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ARTICLE INFO ABSTRACT

Keywords: Thermal regulation of structural components is critical to modern applications, particularly those subjected
Heat transfer coefficient to erratic operating conditions and environments. For instance, space probe solar panels and electric vehicle
Boundary losses battery packaging avail vascular-based active cooling via fluid circulation to safeguard these critical onboard

Parametric estimation

. assemblies from thermal overload during charging/discharging. To conduct systematic heat transfer studies—
Reduced-order modeling

involving modeling and/or experimentation—and develop suitable designs, it is essential to estimate the
convective heat transfer coefficient (HTC). While the convective HTC, herein denoted by &, is a useful
parameter, it is neither a material property nor a fundamental thermodynamic quantity, and is thus challenging
to accurately estimate. Precise measurement of A, from thermal experiments requires either achieving
adiabatic conditions (a theoretical ideal often not realized in practice) or quantifying boundary loss (a random
and nonlinear phenomenon). Additionally, thermal measurements, such as those obtained with infrared (IR)
imaging, are prone to noise, further complicating the calculation. To overcome these challenges, we propose
a new approach that combines experimental transient thermal measurements (together with noise filtering
techniques) and a parametric estimation method based on a reduced order model (ROM). This approach allows
one to determine both the convective HTC and boundary loss simultaneously and systematically. Moreover,
incorporating boundary loss into the calculation of A, enhances the accuracy, which in turn leads to higher
fidelity numerical models that can be used to better understand and design more efficient thermal regulation

systems.
1. Opening remarks realized as nearly adiabatic, with a finite heat leakage (i.e., boundary
loss) occurring through it.

Heat flow between a body and its surroundings can be regulated On the other hand, analytical and numerical models for thermal
by the appropriate choice of a medium (or the absence of such) at systems often employ the simpler alternative of adiabaticity to rep-
the interface/boundary between them. For instance, if the interface resent such boundaries [1,2]. Parity between models (that assume
is a vacuum, then unlike heat transfer via radiation, conduction and adiabaticity) with experiments that contain realistic boundaries (with
convection—both of which require a physical medium—can be evaded. losses) is only possible if the heat loss through the boundaries can
Most applications, however, cannot accommodate a vacuum seal due to be accurately quantified. In the absence of an estimate for boundary
operational constraints, and must therefore rely on materials that min- heat loss, thermal models are prone to predicting larger design heat
imize heat flow through the interface. This is typically accomplished loads, calling for higher capacity cooling systems than might be actually

required. Though conservative, over-design can be a severe challenge
to overcome especially in applications where component size, weight,
power, and cost (SWaP-C) are critical, necessitating accurate estimates
of every mode of thermal interaction including heat loss through the
boundary [3,4].

Quantification of boundary loss has additional utility in the es-
timation of the convective heat transfer coefficient. Unlike thermal

using materials of low thermal conductivity (i.e., insulators). However,
every material has a finite value of thermal conductivity, no matter
how small. Therefore, undesirable heat flow cannot be fully arrested,
but rather minimized to varying degrees of effectiveness depending on
the properties of the insulator, and the contact between the insulator
and object of interest. Consequently, the ideal “adiabatic” boundary
becomes impractical to achieve in a physical application and is often
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conductivity which is a material property, A, is a parameter that en-
capsulates the effect of various underlying solid-fluid interactions that
develop in the thermal and hydrodynamic boundary layers. Estimation
of h.,,, relies on empirical relations based on the shape of the solid, its
orientation with respect to the direction of fluid flow, and the nature
of the fluid flow [5-8]. However, flow conditions can vary over the
geometry of the solid leading to locally varying convective HTC values.
Empirical relations can provide average values of A, but generally
do not encompass spatially varying convective fields [9-11].

An alternate approach to estimate A, is to use Newton’s law
of cooling [12-14]. This approach relies on the balance of thermal
energy between the heat input to the system and the heat lost through
convection, advection, radiation, and conduction. The energy balance
equation can only be used to discern one unknown quantity. If the
heat transferred by convection (i.e., A, ) is known, boundary heat loss
can be estimated (provided all the other components of heat transfer
are known). Alternatively, if the boundary heat loss is known, the
convective heat transfer—and consequently #,,,—can be determined.
This gives rise to a conundrum where the knowledge of one is required
for the estimation of the other, i.e., neither quantity can be determined
without knowing the other.

In order to circumvent this challenge, studies that focus on con-
vective heat transfer often utilize geometries that minimize the area
through which conductive losses could potentially occur [15,16]. For
instance, a cylinder suspended in a stream of fluid experiences convec-
tive heat transfer over its entire curved surface as well as its end faces,
with minimal conductive losses occurring through material contact via
the suspension mechanism [17,18]. Furthermore, when studied within
enclosed domains, the convecting surfaces are kept sufficiently far
away from the boundaries of the enclosure, further minimizing the
contribution of conductive boundary losses [19].

On the other hand, boundary heat loss has been studied exten-
sively where convection is not as significant—such as thermal losses
in underground pipes, building insulation, etc. [20-22]. Studies on
the efficient design of combustion chambers aiming to quantify and
minimize conductive heat loss (heat leakage) often bundle heat inter-
actions occurring at the exterior walls into a heat load/sink which,
being design inputs, are known a priori [23,24]. However, there are
several geometries where both convective heat transfer as well as
comparable conductive heat losses occur, and need to be accounted for
(i.e., estimated) simultaneously.

