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Accurate measurement of temperature is critical for understanding thermal behavior and monitoring
safety and performance of engineering systems involving heating and cooling. While a number of meth-
ods are available for measurement of temperature on the outside surface of solid bodies, there is a lack of
contactless, non-invasive methods for determining temperature inside solid bodies. Development of such
methods is likely to impact a wide range of engineering systems. This paper describes and validates a
method for measurement of internal core temperature of a solid body in steady-state based on measure-
ment of the temperature distribution on its outside surface based on a theoretical thermal conduction
model. This method is validated by determining the steady-state core temperature of a thermal test cell
using infrared temperature measurement on the surface, and comparing with measurements from an
embedded thermocouple. The two measurements are found to agree well with each other in a variety
of heat generation and cooling conditions. While this validation is presented for a cylindrical body, the
method lends itself easily to bodies of other shapes. This work contributes towards fundamental thermal
metrology, with possible applications in a wide variety of engineering systems.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Temperature directly affects the performance, safety and relia-
bility of a variety of engineering systems relevant for energy con-
version. Most physical processes that occur in such systems are
closely coupled to the temperature field. For example, in a Li-ion
cell, electrochemical reactions during energy storage and conver-
sion determine the temperature field in the cell [1–4], which, in
turn, affects the rates of these electrochemical reactions [5].
Measurement of temperature is a critical step for ensuring safety,
reliability and high performance of engineering systems involving
heating and cooling, as well as for fully understanding coupled,
multiphysics phenomena that occur in such systems. In general,
temperature is measured based on a linear change in a measurable
characteristic as a function of temperature [6,7]. This includes elec-
trical resistance [8], thermal expansion [8], reflectance [9], circuit
resonant frequency [10], color [11], surface radiation [12], etc. A
number of temperature measurement methods, varying in their
accuracy and complexity have been used to measure transient
and steady state temperature either at discrete locations, or over
an entire surface.

While a number of methods are available for temperature mea-
surement on the outside surface of a solid, there is a relative lack of
methods for non-invasively measuring temperature inside solids.
Internal temperature measurement is relatively more challenging,
particularly when a remote, contactless method is desired, but is
also very important, since the safety and performance of systems
depends critically on the internal temperature, which for heat-
generating bodies is typically higher than the outside surface tem-
perature. One example to illustrate this is a nuclear fuel rod, which
is usually cylindrical in nature and has relatively low thermal con-
ductivity [13]. Heat generation within the fuel rod due to fission
reactions results in a temperature field within the rod, with the
core of the rod usually being much hotter than the outside
[14,15]. While the outside temperature of the fuel rod can be mea-
sured using a variety of surface temperature measurement tech-
niques, measuring the temperature in the core of the fuel rod is
not straightforward. In this case, a remote, contactless method
for internal temperature measurement that does not disrupt the
function of the fuel rod is very desirable. Another example is a
Li-ion cell commonly used for electrochemical energy conversion
and storage [1,16]. In a Li-ion cell, electrochemical reactions and
electrical impedance result in significant heat generation and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.05.073&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.05.073
mailto:jaina@uta.edu
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.05.073
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


780 D. Anthony et al. / International Journal of Heat and Mass Transfer 101 (2016) 779–788
temperature rise throughout the cell volume [2,17]. Due to the
poor radial thermal conductivity of the Li-ion cell [18], a significant
temperature gradient within the cell is known to exist [17,19,20].
Performance optimization and safety of the cell requires informa-
tion about the peak temperature of the cell, which occurs in the
core of the cell, and is difficult to measure [17] as the cell is her-
metically sealed, and drilling a hole through the cell to insert a
temperature sensor will short circuit and disrupt the electrochem-
ical function of the cell. On the other hand, use of the surface tem-
perature of the cell instead of core temperature is not appropriate,
and may lead to severe under-design of the thermal management
of the cell. These examples illustrate the need for and importance
of contactless, non-intrusive measurement of the internal temper-
ature of engineering systems. Such a measurement method will
clearly be of universal appeal.

