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Orbital launch frequencies are projected to increase significantly in the next decade to meet the growing demand for

commercial satellite services, sovereign defense capabilities, and environmental monitoring data. Launch providers

have reintroduced reusable launch systems (RLVs) to minimize costs, turnaround time, and environmental impacts.

Thus, efficient and economical methods to assess postflight performance and future usability after encountering the

extreme aerothermal environment through reentry are critical. The field of postflight thermal analysis lacks a

comprehensive systematic review of in situ thermal measurement methodologies, presenting a crucial knowledge

gap in aerospace and thermal engineering research. This review addresses this need by providing a comprehensive

examination of existing in situ thermal measurement techniques against a list of criteria, offering researchers and

engineers a structured framework for method selection and comparative analysis. Through a systematic synthesis of

current literature, we evaluate five thermal measurement methods, highlighting their strengths, limitations, and

contextual applicability.

I. Introduction

R EUSABLE LAUNCH VEHICLES (RLVs) are becoming a
high priority in space technology development due to their

significantly reduced cost and environmental benefits with surging
launch frequency [1]. Forecasts estimate that there will be an
approximate presence of 112,000 satellites in large constellations
by 2050, increasing by roughly 2000% from 2022 [1,2]. The
exponential increase in satellite launches, particularly for telecom-
munications and Earth observation, is enabled by more frequent and
cost-effective access to orbital space. Compared to conventional
expendable systems, RLVs can be used multiple times to launch
payloads into orbit without requiring extensive refurbishment, sub-
stantially decreasing launch costs and turnaround times while
increasing launch cadence.
Interest in RLVs surged in postwar development when the United

States and the Soviet Union competed in the space race [3]. This
resulted in the design of the first operational partially reusable space
vehicle, the Space Shuttle. Partially reusable launch vehicles con-
tinue to be of interest today, providing the advantage of reusing the
most expensive components of the vehicle, particularly the engines.
For the purpose of our paper, we include such RLVs in our defi-
nition of RLVs. A fully reusable launch system means that the entire
system can be reused, which, to date, does not exist.
In the 2000s, sporadic and lower demand for launches stalled the

development of RLVs, which required significant investment in

their research and development. For this reason, expendable systems
were more prevalent [4,5]. For instance, the reusable stage of Falcon
Heavy requires an additional fuel cost to brake and decrease the
speed for reentry and landing. A portion of the fuel must be reserved
for stage recovery, which reduces the functional payload because it
cannot be used for thrust [5]. Moreover, if a carrier rocket is used
repeatedly, there are expenses related to wear, refurbishing, and
testing the rocket to ensure that it is ready for reuse.
Nevertheless, the rapid increase in launch frequencies can justify

the cost penalties associated with postflight maintenance today.
SpaceX’s Falcon 9, which uses a reusable first-stage booster,
accounts for approximately 70% of total launch costs [6]. Rocket
Lab is developing the Neutron launch vehicle with a reusable
booster and payload fairing, aiming to outperform Falcon 9 by a
further 25% cost reduction with a desired reusability cycle of 10–20
times [7,8]. As the launch industry becomes increasingly competi-
tive, even partial reusability provides a distinct competitive advan-
tage over expendable systems. Launch providers are now willing to
invest in developing reliable and robust RLVs to remain competitive
in the medium- to heavy-lift market. A medium-lift vehicle is
capable of launching 2000–20,000 kg, while a heavy-lift vehicle
is capable of launching 20,000–50,000 kg of payload into low Earth
orbit [9].
One barrier is the harsh aerothermal environment that RLVs must

endure during atmospheric reentry. High aerothermal loads due to
aerodynamic heating during reentry challenge the thermal manage-
ment and structural integrity of RLV components. The high-
enthalpy flow conditions and complex chemical reactions during
reentry are extremely difficult to simulate at sea-level conditions
using experimental or numerical methods. Thus, methods to accu-
rately capture and characterize the time-history data on the thermal
protection systems (TPSs) of the RLVs are critical.
In situ thermal measurements have the potential to not just

provide real-time validation data for experimental research but also
provide commercial launch providers with a rapid, accurate, non-
destructive approach to assess the structural health and maintenance
requirements upon recovery of the RLVs. There is limited research
on the differences and suitability of various in situ thermal meas-
urement techniques (TMTs).
Selecting an appropriate TMT must begin with a clear definition

of the purpose of the measurement: whether the goal is to recon-
struct surface heat flux for TPS design, to validate aeroheating
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predictions, to monitor material response, or to provide health-
monitoring margins. This initial clarification drives the subsequent
choices of required output (surface temperature, in-depth temper-
ature, heat flux), spatial coverage (global versus discrete points),
time resolution, allowable intrusiveness, survivability in high-
enthalpy and ablating environments, and acceptable uncertainty
levels, which in turn determine whether infrared thermography,
thermocouples, RTDs, temperature-sensitive paints, or permanent-
change thermal paints are appropriate candidates. Starting from this
result-driven requirements breakdown, we can then map the needs
to existing flight and ground applications, using prior implementa-
tions as benchmarks for achievable accuracy and robustness, and
employ the accompanying summary table as a quick scan to identify
which techniques have historically been used for similar environ-
ments, constraints, and objectives before downselecting and com-
bining methods into a coherent instrumentation strategy.
Existing review and overview papers in this area primarily focus

on TPS materials and system concepts [10–13], not on a systematic,
technique-centric comparison of in situ TMTs. Reviews are pri-
marily focused on ablative versus reusable materials, structural
concepts, and vehicle-level design challenges, with thermal mea-
surements appearing only as brief subsections or examples used to
validate TPS performance. Entry, descent, and landing (EDL)
instrumentation overviews (e.g., MEDLI) likewise concentrate on
mission objectives, sensor layouts, and reconstructed aeroheating
data, rather than comparing thermal diagnostics as a family of
methods [14,15]. Method-specific literature tends to compare one
technique against a close counterpart in a single environment (e.g.,
IR vs TSP in a hypersonic wind tunnel), as shown in [16–18].
Within this landscape, there does not appear to be a review that i)

systematically covers all major in situ TMTs relevant to atmospheric
reentry and ii) compares them against each other using a common
set of criteria such as spatial/temporal resolution, aerodynamic
penalties, integration complexity, storage requirements, calibration
and preparation complexity, as well as data processing. The out-
come of this analysis is a single comparative assessment of the five
off-the-shelf TMTs, based on available information from the liter-
ature and suppliers of each technique.
The remainder of this paper is structured as follows: Sec. II

provides a literature review on the state-of-the-art materials of
thermal protection systems and thermal measurement techniques;
Sec. III provides a high-level summary of in situ TMTs using an
established criteria list with desired attributes in hypersonic con-
ditions; Sec. IV comprehensively analyzes each technique with the
assessment criteria. We compare the existing TMTs and delineate
their strengths and limitations with examples.

II. Literature Review

A. Thermal Protection Systems

As the launch vehicle reenters the Earth’s atmosphere at hyper-
sonic speeds (Mach > 5), it experiences pressure 25 times greater
than atmospheric pressure, with multiple shock waves generating
extreme turbulence [11]. The vehicle compresses air particles in
denser air as it flies down to the Earth, forming a superheated shock
wave just ahead of the vehicle, which causes severe aerodynamic
heating. Shock-layer interactions and thermal boundary-layer thick-
ening cause significant temperature increases to be transferred to the
vehicle’s surface. At these speeds, the heating of a hypersonic
vehicle at the stagnation point is proportional to the cube of the
velocity, making it a critical factor in hypersonic vehicle design
[11]. To protect against this intense heating during atmospheric
entry/reentry, a thermal protection system, also known as a heat
shield, is essential. TPSs are typically classified as passive, semi-
passive, and active cooling types based on structural protection to
prevent structures from overheating, as shown in Fig. 1a [12].
Within the three types of TPS, heat-resistance efficiency typically
is inversely proportional to the simplicity and reliability of the
system, meaning that passive TPSs have low heat-resistance perfor-
mance but the highest reliability compared to semipassive or active
TPSs (Fig. 1b).

The selection of a TPS is based on a few primary factors, namely
the maximum heat flux, oxidation resistance, load bearing, impact
resistance, heat load, and geometry [12]. An effective TPS must
withstand aerothermal loads without adding significant weight pen-
alties or degrading the vehicle structure [11]. The next-generation
TPS needs to possess superior mechanical and thermal properties
along with oxidation resistance at temperatures exceeding 1600°C,
but it also needs to withstand thermal shock and fracture impact with
a relatively low density [13].
Ablative systems rely on pyrolysis, charring, and mass loss for

thermal protection and remain the baseline for high-heat-flux reentry
missions due to their simplicity and proven flight record [19].
Phenolic Impregnated Carbon Ablator (PICA) operates up to surface
temperatures of ∼2250–2500°C and heat fluxes >1000 W∕cm2,
offering the advantages of ultra-low density (50–70% lighter than
heritage ablatives), high ablation efficiency, and scalability for large
heat shields. However, the disadvantages of ablatives include non-
reusability, manufacturing variability, brittleness under tensile stress,
and sensitivity to oxidation in low-pressure entries [11]. For exam-

ple, carbon phenolics excel at ultra-high fluxes (>2000 W∕cm2) but
suffer from high density and complex char-response modeling [19].
Thorough reviews can be found in [11,19].
Ceramic matrix composites (CMCs) are gaining attention as

thermal protection system materials due to their excellent oxidation
resistance and stability at high temperatures, typically around 1600°
C [20–22]. Ceramic materials fall into oxide and nonoxide catego-
ries. Oxide ceramics, such as alumina and zirconia, are chemically
inert and stable at high temperatures. They are also cost-effective,
though their structural use is limited due to significant grain growth
above 1000°C [13]. In contrast, nonoxide ceramics like nitrides,
carbides, and borides provide high strength and creep resistance at
extreme temperatures based on their covalent bonds but are prone to
oxidation and are costly [13].
Carbon fiber-reinforced carbon composites (C/C) are favored for

their high-temperature strength in reducing or neutral atmospheres
and low coefficient of thermal expansion (CTE). C/C is ideal for
high-temperature applications, including transpiration cooling,
radar signature damping, and ultrasonic absorption [13]. However,
this material oxidizes in air at temperatures around 500°C, prompt-
ing the exploration of alternatives, such as carbon fiber-reinforced
silicon carbide (C/SiC) and silicon carbide fiber-reinforced silicon
carbide (SiC/SiC). The SiC matrix in these composites provides
crucial oxidation resistance that begins at 500°C and protects up to
1300–1400°C. The protective SiC layer becomes chemically active,
leading to rapid ablation and diminishing protective properties, ren-
dering them unsuitable when temperatures exceed 1600°C [10,23].
Research on ultra-high-temperature ceramics (UHTCs) is intensi-

fying to develop materials that can withstand higher aerothermal–
chemical loads [13]. Zirconium diboride (ZrB2) and hafnium diboride
(HfB2) are particularly valued for their oxidation resistance from
room temperature up to 2000°C and excellent thermal conductivity,
which makes them suitable for use at critical areas, such as sharp wing
leading edges and nose tips on hypersonic vehicles [10].
To enhance the fracture toughness and thermal shock resistance

of monolithic UHTCs, researchers are investigating carbon fiber-
reinforced UHTC composites (C/UHTC). Recent studies have
focused on strengthening these composites with a UHTC monolith
layer to improve shock resistance and extend protection duration
[21]. Microscopic images reveal strong bonding between the mono-
lith and composite; however, crack formation due to differing CTEs
remains challenging. Further research is underway to develop robust
joining techniques without compromising the microstructure [21,22].
The development of these advanced materials heavily depends on

being able to characterize the aerodynamic, thermal, and structural
loads experienced by objects during atmospheric reentry. Shock–
boundary-layer interaction, aeroelastic and fluid–thermal–structural
interaction effects add complexity to the prediction of these loads, as
well as variation in launcher geometry. Although current research
focuses on simulating the reentry environment in a laboratory set-
ting via hypersonic wind tunnels and computational fluid dynamics,
accurately reproducing high-enthalpy flows with complex chemical
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reactions remains challenging. Thus, in situ thermal measurement
techniques provide essential real-time validation data for experi-
ments, material development, and TPS design while enabling
assessment of structural integrity and minimization of refurbishment
requirements following RLV recovery.