An example of this scenario occurs in experimental studies of
actively-cooled flat, rectangular plates [25-28]. Heat is supplied to the
plate through its bottom surface by means of an external heater, and
the plate is actively cooled by circulating fluid through it. The plate-
heater assembly is placed on an insulating platform, and all four lateral
surfaces of the assembly are insulated. The top surface of the material,
however, is free to convect and radiate. Several studies involving such
test configurations consider conductive heat loss occurring through the
insulating platform and lateral boundaries to be zero, i.e., perfectly
insulated [28-31]. By extension, corresponding numerical models also
assume adiabatic conditions on the respective boundaries [32-34].
However, evidence of this assumption being a departure from the
actual test conditions has also been observed in prior work, where
predictions from simulations that consider adiabatic boundaries vary
from experimental results [35-37]. With (i) undesirable conductive
heat loss occurring through four lateral surfaces and the bottom surface
resting on the insulating platform, and (ii) convective (and radiative)
heat transfer occurring through the entire top surface of the plate,
the thermal test configuration provides for non-negligible contributions
from both convective and conductive heat losses.

Radiation is another heat transfer phenomenon, but estimating this
contribution involves conveniently measurable quantities—the Stefan—
Boltzmann constant (a known value), ambient and surface tempera-
tures, and emissivity, which is a surface property with a well-defined
measurement procedure [38]. While radiation inherits nonlinearity
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with respect to the temperature field that is difficult to handle ana-
lytically, heat transferred via this mode can be accurately estimated
through experimental measurements [39-42]. Thus, the challenge for
determining reliable heat transfer properties largely remains in the
treatment of the convective HTC and conductive boundary loss. An-
alytical methods to determine these quantities require mathematical
simplification of the remaining nonlinear radiation term. This is com-
monly accomplished by lumping the radiative with the convective
component to determine a combined heat transfer coefficient (A.qp,)
during analytical inquiry, and subsequently deducting the measured
radiative component to back calculate the convective HTC (A, )-

In keeping with that process, the present work provides an innova-
tive parametric estimation technique to simultaneously estimate both,
heomp @s well as boundary loss using experimentally obtained tempera-
ture evolution data. Parametric estimation is a powerful tool employed
to study inverse problems [43-45]. The technique has been applied to
thermal problems, often to estimate more than one unknown parame-
ter, as is the case for our study here [46-50]. Using the typical active-
cooling experimental setup previously described for demonstration of
the technique, we present a novel procedure (including an experimental
protocol and a modeling approach accounting for noise) to accurately
estimate the combined heat transfer coefficient, including the effects
of boundary losses through optical-based thermal measurements. This
new approach successfully combines reduced-order modeling, paramet-
ric estimation, infrared (IR) imaging, and noise filtering algorithms to
overcome a longstanding challenge.

The article is organized as follows. Section 2 provides further mo-
tivation to carry out this work. Section 3 details the analytical model
which forms the basis to extract the quantities of interest, along with
the details of the data filtering technique. Section 4 provides the de-
tails of the experimental methodology followed to extract the thermal
response of the materials being studied, while Section 5 presents the
findings of the study. We end the paper with concluding remarks in
Section 6.

2. Motivation and approach

A discussion around the challenges with the active-cooling setup
that is selected to demonstrate our estimation technique best highlights
the motivation behind our approach and its novelty.

Active cooling is a thermal regulation mechanism in which a fluid
(coolant) is circulated through a material while it remains in service
under a thermal load [51-55]. Active-cooling experiments, therefore,
need to incorporate three elements: (1) a heat source, (2) an active-
cooling network consisting of internal flow channels connected to (3) a
circulating pump. A common heat source used in active-cooling exper-
iments is resistive heaters, which can either be embedded within the
specimen if the material allows for such a construction (e.g. laminated
composites), or used as an external element in the form of a heating
coil [2,56]. In either case, the resistive heaters produce a non-uniform
heat flux. In case of embedded heaters, the inherent non-uniform
distribution of electrical current through conductive constituents and
electrical connections give rise to heat flux non-uniformity. In the case
of external heaters, heat flux non-uniformity arises due to the imperfect
contact interface and discrete geometry of the heating coil as seen in
the measured IR temperature contour shown in Fig. la. Controlled
active-cooling studies, however, require a constant and uniform heat
flux input for parity with analytical and computational models [57-59].
While the non-uniformity arising from embedded heaters is difficult
to correct, that from external heaters can be mitigated by using an
intermediate plate of high thermal conductivity (such as copper) placed
between the heater coil and the actively-cooled body (Fig. 1b). In the
parlance of the experimental setup, we refer to this component as the
“base plate”. Such discourse raises the following questions:
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(Q1) What are the ramifications in selection of the base plate mate-
rial and geometry (prescribed to produce a reasonably uniform
thermal load) on the heat transfer coefficient and boundary heat
loss?

Due to its superior conductivity and finite thickness, the base plate
enhances heat flux uniformity, but also increases the propensity for heat
loss through the boundaries. Hence, the lateral sides of the base plate
are insulated (Fig. 1c). Moreover, the base plate/heater assembly is
placed on an insulating platform to minimize heat loss from the bottom
face. Consequently, we ponder:

(Q2) What are the material and geometrical specifications of the
insulation?