Internal measurement of a variety of physical quantities other
than temperature such as stress, chemical composition, morphol-
ogy, crystal structure, etc. is possible using various measurement
methods [21–24]. For example, internal morphology and chemical
composition can be measured using X-ray CT scans [24] that make
use of the absorptivity of electromagnetic radiation by different
materials. A variety of contactless, non-intrusive methods based
on synchrotron X-ray, neutron scattering and ultrasonic waves also
exist for internal stress measurement [25]. In comparison, how-
ever, there is a distinct lack of contactless, non-intrusive methods
for measurement of temperature inside solid bodies. Most present
methods provide information about either the surface temperature
or the volumetrically averaged temperature, neither of which may
be representative of the internal temperature of the solid. Only
very limited work exists on measuring internal temperature of
solids [26–29]. For example, the temperature dependence of speed
of ultrasonic waves through a solid has been utilized to measure
the average temperature along a path through the solid by measur-
ing the time of flight of an ultrasonic wave along that path [28,29].
Measurements along multiple paths through the body have been
used in conjunction with information about the nature of the tem-
perature field, obtained from solving governing energy conserva-
tion equations, to reconstruct the temperature field [29].
Ultrasonic-based temperature measurement methods, however,
do not work well for materials with high rates of ultrasonic atten-
uation, and may be cumbersome to implement. Internal tempera-
ture of a Li-ion cell has been measured through impedance
spectroscopy, based on a relationship between the cell tempera-
ture and certain electrochemical parameters of the cell [30–32].
However, these methods are very specific to the electrochemical
characteristics of this system and do not apply to a general heat-
generating body.

This paper presents a contactless, non-intrusive method for
measurement of the steady-state core temperature in a heat-
generating solid body. A theoretical heat transfer model for a
heat-generating cylinder is developed to show that the steady-
state core temperature of the cylinder can be measured using
appropriate integrals of the measured spatial temperature distri-
bution on the cylinder surface. Internal temperature measurement
based on this approach is carried out for a thermal test cell in a
variety of heat generation and convective conditions. These
steady-state measurements are validated against a thermocouple
embedded in the thermal test cell. The two are found to be in very
good agreement. While this internal temperature measurement
method is demonstrated here for a cylinder, a similar approach
could be used for solids of other shapes. The next section presents
theoretical models for non-intrusive determination of the core
temperature based on surface temperature measurements. This is
followed by a section describing the experimental test setup and
methods. Results are presented and discussed next, followed by
conclusions and future directions for this work.
2. Mathematical modeling

Consider a heat generating cylinder for which steady-state
measurement of internal temperature at r = 0 is of interest, and
for which temperature distribution on the outside surface is
measured. This section presents the derivation of the steady-
state temperature distribution within the cylinder, from where it
is shown that the core temperature of the cylinder can be
determined using the surface temperature distribution. Thermal
conduction in the cylinder is assumed to be orthotropic, as is the
case in several systems of engineering interest [18]. An infinite
cylinder is considered in Section 2.1, and extension to a cylinder
of finite length is discussed in Section 2.2.

2.1. Infinite cylinder

Fig. 1(a) shows a schematic of the general heat transfer problem
analyzed in this section. Consider an infinitely long cylinder of
radius R, with volumetric internal heat generation at a rate of Q.
The radial and circumferential thermal conductivities are kr and
kh respectively. Assume that the temperature distribution along
the outer surface at r = R is measured to be a function of h, given
by T0(h). In steady state, the energy conservation equation that
governs the temperature field in the cylinder is given by
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where T(r, h) is the temperature rise above ambient. The tempera-
ture distribution within the cylinder is subject to the following
boundary conditions:
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Eq. (2) represents the requirement for the temperature field to
be finite at r = 0. Eq. (3) accounts for the measured temperature
distribution T0 on the outside surface of the cylinder. Note that if
the extent of convective cooling varies significantly around the
cylinder, as it does for forced convective cooling, T0 will be a func-
tion of h. Eqs. (4) and (5) represent periodicity in temperature and
heat flux in the circumferential direction.