B. Thermal Measurement Techniques

Infrared thermography (IRT) is a measurement technique that con-
verts thermal energy from objects above absolute zero (−273°C)
into electronic video signals to create visible images [24]. The
technology has demonstrated significant applications in aerospace,
including NASA’s Space Shuttle thermal protection measurements
and ESA’s EXPERT capsule testing [25,26]. While IRT offers the
advantages of contactless operation and spatial temperature distri-
bution capability, it faces limitations, including susceptibility to
solar reflection [27] and a significant mass penalty due to auxiliary
systems.
Thermocouple sensors (TCs) utilize two dissimilar metal conduc-

tors that generate electromotive force from temperature differentials
[28]. These devices present advantages, including cost-effectiveness,
high accuracy, and broad temperature range capability up to 2500°C,
making them particularly suitable for industrial applications such as
boilers and aircraft engines [28,29]. However, the drawbacks are that

these devices only provide localized measurements [27,30] and
that the thermal properties of the sensors must align with those of
the measured material to measure the true temperatures of the
subject.
Resistance temperature detectors (RTDs) function by exploiting

the temperature-dependent resistance properties of metals such as
nickel, platinum, or copper [31]. While offering advantages in
accuracy, stability, and affordability [32], RTDs demonstrate limi-
tations, including a maximum temperature ceiling of 650°C for
platinum-based sensors and notable fragility [33]. NASA’s experi-
ences highlighted their poor performance under rapid thermal
cycling conditions on the Space Shuttle [31].
Temperature-sensitive thermal paints (TSPs) consist of lumines-

cent molecules embedded in a polymer binder. These molecules and
binders are typically dissolved in a solvent and applied to a surface.
Once the solvent evaporates, a polymer coating with immobilized
luminescent molecules remains [33]. Each molecule acts as a sens-
ing probe; when illuminated with the correct wavelength, these
molecules are excited and emit light at a longer wavelength, which
is then detected by charge-coupled device (CCD) cameras equipped
with bandpass filters [33]. These systems offer significant advan-
tages, including noninvasive application, economic viability, global
temperature measurement capability, and high spatial resolution.

a) Types of thermal protection systems: (a) Passive, (b) Semi-passive, (c) Active

b) Thermal protection systems complexity and efficiency

Fig. 1 Thermal protection systems' complexity and efficiency.
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TSPs are useful for complex geometries or areas with significant
thermal gradients, such as those in RLVs [33]. TSPs necessitate a
real-time visualization system incorporating cameras, lasers, and
ultraviolet light sources.
Permanent-change thermal paints (PCTPs) exhibit irreversible

color changes within a temperature range of −80–1380°C [27,34],
finding applications in gas turbines and hypersonic flight testing
[27,34–36]. While offering benefits of easy application, nonintrusive-
ness, and high spatial resolution [27,34], PCTPs require extensive
calibration and are dependent on temperature history dependence
[27]. Additionally, their transient response characteristics during brief
exposure periods remain inadequately understood. Previous results
have been mostly collected after long exposure times [27].
Fiber Bragg grating (FBG) sensors operate up to ∼1000–1200°C,

with demonstrations in recent arcjet tests [37]. While offering
advantages of multiplexing (dozens of points per fiber), EMI
immunity, low mass, and nonintrusive embedding in TPS compo-
sites [37], FBGs suffer from limited maximum temperature (degra-
dation above 1500°C), mechanical fragility under vibration and/or
shear, and calibration requirements after high-temperature exposure

[37,38]. Unlike the TMTs covered herein, FBGs are not covered in
this review due to their sparse flight heritage and developmental
technology readiness level, which precludes routine use [38].

III. Criteria for Assessing Thermal
Measurement Techniques

This section presents a set of objective criteria essential for
comparing thermal measurement techniques on a reusable launch
vehicle based on the compilation of existing literature, past appli-
cations, and industry consultation. A brief explanation is included
below, explaining the definition of each criterion, its significance to
RLVs, and the considerations it encompasses. Table 1 summarizes
the qualitative characteristics of the five TMTs. A detailed research
analysis is compiled in Sec. IV.
1) Background Information: The principles behind the mecha-

nism are explained. The availability, quality, and quantity of pub-
lished research detailing each TMT are evaluated. This will help
evaluate the accuracy and credibility of the research for each TMT

Table 1 Thermal measurement technique analysis: high-level summary

Criteria IRT Thermocouples RTDs TSPs PCTPs

Background
information

Cameras convert
electromagnetic radiation
from objects to electronic
signals, then visible images

Two dissimilar metals that
produce a voltage

proportional to temperature
when connected

Uses a metal whose
electrical resistance varies
approximately linearly to

temperature

Luminescent polymer
coatings emit light, and the
intensity is proportional to

temperature

Paints that change
color irreversibly as

a function of
temperature

Applications in
similar
environments

Space Shuttle,
F-15, EXPERT,

HYTHIRM Project

Perseverance, Discovery
Space Shuttle, HiFIRE,

BOLT, BOLT II

Space Shuttle (failure),
HyShot Experiment

Transonic compressor
study

Gas turbines and
hypersonic vehicles

Temperature
range

Up to 3000°C Up to 2000°C Up to 650°C Up to 200°C Up to 1400°C

Measurement
accuracy

Up to �2% Up to �0.5% Up to �0.1% Between 0.2 and 0.8°C Unspecified by
manufacturers

Thermal
sensitivity

Moderate Varies, μV∕°C Varies, μV∕°C High, up to 5.5%∕°C Uncertain

Response time Fast, <1 s Fast, 2–3 s Slow, 1–50 s Fastest, 30–100 μs Uncertain

Spatial
coverage and
resolution

High Discrete measurements
only

Discrete measurements
only

High High

Mass penalty Varies with protective
housing

83 g for K-type, lead wire
dependent

120 g for coiled probe,
lead wire dependent

28.74 g∕m2 for paints,
instrumentation required

Minimal

Aerodynamic
penalty

Require considerations Minimal Minimal Require considerations Minimal

Compatibility
with recovery
processes

Does not require
recovery of vehicle

Does not require recovery
of vehicle

Does not require recovery
of vehicle

Does not require recovery
of vehicle

Require
investigations

Observation
and data
telemetry

High bandwidth,
computational demands

High-speed data logging Minimal Requires light sources,
high-speed imaging

Minimal

Calibration and
data processing

Moderate; calibration
typically done by
manufacturers

Easy connection;
Calibration with dry wells

Easy connection;
Calibration with dry wells

Moderate; instrumentation
and calibration required

Complex
calibration

Surface
preparation
and attachment
method

Low; no sensor attached Moderate; thermal contact
required

Moderate; physical
contact required

High, optical uniformity
required; no sensor

attached

Moderate; no
sensor attached

Storage
requirements

Moderate; controlled
room conditions

Moderate; controlled room
conditions

Low; protection around
the center element

Moderate; flammable, store
in cool dry locations

Moderate; highly
flammable

Financial costs
(USD)

High, >$6000 per unit Low, $10/unit Medium, $160/unit High, $420 for 250 mL High ∼$4000 for
250 mL

Challenges and
considerations

Emissivity, radiation,
fragility

Corrosion, compatibility
with TSPs

Fragility, lead wire
resistance, strain,

compatibility with TSPs

Necessity of surface
uniformity

Uneven pressure
distribution,
adhesion

inconsistency
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presented in this report, as well as indicate the likelihood that further
individual research and experimentation will be required.
2) Existing and Past Applications in Similar Environments: Past

applications help serve as an indication of the likelihood that a TMT
will be able to perform to the required specifications and of its
suitability to the working environment in the context of RLVs.
3) Operating Temperature Range: The temperature range speci-

fies the upper and lower limits. The maximum temperatures expe-
rienced by an RLV vary based on factors like vehicle size, shape,
speed, air density, and flight path angle. While it is ideal for a TMT
to operate across the full expected temperature range, it may not
always be necessary, depending on the RLV manufacturer’s needs.
Focusing on lower surface temperatures can still yield valuable data.
4) Measurement Accuracy: This criterion details the accuracy of

TMTs, noting that some offer precise measurements across their
operational temperature range, while others yield qualitative data
with less repeatability.
5) Thermal Sensitivity: This criterion describes the minimal

temperature changes that a TMT can detect and measure. RLVs
experience rapid changes in heat flux during atmospheric reentry;
thus, accurately tracking these changes is essential for creating
precise temperature histories of exposed surfaces.
6) Response Time: The time required to respond to, collect, and

communicate the temperature of measured surfaces.
7) Spatial Coverage and Resolution: The ability for TMTs to

generate an accurate global temperature map. Some techniques
specialize in generating discrete point measurements, whereas
others can provide spatial data over entire subject surfaces. This is
an important consideration, given that spatial coverage typically
comes at the expense of measurement accuracy and vice versa.
For TMTs that showcase temperatures over an area, the spatial
resolution, or how accurately temperatures can be plotted at every
point over the entire subject area, becomes important.
8) Mass Penalty: The additional mass associated with applying a

TMT and its support equipment.
9) Aerodynamic Penalty: Whether implementing a TMT neces-

sitates the redesign of vehicle components or additional analyses in
aerodynamics, fluid dynamics, or structural integrity.
10) Compatibility with Payload Recovery Process: The ability for

a TMT to withstand the recovery process of RLVs and safeguard
thermal data during transport for postflight evaluation.
11) Observation and Telemetry Requirements: Evaluates the

thermal monitoring technology’s (TMT’s) data acquisition strate-
gies, including assessing their compatibility with current telemetry
systems, determining whether surface observations require real-time
illumination during spaceflight, and exploring potential data collec-
tion methods such as in-flight transmission or postmission vehicle
recovery. Additionally, the anticipated support equipment necessary
for the TMT’s successful implementation and data retrieval is noted.
12) Calibration and Data Processing: Calibration requirements

are investigated.
13) Surface Preparation and Attachment Method: The necessary

surface preparation procedure and attachment methods are stated.
14) Costs and Practicality: The financial costs of purchasing and

installing each TMT are considered here in terms of indicative item
prices. These cost estimates are indicative only and do not include
dominant contributions from engineering labor, vehicle design
modifications, integration effort, or test-campaign operations, which
can significantly exceed the sensor price. Auxiliary software and
hardware are highlighted so that the reader can interpret the
total cost.
15) Storage Requirements: The storage facilities, conditions, and

any required associated equipment are discussed.
16) Challenges: Any other challenges and important considera-

tions of note that are not mentioned previously. The breadth of this
section is relatively open, with no formal definitions or limitations
on the content included. However, as an indication, information may
include the challenges associated with each TMT, any inconsisten-
cies in research, as well as any unanswered questions that we have
generated ourselves and that will require further practical investi-
gations.