The insulation material has a finite (albeit small) thermal con-
ductivity, allowing for heat loss by conduction through its bulk. IR
thermography of the top face of the base plate surrounded on all four
sides by lateral insulation (Fig. 1c) shows a temperature gradient across
the width of the lateral insulation, providing evidence of conductive
heat loss. On all four sides, the temperature of the insulation goes from
that of the base plate (white-dashed box) to the ambient temperature
at its outer edges. As is the case with lateral insulation, the bottom
insulating platform too has a finite conductivity, and therefore leads to
through-thickness heat loss as well. Thus, we pose:

(Q3) Given that perfect adiabatic conditions are not attainable in
practice, how can boundary losses be accounted for to accurately
calculate the heat transfer coefficient (HTC)?

During thermal experiments, an IR camera mounted overhead is
used to track the surface temperature of the assembly as shown in Fig.
2a. The IR camera captures point-wise temperature every few seconds
across the actively-cooled material as well as the lateral insulation. The
readings are subject to influences from continuously changing ambient
temperature and air-flow conditions, as well as internal deviations due
to drift within the electronic components of the camera. These factors
produce small fluctuations in the recorded temperature, i.e., “noise”.
As shown in Fig. 2b, the time scale of the associated thermal noise
is on the order of seconds, while the temperature evolution is on the
order of several minutes. Consequently, noise adds a spurious variation
in the data that does not reflect realistic temperature changes, and
negatively impacts accurate estimation of the HTC. Therefore, we seek
to understand:

(Q4) How can the noise in infrared thermal measurements be filtered
out to improve the accuracy of the HTC calculations?

Our innovative approach to construct a framework for accurately
calculating the HTC addresses the aforementioned questions, with the
novelty being three-fold:

1. To make the procedure readily accessible to practitioners, we
employ a dimensionally reduced order model (ROM).

2. To handle nonlinear radiation, we ensure that the variation in
the surface temperature obtained via IR imaging is small under
the applied heat flux such (i.e., nearly uniform) such that a single
value for the combined HTC is representative of heat transfer
across the entire surface.

3. To simultaneously estimate the heat transfer coefficient and
boundary loss, we avail both the transient and steady-state
regimes of thermal response.

3. Parametric estimation framework
3.1. Reduced-order model
In the absence of mechanical work interactions, the first law of

thermodynamics applied to our model system (heater, base plate, lat-
eral and bottom insulation) states that the heat input must be equal

International Journal of Heat and Mass Transfer 270 (2026) 129157

to the heat exiting. Heat leaves the system primarily through natural
convection and radiation from the top surface of the base plate, which
is exposed to the ambient atmosphere. Because the materials used to
insulate the bottom and lateral surfaces are not perfect insulators, heat
is also lost through these surfaces by conduction (i.e., boundary heat
loss). The balance of energy applied to the system under these heat
transfer interactions takes the form:

Gin = 9ir (D) + deony + drad + ioss> 1

in which ¢, (7) represents the transient heat transfer to the base plate
that produces an increase in temperature. When the system reaches
steady state, (i.e., the temperature of the base plate no longer in-
creases), the heat input (g;,) is balanced by the heat output represented
by the other three terms in Eq. (1), namely the heat loss occurring by
convection (g, ), radiation (g,,q), and the conductive boundary heat
1oss (gioss)-

Heat flow responsible for the base plate temperature increase in
the transient regime is a function of its heat capacity, governed by the
material density (p), specific heat (c,) and thickness (d). Since the base
plate possess high thermal conductivity, has small thickness relative
to its in-plane dimensions, and is subjected to nearly uniform heating,
the temperature field in the base plate is expected to be approximately
spatially uniform. The surface temperature distribution shown in Fig.
1b supports this approximation. Therefore, the transient term can be
described by the equation:

a0 =pe,d S, @
involving an ordinary derivative for an incremental change in the
temperature d7T over a time interval of dr.

Natural convection from the top surface of the base plate to the
atmosphere is governed by Newton’s law of cooling, which linearly re-
lates the convective heat loss to the difference in temperature between
the average top surface temperature (7) and the free stream (ambient)
temperature (7,,,) through the convective heat transfer coefficient

heony as given by the expression:

Aeonv = hconv (T - Tamb)' 3

Radiative heat loss from the top surface is described by the nonlin-
ear Stefan-Boltzmann equation:

Gua =0 (T =T} ), 4

in which ¢ is the top surface emissivity and ¢ ~ 5.67 x 10~ W/(m?K*)
is the Stefan-Boltzmann constant.
Eq. (4) can be factorized into the form:

Graa = €0 (T + T2 )T + Tou)] (T = Ty
= hrad (T - Tamb)’ )

that resembles the form of convective heat loss given by Eq. (3), and the
two modes can jointly be described by a single linear equation given
by:

Aeonv+rad = hcomb (T - Tamb)’ (6)

in which A, is the combined heat transfer coefficient, given by the
expression:

h Poony + €0 (T* + T2 ) (T + Typp)- %)

comb = flconv

The use of A, makes the governing equation amenable to conve-
nient mathematical treatment.