In order to determine the core temperature Tcore at r = 0 in terms
of the measured temperature distribution T0(h), a solution for the
general temperature field T(r,h) must be derived. To do so, the tem-
perature field is first transformed as follows,

Tðr; hÞ ¼ wðr; hÞ þ QðR2 � r2Þ
4kr

ð6Þ

This results in a homogeneous governing equation for w(r, h) as
follows:
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Fig. 1. Schematic of the geometry of (a) infinite, and (b) finite cylinders analyzed in theoretical models for determining core temperature from outside temperature
distribution measurements.
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wðr; hÞ ¼ wðr; hþ 2pÞ ð10Þ
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A solution for w(r, h) can be expressed as follows

wðr; hÞ ¼ C0 þ
X1
m¼1

Cm cosðmhÞ r
R

� �m ffiffiffiffiffiffiffiffi
kh=kr

p
ð12Þ

This form for w(r, h) satisfies the governing Eq. (7) and all
boundary conditions except the one at r = R expressed in Eq. (9).
The coefficients C0 and Cm in this solution must be chosen in order
to ensure that Eq. (9) is also satisfied.

Note that the core temperature Tcore is obtained by substituting
r = 0 in Eqs. (6) and (12), resulting in

Tcore ¼ Tðr ¼ 0; hÞ ¼ C0 þ QR2

4kr
ð13Þ

This shows that the core temperature can be determined only in
terms of the first coefficient C0, and that no further coefficients are
needed. To determine C0, Eq. (12) is inserted in Eq. (9) to get

C0 þ
X1
m¼0

Cm cosðmhÞ ¼ T0ðhÞ ð14Þ

Finally, integrating Eq. (14) with respect to h between 0 and 2p
eliminates all coefficients except C0, resulting in

C0 ¼ 1
2p

Z 2p

0
T0ðhÞdh ð15Þ

From Eqs. (13) and (15), the core temperature may be expressed
in terms of the measured outside surface temperature T0(h) as
follows

Tcore ¼ 1
2p

Z 2p

0
T0ðhÞdhþ QR2

4kr
ð16Þ

Eq. (16) shows that the core temperature of the cylinder can be
obtained from the circumferential integral of the measured outside
temperature. Note that this measurement approach requires infor-
mation about the volumetric heat generation rate, which may be
known a priori based on the physical mechanism responsible for
heat generation, as well as the radial thermal conductivity kr,
which may be known based on the material of the cylinder. The
circumferential thermal conductivity kh is not needed for measure-
ment of Tcore even if thermal conduction in the cylinder may be
orthotropic.

2.2. Finite cylinder

This section extends the model presented in Section 2.1 to a
finite cylinder of length L, and shows how the core temperature
Tcore(z) may be determined from measurement of the outside sur-
face temperature, T0(h, z). Note the z variation in both Tcore and T0
due to the finite length of the cylinder. The geometry considered
in this section is shown schematically in Fig. 1(b). It is assumed
that the two axial ends of the cylinder are convectively cooled with
a heat transfer coefficient h. Under these assumptions, the steady
state governing equation for the temperature field T(r, h, z) is given
by
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Similar to the infinite cylinder case, the temperature field satis-
fies boundary conditions given by Eqs. (2), (4) and (5). In addition,
the following boundary conditions also apply:

TðR; h; zÞ ¼ T0ðh; zÞ ð18Þ
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A general solution for this partial differential equation is given
by [33]
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where I is the modified Bessel function of the first kind, and Bi ¼ h�L
kz
.

The eigenvalues gn are determined from roots of the equation
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From Eq. (21), the core temperature Tcore(z) is given by
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Note that setting r = 0 in Eq. (21) eliminates all terms with coef-
ficients Cm,n, where m > 0, in the expression for Tcore(z). Thus, mea-
surement of Tcore(z) requires only C0,n coefficients. To determine
these coefficients, Eq. (21) is inserted in Eq. (18), followed by mul-

tiplication with h
gj kz
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h i

, and integration in z and h.

Using the principle of orthogonality for the eigenvalues in the z and
h directions, this results in
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where Fj is given by
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and the norm Nj is given by [34]
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Eqs. (23)–(26) provide an analytical expression for the core
temperature Tcore(z) in terms of appropriate circumferential and
axial integrals of the measured outside temperature distribution
T0(h,z).

Note that, in comparison to the infinite cylinder case, the axial
thermal conductivity kz is required for determining Tcore(z), since
thermal conduction in the axial direction occurs in the finite
cylinder.