IV. Thermal Measurement Techniques
Comprehensive Analysis

In situ thermal measurement techniques should provide high-
resolution, real-time temperature data with minimal intrusion,
capable of withstanding extreme thermal gradients and rapid tem-
perature transitions characteristic of hypersonic flight environments.
Ideal measurement methods shall offer microsecond-level temporal
resolution, negligible thermal interference, and the ability to capture
transient thermal responses across diverse material substrates. Fur-
thermore, these techniques must be robust enough to function in
harsh aerodynamic environments, featuring high-pressure differen-
tials and intense radiative heat flux while maintaining measurement
accuracy. This section demonstrates a detailed analysis of each
thermal measurement technique using the set of criteria from
Sec. III. The advantages and limitations of each technique are
summarized under Background Information and Challenges.

A. Infrared Thermography

1. Background Information

Infrared thermography is a noncontact and nonintrusive thermal
measurement technique. It visualizes an object’s thermal energy by
transforming the detected electromagnetic radiation into electronic
video signals, which can be processed into visible images [24]. All
objects at temperatures above absolute zero (−273°C or 0 K) emit
electromagnetic radiation with wavelengths that fall into the infrared
(IR) portion of the electromagnetic spectrum (wavelengths between
1 and 1000 μm) [24]. Different energy levels are typically visual-
ized as different colors or shades in a false-color image referred to as
a thermogram. The main systems within IR cameras are their lens,
IR detector/sensor, sensor electronics, and mechanical housing. IR
energy is focused onto the sensor by the camera’s lens, and this
information is sent to the device’s electronics for image processing.
The data are then converted into thermal images that can be seen on
typical IR camera viewfinders [39].
The accuracy of thermal measurements can be substantially

compromised by external factors such as solar radiation reflection,
which can introduce erroneous temperature readings, and complex
convective cooling effects that alter surface thermal characteristics.
IRT is more suitable for use with a surface or object that has a high
emissivity. Most of the IR energy emitted by objects is actually
unusable for accurate measurements, since it is typically absorbed
by the atmosphere. However, there are three wavelength ranges
where energy can be transmitted and captured by IRT equipment
relatively well; they are the short-wavelength infrared band (SWIR)
between 1 and 1.7 μm, the medium-wavelength infrared band
(MWIR) between 3.3 and 5.0 μm, and the long-wavelength infrared
(LWIR) band between 8 and 14 μm (see more details at Exosens**).
SWIR imagers predominantly capture reflected light and are advan-
tageous for daylight and starlight applications, or applications with
low visibility, and produce images comparable in resolution and
detail to black-and-white visible images. MWIR and LWIR radia-
tion energy are emitted from objects themselves and, therefore, do
not require external light sources. These sensors are employed more
commonly and are notable for capturing high-quality images that
distinguish heat sources in general environments more clearly.
IRT can be tailored to meet the need to produce high-resolution

images for large operating temperature ranges or compact physical
sizes. The device can be employed locally on or remotely from the
subject surface [40]. Global temperature profiles over a large surface
can be transferred via data telemetry, making the technique suitable
for high-speed objects and rapidly changing thermal patterns. Addi-
tionally, IRT includes commonly used handheld devices such as
pyrometers (IR thermometers), enabling it to provide temperature
measurements for local points [41].

**Exosens, “Infrared technology,” https://www.exosens.com/technologies/
infrared-technology [retrieved 30 June 2024].
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2. Existing and Past Applications in Similar Environments

IRT demonstrated the capability to provide detailed visualization
of various flow phenomena in subsonic to hypersonic conditions
[40]. It has been successfully used to measure the in-flight temper-
atures of a ventral fin attached to a McDonnell–Douglas F-15 fighter
aircraft traveling at speeds of up to Mach 2 [40]. Similarly, ESA’s
EXPERT capsule carried pyrometers to measure the temperature
progression of the ceramic nose cap. It employed an IR camera to
measure the temperature distribution on the inner surface of a flap at
the rear of the vehicle [26]. The capsule descended from an altitude
of 100 km, maintaining speeds of approximately Mach 15.
IR cameras were also successfully used during NASA’s Ares I

Scaled Model Acoustic Test (ASMAT) program, where 18 rocket
engine tests were performed on a 5% scale model of the Ares 1 − X
launch system [42]. Six different IR cameras were located approx-
imately 10 m away from the scale model and evaluated the temper-
ature of exhaust plumes during the liftoff stage.
While the use of IRT for external surface measurements can be

difficult due to factors such as camera placement and viewing
angles, the NASA-led HYTHIRM Project successfully acquired
high-resolution IR imagery of fins during three separate Space
Shuttle flights undergoing atmospheric reentry [25]. The thermal
data were captured remotely using the U.S. military’s Cast Glance
optics system. The system was deployed onboard a U.S. Navy NP-
3D Orion aircraft flown 48 to 76 km below the Space Shuttle and
remotely measured the heating distribution of the shuttle at speeds
of Mach 8.4 and Mach 14.7 [25]. Global surface temperature was
also derived from IR measurements in the Orion mission during
reentry, which flew from Mach 10 to 7 from a distance of approx-
imately 111 km [43].

3. Operating Temperature Range

The operating temperature range of thermal imaging cameras
varies significantly depending on the product. For example, the
FLIR X8500sc MWIR†† and A6781 SLS‡‡ cameras are capable of
measuring a temperature range of −20°C to +3000°C, while Micro-
Epsilon’s TIM M1§§ operates between +450°C and +1800°C.

4. Measurement Accuracy

High-performance IR cameras typically provide temperature
measurements with accuracies specified around �1% to �2%
based on their data sheets (see footnotes 2 and 3). Notably, these
numbers are derived under laboratory conditions or at distances less
than 20 m [44]. The accuracy values of IR cameras are determined
through the “root sum of squares” (RSS) analysis technique [44].
This method calculates the total error using the following formula:

Total Error � ΔT2
1 � ΔT2

2� · · · �ΔT2
n (1)

where ΔTn are partial errors that can result from factors such as the
following:
1) Emissivity of subject surfaces (and, to a lesser extent, the

emissivity of the atmosphere)
2) Reflected ambient temperature
3) Atmospheric absorption (at long distances)
4) Transmittance
5) Ambient temperatures
6) Camera response
7) Calibrator (blackbody) temperature accuracy
Other factors that may impact the accuracy of IR cameras outside

of calibration include emissivity settings (i.e., ensuring that the
emissivity of subject surfaces is determined correctly), spot sizes

(the area on subject surfaces covered by pixels), and the heating of
the camera equipment itself [44].

5. Thermal Sensitivity

Thermal sensitivity in the context of IRT relates to the minimum
detectable temperature difference between two points in an image
[41]. It is typically characterized by the noise-equivalent temper-
ature difference (NETD), measured in millikelvin (mK) [24,25,41].
The greater the thermal sensitivity of a system, the lower the NETD
specification. These smaller detectable temperature differences lead
to increased accuracy and higher-resolution thermal images [24,41].
High-performance IR cameras can have NETD specifications of
below 75 mK, meaning that they are capable of detecting temper-
ature differences as small as 75 mK (see footnotes 2 and 3). A
thermal image can be considered high quality with an NETD below
200 mK [45]. However, NETD specifications are usually provided
for a reference temperature of around 30°C (see footnotes 2 and 3).
The resolution of the thermal detector dictates the resolution of

the images produced, quantified by the number of pixels [46]. The
resolution of both the detector and display unit should be maximized
to ensure accurate, sharp, and high-quality images, thus enabling
temperature measurement accuracy even at greater distances [24].

6. Response Time

IRT provides thermal measurements in real time, meaning that it
can rapidly detect and display temperature information without any
significant delay [24,41]. Thermal imaging cameras can also pro-
duce high frame rates and fast exposure times (see footnotes 2
and 3).

7. Spatial Coverage and Resolution

IRT possesses superior spatial resolution performance compared
to thermocouples and RTDs; it provides discrete, local temperature
data for a single point but also generates global maps of an object’s
surface temperatures, allowing a quick comparison over the global
profile [24].
In terms of the proximity to subject objects, surfaces, or surface

sections, the IRT manufacturer recommends that at least
3 × 3 pixels should be focused on the subject area to obtain an
accurate measurement [46]. The distance of an IR camera from a
targeted area depends on the camera and the lenses. Equation (2)
calculates the allowable maximum distance for a 1-m-sized spot
[46]. FOV, in degrees, is the camera’s field of view specified by the
manufacturer. Equation (3) is multiplied by three to factor in the 3 ×
3 pixel requirement.

MaximumDistance �m� � Taget distance �m�
IFOV �m� (2)

IFOV �m� � FOV

Pixels
×

π

180
× Target Distance�m� × 3 (3)

Note that digital zoom does not improve the temperature accuracy
of objects at greater distances; it can only be achieved with higher
resolutions or narrow fields of view [46]. Thermal images provide
qualitative spatial data with less complexity involved than thermo-
couples. Quick identification of local hot spots, flow separation
areas, stagnation points, and other concerning areas is achievable
through IRT for further investigation [47].

8. Mass and Aerodynamic Penalty

The mass penalty for a locally mounted IR camera varies from
hundreds of grams for smaller cameras to several kilograms due to
the necessary optics (e.g., camera + optics + cooling: 2–10 kg).
MWIR and LWIR systems suitable for aeroheating work require
cooling, typically via an internal Stirling cooler or similar closed-
cycle cryocooler, to operate their detectors at low temperatures and
achieve high sensitivity [48].

††FLIR, “X8500sc MWIR High-Speed HD MWIR InSb Camera,” https://
www.flir.com/products/x8500sc-mwir/ [retrieved 30 June 2024].

‡‡FLIR, “A6780MWIR,” https://www.flir.com/en-eu/products/a6780-mwir/
?vertical=rd+science&segment=solutions [retrieved 30 June 2024].