Heat loss occurring by conduction (g;,) through the bottom and
lateral insulation is driven by the spatial temperature gradient across
these materials. Temperature gradients occur in the insulation because
one surface is in contact with the heated base plate, while the rest
of the surfaces are cooler being exposed to the atmosphere. Since the
base plate temperature evolves with time, the temperature gradient
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Experimentally measured top surface temperature contours. (a) Non-uniform temperature field generated by the serpentine resistive heater without a

base plate, in contrast to (b) uniform temperature field resulting from a metal base plate placed atop the heater. (c) Temperature contour of the base plate
insulated along the lateral sides, in which the temperature gradient from the warmer central region within the dashed square (i.e., base plate) to the cooler sides
(i.e., lateral insulation) is indicative of conductive boundary heat loss (scale bars: 20 mm).
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Fig. 2. Elements of an experimental active-cooling study. (a) Schematic of the set-up showing the base plate-resistive heater assembly placed on an insulating
platform, and with its lateral sides also insulated. (b) Average top surface temperature evolution of a 6 mm thick copper base plate for an applied heat flux
of 1000 W/m?. The plot shows the temperature evolution recorded by an IR camera through the transient and steady-state regimes, while the inset shows the

associated noise in thermal measurements.

responsible for conductive heat loss is also a function of time, i.e.,
Qoss = qloss(t)'

The conductive boundary loss is governed by Fourier’s law at the
field level, before spatial reduction. Let 0(x, ) denote the local tempera-
ture field in the insulation, and let qé ’0 e %)) denote the local conductive
heat flux. Then
" d(x, 1) = -KVo(x,1). 8)

qcon

in which K is the second-order thermal conductivity tensor of the
sample.

The quantity appearing in the reduced-order energy balance is not
this local flux, but the spatially integrated boundary loss:

41oss(t)=/ ﬁ-q”(x,t)dF=—/
n

Tioss
Here, I, denotes the lateral and bottom loss boundaries, and
n is the outward unit normal. After this spatial integration, gy (?)
becomes a lumped heat-loss term. Likewise, T(¢) in the reduced-order
model denotes the spatially averaged base-plate temperature. There-
fore, Fourier’s law is applied to the local temperature field 0(x,1)

n-KVox,1ndr. ©

0ss

prior to spatial averaging, whereas the reduced-order energy balance
is written in terms of the lumped quantities T'(r) and g, (7).

Using these expressions for the respective heat transfer components,
the energy balance Eq. (1) can now be re-written as:

dT (1)

Gin = PCp d dr + hcomb (T(t) - Tamb) + qloss(t)v (10)

or equivalently as:

dT hcomb Tin ~ loss

— 4+ 2T -T,,)= =—> 11

dt = pe,d ( amb) pe,d an

with the initial condition:

T =Ty, at t =0. (12)
Defining (T — T,,p) = T, these equations reduce to:

Q + hcomb j‘v — in — ioss 13)

dt  pc,d pc,d

with the corresponding initial condition:

T=0att=0. 14
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3.2. Non-dimensionalizing the governing equation

Realistic changes in temperature are expected to occur over the
order of minutes, i.e., 10? s, and steady-state is achieved for the test
cases presented here in ~3 h, i.e., 10* s. On the other hand, the terms
h‘c""‘; and fin” q';’“ are on the order of 103 and 102, respectively for our
chosen base plate materials and thicknesses. This large difference in the
order of the terms (from 10~3 to 10*) involved in Eq. (13) is expected
to create numerical instabilities. The issue can be circumvented by non-
dimensionalizing the variables, both independent and dependent. The
range of the variables can then be restricted to an arbitrarily small
value based on the choice of the reference variables chosen for the
non-dimensionalization.

Defining the non-dimensionalized (ND) temperature T and the ND
time 7 as:

(N
, = —, (15)
T, Tref

amb

T=
the governing differential equation becomes:

dr | - =

— + heomp T = (D), (16)

drf
with the initial condition:

T=0at7=0, a7
in which
- Acomb tref
Reomb = ‘;mcl—p;, (18)
and

- in — 1) tef
q(t) - (qm qloss( )) ref . (19)

ey d Tamb

The exercise reveals that the transient thermal response of the sys-
tem depends on two non-dimensional number groups given by Egs. (18)
and (19). The first of these h,, governs the dependence of the
temperature on the combined heat transfer coefficient (h,,,,) while the
second §(7) shows its dependence on the applied input heat flux (g;,)
as well as boundary heat loss (g,). Both of these number groups are
influenced by the heat capacity of the base plate, which is a function
of the material (density and specific heat) and geometry (thickness).
The choice of the normalization reference time (z,.;) is arbitrary. In
this study, #. is chosen to be t,,,,,, where t,,, is the duration of
the experiment, so that the time axis always spans from 0 to 2. The
mathematical decoupling of the heat transfer coefficient and boundary
loss terms provides the basis for analyzing the influence of the other
parameters on both these quantities, simultaneously, and also informs
the choice of a solution strategy for the governing equation (16).

3.3. Parameterization of boundary loss

The complete solution to the first order ordinary differential equa-
tion (16) is the sum of the general solution to the homogeneous form
of the same equation and the particular integral subjected to the initial
condition (17).

As noted earlier, h,, may vary spatially and temporally. However,
heomb OVer the free surface may be time-averaged for the duration of the
experiment to obtain a single, constant value for each test, in which
case the general solution of the homogeneous equation is given by:

TW = g e~ u)mhf (20)

in which A, is the corresponding non-dimensionalized HTC.
In order to completely determine the solution of (16), we approxi-
mate the particular integral by a polynomial series, that is,

n
TP = Z bt 21D
s
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so that:

n

T=TW4+T0 = geheom 13 b, 7. (22)
i=0

Using the initial condition (17), we obtain A = -5, giving:

n
T = —byeleomv? 4 3" by, (23)
i=0
Substituting the above generalized complete solution into the govern-
ing differential equation (16), we get the following general expression
for the ND boundary heat loss:

n

i=Y at, @4
i=0

in which

a, = hcnmb bn (2521)

a;=(+ Dby +heompb; i=n—1,...,0. (25b)

We expect the boundary heat loss to be a nonlinear function of time
in keeping with what one might obtain from a conductive, dissipative
phenomenon. Therefore, we select a quadratic polynomial form for
the particular integral. With this choice, the expression for the ND
temperature can be written as:

T = —by e leomd 4 by + by T+ by 2. (26)

This complete solution consisting of the exponential term combined
with a quadratic polynomial was determined to be the simplest ade-
quate representation of the observed temperature evolution, avoiding
the need to include higher order terms while preserving the quality of
the fit.