The theoretical derivations in Sections 2.1 and 2.2 provide a
contactless, non-intrusive method for measuring the steady-state
core temperature at r = 0 for infinite and finite cylinders respec-
tively. The theoretical treatment shows that these temperatures
can be obtained using appropriate integrals of the measured tem-
perature distribution on the outside surface of the cylinder. While
this discussion is specific to a cylinder, this approach could also be
used for a body of any shape, provided one is able to solve the ther-
mal conduction problem within the body, similar to the approach
presented here for a cylinder. The solution of the thermal conduc-
tion problem for a body of a given shape provides the relationship
between the core and outside temperatures, similar to Eqs. (16)
and (23).

The next section discusses experiments carried out to validate
this core temperature measurement approach using a thermal test
cell.

3. Experiments

Experiments are carried out to validate the method described in
Section 2 to measure the core temperature of a cylinder using out-
side surface temperature measurements. This section describes
components of the experimental setup, as well as the experimental
procedure for validation.
3.1. Thermal test cell

A cylindrical thermal test cell capable of volumetric heat gener-
ation through Joule heating is designed and fabricated for these
experiments. A picture and a schematic diagram of the thermal test
cell are shown in Fig. 2(a) and (b) respectively. Thin metal foil of
thickness 0.025 mm is first insulated by adhering Kapton tape on
its surface. The foil-Kapton sandwich is rolled around a thin rod
to form a cylinder of height 65 mm and radius 13 mm. A T-type
thermocouple is placed at the inner core during this rolling pro-
cess. Thin metal wires are soldered to the two ends of the metal foil
to provide electrical access to the metal foil. The roll is then low-
ered inside a hollow Aluminum casing. Electrical current through
the metal foil inside the roll provides volumetric heating through-
out the test cell. The lead wires are routed out of the casing along
with the thermocouple wire. Remaining volume inside the casing
is filled with uncured poly-dimethylsiloxane, a commonly used
electrically insulating soft polymer, followed by curing at room
temperature. A dessicator is used to remove most air bubbles from
the mixture of PDMS and curing agent prior to pouring. The long
cure time ensures removal of any remaining air bubbles. PDMS fill-
ing is carried out in two steps in order to expel all air inside the test
cell. Once filled with PDMS and cured, the test cell is sealed with an
epoxy. Lead wires coming out of the test cell provide the capability
of passing a heating current through the metal foil, as well as mea-
suring the temperature of the thermocouple embedded in the core
of the cell. The thermocouple measurements facilitate validation of
core temperature measurement method described in Section 2.
Note the black color of the outer surface of the test cell in Fig. 2(a)
due to application of a graphite film to facilitate infrared (IR)
temperature measurement.

3.2. Measurement of radial thermal conductivity of thermal test cell

As shown in Eq. (16), the radial thermal conductivity kr is
needed for determining the core temperature of the thermal test
cell. Separate experiments are carried out to measure kr, based
on the temperature response due to adiabatic heating of the test
cell at the outer radial surface [18]. This method has been
described in detail in a recent paper [18]. A T-type thermocouple
is first attached to the outer surface of the cell at mid-height
(r = R, z = H/2). A thermal epoxy is used for improving thermal con-
tact between the cylinder surface and the thermocouple bead. A
flexible Kapton heater is then wrapped around the test cell to pro-
vide radial heating. The entire test cell is then insulated using fiber-
glass insulation tape, and placed in a vacuum ambient (�75 kPa
(gage)) to minimize unaccounted heat loss from the test cell. The
cell is suspended on thin paper arms to minimize thermal conduc-
tion loss through surface area contact. It has been shown [18] that
in this case, the temperature distribution at the outer surface is
given by

hðR; tÞ ¼ 2Q 00

qCpR
t þ Q 00R

4kr
� 2Q 00R

kr

X1
n¼1
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ðknRÞ2
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where Q 00 is the applied heat flux, and eigenvalues kn are obtained
from roots of the equation J00ðknRÞ ¼ 0. J0 denotes Bessel function
of the first kind of order 0. As a result, the radial thermal conductiv-
ity kr may be determined by comparing the intercept of tempera-
ture measured by the thermocouple as a function of time,
with the second term in Eq. (27). For this experiment, electric
current is provided by a Keithley 2612A power supply, potential
difference is measured by a Keithley 2100 digital multimeter, and
thermocouple measurements are carried out through NI-9213
thermocouple module and LabView data acquisition software. Note
that this experiment is separate from the main, core temperature