§§Micro-Epsilon, “thermoIMAGER TIM,” https://www.micro-epsilon.com/
fileadmin/download/excerpts/dax--thermoIMAGER-TIM-M1--en-us.pdf
[retrieved 16 Jan. 2026].
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Several kilograms of protective encapsulation are usually
required, thereby increasing mass and occupied area/volume. The
protective housing units would cause aerodynamic considerations.
Thus, redesign and analysis may be required to ensure the RLV’s
robustness for surviving reentry. This concern could be avoided if an
IR camera were mounted internally within an RLV.

9. Compatibility with Payload Recovery Process

There is no concern with the recovery process of an RLV, given
that IRT can transfer data telemetrically in real time [27,47]. Nota-
bly, the complexity of the process is highlighted below.

10. Observation and Data Telemetry

Ideally, IR cameras would face their subject surfaces squarely, as
the emissivity and magnitude of the detected radiation from subject
surfaces can vary with viewing angles [49,50]. This challenge often
requires vehicle modifications, such as optical windows, fairings, or
protruding sensor housings, to ensure an unobstructed view while
providing a structurally robust mounting position that survives
launch vibration, aeroheating, and particle impact.
To capture and process high-resolution, high-frame-rate thermal

data, IRT demands high data bandwidth to process the data reliably.
Data bandwidth limitations can lead to dropped frames or delayed
transmission, network reliability and latency problems can disrupt
the real-time nature of the thermal measurements, computational
limitations can result in processing bottlenecks, and there can be
data storage and archiving challenges.
Importantly, onboard IRT systems typically generate data vol-

umes that exceed the available RLV downlink capacity during
critical reentry phases, particularly under plasma blackout condi-
tions. Real-time transmission is limited to heavily compressed
summary products routed through flight-critical avionics with strict
bandwidth prioritization. Thus, full radiometric datasets are rou-
tinely stored on ruggedized solid-state recorders for postflight
recovery rather than transmitted live.

11. Calibration and Data Processing

The energy detected by IR cameras is highly dependent on the
emissivity of the subject surface, surroundings, and atmosphere
[24,41]. Consequently, any IRT system must be calibrated by sim-
ulating the real-life operating conditions [24]. Kirollos and Povey
outlined a method to measure an object’s emissivity and calibrate IR
cameras [51]. It involves heating the target object to temperatures
expected during operation and using another measurement tech-
nique (such as a thermocouple) to obtain a reference temperature.
The emissivity setting is then configured to match the reference
temperature, and calibrations must be done at the expected operating
temperatures. This is because the rate of heat transfer from a surface
by radiation does not vary linearly with temperature but, rather,
varies with temperature to the fourth power Erad ∝ T4. This means
that completing calibrations at lower temperatures and then scaling
the results to the expected operating temperatures would likely lead
to significant errors. Additionally, IR imagers utilizing LWIR or
MWIR technology do not require illumination of the subject surfa-
ces [41,52,53].
The raw thermal data are typically digitized by the data acquis-

ition system. The signal processing unit then removes noise and
applies calibration corrections before the data are transferred tele-
metrically to the ground station receiver.

12. Surface Preparation and Attachment Method

IRT is a noncontact measurement technique and therefore does
not require the physical attachment of sensors to the measurement
surface. The measurement region must be degreased and cleaned to
remove oils, residues, and particulate contamination, as these can
introduce spatially nonuniform emissivity and lead to erroneous
temperature readings. The coating must be chosen to correspond
to the intended experiment conditions [54]; a coating with known
emissivity [55], preferably with a matte finish, is subsequently
applied to eliminate reflective finishes and uneven oxide layers,

which are commonly found on metallic TPS surfaces (more details
on emissivity are available in [55]). Notably, the coating thickness is
kept minimal to avoid altering the local thermal response or intro-
ducing additional thermal resistance, and adhesion must be suffi-
cient to withstand aerodynamic shear and rapid thermal cycling.

13. Storage Requirements

Ground storage of IRT demands controlled temperature and
moisture conditions. Most manufacturers do not specify the maxi-
mum storage periods, but Micro-Epsilon indicates that the device
should be stored between −40°C and 70°C with controlled humidity
[56]. The device must be stored away from direct sunlight.

14. Costs and Practicality

High-performance IR equipment can be relatively more expen-
sive than the other TMTs, costing between USD 10,000 and USD
100,000. There are also relatively cheap, compact, and lightweight
models, such as FLIR Lepton and Boson, costing between a few
hundred and a few thousand U.S. dollars.¶¶

Assuming that calibration requirements are completed and the
emissivity of subject surfaces is known precisely, IR cameras are
noted for being relatively simple to use, given that the emissivity
value of subject surfaces can be easily adjusted within the settings of
an IR camera.

15. Challenges

Highly reflective (low-emissivity) objects pose challenges to
IRT, as the camera detects the reflected temperature rather than
the true temperature of the object itself [41]. Subject surfaces should
be as close to an emissivity of one as possible to minimize the
influence of reflections and obtain accurate measurements [41]. This
can be achieved by applying flat-finish, nonreflective, or matte-
black paints [44].
As not all radiation detected by an IRT camera will be from the

target source [41], noise from the surroundings must be removed
with estimated correction terms when converting the IR radiation to
temperature readings [51]. This is particularly notable for space
applications, given the heightened effects that solar reflection may
have on external surfaces [27] and that may be further heightened if
IRT is instrumented remotely with large distances between the
camera and the target object. The temperature of the surroundings
and other external effects, such as convective cooling or humidity,
can also have an effect on the accuracy of IRT [41].

B. Thermocouples

1. Background Information

Thermocouple sensors consist of two dissimilar, electrically con-
ducting wires connected at two junctions that are kept at different
temperatures [32]. These sensors operate on the Seebeck effect,
whereby the temperature difference between the junctions generates
an electromotive force (emf) that is used to measure temperature [28],
as shown in Fig. 2. There are four common types of thermocouples:
type J, K, T, and E. Each type is suitable for a different temperature
range. Higher temperatures are measured with thermocouples manu-
factured from noble metals. Decisions should be made based on the

Fig. 2 Thermocouple working principle.

¶¶Lepton, “LWIR Micro Thermal Camera Module,” https://oem.flir.com/
en-au/products/lepton/?vertical=microcam/&segment=oem [retrieved 14
Dec. 2024].
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operating temperature range, the chemical resistance of the thermo-
couple metals, and their resistance to vibration and abrasion.
Thermocouple sensors are generally considered to be very low-

cost consumable devices that can provide extremely accurate temper-
ature measurements with fast response times [30]. Their placement
must be guided by the measurement objective, whether it is to
characterize flow-induced heating, TPS thermal response, or struc-
tural survivability. This objective should determine the location and
embedding depth of TCs.
Sheathed thermocouples are available in three different junctions:

grounded, ungrounded, and exposed. Grounded junctions feature wire
junctions that are attached to the inner probe wall, enabling effective
heat transfer from the outside of the probe wall to the junction.
Ungrounded probes feature unattached wire junctions, which promote
electrical isolation. Exposed junctions feature a junction that extends
beyond the sheath, enabling a quick response time but limiting their
use to noncorrosive and nonpressurized environments.

2. Existing and Past Applications in Similar Environments

The Perseverance Mars rover employed 768 thermocouples as a
way of converting heat energy into usable electrical energy for
onboard Radioisotope Power Systems [57]. Thermocouples were
deployed to measure the temperatures that the heat shield experi-
enced during entry into Mars’ atmosphere. The sensors were used
within the heat shield and measured a peak temperature of 1000°C,
corresponding to a peak heat shield outer temperature of 1400°C
[58]. More recently, MEDLI2 (Mars 2020) used 17 instrumented
thermocouple plugs, installed in both the heat shield and the back-
shell, to measure transient in-depth temperature profiles in PICA
and SLA-561V TPSs and reconstruct surface aeroheating via
inverse methods [14]. Similarly, 10 surface thermocouples were
used in the Discovery Space Shuttle mission in 1984 [59]. These
devices are extensively used based on their robustness and accuracy
in extreme conditions. Examples can be found in hypersonic flight
tests such as HiFIRE, BOLT, BOLT II, and Orion EFT-1 [60–62], as
well as in the Discovery Space Shuttle [59].
Thermocouples were embedded at specific depths through the

1.6-inch-thick ablator to measure the transient temperature in Orion
EFT-1 [63]. The reconstructions of TC-based data were compared
with onboard IR-derived surface temperatures, allowing a cross-
check of the realistic surface temperatures and cooling rates [43,63].
Martin and Holanda used thin-film thermocouples, which are

deposited directly onto the surface, preserving the structural integrity
and causing less disruption to gas flow and thermal patterns [64].
Thermocouples have also been known to be employed in a variety

of applications such as boilers, water heaters, ovens, and aircraft
engines [32]. Recent advances in developing thermocouples have
seen reduced film size and improved irradiation aspects, allowing
thermocouples to respond faster and be more durable. These ther-
mocouples have been used to measure temperatures inside nuclear
fuel cells, advanced gas reactors, and even rocket engines [65].

3. Operating Temperature Range

Operating temperature directly depends on the material type;
thermocouples made of platinum (e.g., types R, S, and B) can
operate up to 1820°C [66]. Recent breakthroughs in thermocouple
development enable operation above 1500°C, such as high-
temperature irradiation-resistant thermocouples [67].
Type K thermocouples are the most appropriate for use in RLVs

due to their general operating range of between 95°C and 1260°C,
with the ability to operate short-term between −180°C and 1300°C,
based on Tempsens.*** Type K thermocouples are primarily con-
structed from Chromel (nickel–chromium alloy) and Alumel
(nickel–aluminum alloy), which maintain stable thermoelectric
properties even in harsh environments. Oxidation resistance is

particularly important in reentry applications, as the high thermal
flux and interaction with atmospheric gases can otherwise degrade
less resilient materials.

4. Measurement Accuracy

Thermocouples typically have a high measurement accuracy,
with noble metal thermocouples yielding a thermoelectric temper-
ature scale accurate within �0.5°C from ambient to at least the
silver point (962°C), provided that they are calibrated after heat
treatment to stabilize their thermoelectric properties [68]. Dual-
thermocouple techniques have been introduced for enhanced pre-
cision due to faster response capturing. This approach leverages data
from two thermocouples to reconstruct dynamic temperatures accu-
rately, with the slower one providing a more stable baseline [69].

5. Thermal Sensitivity

As thermocouples use emf to measure temperature, their sensi-
tivity relates to the change in voltage measured per unit rise in
temperature. Higher sensitivity provides better resolution in mea-
surements but reduces the detection of a wider temperature range.
Higher sensitivities also increase susceptibility to electrical noise
and interference, which can lead to a reduced overall temperature
range. The sensitivity range depends heavily on the material and
thermocouple type, as shown in Fig. 3.

6. Response Time

Recently, Liu [70] developed “fast-response” thermocouples that
exhibited a response time delay of 75 μs from the calibration of the
step change in the surface temperature. For general type K thermo-
couples, the response time depends on the following three main
factors:
1) Type of Junction: Responsiveness depends on the ability to

conduct heat from the outer sheath to the element wires. There are
three types of sheaths: exposed, enclosed and grounded, and
enclosed and ungrounded.
2) Outer Diameter of Sheath: A smaller sheath diameter results in a

quicker response time but is not as durable as a larger sheath diameter.
3) Type of Media: In liquid, due to its greater heat capacity, the

response time is quick. In gas or air, it is dependent upon the mass
flow rate. To determine the response time of the thermocouple in air
or gas, the actual mass flow rate within the rocket must be known.