By definition, steady state is achieved when the temperature does
not vary with time (i.e., dT /df = 0). If this condition is enforced, the
number of unknown constants can be reduced through the additional
equation:

by = —bg e, ¢ eomd T — 2 b, 7. @27

The evolution of the ND temperature field (T) with ND time (f) can
therefore be described by the equation:

T = by [1 = e“eomd T (1 4 gy D] — by 72, (28)

involving three unknown parameters, A, b, and b,.

The values of these parameters are obtained by curve fitting the
above analytical solution through the temperature evolution data ob-
tained from experiments conducted on base plates with known mate-
rial/geometric properties (and therefore known heat capacity). How-
ever, the experimental data is noisy and needs to be filtered to obtain
a smooth temperature evolution, which facilitates an accurate curve fit
to the analytical form.

3.4. Filtering experimental temperature evolution data

As noted earlier, temperature data from IR thermography is prone to
fluctuations (i.e., noise) due to factors such as electronic drift. A better
representation of the actual temperature evolution can be obtained
by a smooth mean-value curve drawn through the small-scale noise.
Although ensemble averaging of repeated experiments can reduce un-
correlated random noise and is useful for assessing repeatability, the
present method is designed for single-transient thermal measurements,
where repeated experiments under identical heating and boundary con-
ditions are often impractical or unavailable. Therefore, the measured
temperature history from each individual experiment must be pro-
cessed directly. In this work, a Savitzky-Golay (Savgol) filter [60-63]
is used to suppress high-frequency fluctuations in the IR temperature
signal while preserving the underlying transient trend. This smoothing
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a) Effect of Data Filtering on
Non-dimensionalized (ND) Temperature
0.10 ‘ —
0.08 - 0.097
“‘; 0.06 - 0.096
o
£
(]
~ 095
0 0.04 1.0 1.1 1.2
=
0.02 —— Unfiltered
—— Small window
—— Large window
ooo 1 1 1 1 1 1 1 1 1

00 02 04 06 08 10 12 14 16 18 20

ND Time, t

International Journal of Heat and Mass Transfer 270 (2026) 129157

b) Effect of Data Filtering on Time Derivative of
Non-dimensionalized (ND) Temperature
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Fig. 3. Digital filtering of experimental data using a Savgol filter [60]. Influence of sampling window size on smoothing of (a) experimental temperature evolution

data, and (b) its derivative with respect to time.

step is particularly important because the subsequent estimation proce-
dure requires numerical differentiation of the temperature-time data,
and differentiation can otherwise amplify high-frequency measurement
noise.

The Savgol filter considers a sampling window of a specified number
of data points, through which a polynomial of a specified order is
fit to compute an average value at the center of the window. The
algorithm provides a smoothed curve drawn through these moving
window averages. While the window size must be a positive, odd
number, there are no strict rules on the exact value to be chosen. The
general recommendation is that the window size span 1-2 times the
full width at half maximum. In our experiment, we gather temperature
values approximately every 5 s. The base plate can take anywhere
between 20 to 80 min to achieve steady state, depending on the heat
capacity of the plate. Half this change occurs over a span of 10 to
40 min (120 to 480 data points). Therefore, we select window sizes
on either side of this limit, consisting of 101 and 501 data points,
respectively. The smoothed curve calculated using these window sizes
is expected to serve as a faithful representation of the theoretically
predicted curve (28), which consists of an exponential and a quadratic
component. Hence, we investigate these window sizes coupled with a
second order polynomial fit for the filtering algorithm.

Fig. 3a shows the curve fit obtained using small (101) and large
(501) window sizes for the ND mean temperature obtained from IR
camera measurements on a 2 mm aluminum base plate with an input
heat flux of 500 W/m?. The large window produces a smoother curve
albeit at the expense of not capturing the finer behavior at the time
scale shown in the inset. Note, for our choice of f.; = /2, ND time
(D) of 0.1 translates to actual time (#) of 9 min. Since we expect
temperature variations at this time scale to be realistic, we seek a
smoothed curve that captures variations at this scale accurately. The
small (101) window fares better in this regard.

Plotting the time derivative of the ND temperature brings forth
another aspect, where in Fig. 3b a distinct change in slope can be
seen at the transition from transient to steady-state. As shown in this
comparison, the large window captures the slope change better than the
small window. Thus, there is an interplay between window size and the
time scale of the fluctuations being smoothed. Temperature evolution
during the transient regime and through the transition to the steady-
state occurs over the time scale of tens of minutes. However, thermal
noise from the IR camera (that we seek to filter) occurs at a time scale at
least one order of magnitude lower. Hence, we select the Savgol filter
with a small (101) size window to obtain a smooth, realistic surface
temperature evolution.

3.5. Estimation of boundary heat loss

After the experimental temperature evolution data is non-dimen-
sionalized (ND) and smoothed, the theoretical curve given by Eq. (28)
is fit to the data, allowing for the three parameters identified earlier
(Peombs> bo» by) to be optimized for the best fit. The combined HTC in
dimensional form can then be readily obtained using Eq. (18).