Fig. 2. (a) Picture and (b) Schematic of the thermal test cell for remote, non-invasive core temperature measurement in steady state.
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measurement experiment, and is carried out only for radial thermal
conductivity measurement.
3.3. Experimental setup for temperature measurement

Fig. 3(a) shows a picture of the experimental setup for core tem-
perature measurement. Fig. 3(b) shows a block diagram represent-
ing the data acquisition process and various instruments used in
the experiment. A FLIR A6703sc InSb infrared camera is mounted
above an optical breadboard. The thermal test cell is placed
directly under the camera, and is mounted on two thin, foam risers
to minimize thermal conduction from the cell to the breadboard. In
order to improve the accuracy of infrared temperature measure-
ment, the outer surface of the thermal test cell is coated with a thin
graphite film using a DGF-123 graphite aerosol spray. The resistive
metal foil in the thermal test cell is connected to a GW INSTEK
GPD-4303S power supply for supplying the heating current. Two
additional probe wires monitor the potential difference across
the test cell using a Keithley 2100 digital multimeter in order to
monitor the heat generation rate. A small computer fan, Fugetek
HT-07530D12, is placed approximately 10 cm away from the test
cell at the same height as the cell axis, so that air from the fan
directly impinges upon the outer surface of the test cell. The fan
speed can be controlled using a power controller. A vane
anemometer is used to measure the air speed. Data acquisition
from the IR camera is carried out through an ethernet cord using
ResearchIR software. LabView software is used for data acquisition
from the thermocouple through a NI-9213 thermocouple module.
Fig. 3. (a) Picture and (b) Schematic of the experimental test set up for r
3.4. IR camera calibration

Accuracy of infrared-based temperature measurement depends
critically on the quality of calibration carried out. In these experi-
ments, the infrared camera is calibrated using an Instec HCS662V
thermal stage, which can be set to any desired temperature
between �190 �C and 600 �C. In this case, the temperature range
of interest is room temperature to 80 �C. The thermal stage is
placed on an optical breadboard, directly under the infrared cam-
era, as shown in the inset of Fig. 4. Since infrared temperature mea-
surement requires a highly emissive surface, two regions of the
metal surface of Instec stage are covered with materials of high
emissivity – a black tape and graphite film. The Instec stage is
set to a number of temperatures between room temperature and
80 �C. At each set point, the stage temperature is allowed to reach
steady state, and measured through the infrared camera. These
measurements are carried without and with specifying emissivity
and distance between sample and camera to investigate the effect
of these calibration parameters on temperature measurement
accuracy.
3.5. Experiments

Once the experiment is set up as described in Section 3.3,
temperature measurements are carried out on the thermal test
cell in a number of conditions. For each case, a heating current
is passed for Joule heating. Infrared surface temperature data
are taken until the temperature distribution reaches steady state,
emote, non-invasive core temperature measurement in steady-state.



Fig. 4. Plot of steady-state temperature measured by IR camera as a function of set
stage temperature for four different surface and calibration conditions. Inset shows
a picture of experimental setup.
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which is also confirmed through measurement of the core tem-
perature from the embedded thermocouple. The resistance of
the test cell is measured in advance using a small test current
that minimizes self-heating, and it is confirmed that the resis-
tance does not increase appreciably due to temperature rise dur-
ing the experiments.

For accurate extraction of surface temperature measurement, a
region of interest is built into the measured temperature field from
the infrared camera, and temperature across the outer surface at
mid-height is extracted. In order to verify that the curved nature
of the cylinder surface does not affect temperature measurement
accuracy, experiments are carried out to measure temperature
around the cylinder in isothermal conditions. A uniform tempera-
ture is measured around the cylinder, indicating that cylinder cur-
vature does not affect IR measurement accuracy. Due to the curved
surface of the cylinder, the x coordinate across the cylinder’s pro-
jected view as seen by the infrared camera is converted to the cir-
cumferential angle h. The axial dependence of temperature is also
measured and examined to determine whether there is significant
axial thermal conduction, which indicates whether the infinite or
finite cylinder model is appropriate for data analysis.