7. Spatial Coverage and Resolution

Thermocouples are small devices (usually around the size of

0.0004 m2) that only provide discrete measurements. Therefore,

Fig. 3 Thermocouple composition and sensitivity.

***Tempsens, “What Is K Type Thermocouple: Working Principle, Tem-
perature Range, Advantages and Disadvantages,” https://tempsens.com/blog/
k-type-thermocouple/?srsltid=AfmBOopyBCh1PEChCqqjIieIKjK_PNRAPrt
Rg1tQVOppPw2-wqxa7d9X# [retrieved 10 Dec. 2024].
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for high spatial resolutions, thermocouples need to be deployed in
dense arrays. The instrument is most valuable in regions of super-
sonic flow where shock–boundary-layer interactions and local flow
phenomena dominate surface heating, as these effects are difficult to
predict accurately from freestream conditions alone. For example,
they could be placed along the leading edges and nose tip and close
to the engines, where severe and nonuniform heating occurs.

8. Mass and Aerodynamic Penalty

The weight penalty depends largely on the required quantity and
the length of the wires attached to the thermocouples. This can be a
custom length depending on where on a booster they need to be
placed. An average type K thermocouple (Model 5SRTC-TT-KI-40-
1M from Omega††† that can measure temperatures up to 480°C, with
a wire/lead length of 900 mm) has a mass of 0.083 kg. There are no
effects on aerodynamics if the device is applied to the inside of the
first-stage booster.

9. Compatibility with Payload Recovery Process

Like the IRT method, using a thermocouple does not necessitate
the recovery of the sensor, as it can transmit data to mission control
in real time. This means that coming through atmospheric burnup or
splashdown should not have an impact on the data relayed and,
hence, compatibility. Cautions must be taken with the wiring and the
acquisition electronics within the TPS to ensure survivability and
data integrity during reentry.

10. Observation and Data Telemetry

The voltage generated by thermocouples is typically low, often in
the millivolt range, and must be conditioned and amplified to be
compatible with the data acquisition system. Signal conditioning
may include cold-junction compensation, linearization, and filtering
to improve the signal-to-noise ratio and accuracy. Specialized
thermocouple amplifiers or signal-conditioning modules are often
used to interface the thermocouples with the data acquisition
system.
In the RLVapplication, sensor input from onboard thermocouples

can be received in real time at mission control. However, when a
thermocouple is grounded at multiple points, it creates a “ground
loop” that allows current to flow through the thermocouple, gen-
erating electromagnetic fields and interfering with accurate temper-
ature readings, thereby decreasing the measurement’s accuracy.‡‡‡

11. Calibration and Data Processing

Each thermocouple must be individually calibrated to ensure
consistent responses under identical conditions. The most common
calibration method involves placing the thermocouple in a dry well
that covers the required temperature range and attaching it to a
precision instrument like a Fluke 702 Calibrator.§§§ The temperature
of the dry well is increased in 5°C increments, and the thermocouple
readings are recorded. After testing up to the maximum required
temperature, the readings from both the dry well and the thermo-
couple are plotted on a graph, and a curve is fitted to determine the
voltage increase per degree of temperature increase.

12. Surface Preparation and Attachment Method

The surface must be cleaned and degreased to remove oils,
oxides, and debris that impair thermal contact and adhesive or
metallurgical bonding. For metallic substrates, lightly removing
unstable oxide layers is common practice when welding or brazing

is used. For composite or ceramic-based TPS materials, surface
roughening may be applied to improve adhesion, provided that it
does not compromise the structural or thermal integrity of the TPS.
The attachment method strongly depends on the substrate

material and operating temperature. For metallic surfaces, the most
robust attachment methods are spot welding or brazing, which
provide excellent thermal contact and long-term stability at elevated
temperatures [64,71]. These methods minimize thermal contact
resistance and junction lag but require compatibility with the sub-
strate material and local access for installation. In high-shear or
hypersonic environments, welded junctions are often flush-mounted
or faired to reduce aerodynamic disturbance and mechanical loading.
Ceramic or composite TPS surfaces require the use of high-

temperature ceramic cements or inorganic adhesives to attach the
instrument [64]. Bonding layers must be kept as thin as possible, as
excessive adhesive thickness introduces thermal resistance and
slows sensor response. Polymer-based adhesives are generally
unsuitable for external reentry surfaces due to softening, decom-
position, or debonding at high temperatures and are typically
restricted to internal or low-temperature regions [64].

13. Storage Requirements

Thermocouples must be stored in nonhumid conditions, at room
temperature, and in a sealed bag to prevent any moisture contami-
nation.¶¶¶ Properly handled and stored thermocouples can provide
several years of shelf life under normal conditions. As thermocou-
ples are fairly delicate instruments, they must always be handled
with care.

14. Costs and Practicality

While individual thermocouples are cheap, the expenses build up
during calibration and installation. As they are intrusive measure-
ment tools, the booster design must accommodate the various
thermocouples, which induces additional costs. For instance, one
surface-mounted adhesive type K thermocouple costs $37.64 USD,
but the accompanying Handheld 724 Temperature Calibrator costs
$2649.99 USD (see footnotes **** and ††††).

15. Challenges

Thermocouples provide the user with the temperature of the
sensor itself, and for surfaces on which the thermocouples are
placed that are dissimilar to the thermocouple material, the actual
surface temperature can only be assumed [71]. For RLV use, ther-
mocouples must be deeply embedded in the skin to measure the heat
transfer through the material stack during reentry (e.g., between
layers of carbon fiber for electrons) to capture through-thickness
thermal response and bondline temperatures without exposing junc-
tions to the harsh external environment. Additionally, placing a
thermocouple on the RLVouter skin exposes it to rapid convection
and evaporation, risking dislodgement [30].
The suitability of implementing thermocouples on RLVs also

depends on the TPS architecture. In actively cooled systems, the
surface-mounted thermocouples may fail, as most manufacturers do
not rate them for liquid use. Covering the thermocouple with a thin
cover or casing would be prudent.
The installation method of thermocouples can cause large meas-

urement errors. Thermocouples measure the temperature of the
sensor itself, and if glue or adhesive layers are thick, there could
be a large disparity between the recorded surface temperature and
the actual surface temperature.

†††Omega, “Ready-Made Insulated Thermocouples with Kapton®, PFA,
Glass Braid Insulation and Molded Connectors,” https://au.omega.com/
pptst/5LSC_5SRTC.html# [retrieved 30 June 2024].

‡‡‡JUMO, “15 Most common thermocouple problems and solutions,”
https://www.jumo.group/pl/en/about-us/blog/thermocouple-errors# [retrieved
30 June 2024].

§§§FLUKE, “How to calibrate a thermocouple,” https://www.fluke.com/en-
us/learn/blog/temperature-calibration/how-calibrate-thermocouple# [retrieved
03 July 2024].

¶¶¶Temprel, “Maintenance, Handling, and Storage,” https://www.temprel.
com/learning/maintenance-handling-and-storage# ([retrieved 10 Dec. 2024].

****Omega, “Thin Film Point Sensitive Thermocouple Sensor,” https://
sea.omega.com/shop/pptsc.asp?ref=TFPS-TC-Series/&nav=# [retrieved 3
July 2024].

††††FLUKE, “Fluke 724 Temperature Calibrator,” https://www.fluke.com/
en-us/product/calibration-tools/temperature-calibrators/fluke-724# [retrieved
30 June 2024].
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The operation of a thermocouple depends on knowing the tem-
perature of the “cold reference junction.” In the past, the cold end
used to be dipped into an ice bath, but this process was quite
impractical for most industrial applications. Thus, the cold-junction
compensation method was created, where an electrical circuit com-
pensates for the ice bath. However, resistance temperature detectors
must be used to measure the temperature at the cold reference
junction. A thermocouple measurement is only as accurate as the
reference junction temperature can be measured, traditionally within
1°C to 2°C [32]. Corrosion is a concern as thermocouples are made
of two dissimilar metals [32]. Regular maintenance and replacement
may be required.

C. Resistance Temperature Detectors (RTD)

1. Background Information and Summary

A resistance temperature detector (or resistance thermometer) is
often made of platinum that is formed into a thin wire or of
evaporated platinum on a thin-film substrate. Platinum, a very stable
noble metal, can operate over a temperature range from cryogenic
temperatures to 850°C. When measuring temperature, the RTD is
connected to extension wires and attached to the sensing element;
hence, its electrical resistance can be measured from some dis-
tance away.
The main drawbacks of this technique are the longer response

time and higher costs relative to thermocouples. RTDs have a
relatively lower maximum temperature limit. This method is unsuit-
able for high-vibration and/or mechanical shock environments due
to its rigidity and construction method.
RTD relies on the fundamental linearity between the temperature

and the resistance properties of the material of which it is made. The
relationship between the temperature and resistance can be quanti-
fied by the Callendar–Van Dusen equation in Eq. (4), where RT is
the resistance at temperature T, and R0 is the resistance at 0°C. The
constants (for an α � 0.00385 platinum RTD) are A � 3.9083 ×
10−3 °C−1; B � −5.775 × 10−7 °C−2; C � −4.183 × 10−12 °C−4.

RT � R0

1�AT�BT2�CT3�T − 100� for − 200°C < T < 0°C;

1�AT�BT2 for 0°C < T < 850°C

(4)

RTD is widely used for its high accuracy and superior stability in
capturing temperature over time. The device does not require cold-
junction compensation as thermocouples do. It was developed
around the same time that the Seebeck effect for thermocouples
was discovered in 1871 [72]. Through the years, significant effort
has been put into investigating ways to improve the strength and
operating range of RTDs.

2. Existing and Past Applications in Similar Environments

RTD is commonly used in scientific and industrial applications
below 600°C for refining and processing [73]. It provides an accu-
rate, linear response of temperature against resistance, lending itself
to use in medical fields. RTDs have not commonly been used for
measuring hypersonic flows due to their limited maximum operat-
ing temperature and the unpredictable contamination of the metal
used by impurities in their sheaths or lead cords.
In 1985, NASA’s Space Shuttle extensively used RTDs on its

STS-51F mission, but multiple RTD failures caused an engine
shutdown [74]. The platinum RTD used went through multiple
heating and cooling cycles and thus became brittle and unreliable.
This caused a signal to be sent indicating that a fuel pump had
overheated, resulting in the engine shutting down. Since then,
thermocouples have replaced RTDs on most spacecraft [75]. Some
research at NASA’s Ames Research Center continues to investigate
RTDs by screen printing platinum resistance temperature detectors
on alumina disks [76]. These disks are being designed to be
embedded into the TPS. Additionally, the HyShot experiment,
which was designed to study supersonic combustion at hypersonic

speeds, employed RTDs to measure the cold side of the inner
combustion chamber walls [77].