To compute the boundary heat loss, we substitute the analytical
solution (28) into the governing differential equation (16) to obtain:

G = (by + heomb bo) + (2 by + Fogmp BT + Pegmp b2 72 (29)
which can be written as:

G=ay+a i+ai, (30)
in which

ay = by + Aoy by, (31a)
ay =2by + gy, by, (31b)
ay = Aoy b (31c)

We observe that these relations can also be equivalently derived
from Egs. ((25)a,b) by choosing n = 2, which represents a quadratic
form of the particular solution to the ND temperature field.

We also have an expression for § from Eq. (19). Equating these two
expressions, we obtain the following relation for boundary heat loss:

peydTyy

b _ _
Qoss = Gin — (ag+a;1+a, t2)~ (32)

ref
This expression is used in subsequent investigations to calculate the
boundary loss for different base plate materials, thicknesses, and lateral
and bottom surface insulation materials and geometries.

Fig. 2b,c show that the temperature field near the boundary is not
spatially uniform, indicating a non-zero temperature gradient normal
to the boundary. Therefore, the conductive heat flux through the
boundary is not zero, and the assumption of a perfectly adiabatic
boundary can introduce systemic error. In the proposed formulation,
the boundary heat loss is estimated directly rather than neglected.
The estimated boundary loss term corresponds to the integral of the
conductive heat flux over the boundary and is consistent with the
conductive-loss estimate obtained from Fourier’s law given by Eq.
(9) using the measured boundary temperature gradients. Thus, the
proposed method provides a more physically accurate estimate of the
combined HTC by accounting for boundary losses that are ignored
under the conventional adiabatic-boundary assumption.
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Analysis Methodology
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Fig. 4.

Flowchart of the analysis sequence. The six step procedure utilizes experimental input (temperature evolution data), analytical techniques (non-

dimensionalization and theoretical solution), as well as numerical strategies (data filtering and curve fitting) to simultaneously estimate combined HTC (A,,,,)

and boundary heat loss (g,,,,)-

4. Experimental methodology

Two high conductivity metals—Copper 110 (isotropic thermal con-
ductivity, ¥ = 385.58 W/(mK); density, p = 8843 kg/m?; specific
heat, ¢, =390.88 J/(kgK)) and Aluminum 6061 (x = 173.46 W/(mK),
p = 2669 kg/m?3, ¢, = 923.83 J/(kg K))) were chosen as candidate
materials for the base plate. This was based on the requirement that
the 100 x 100 mm base plate needs to possess high thermal con-
ductivity to even out the non-uniform heat flux emanating from the
serpentine metal pattern in the thin film resistive heater (Omega,
KH608/2) underneath. In a typical active-cooling experiment, a test
sample (e.g., containing internal vasculature) is mounted atop the base
plate forming the topmost layer as shown in Fig. 2a. However, because
the present study focuses on quantifying boundary effects extraneous
to the sample, the setup here does not include the sample itself. Three
different thicknesses (d ~ 2, 4, 6 mm) of each base plate material
were evaluated for influence on combined HTC and boundary loss.
In order that the top surface of the base plates which are placed on
the heater (~ 0.15 mm thick) be flush with standard lateral insulation
thicknesses of 2, 4 and 6 mm, the plates were machined down by
0.2 mm, resulting in the actual thicknesses of 1.8, 3.8 and 5.8 mm.
For convenience however, the original plate thicknesses (d) of 2, 4 and
6 mm are referred to in subsequent sections.

High density ethylene-vinyl acetate (EVA) foam (x = 0.03 W/(mK))
was selected as the lateral insulation. EVA sheets of the three chosen
thicknesses were laser cut into 200 x 200 mm squares. Concentric
100 x 100 mm square cut-outs matching the areal dimension of each
base plate were then laser cut into the EVA foam to obtain flat, snugly
fitting lateral insulation for each base plate. The layered assembly
(base plate, heater, lateral insulation) was then placed on an insulating
platform measuring ~305 x 305 x 25 mm.

Two platform insulation materials were used in this study to assess
the impact of axial insulation on boundary heat loss: (i) balsa wood,
and (ii) polyisocyanurate (PIR) foam. While balsa wood is a common
material used in prior active-cooling experiments [26-28], it is inher-
ently anisotropic, leading to non-uniform insulating behavior, which
is both undesirable and difficult to quantify. PIR foam, on the other
hand, is a rigid, closed-cell foam that is isotropic and has a lower
thermal conductivity (x = 0.027 W/(mK)) than balsa wood (x = 0.03
to 0.06 W/(mK)), making it a stronger contender for the insulation
platform. Various combinations of base plate materials and thicknesses
were placed on each of these two platforms, and boundary heat loss was
evaluated for applied heat fluxes of 500, 1000, 1500 and 2000 W /m?.

Evolution of the average top surface temperature, henceforth de-
noted by T, was tracked using an IR camera (FLIR, A655sc) at an
image sampling rate of 0.2 Hz. The base plates were spray painted
matte black to avoid reflections into the overhead mounted IR camera.
The assembly was heated from below via the resistive heater with

constant electric power input, that was dynamically adjusted for heater
resistance changes during the experiment, thereby ensuring constant
heat flux to reach hot steady state (HSS). Because T is expected
to asymptotically approach its steady state value (Tygg), @ criterion
suitable for experimental identification of HSS was deemed when T
varied by less than +0.2 °C [28,37]. The ambient temperature was
kept approximately the same across all experiments at 22 + 0.5 °C.
The emissivity (~0.94) of the painted top surface of both base plate
materials was measured according to ASTM standard E1933-14 across
the range of heat fluxes selected [38]. The evolution of T through
transient and steady-state regimes was then studied varying four pa-
rameters: (i) applied heat flux, (ii) thickness of the base plate, (iii) its
thermal conductivity, and (iv) the thermal conductivity of the platform
insulation. The impact of these four variables on A, and g are
detailed in the following section.