Three sets of experiments are carried out. First, the steady-state
surface temperature distribution on the test cell is measured at a
number of heating powers while the cell is cooled in natural con-
vection conditions. Subsequently, these experiments are repeated
in the presence of forced convection cooling from the fan operating
at a speed of around 3.0 m/s. Finally, a set of experiments is carried
out at constant heating power, but with different fan speeds. In
these experiments, the heating powers based on Joule heating in
the metal foil are chosen in order to match the heating powers
expected in Li-ion cells operating at high discharge rates [17].
In each experiment involving air flow from the fan, the flow
field is allowed to stabilize for around ten minutes before the heat-
ing current is switched on. Sufficient cooling down time is pro-
vided between successive experiments to ensure that the cell
reaches room temperature before the next experiment. In each
experiment, the core temperature of the cell is determined using
the theoretical model presented in Section 2.1 and the experimen-
tally measured surface temperature distribution. These steady-
state core temperature measurements are compared against
measurements from the embedded thermocouple to validate the
measurement method.
4. Results and discussion

4.1. Calibration of the IR camera

An HCS622V Instec thermal stage is used for IR camera calibra-
tion. Temperature of the stage is measured by the IR camera at a
number of set temperatures. Fig. 4 summarizes results from this
experiment by plotting the measured temperature as a function
of set temperature. The ideal 45� line is shown, along which the
measurement agrees exactly with the set temperature. Four cali-
bration conditions are investigated. The stage temperature is mea-
sured with a black tape affixed on the stage, or with a thin film of
graphite applied uniformly with a spray in order to improve sur-
face emissivity. In each case, measurements are taken without
and with specifying emissivity of the tape or spray, as well as the
distance between the sample and camera. Fig. 4 shows that there
is some deviation between set and measured temperatures when
emissivity and distance are not specified, for both black tape and
graphite film. When these parameters are specified, the IR camera
is able to measure surface temperature very accurately, as seen in
Fig. 4 where data for these cases are very close to the ideal 45� line.
The peak deviation between the stage temperature and IR-based
temperature using graphite film is 0.92 �C. While both black tape
and graphite film work equally well, only graphite film is used in
subsequent experiments, since it is less invasive in terms of affect-
ing the surface properties of the sample, such as roughness, topog-
raphy and insulation. It is also found that measurement accuracy is
a weak function of specified distance between camera and sample,
whereas when surface emissivity is not specified, the IR camera
uses a default value, resulting in significant measurement error.
4.2. Measurement of thermal conductivity of the test cell

Supplementary Fig. 1 plots the temperature rise measured by a
thermocouple affixed on the outer surface of the thermal test cell
during radial thermal conductivity measurements described in
Section 3.2. Experimental data agree well with the theoretical
model, and the measured temperature profile increases linearly
with time after the initial transient period as expected. The inter-
cept of this line is used to determine the radial thermal conductiv-
ity of the test cell, resulting in a value of kr = 0.25 W/m-K, which is
close to the radial thermal conductivity of a 26650 Li-ion cell [18].
This value lies between the thermal conductivities of constituent
materials, with PDMS and Kapton tape having very low, and the
metal foil having very high thermal conductivity. Since the overall
thermal conductivity of the test cell is based on a series combina-
tion of thermal resistances of constituent materials, the measured
value of thermal conductivity of the test cell is along expected
lines.
4.3. Temperature measurement in natural convection conditions

Once the IR camera is calibrated, and radial thermal conductiv-
ity of the thermal test cell is measured, experiments are carried out
to non-invasively determine the steady-state core temperature of
the thermal test cell through measurements of the outside temper-
ature distribution using the IR camera. These experiments are car-
ried out at different heat generation rates within the test cell,
controlled by the amount of electric current passing through, and
at different convective cooling conditions, controlled by the speed
of the cooling fan which impinges air cross-flow on the cylinder. In
each experiment, the core temperature determined from the theo-
retical model for an infinite cylinder in Section 2.1 is compared
with measurement from the thermocouple embedded in the core



Fig. 6. Circumferential variation in measured steady-state temperature on the
outside of the cell in free and forced convection conditions. Data are non-
dimensionalized based on peak temperature for each condition.
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of the cell. Data presented later confirm that this is an appropriate
model to use.