3. Operating Temperature Range

RTD operates in a temperature range of −200°C∼850°C, as
indicated by the manufacturer Omega.‡‡‡‡ At T > 660°C, the metal
sheath can contaminate the RTD metal with its own impurities,
causing errors in readings. Similarly, the impurities of the RTD
metal itself are the main resistance-inducing element; thermal vibra-
tions in the lattice become minimal, and electron scattering due to
thermal effects decreases, resulting in no correlation with the envi-
ronmental temperature when T < −200°C. The temperature limits
of RTD also greatly depend on the sensing element material
used.§§§§ Note that a particular class of platinum RTD, ultraprecise
platinum resistance thermometers (UPRTs), can reach a maximum
temperature close to 1000°C; however, these are unsuitable for
harsh-environment use due to the delicacy of their very fine
reference-grade platinum wires with a delicate quartz sheath.
The accuracy of RTD heavily depends on the measurement

temperature and the effects of the lead wires and installation. RTD
possesses greater accuracy than thermocouples and can detect tem-
peratures within the range of 0.1–1°C.¶¶¶¶ The tolerance range
increases as the measurement temperature increases. Further details
can be found from manufacturers such as Pyromation.*****

4. Thermal Sensitivity

Thermal sensitivity of RTD measures the change in resistance per
unit rise in temperature �Ω∕°C�, similar to thermocouples. The
sensitivity value is typically given as ′α 0 upon purchasing, where
alpha indicates the increase in fractional resistance over 100°C, i.e.,
if α � 0.004, the resistance increases by 40% from 0 to 100°C
according to the manufacturer Omega.†††††

Higher sensitivity can better detect a small temperature change
with improved resolution but does not correlate with higher
accuracy.

5. Response Time

As with thermocouples, the temperature that RTDs report is the
temperature of the sensing element (i.e., of the RTD itself), and this
is not always the same as the surrounding temperature that is being
measured. While the RTD experiences the surrounding temperature,
there is a definite lag caused by heat getting through the sensor’s
sheath, causing a very slow response time of between 1 and 50 s,
depending on the type of RTD.

6. Spatial Coverage and Resolution

RTD is a relatively small temperature measurement device that
can only provide discrete point measurements. RTDs offer poor
spatial coverage and resolution compared to global techniques and
will need to be deployed in dense arrays to accurately map areas
with high spatial resolution.
RTD cannot operate under the extreme temperature environments

of rocket engines or fuel pumps, typically greater than 2000°C. This
factor heavily restricts potential uses, as it implies that RTD may
also not be placed on the outer area of a rocket, as boundary-layer
behavior in hypersonic flow may easily ruin it.

‡‡‡‡Omega, “RTD: Introduction to Resistance Temperature Detectors,”
https://au.omega.com/prodinfo/rtd.html# [retrieved 29 Nov. 2024].

§§§§WIKA, “RTDs (Resistance Temperature Detectors): Uses, Types, and
FAQs,” https://blog.wika.us/products/temperature-products/faqs-resistance-
temperature-detectors-choosing-rtd/# [retrieved 30 June 2024].

¶¶¶¶Omega, “What Temperature Probe Is Better for You?—Omega Engineer-
ing,” https://www.omega.co.uk/temperature/z/thermocouple-rtd.html [retrieved
19 July 2024].

*****Pyromation, “How to Select and Use the Right Temperature Sensor,”
https://www.pyromation.com/techinfo/WhitePapers/How_to_Select_and_Use_
the_Right_Temperature_Sensor.aspx# [retrieved 30 June 2024].

†††††Omega, “RTD Elements and Sensors—Introduction and Tables,”
https://www.omega.co.uk/temperature/z/resistanceelements.html# [retrieved
30 June 2024].
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7. Mass and Aerodynamic Penalty

The weight of RTD largely depends on the weight of the lead
lines. The mass of a single, coiled probe alone (150 mm) is approx-
imately 120 g,‡‡‡‡‡ slightly heavier than thermocouples but negli-
gible when compared to other rocket masses. As RTD fragility and
operable temperature range make it impossible to place RTDs on the
external walls of a rocket, they present no aerodynamic impedance.

8. Compatibility with Payload Recovery Process

There is no concern with the recovery process of an RLV. RTD
can also transfer data telemetrically in real time, but it is subject to
similar constraints as IRT (see Sec. IV.A.10).

9. Observation and Data Telemetry

RTDs do not require real-time observations, but they can transfer
data via telemetry. Precise monitoring and control of the RTD
excitation current need to be ensured for accurate resistance mea-
surements. The device must be placed in an area where electrical
signals cannot be readily disrupted by other instrumentation.

10. Calibration and Data Processing

RTD must be calibrated at temperatures other than 0°C∼100°C
(the reference temperatures to which it is already calibrated).
Through the process of calibration, users can prove that the RTD
will behave linearly in actual operation. The calibration process can
be done using two different methods: a fixed-point calibration
utilizing known values of pure substances, such as water’s triple
point, to produce repeatable temperatures. An RTD probe could be
placed in an ice bath to validate that the measurements correlate with
the triple point, 0.01°C. Using this method, calibrations are
extremely accurate (to within �0.001°C), thus being widely
adopted by laboratories [78].
Comparison calibration is more suitable for use on rockets or

hypersonic vehicles. Though it is a slightly less accurate calibration,
it saves time and costs during the build without compromising the
validity of the data gathered. This calibration is carried out by
testing the RTD readings with the readings of another, higher-
quality thermometer. The reference thermometer used should have
at least triple the accuracy of the RTD being tested. A dry well can
be used to compare temperatures. This device can vary its temper-
ature for calibration purposes. When inserting the RTD and the
reference thermometer, care should be taken to place them slightly
apart but still at the same height for accurate calibration [78].

11. Surface Preparation and Attachment Method

Surface preparation and attachment are strongly constrained by
the fragility of the sensing element and the limited high-temperature
capability of the RTDs; thus, surface roughening must be avoided.
Cleaning and degreasing are needed to ensure stable electrical and
thermal contact [79].
RTDs are commonly attached using adhesives. The adhesive

layer must be as uniform and as thin as practicable to minimize
response lag [79]. Importantly, the adhesive must be compatible
with the maximum operating temperature of both the RTD element
and the substrate.

12. Storage Requirements

RTDs contain noble metals that are well protected in a glass,
metal, or ceramic sheath with PVC-insulated lead wires. This
combination of materials enables RTD probe readings to stay stable
and repeatable for a long time, regardless of the storage conditions
or environment. Caution should be taken when storing RTDs, as
(depending on the type of RTD being used) the center element is
often very fragile and can break with little impact.

13. Costs and Practicality

There are three main types of RTD elements: thin-film, wire-
wound, and coiled, and the price varies accordingly. RTDs that have
similar maximum operating conditions could cost between $12
USD and $75 USD from Omega.
The installation of an RTD depends on the RTD type. Wire-

wound and coiled RTDs are known to be sensitive to vibration, as
repeated mechanical stresses can apply pressure to the inner metal,
often causing breakage. Thin-film RTDs are more suitable for use in
hypersonic flows, as they have greater vibration resistance based on
the manufacturer’s information.§§§§§ Very thin RTDs also provide
better surface measurement, using a heat flux rate from the theory of
heat conduction through a semi-infinite wall. Most thin-film RTDs
are surface-mounted and come with their own adhesive backing to
stick onto the surface where measurement is required. Some types of
adhesives include surface- or pressure-sensitive adhesives, self-
adhering Kapton, or air-set epoxy cement (see Footnote 19 for more
details). Notably, all RTDs cannot adhere to wet surfaces nor operate
well in wet conditions.

14. Challenges

Wire-wound and coiled RTDs are known to be very fragile, as
they are constructed with ceramic or glass parts. The platinum wire
is usually wound around a center glass bobbin. While this reduces
strain and allows for temperature expansion, it does not resist
vibration well and only works well in a lab environment [80].
Temperature measurement with RTDs depends on the resistance,

placement, length, and connection of the lead wires. Often, resis-
tance signals can cross over or include noise from the lead-wire
path, and care should be taken to place RTDs in two- or three-wire
arrangements that eliminate such inconsistencies, highlighted by
DwyerOmega.¶¶¶¶¶

RTDs have not been adopted in many aerospace applications.
One NASA article titled Thermal Sensor Installation Failures

Remain a Problem [81] explains how the installation of RTDs can
cause significant strain and break them. During installation on the
Mars Rover, an adhesive was applied to the back of a platinum RTD,
which caused thermal strain to be transferred to the brittle ceramic
body, overstressing the RTD to failure. The adhesive also leaked to
the lead wires, causing different coefficients of thermal expansion,
leading to the breakage of the platinum wire at cold temperatures.
The suitability of implementing RTDs on RLVs depends on the

TPS used on the subject. If active cooling methods are used (with a
water component), thin-film RTDs may fail, as most manufacturers
do not rate them for liquid use. Covering the RTD with a thin cover
or casing would be prudent.

D. Temperature-Sensitive Paints

1. Background Information

Temperature-sensitive paints operate on the principles of photo-
physics and are made of luminescent molecules that act like “sens-
ing probes.” The molecules are incorporated into a mixture with a
polymer binder and a solvent. Once painted onto a surface, the
solvent evaporates, and a polymer/luminophore coating remains.
The color change of the paints is fully reversible and repeatable,

and the method is nonintrusive. When the paint is exposed to light of
a certain wavelength (incident light), the luminescent molecules
emit light of a longer wavelength; thus, a color change can be
observed. The incident light and the emitted light can be separated
using appropriate filters and a photodetector. The luminescent
intensity of the emitted light can then be used as a measure of
temperature, as the rate of fluorescence emission is dominated by
temperature effects [82]. The luminescent intensity is calculated by

‡‡‡‡‡Omega, “RTD Probes with Mounting Threads and M12 Connectors—
Omega,” https://www.omega.com/en-us/temperature-measurement/temperat
ure-probes/probes-with-integral-connectors/p/PR-21# [retrieved 12 Oct. 2024].

§§§§§Omega, “How to Wire RTD Sensors and Probes—Omega Engineer-
ing,” https://au.omega.com/technical-learning/how-to-wire-your-RTD.html#
[retrieved 20 July 2024].

¶¶¶¶¶DwyerOmega, “Introduction to Pt100 RTD Temperature Sensors,”
https://www.omega.com/en-us/resources/rtd-hub# [retrieved 20 July 2024].
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Eq. (5), where T is the temperature, l is the luminescent intensity,
and Ea∕R is the activation energy [83].
Temperature-sensitive paints provide high spatial coverage (typ-

ically 2048 × 2048 pixels) over a large body with a relatively small
mass penalty. Their easy application and fast and accurate response
to temperature changes are the main advantages. The drawbacks are
paint toxicity, degradation due to ambient UV light, the requirement
for supporting equipment, the complex calibration process, and the
relatively high cost [84].

ln
l�Tref�
l�T� � −

Ea

R

1

T
−

1

Tref

(5)

A method of temperature measurement similar to TSPs is thermal
phosphors. Phosphors are fine powders that also emit luminescence
like TSPs. Some of the optical properties of the emitted light are
temperature dependent, such as the lifetime decay of the phosphor
particle itself [85].
TSPs and their counterpart, pressure-sensitive paints (PSPs), are

fairly new and under-researched technologies. Therefore, most of
these data have been collected from a comprehensive book written
by Liu and Sullivan [18].