5. Analysis and results

Fig. 4 shows the six step sequence for the simultaneous estimation
of heymp, and gp.: @ HSS experiments are conducted on each com-
bination of the variables (i-iv) chosen for this study from which the
evolution of average top surface temperature (7)) is obtained; @ The
data is then non-dimensionalized (ND) and recast as the evolution of
the corresponding ND average top surface temperature (T) with ND
time (7); @ Thereafter, the noise in the data is filtered using a digital
data filter (e.g., Savgol) with appropriately chosen parameters that
allow for an accurate, smooth trace of the ND data to be obtained;
(@ The analytical solution for the evolution of ND temperature derived
earlier in Section 3 and given by Eq. (28) is then curve fit through the
smoothed data, from which  the optimized values of the three un-
known parameters k., by, b, are obtained. ) From these, coefficients
ay, a; and a,—required to back calculate A, and g, in dimensional
form—are obtained as given by Egs. ((31)a—c). The value of A, and
dioss in dimensional form are then calculated from Egs. (18) and (32).
The influence of the chosen parameters on the evolution of average
top surface temperature, A, and ¢, are then analyzed to reveal
the following results.

comb>

5.1. Average top surface temperature trends

The transient temperature evolution curves for 6 mm thick copper
and aluminum plates placed on balsa wood and foam platforms are
shown in Fig. 5a and b, respectively. The curves show that the temper-
ature rises exponentially in the transient regime, eventually achieving
a nearly constant value in steady state. This agrees with the analytical
solution for the ND temperature (T) evolution given by Eq. (28), with
ND time (7) and h,,, being positive quantities. The curves clearly
indicate that higher applied heat fluxes lead to higher top surface
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c) Repeatability of Temperature Measurement
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Fig. 5. Average top surface temperature (7)) evolution. Effect of applied heat flux and base platform insulation on T for (a) copper and (b) aluminum base plates
of 6 mm thickness. (c) Temperature evolution curves for three repeat experiments conducted on a 6 mm aluminum base plate placed on a balsa wood platform.
(d) Effect of base plate thermal conductivity and base platform insulation on T at a given plate thickness (6 mm) and applied heat flux (1500 W/m?). (e) Effect
of base plate thickness on 7' at an applied heat flux of 1500 W/m? for a foam platform. (f) Hot steady-state average top surface temperature (Tys) for different

base plate materials, thicknesses, applied heat fluxes and platform insulation.

temperatures. Also apparent is that the slope of the transient curve
increases with the applied heat flux, conforming to the theoretical
prediction given by Eq. (2). Furthermore, the data also shows that
the use of PIR foam as the platform insulation leads to higher surface
temperatures than balsa wood, indicating that foam has lower overall
heat loss and is indeed a better choice for insulation.

Since the proposed methodology is based on fitting the derived
mathematical model through experimental temperature evolution
curves, it is important to ensure reliability of temperature data from
IR camera measurements. To assess, we select the case of a 6 mm
aluminum base plate on a balsa wood platform with an applied heat
flux of 1500 W/m?. Fig. 5¢ shows the temperature evolution curves for
three such experiments with overlapping curves across both transient
and steady-state regimes, with the mean steady-state top surface tem-
perature being 92.15 °C and associated standard deviation of +0.12 °C.
The small standard deviation (below IR camera precision [37]) together
with the close spacing of the three curves in transient as well as steady-
state regimes, demonstrates experimental repeatability and fidelity in
temperature measurements.

Fig. 5d shows the influence of the base plate thermal diffusivity (ra-
tio of thermal conductivity, x to volumetric heat capacity, pc,) on the
transient temperature rise. As expected, the higher thermal diffusivity
copper climbs at a slower rate to reach steady state than aluminum.
Additionally, Fig. 5d indicates a weak dependence of the steady-state
average top surface temperature (Tjsg) on the diffusivity of the base
plate. According to Fourier’s law of heat conduction given by Eq.
(9), but now applied to the base plate, the difference in temperature
between the bottom and top faces of a 6 mm base plate for an applied
heat flux of 1500 W/m? is ~0.02 °C for copper and ~0.05 °C for
aluminum.

Fig. 5e highlights the role of base plate thickness on temperature
evolution, especially in the transient regime, where thinner plates
reach steady state faster than thicker ones due to lower thermal mass.
However, as shown in Fig. 5f, base plate thickness minimally affects

the steady-state average top surface temperature. Based on a similar
calculation using Fourier’s law as above, the difference in average top
surface temperature (for either aluminum or copper) due to thickness
change from 2 to 6 mm is on the order of 10~2 °C. Thus, the base
plate is effective at minimizing through-thickness thermal gradients,
validating our use of a dimensionally reduced order model (ROM).

5.2. Effect of applied heat flux

Fig. 6a shows the variation in A, with applied heat flux, obtained
from our experiments on copper and aluminum base plates of 6 mm
thickness. Since T increases with applied heat flux (Fig. 5a,b) while the
ambient temperature remains approximately the same, the temperature
difference (AT) increases. This leads to an increase in convective and
radiative heat losses from the top surface, and therefore h,, increases
with the applied heat flux.