In the first set of experiments, the cooling fan is not on, so that
there is no cross flow, and the test cell cools down through free
convection. Fig. 5 plots the experimentally measured core temper-
ature, determined using the infinite cylinder model in Section 2.1,
against the thermocouple temperature measurement for a number
of heating powers. The ideal 45� line, along which the two are
equal, is also shown. Fig. 5 shows that in each case, the core tem-
perature determined from the theoretical model using measure-
ment of the outside temperature distribution is in close
agreement with thermocouple measurements. The maximum error
in these measurements is 0.63 �C, which is well within the mea-
surement errors associated with the IR camera and T-type thermo-
couple. These data demonstrate the capability of the theoretical
model to determine the steady-state core temperature in a
contactless, non-invasive fashion.

The circumferential distribution of measured temperature on
the outside surface of the test cell for 2.2 W heating power is
shown in Fig. 6, which also plots this distribution for a case of
forced convective cooling at the same power. Note that for better
visualization, data in this plot are non-dimensionalized based on
peak temperature measurement for each cooling condition. It is
seen that there is some circumferential variation in the outside
temperature measurement for the first set of experiments, but
the variation is much greater in the forced convective case. This
is along expected lines, as the imposition of a crossflow produces
circumferential variation in local convective heat transfer [35],
resulting in a circumferentially varying temperature distribution
in the cylinder [33]. In addition, there is greater measurement
noise in the forced convection case due to imposition of crossflow
over the test cell.
4.4. Temperature measurement in forced convection conditions

Experiments described in Section 4.3 are repeated in the pres-
ence of cross-flow of air from a fan located around 10 cm from
the test cell. Fig. 7 plots the circumferential variation in the mea-
sured outside temperature for a number of heating powers at fixed
fan speed. Temperature curves shift upwards with increasing
Fig. 5. Comparison of steady-state core temperature determined from infinite
cylinder theoretical model and core temperature measured using thermocouple
embedded in thermal test cell. Data are taken for a number of heating powers,
ranging from 0.31 W to 2.2 W, with free convection cooling conditions. Broken line
shows the ideal 45� line.
power, as expected, while the nature of the circumferential varia-
tion remains the same. In each case, the measured temperature
distribution is integrated to determine the core temperature, as
shown in Section 2.1. Fig. 8 plots these core temperatures against
measurements from the embedded thermocouple for each heating
power. Fig. 8 shows very good agreement between measurements
based on the theoretical model and thermocouple measurements,
with a peak deviation of 0.89 �C, well within instrument measure-
ment errors.

Fig. 9 plots the measured steady-state core temperature rise as
a function of heating power, for both free convection and forced
convection cooling conditions described above. In both cases,
experimental data lie close to linear fits shown in Fig. 9 with R2 val-
ues of 0.9943 and 0.9970 respectively, which is expected since
temperature rise is a linear function of heating power in the exper-
imental conditions encountered here. The slope of experimental
data is lower for the forced convection case, which is also expected,
since the presence of cross flow reduces overall thermal resistance,
Fig. 7. Circumferential variation in measured steady-state temperature on the
outer surface of the cell in forced convection conditions for a number of heating
powers.



Fig. 8. Comparison of steady-state core temperature determined from infinite
cylinder theoretical model and core temperature measured using thermocouple
embedded in thermal test cell. Data are taken for a number of heating powers,
ranging from 1.68W to 3.43 W, with forced convection cooling conditions. Broken
line shows the ideal 45� line.

Fig. 9. Plot of measured steady-state core temperature as a function of heating
power for both free and forced convection cooling conditions. A linear fit is also
shown for each data set.

Fig. 10. Circumferential variation in steady-state temperature in forced convection
cooling condition for a number of air flow speeds.

Fig. 11. Comparison of steady-state core temperature determined from theoretical
model with thermocouple measurements of forced convection cooling at a number
of air flow speeds ranging from 1.5 to 3.5 m/s.
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leading to lower temperature rise for a specific power, and lower
slope for the relationship between the two.