2. Existing and Past Applications in Similar Environments

Temperature-sensitive paints have long been used in the heat
measurement of gas turbine engines. Their high-spatial-resolution
properties make them ideal for use in wind tunnel tests for flow
diagnostics and for measuring heat transfer [82]. In hypersonic wind
tunnel tests, TSPs can visualize flow patterns and provide quantita-
tive heat transfer data for steady and transient heat flow [18].
TSPs can also be used on microelectromechanical systems

(MEMSs). Measurements on features like micronozzles can be
taken using TSPs and a CCD camera with an optical microscope.
The heat flow results can be measured up to resolutions of 12 μm
[18]. This mechanism can also be tested on transonic compressors
[17,86]. Ongoing studies are being conducted to improve TSP
formulations and resolution for measurement up to 1650°C [87].

3. Operating Temperature Range

The operating temperatures for TSPs vary according to the type of
luminophore present [82]. Current formulations cover a temperature
range of –196°C to 200°C, though not all are commercially avail-
able [16]. Further documentation can be found in [18].

4. Measurement Accuracy

The measurement accuracy of a TSP is not provided on data
sheets by manufacturers, as it largely depends on the environment
and conditions in which the paints are being used. From several
wind tunnel experiments, Liu [18] determined that the typical
accuracy is between 0.2 and 0.8°C when compared to data from
other thermometers and CFD results. The factors affecting the
accuracy of TSPs can be broken down into three main groups: the
chemical and physical properties of the paint itself, the errors
introduced by the measurement system, and surface/environmental
conditions [82]. The chemical or physical properties of the paints
can be impacted by photodegradation, where the luminescent inten-
sity produced by a luminophore in a TSP can decrease with time
[18] (p. 58). This decrease will cause a lower temperature to be
registered at particular times than the true surface temperature.
Manufacturer ISSI provides a photodegradation rate for its formu-
lations, estimating it to be 1% per hour of excitation [88].
Temperature hysteresis is also a concern [82], where the temper-

ature rise of a surface actually lags behind the luminescent-intensity-
changing mechanism, causing different readings to be obtained [89].
Other error sources come from the measurement system itself.

The CCD camera can produce “noise” that contributes to variation
in the intensity measured. This noise can be anything from photon
noise to amplifier noise [18]. There can also be a wavelength over-
lap between the illumination source (usually an LED array) and the
light being emitted from the surface, causing unusual spikes in

temperature readings [83]. The third class of errors is due to con-
ditions under which the paints are operating. For example, aerody-
namic forces can cause model deformation and displacement in
wind tunnel tests, which in turn cause the scattering of luminescence
that disturbs readings. Dust contamination of the painted surface can
also mask intensity, again decreasing accuracy in readings [82].

5. Thermal Sensitivity

The thermal sensitivity of TSPs relates to how much the intensity
of emitted luminescence changes per degree of temperature increase.
Typical TSP sensitivity falls within a range of 0.4%∼5.5%/°C.
Because temperature sensitivity increases as the activation energy
of a particular luminophore increases [Eq. (5)], luminophore selec-
tion should not solely be made based on operating temperature.

6. Response Time

The response time of TSPs is fast, typically below 30 ∼ 100 μs
[18]. The two limiting factors for the response time are the particle
emission time and the thermal diffusion time. Luminophores in a
TSP, such as EuTTA-dope and Ru(bpy)-Shellac at room temper-
ature, take around 0.5 ms and 5 μs, respectively, to emit lumines-
cence. However, it can take longer for the temperature of a surface
(to which the TSP is applied) to change, depending on the type of
flow. For transient heat flow, the thermal diffusion time is governed
by the equation h2∕αThc, where h is the coating thickness and αT
refers to the thermal diffusivity. For convection-dominated (or
unsteady) flow, the thermal diffusion time is given by hk∕αThc,
where k is the thermal conductivity and hc is the convective heat
transfer coefficient. For many TSPs, the thermal diffusion time is
much larger than the luminophore emission time, thus limiting the
overall response time [18].

7. Spatial Coverage and Resolution

TSPs enable global visualization of heat transfer over large
surfaces; thus, they can be used to observe boundary-layer transi-
tions (images can be found at ISSI******). The spatial resolution from
harnessing TSPs depends largely on the type of CCD camera used in
conjunction with the paints. Scientific-grade cooled CCD digital
cameras can provide high-intensity resolution (12–16 bits) and high
spatial resolution (typically 512 × 512, 1024 × 1024, up to
2048 × 2048 pixels) [18].

8. Mass and Aerodynamic Penalty

Mass penalties depend on the paint density and paint layer thick-
ness used. Manufacturers like ISSI do not provide density data on
technical datasheets. An independent study was conducted specifi-
cally using the UniTemp TSP to determine its thermophysical
properties [88]. Using buoyancy measurements (after applying a
20-μm-thick coat), it was determined that the sample had an average
density of 1437 kg∕m3. This would imply a mass of 28.74 g∕m2

painted, assuming a thickness of 20 μm. Additionally, the CCD
camera’s high-pass filters and LED array for excitation will incur an
increased mass penalty of a few kilograms†††††† if instrumented
locally on the RLV.‡‡‡‡‡‡

Additional protective covers for the camera and light source will
further increase the mass penalty; more importantly, they could
cause a significant aerodynamic penalty due to creating separation
bubbles.

9. Compatibility with Payload Recovery Process

No concern exists with the recovery process of an RLV, given that
TSPs can transfer data telemetrically in real time, subject to the
constraints in Sec. IV.A.10. However, CCD cameras and illumination

******Innovative Scientific Solutions, Inc., “Temperature Sensitive Paints,”
https://innssi.com/temperature-sensitive-paints/# [retrieved 30 June 2024].

††††††Innovative Scientific Solutions, Inc., “CCD Camera—ISSI,” https://
innssi.com/ccd-camera/# [retrieved 17 June 2024].

‡‡‡‡‡‡Innovative Scientific Solutions, Inc., “2-Inch Air Cooled LEDs,”
https://innssi.com/air-cooled-led-2/# [retrieved 17 June 2024].
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lamps may require a recovery process if they are not used on the
mission.

10. Observation and Data Telemetry

The real-time observation requirements for TSPs are numerous.
For measurements on an RLV, the TSP must be painted on the
surface and either be monitored with a locally attached CCD camera
and illumination source or have a remote source to carry the
instrumentation. Five additional instrumentation pieces are typically
required for data collection. TSP real-time imaging requires a CCD
camera with optical filters, a flat surface view, an excitation light
source like an LED, cooling devices for the camera, and a computer
for data processing. As mentioned, to get a TSP to emit light
according to surface temperature, it must first be illuminated with
a separate light source, such as an LED lamp, that “excites” the
luminophores. Excitation light must be filtered out to avoid inter-
ference with data. Several “cooling” devices may be required for the
CCD camera, depending on the type of camera purchased. The
entire setup must be connected to a computer, where the light signal
from the CCD camera will be converted to an electrical heat map
[83]. Liu et al. demonstrated a typical setup of TPSs [18].

11. Calibration and Data Processing

To use a temperature-sensitive paint accurately for measurements,
calibration data relating luminescent intensity to temperature are
needed. A common simple method involves painting an aluminum
block, mounting it on a Peltier heater with a thermometer, and
recording temperature and light intensity to create a calibration
curve, which can be linear or nonlinear [82].

12. Surface Preparation and Attachment Method

Surface preparation is primarily driven by adhesion quality,
optical uniformity, and thermal response fidelity. Roughness is
tightly controlled, as a rough surface will cause scattering, and a
smooth surface would lead to adhesion issues. Depending on the
paint formulation, the material may need to be mixed, filtered, or
prepared immediately before use, and its usable working time may
be limited. This is particularly important for paints that begin to
thicken, cure, or lose uniformity after activation, as delays during
application can affect coating quality and measurement repeatability
and, therefore, smoothness. In some cases, spray application equip-
ment, controlled atomization, masking, or an airbrush may be
required to achieve a uniform thin layer over the test surface.
Similarly, thorough cleaning and degreasing must be performed

before the spraying of the base coat, which must be thin and uni-
form. Physical attachment is not required.

13. Storage Requirements

Temperature-sensitive paints are highly flammable, and there is
concern regarding the toxicity of luminophores used in some for-
mulations. TSPs should be stored in a cool, dry place away from
sources of ignition (sparks, flame, etc.), avoiding locations where a
static charge may build (e.g., carpet) and where strong oxidizing
agents are present. The typical shelf life of TSP sold by a major
supplier is around 12 months.§§§§§§

14. Costs and Practicality

This technique is relatively expensive due to limited research and
usage. Procurement of commercially made TSPs is very difficult,
with industrial-grade products being produced by only one main
company, Innovative Scientific Solutions, Inc. Innovative Scientific
Solutions, Inc., produces two TSP formulations, UniTemp and
CCTR, which are both classified as hazardous materials (see foot-
note 24).

15. Challenges

Key challenges include maintaining uniformity in surface and
paint thickness and addressing alignment issues between wind-on
and wind-off images due to deformation (potentially solved by
using a dual-luminophore formulation). Additionally, compatibility
with thermal protection systems is a concern, depending on the paint
formulation and cooling method used.

E. Permanent Change Thermal Paints

1. Background Information

Unlike electronic-based techniques, thermal paints do not require
optical access, nor do they involve the complexity and intrusiveness
associated with electronic installations. PCTPs are single-use instru-
ments and can be easily applied to large, complex surfaces, enabling
a global temperature profile with a working range of 80°C∼1380°C
[27,34,35].
The study and utilization of PCTPs in applications with short

durations and rapidly changing thermal environments present sev-
eral challenges due to the limited body of published work on their
transient behaviors. These systems often come with unspecified
accuracies and exhibit relative insensitivity with slow response
times to temperature fluctuations—characteristics that have not
been reliably quantified. Moreover, PCTPs require extensive cali-
bration, influenced significantly by soak temperature and duration,
highlighting a gap in the understanding of their dynamic responses.
The retrieval process is also complex, necessitating the safe return of
payloads before data extraction can occur, with risks of environ-
mental contamination during space missions that may compromise
thermal data integrity. Additionally, the interactions of PCTPs with
nonideal pressure, gas compositions, and unconventional materials
remain poorly understood, as does their compatibility with actively
cooled thermal protection systems.

