a barrier of thickness L
to reach Tcrit ≈ 70 ◦C is

tdelay ≈ FoL2ρ cp/k. (3)

The window lengthens with volumetric heat capacity
ρcp and shortens with k, which is why phase-change
inserts complement a low-k shell [27,28]: they raise ρcp
without raising k.

Figure of merit. Let a barrier deliver areal resis-
tance R′′ = L/k at areal mass m′′ = ρL. Their ratio,

Φ = R′′/m′′ = (L/k)/(ρL) = 1/(kρ), (4)

is independent of L and gives thermal resistance pur-
chased per unit areal mass. On logarithmic k–ρ axes,
contours of constant Φ are straight lines of slope −1.

Mass penalty. Momentum theory gives induced
hover power Ph = (Mg)3/2/

√
2ρairArot, so for fixed bat-

tery energy E and efficiency η,

tflight = Eη/Ph ∝ M−3/2. (5)

With shield mass fraction µ = mshield/M0, retained en-
durance is (1 + µ)−3/2.

Rotor performance in heated air. At con-
stant pressure ρair = Patm/RspT , and thrust Th =
CT ρairn

2D4. Holding Th = Mg,

nhot

namb
=

√
Thot

Tamb
=

Ph,hot

Ph,amb
, (6)

the final equality following because Ph ∝ ρ
−1/2
air .

4 Results and Discussion

4.1 Collated properties and ranking
Table 1 lists property ranges from the reviewed sources
with Φ from Eq. (4), normalised to unprotected CFRP
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Table 1: Property ranges collated from the reviewed literature (left), the resulting mass-specific merit Φr = Φ/ΦCFRP, and the
sizing outcome (right) for a barrier resistance R′′ = 0.5m2K/W over a 0.05m2 avionics envelope on a 2.0 kg platform. All derived
quantities use range midpoints.

Collated properties Sizing outcome at R′′ = 0.5m2K/W

Material system ρ (g/cm3) k (W/m·K) Tmax (◦C) Φr L (mm) m′′ (kg/m2) msh (kg) µ (%) t/t0

CFSA silica aerogel 0.12–0.25 0.018–0.035 1000 316 13.3 2.5 0.12 6.1 0.92
Si–B phenolic aerogel 0.30–0.55 0.040–0.080 1200 61 30.0 12.8 0.64 31.9 0.66
Low-density C–C 0.45–0.75 0.060–0.120 1800 29 45.0 27.0 1.35 67.5 0.46
Ceramic TBC layer 1.80–2.40 0.250–0.500 >1500 2.0 187.5 393.8 19.7 984 infeasible
Unprotected CFRP 1.50–1.60 0.800–1.200 300 1.0 500.0 775.0 38.8 1938 infeasible
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Figure 2: Validation of the selection criterion. (a) Mass-specific thermal resistance from Eq. (4) at the midpoints of Table 1, measured
from the CFRP baseline on a logarithmic ordinate. (b) Retained hover endurance from Eq. (5).

at range midpoints. Ranges are reported as ranges de-
liberately: values scatter because measurement stan-
dards and test temperatures differ across studies.

Figure 1 plots these ranges on logarithmic axes with
iso-merit contours. The separation is larger than the
property scatter, which matters more than its size.
CFRP sits in the upper right at k ≈ 1.0W/m ·K and
ρ ≈ 1.55 g/cm3: a structural material that happens to
conduct heat efficiently into the payload bay. The ce-
ramic barrier layer improves conductivity 2.7-fold but
raises density 35%, so it crosses only one contour and
stays near kρ ≈ 0.8. The three low-density systems
sit two contours lower, and no range overlaps between
groups—so the ranking survives the measurement scat-
ter.

Figure 2(a) ranks the same result. CFSA delivers
316 times the thermal resistance per unit areal mass of
bare CFRP, the Si–B aerogel 61 times and low-density
C–C 29 times; the ceramic layer manages 2.0. That
last figure is the operative one for coating design: a
barrier coating cannot serve as bulk insulation at any
practical thickness, and belongs on the vehicle only as
a micrometre-scale radiative treatment, where Eq. (2)
rather than Eq. (3) governs its usefulness.

4.2 Sizing case

Figure 2(b) shows why the ranking matters opera-
tionally: retained endurance (1 + µ)−3/2 is concave, so
10% added mass costs 13% of flight time, 25% costs
28% and 50% costs 46%. Combining this with Ta-
ble 1, consider an avionics envelope of A = 0.05m2

on an unshielded platform of M0 = 2.0 kg requiring
R′′ = 0.5m2K/W. Since L = kR′′ and m′′ = ρL, thick-
ness and shield mass follow directly from the midpoint
properties (Table 1, right).