Finally, a set of experiments are carried at fixed power of 2.2 W,
but with a number of air flow speeds. The circumferential variation
of temperature rise around the outer surface of the cylinder is pre-
sented in Fig. 10, which shows, as expected, that the temperature
rise reduces as fan speed increases. The nature of the circumferen-
tial variation, however, remains the same in each case. Fig. 11 sum-
marizes the core temperature determined through the theoretical
model against thermocouple measurements. Similar to previous
data, there is very good agreement between the two, with a max-
imum error of 0.77 �C, showing the capability of the theoretical
model to determine the steady-state core temperature of the test
cell in a non-invasive fashion by utilizing the temperature distribu-
tion measured on the outside of the cell.
4.5. Comparison of finite and infinite cylinder models

Experimental data analysis discussed so far uses the infinite
cylinder model, which is applicable when there are negligible tem-
perature gradients in the axial direction. Fig. 12 plots the measured
outside temperature as a function of z along the outside surface of
the cell with 1.04 W heat generation and free convective cooling.
This figure shows negligible axial variation in the outer tempera-
ture, which justifies the use of the infinite cylinder model for ana-
lyzing experimental data. In order to further examine the regime in
which the finite cylinder model may be used, data analysis is car-
ried out using the finite cylinder model on experimental data of the
entire outer surface temperature measurement. Fig. 13 plots the
predicted core temperature from the finite cylinder model for a
number of values of the convective heat transfer coefficients on
the ends of the cylinder. Fig. 13 shows that as the convective heat
transfer coefficient becomes smaller and smaller, the core temper-
ature prediction from the finite cylinder model approaches the
thermocouple-measured core temperature, as well as the infinite



Fig. 12. Measured outside surface temperature at steady-state as a function of z for
free convection cooling conditions at 1.04 W power.

Fig. 13. Comparison of steady-state core temperature predicted by the finite
cylinder model for different values of the convective heat transfer coefficient with
infinite cylinder model for 1.04 W heat generation and free convective cooling case.
Corresponding thermocouple measurement of the core temperature is indicated on
the y-axis.
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cylinder model prediction. This is along expected lines, since the
two ends of the test cell are insulated during experiments, and
hence a small value of the convective heat transfer coefficient is
expected. Further, theoretically, a small convective heat transfer
at the ends, together with uniform heat generation suppresses
axial thermal conduction, and makes thermal conduction in the
cylinder almost exclusively radial in nature, thereby obviating
the need for using the finite cylinder model.

In making the choice for whether the infinite or finite cylinder
model is to be used for data analysis, it is recommended to examine
the axial variation in the measured temperature distribution on the
outside surface. If the variation is negligible, as is the case in these
measurements, the infinite cylinder model would be sufficient.
4.6. Uncertainty analysis

This sub-section analyzes experimental uncertainty in the
two key measurements reported here – measurement of the core
temperature through the embedded thermocouple, and through
the measurement method discussed here. Uncertainty in the
thermocouple measurement is 1 �C, based on manufacturer speci-
fications. Uncertainty in the surface temperature based measure-
ment method arises from three key parameters as shown in
Eq. (16) – uncertainty in heat generation measurement, in thermal
conductivity measurement, and in infrared-based outside temper-
ature measurement. Since heat generation is determined using
electrical measurements, the uncertainty is expected to be very
low due to the high measurement accuracy of the electrical instru-
ments. As discussed in a recent paper [18], uncertainty in thermal
conductivity measurement is estimated to be ±5%. Finally, uncer-
tainty in infrared-based outside temperature measurement is
expected to be 0.92 �C, based on infrared calibration results
described in Section 4.1 and Fig. 4. As a result, based on error
propagation in Eq. (16), the overall uncertainty in the core temper-
ature measurement from the method described in this paper is
estimated to be ±10%, arising mostly due to uncertainty in thermal
conductivity measurement and infrared-based temperature mea-
surements. The agreement between the method described in this
paper, and embedded thermocouple measurement is within the
experimental measurement uncertainty.
5. Conclusions

Non-invasive measurement of temperature inside solid bodies
is of significant importance for a wide variety of engineering appli-
cations where the body temperature governs performance and
reliability. The theoretical model and experimental data presented
in the paper establish a novel technique for measuring the inside
core temperature of a solid body in steady state using measure-
ments of the temperature distribution on the outside of the body.
While the results discussed here apply to steady state, an extension
to core temperature measurement in transient conditions may be
an important future work. The method discussed here can be easily
extended to solids of other shapes as long as the thermal conduc-
tion problem within the solid could be solved to derive a relation-
ship between the core and outside temperatures, similar to the
theoretical treatment described in this paper. These results vali-
date a novel metrology method for temperature measurement
inside solid bodies, which may contribute towards thermal design
and optimization of a wide variety of engineering systems.
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