Fig. 6b shows the associated variation of boundary heat loss with
applied heat flux. T varies significantly with applied heat flux, while
the type of metal and thickness of the base plate did not affect the
temperature as strongly (Fig. 5d). This indicates that the amount of heat
transferred by both convective and radiative modes increases with ap-
plied heat flux. The boundary heat loss, which is the difference between
these two simultaneously increasing quantities (i.e., the applied heat
flux and the sum of the convective/radiative heat losses) is therefore
a weak function of the applied heat flux. However, boundary heat loss
shows a strong dependence on platform insulation. As noted earlier, the
increase in surface temperature resulting from the use of PIR foam in
place of balsa wood points to a smaller amount of heat flowing through
the platform insulation, thus naturally leading to lower boundary loss.

5.3. Effect of base plate thickness
As mentioned in Section 5.1, base plate thickness affects the tran-

sient response but does not significantly affect the steady-state tempera-
ture (Fig. 5e,f). Since A, is obtained using the temperature evolution
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b) Effect of Applied Heat Flux on Boundary Loss
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Fig. 6. Effect of applied heat flux. Variation of (a) combined heat transfer coefficient (A,,;,), and (b) boundary heat loss (g,.), for 6 mm thick base plates.
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curve spanning both, transient as well as steady-state regimes, we
expect the combined HTC to be a function of base plate thickness, as
shown in Fig. 7a. However, because of its minimal influence on Tygs,
AT between the top surface and the ambient remains approximately
the same at steady-state irrespective of base plate thickness at any
given heat flux. Since the Stefan-Boltzmann constant and emissivity
also remain the same, radiative effects are not expected to change much
with plate thickness variations.

Convective effects, on the other hand, are likely to be influenced
by a change in base plate thickness. The assembly mimics the classical
horizontal flat plate configuration with the hot surface facing upwards.
A change in base plate thickness therefore directly translates to a
change in step height that the convective currents encounter. Several
correlations are available in literature for the convective heat transfer
coefficient (h,,,) in terms of the geometric parameters and orientation
of the solid surface, and the flow properties of the fluid medium. These
correlations typically assume the plate to be “thin” in order to predict
the nature of variation in A, and seldom agree even on funda-
mental parameters used in these relations. For example, some studies
use the length of the short edge as the characteristic length, while
others use alternative measures such as the ratio of the surface area to
the perimeter [64,65]. In essence, natural convection involving plates

of finite thickness are fairly non-trivial, especially on the theoretical
front [66,67]. In this light, combined experimental/analytical studies
such as the present one offer a convenient and effective alternative
to assess these effects. The results from our study indicate that the
combined heat transfer coefficient (h..,,) increases with base plate
thickness, as shown in Fig. 7a. Since radiative effects do not vary, the
measured trend points to improved convection with an increase in base
plate thickness.

From the energy balance Eq. (1), if the amount of heat transferred
by convection increases while that transferred by radiation remains
the same for a prescribed applied heat flux and the same lateral and
bottom insulation, the proportion of heat lost through these boundaries
must reduce. Fig. 7b confirms this logic, with lower boundary losses
occurring for higher base plate thicknesses. Again, the data shows
that the boundary heat loss is significantly lower with the use of
foam as the platform insulation rather than commonly employed balsa
wood [26-28].

5.4. Effect of base plate thermal conductivity

Higher thermal conductivity implies better temperature uniformity
(i.e., smaller temperature gradients) in every plane normal to the
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thickness direction, including the top surface. Minimizing in-plane
thermal gradients restricts gradients to primarily along the thickness
from the heater interface to the top free surface. In turn, this lowers
the propensity for planar heat flow, i.e., through the lateral boundaries.
Consequently, the boundary loss described by Eq. (9) is expected to
be smaller in higher conductivity copper than in aluminum. Boundary
loss trends observed earlier in Figs. 6 and 7 corroborate this intricate
heat transfer mechanism, shedding new light on thermal behavior for
optimizing system-level design.

6. Closure

This paper puts forth an innovative framework—comprising an
experimental protocol and parametric modeling—that accurately esti-
mates the convective HTC, accounting for conductive heat loss through
imperfectly insulated boundaries. Thus, this hybrid framework pro-
vides a solution to the longstanding practice of assuming adiabaticity
[29-34], even with imperfectly insulated boundaries, owing in large
part to accessible analytical tools not being available. When applied
here to the model problem mirroring the experimental setup widely
used in microvascular active-cooling studies, the methodology not only
allows for simultaneous quantification of these two coupled quantities,
but in doing so also reveals the advantage of using thicker base plates
of high thermal conductivity to even out non-uniformity in heat flux
emanating from an external heat source. Furthermore, the technique
also informs the selection of insulating materials by providing accurate
quantification of conductive heat losses through the boundary, where
our results show less heat transfer occurs with a closed cell poly-
mer foam platform over balsa wood often employed in active-cooling
studies [26-28].

We envision several applications for our framework. As an exten-
sion applied to the same model problem, the technique can now be
used to more finely study thermal regulation of microvascular fiber-
composites and metals in layered configurations, e.g., photovoltaics
and electric vehicle battery cooling [30,31,52]. Such heterogeneous
materials and architectures induce additional intricacy via thermal
non-uniformity. For example, complex temperature gradients arising
in sandwich structures comprised of materials with different thermal
properties and subject to non-uniform heat sources pose significant
challenges for estimating the HTC and boundary losses, which can now
be conveniently navigated via the framework laid out herein. Thus,
we strengthen the understanding required to advance experimental
and theoretical thermal regulation research with transferable benefits
across a broad landscape of industrial heat transfer applications.
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