Only the CFSA shell is comfortable: 13 mm of wall
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Figure 3: Air density, required shaft speed and induced hover
power in a heated plume, from Eq. (6). At 500 ◦C the rotor must
turn 62% faster and absorb 62% more power for the same lift.

and 8% of endurance. The Si–B system is viable but
expensive at a third of the airframe mass, which ar-
gues for using it selectively on faces exposed to direct
impingement rather than around the whole enclosure.
Low-density C–C is not competitive as a pure insula-
tor here, though that understates its value, since it also
carries structural load otherwise duplicated in CFRP.
The last two rows make the point quantitatively rather
than rhetorically: at this target both would exceed the
airframe mass several times over.

For a mask-delivery airframe this comparison is not
academic. The 0.52 kg difference in shield mass between
the Si–B system and CFSA — roughly a quarter of the
platform’s gross mass — is cargo capacity either spent
on insulation or available to carry masks to survivors.
On a 2.0 kg platform, that difference is the gap between
a token payload and a sortie large enough to matter,
which is why CFSA is treated as the default choice in
Section 4.4 rather than one option among several of
comparable merit.
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4.3 Propulsion penalty in the plume
Figure 3 evaluates Eq. (6) to 800 ◦C. Density falls as
T−1 while shaft speed—and, identically, induced hover
power—rises as

√
T . At 500 ◦C density drops to 38%

of ambient and both speed and power rise 62%. Two
consequences follow. Thrust margin must be sized for
the plume, not for the pad: a vehicle hovering at 62%
of maximum thrust at ambient has no reserve at 500 ◦C.
And the extra current is dissipated at the motors, imme-
diately adjacent to the composite booms, making that
interface a heat source in its own right rather than only
a conduction path from outside.

4.4 Recommended layout
Each region of the vehicle has a different dominant
loading term, so the appropriate material follows from
which term dominates. Avionics, battery, and payload-
release bay: conduction-limited and the only region
with a hard ceiling—housing the flight controller, cells,
and the mask-release actuator inside a single CFSA
shell sized as in Table 1, with phase-change or ther-
mochemical inserts [27, 28] raising the effective ρcp
of Eq. (3); consolidating these heat-sensitive compo-
nents into one enclosure avoids paying the shield-mass
penalty twice. Rotor blades: radiation-limited and
intolerant of section change—only a spectrally selec-
tive film of order 20–50µm [21, 22] is admissible, since
Eq. (4) shows a thicker layer buys negligible resistance
for substantial mass. Structural booms: low-density C–
C [20] or polyimide composites with hydrophobic coat-
ings [26] hold rigidity to about 500 ◦C, the case where
the poor insulator ranking of C–C is offset by the struc-
tural mass it replaces. Motor mounts: ceramic isola-
tors [24] break the internal conduction path identified
above, and must tolerate vibration—precisely the trade
characterised by arc-jet testing in [24].

5 Conclusions and Limitations
For a UAV whose mission is to fly masks to survivors
rather than only photograph them, survivability on the
fireground is a mass-allocation problem before it is a ma-
terials problem, because payload capacity and thermal
protection draw on the same mass budget. Ranking
candidates by mass-specific thermal resistance rather
than conductivity reorders them substantially: CFSA
outperforms bare CFRP by 316, the Si–B system by
61 and low-density C–C by 29, while a dense ceramic
barrier gains only 2.0 and is justified solely by its
radiative and oxidation behaviour. The sizing case
shows a 0.5m2K/W barrier around a small avionics and
payload-release bay is affordable in aerogel at 6.1% of
gross mass and 8% of endurance, and not affordable
in any denser system; choosing CFSA over the next-
best Si–B system alone frees roughly 0.52 kg, about a
quarter of the platform’s gross mass, that can be redi-
rected from shielding to mask cargo. Alongside this,
shaft speed and hover power both rise as

√
T , so thrust

margin must be reserved for plume immersion rather
than consumed at ambient conditions.

Several limitations bound these conclusions. Prop-
erty values come from studies using different speci-
mens, standards and test temperatures, so Table 1
is indicative rather than a qualified database. The
constant-property treatment penalises ceramizing sys-
tems [14,17]; a transient formulation with temperature-
dependent properties would likely narrow the CFSA–Si–
B gap. Convective coupling to the plume, joint conduc-
tion, the vibration durability of a thin aerogel shell, and
the added mass and aerodynamic drag of the mask can-
ister and release mechanism itself lie outside the present
scope. Experimental validation of an assembled stack—
aerogel shell, selective coating, PCM insert, and pay-
load module together—under representative flux and
vibration remains the necessary next step.
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