2. Existing and Past Applications in Similar Environments

The specialized paint, known as “DetectoTemp,” was widely
applied to the X-15 program in the 1960s to provide a visual
representation of the heating patterns. It was particularly useful
for identifying heat sinks, providing qualitative data for areas of
high heating and boundary-layer transition [90].
The use of PCTPs is extensively documented in papers detailing the

Hypersonic International Flight Research Experimentation (HIFiRE)
project [27,35,36]. This method was used to recreate samples of
different short-duration temperature histories, which were then com-
pared against the final colors of the coatings on the recovered vehicle
to quantitatively interpret the vehicle’s temperature history.
Although PCTPs have been used extensively in the gas turbine

industry to measure the temperature of engine components, these
applications typically involve long-duration soak times measured in
minutes, with calibration samples typically heated for 10 minutes to
identify a steady-state color [35,91]. Thus, the lack of published
information quantifying the short-duration, transient response of
PCTPs represents a notable knowledge gap when assessing their
suitability for launch journeys that may have shorter flight durations.

3. Operating Temperature Range

The maximum temperatures at which PCTPs can operate are
generally considered to be just below 1400°C [34], with various
products possessing a broad range of operating temperatures. For
instance, TMC Hallcrest, Indestructible, and Thermal Paint Services
all offer single-change and multiple-change PCTPs with a working
temperature ranging from the global minimum of 80°C to a maximum
of 1380°C, according to suppliers’ technical data sheets.¶¶¶¶¶¶,*******

§§§§§§Innovative Scientific Solutions, Inc., “Temperature Sensitive Paints—
ISSI,” https://innssi.com/temperature-sensitive-paints/# [retrieved 30 June
2024].

¶¶¶¶¶¶Indestructible Paint Ltd, “Thermochromic Paint Non-Reversible
Thermal Indicating Paint—ColourTherm,” https://indestructible.co.uk/wp-
content/uploads/download-manager-files/Colourtherm%20-%20Thermal%
20Indicating%20(irreversible%20coatings%20only)%20-%20Rev%203.pdf#
[retrieved 30 June 2024].

*******Thermal Paint Services Inc., “Single-Change Thermal Paints,”
https://thermalpaintservices.com/our-products/# [retrieved 6 July 2024].
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4. Measurement Accuracy

The temperature measurement accuracy is typically not specified
by manufacturers and will need to be determined during the cali-
bration phase, likely by using another measurement technique as a
reference. Measurement inaccuracies can also arise postflight. Tra-
ditionally, the postprocessing of thermal data (i.e., interpreting the
final color state of coated surfaces) has been done by comparing the
final appearance of coated surfaces against a set of calibration
samples through visual inspection. However, the clarity of coated
surfaces postflight can slightly degrade, increasing inaccuracies in
interpreting data.
Although the precision and accuracy of PCTPs may lack in

comparison to many other techniques, particularly electronic-
sensor-based techniques, purely viewing the resultant heating distri-
butions qualitatively can provide insight into the spatial distribution of
the heating and help identify any areas of interest, such as a hot spot.

5. Thermal Sensitivity

A major disadvantage of PCTPs is that their sensitivity severely
lags behind the sensitivity of electronic-based sensor techniques.
PCTPs only change colors at discrete temperatures, with color
gradients before the distinct shift in color for all products, causing
inaccuracies in the interpretation of the temperature. The typical
accuracy is�5–10°C at high temperatures, which does not offer the
same level of precision as thermocouples that normally have an
accuracy of �0.5°C to �2°C based on the type [90].

6. Response Time

As there is very limited published work on the transient behavior
of PCTPs, conclusions cannot be made. Regardless, PCTPs have
undeniably longer response times compared to electronic-based
thermal measurement techniques. Traditional calibration data for
most commercially available PCTPs specify soak times of approx-
imately 10 min [91], which is substantially longer than the first-
stage booster’s temperature history. This reinforces the need for
extensive calibration of PCTPs for short-duration flight tests, as
detailed in later sections.
Modern PCTPs have been proven to detectably transition

between color states in time periods of less than 5 s, as demonstrated
in an oxy-acetylene torch heating calibration method described by
Neely and Tong [91,92]. The transient response of PCTPs is yet to
be definitively quantified. The response times of selected PCTPs
must be investigated independently during the creation of calibra-
tion samples to ensure their suitability for the intended space
application.

7. Spatial Coverage and Resolution

PCTPs are capable of covering large surface areas with reduced
cost and an easy application method compared to thermocouples
[27]. This is particularly advantageous for high thermal gradients, as
they can map detailed temperature distributions instead of having to
rely on interpolating separate point measurements to estimate a
likely temperature distribution [92].

8. Mass and Aerodynamic Penalty

PCTP is a lightweight measurement mechanism that is generally
applied as thin coatings on the surface [27]. Research suggests that
for paint thicknesses that do not exceed 200 μm, thermal paints do
not have discernible influences on subject surface temperatures [93].
The aerodynamic penalty is less of a concern, as this technique is
nonintrusive, and no surface redesign is needed.

9. Compatibility with Payload Recovery Process

Given that the thermal data from PCTPs can only be extracted
postflight, PCTPs require the safe recovery of the vehicle (or at least
of the coated surface sections) [92]. Areas that are coated with
PCTPs should be protected from ablation, contamination, damage,
etc., before, during, and after the recovery process. A simple method
to protect the PCTPs from any damage and/or contamination is to

coat internal surfaces rather than external surfaces, as the temper-
atures are likely to be similar [36,92].

10. Observation and Data Telemetry

Due to their color memory attribute, PCTPs do not require real-
time observation or any telemetry requirements.

11. Calibration and Data Processing

Calibration ensures that the sample’s convective heat flux and
surface temperature change rates match the expected flight vehicle
pattern. The process creates samples with different temperature
histories (and colors) to compare with the final color of surfaces/
objects and interpret their temperature histories [27,36,92]. This is
crucial for investigating the short-duration transient response of the
paints, given that traditional calibration data often specifies roughly
10 min of soak time. PCTP performance can vary between paint
batches, necessitating the constant creation of new calibration sam-
ples. Calibration methods, including oxy-acetylene torch heating,
electrical resistance heating, laser-based radiative heating, furnace
heating, and electric-arc-based heating (a recommended method),
are investigated and detailed in [27,35,92].
Traditionally, postheating color comparison has been done man-

ually, which can lead to inconsistent data processing [91]. Human
eyes can detect qualitative color differences but struggle with exact
quantification. Griffin et al. developed a computer system method
that quantifies the RGB components of coated surfaces as a function
of temperature, detecting changes undetectable to the naked eye
[94]. Despite these advances, PCTPs are still often specified using
qualitative descriptions, relying on color charts and verbal descrip-
tions rather than quantitative RGB values [91].

12. Surface Preparation and Attachment Method

Although TSPs and PCTPs share similar cleaning and adhesion
requirements, their surface preparation objectives differ: the former
prioritizes optical uniformity and reversible luminescent response,
whereas the latter emphasizes coating adhesion and preservation of
postexposure color integrity.

13. Storage Requirements

PCTPs are highly flammable liquids. Most manufacturers do not
specify storage requirements on technical data sheets. Indestructible
has specified that its thermal paints have a maximum shelf life of
12 months in temperate climates and 6 months in tropical climates
(see footnote 25).

14. Costs and Practicality

The costs of PCTP products are not listed on manufacturer data
sheets or websites. According to e-mail correspondence with Ther-
mal Paint Services, a 250 mL container of MC paint costs around
$400 USD for 1 L for educational purposes, which typically could
cover 5–8 m2, varying from the application method. The manufac-
turer specified that the surfaces shall be free of loose materials,
grease, oil, and dust before applying thermal paints. PCTPs are
relatively easy to apply and remove without the necessity of apply-
ing paint primers. No special procedures are required for trans-
ferring paints from storage. Paints can be applied by spray, brush,
or roller.

15. Challenges

The extreme temperatures associated with atmospheric reentry
can degrade the mechanical properties of surface materials below
the necessary levels to support flight loads and cause ablation and/or
differential expansion, which can cause structural distortion to the
surfaces on which PCTPs are applied [91,92]. These factors will
then inevitably have adverse effects on the accuracy and, hence,
suitability of PCTPs and must be considered.
The pressure dependency of PCTPs will need to be explored

before any concrete pressure–color relationship can be defined. Bird
et al. [95] have noted that PCTP mixtures are affected by both
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pressure and gas compositions. The gas composition issue will be
significant if paints are applied within combustors and/or down-
stream of combustors. The pressure dependency issue is more
notable given that RLVs will fly in high-altitude environments
and, therefore, have ambient densities lower than the standard 1
atmosphere [27]. A series of experiments to attempt to quantify the
pressure dependency of PCTPs is explained by Neely et al. in
[91,92]. The experiment involved heating PCTP-coated samples
in a tube furnace to 700°C at 1, 0.75, 0.5, and 0.002 atmospheres
[27]. However, the initial experiments proved inconclusive, with
further investigations ongoing. In our research, we have found that
the pressure dependency of PCTPs is not commonly specified on the
technical data sheets of manufacturers.
The bonding quality of selected PCTPs on subject surfaces is a

concern. For example, in the HIFiRE-0 tests detailed in [27,35,36],
the multichange paint products from TMC-Hallcrest bonded better
to aluminum components than to polished stainless steel. The paints
were applied using masking and airbrushing, without any special
surface preparations (apart from basic degreasing) [36]. It is possible
that the adhesion of paint to surfaces can be improved if subjected to
surface roughening and/or postapplication baking [95].
The suitability of implementing PCTPs on RLVs will also depend

on the TPSs used on the subject vehicle (if applied in a similar
region). Specifically, given that all thermal data collected by thermal
paints must be processed post-spaceflight, it requires that these
surfaces be uncontaminated and undamaged before, during, and after
each spaceflight mission. This poses an issue for any semipassive
forms of TPS that utilize ablation as a protection method [11].
PCTPs may have adhesion and performance issues with TPSs

that use active methods of cooling, such as film cooling (injecting
coolant at points on the exterior of vehicle surfaces to form an
insulating blanket) or transpiration cooling (where coolants are
ejected through porous exterior surfaces) [11].

V. Conclusions

The increasing demand for reusable launch vehicles necessitates
advancements in thermal protection systems and in situ measure-
ment techniques to accelerate design enhancement. This paper
provides a comprehensive review and analysis of in situ thermal
measurement techniques, evaluating their applicability to RLV post-
flight thermal assessments. IRT emerges as a versatile option for
dynamic, high-temperature environments but is hindered by meas-
uring the surface’s emissivity, environmental sensitivity, and aero-
dynamic penalties when implemented externally. Thermocouples
provide exceptional accuracy but introduce system invasiveness.
RTDs offer measurement stability but lack robustness in harsh
conditions. TSPs facilitate global temperature visual distribution
but compromise precision, while PCTPs effectively indicate maxi-
mum temperature exposure but cannot provide real-time data mon-
itoring capabilities. TSPs and PCTPs both offer high spatial
coverage and nonintrusiveness; their transient thermal response
and calibration complexity limitations underscore the need for
further development. Thermocouples and RTDs demonstrate supe-
rior precision, but the installations may compromise aerodynamic
efficiency. Our findings highlight the tradeoffs between measure-
ment accuracy, real-time data acquisition, spatial resolution, and
environmental resilience across the evaluated methodologies.
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