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Abstract: In the current work, the heat flux in nucleate pool boiling has been predicted using the
macrolayer and latent heat evaporation model. The wall superheat (∆T) and macrolayer thickness (δ)
are the parameters considered for predicting the heat flux. The influence of operating parameters on
instantaneous conduction heat flux and average heat flux across the macrolayer are investigated. A
comparison of the findings of current model with Bhat’s decreasing macrolayer model revealed a close
agreement under the nucleate pool boiling condition at high heat flux. It is suggested that conduction
heat transfer strongly rely on macrolayer thickness and wall superheat. The wall superheat and
macrolayer thickness is found to significantly contribute to conduction heat transfer. The predicted
results closely agree with the findings of Bhat’s decreasing macrolayer model for higher values of
wall superheat signifying the nucleate boiling. The predicted results of the proposed model and
Bhat’s existing model are validated by the experimental data. The findings also endorse the claim
that predominant mode of heat transfer from heater surface to boiling liquid is the conduction across
the macrolayer at the significantly high heat flux region of nucleate boiling.

Keywords: heat flux; pool boiling; wall superheat; conduction

1. Introduction

Increased rate of heat transfer attributed to nucleate pool boiling is a vital regime
of boiling. The nucleate boiling has been characterized by region of interference and
isolated bubbles [1]. The pool boiling was investigated [2] with the help of illustrations of
atmospheric pressure. Rough differentiation of various regions of nucleate pool boiling was
hypothesized [3]. Previously, researchers [4] reported results comparable to those obtained
by the investigators [2], and a marked decline in heat transfer coefficient was noticed in
the second transition region. An investigation of saturated pool boiling was conducted
pictorially and it was suggested that, as minimum, three and possibly four heat transfer
regions be present. Katto and Yokoya [5] recommended a mechanism for nucleate boiling
in which the heater surface is characterized by the existence of liquid film on it. In high heat
flux region corresponding to nucleate pool boiling, the discrete bubbles leaving from the
heated surface cannot escape into free space but amalgamate to form a large vapor mass
due to high active site density. The vapor mass so formed still remains connected to the
heating surface through a number of vapor column stems while a liquid layer is entrapped
between the growing vapor mass and the heated surface. The liquid layer between the
vapor mass and the heating surface is termed as “macrolayer.” Whereas the microlayer is
a liquid film that is much thinner, between an individual bubble and the heating surface
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during nucleate boiling at low heat flux. The evaporation of the liquid macrolayer has been
hypothesized to be a controlling parameter in conduction heat transfer.

The study by Moissis and Berenson [6] specifically focused on the hydrodynamic
transitions. Dhir [7] suggested that the prevailing mechanism of regime of pool boiling
is characterized by high heat flux. Augmentation of the heat fluxes has been studied
extensively by the investigators [8,9]. The bubble agitation model is signified by the
bubbles’ growth and release that cause the nearby liquid to undergo an exchange of
heat [10,11]. Wall heat flux partitioning model based on bubble dynamics was studied for
nucleate boiling [12] and a mechanistic model was suggested depending on combined heat
transfer mechanism with relevant bubble dynamics. The results relying on the concept
of vapor–liquid exchange model differ considerably from tangible conclusions [13,14].
A study employing the Lattice Boltzmann method [15,16] contributed to enhanced heat
transfer coefficient utilizing nanofluids. A computational fluid dynamics (CFD) method
has been used to suggest the heat transfer coefficient corresponding to the nucleate regime
of boiling [17]. A CFD study was conducted to analyze the influence of nanofluid on heat
transfer coefficient for nucleate pool boiling under constant heat flux conditions [18]. It
was suggested that the heat transfer coefficient increases with an increased amount of
nanoparticles in the base fluid. Son and colleagues [19] studied the simulation of nucleate
boiling and recommended that surface roughness contributed considerably to heat transfer.
The effect of coating surface and gap size on heat transfer coefficient in pool boiling was
investigated for deionized water at saturation temperature [20], and it was found that
coated surface contributed to reduced heat transfer as compared with uncoated surface.
SiO2 thin film nanocoated surface was used to study the significance of surface modification
on heat transfer under nucleate pool boiling condition for saturated R-141b [21]. The
obtained results were verified by correlations available in the literature. It was concluded
that surface modifications lead to increased heat transfer. A horizontal heater was used
to determine the nucleate pool boiling heat transfer coefficient for glycol-water alumina
suspension [22], and a small heat transfer coefficient was observed for nano-suspension
in comparison to that obtained for pure water. Ambient conditions were controlled to
numerically analyze the nucleate boiling of saturated water [23]. A macroscopic model
that considers free board region was developed for nucleate pool boiling in openFOAM
and verified using experimental data [24]. It was suggested that turbulence dispersion
force contributes to aeration in the bulk liquid. The macrolayer model [25] was utilized for
studying the nucleate heat exchange employing the numerical simulation. The volume-of-
fluid (VOF) concept has been employed to analyze the nucleate boiling phenomenon [26].
A CFD model based on the microlayer has been developed to simulate boiling regime of
industrial significance [27].

A CFD study of nucleate boiling using cryogenic fluid has been performed [28], and
the findings agree well with the obtained data. A study devoted to numerical analysis
using a thin substrate of nucleate heat transfer has been carried out [29]. An enhanced VOF
method [30] was employed to study the detachment characteristics of isolated bubbles.
Heat exchange across the boundary between the vapor, liquid, and solid phases has been
predicted [31]. Modeling and numerical study was performed to predict the role of the
microlayer in heat transfer using a water-ethanol system [32]. The entire range of nucleate
boiling was studied using developed comprehensive relationships [33]. The heat transfer
coefficient has been predicted at different concentrations using TiO2-water nanofluids to
present a new model [34]. The fractal distribution of nucleation sites has been studied
using a model developed by Chu and colleagues [35]. A static and dynamic model [36]
characterizing the growth of vapor bubbles on heated walls has been studied extensively.
The vapor-liquid boundary’s hydrodynamic response has been reported by developed
model [37].

An unsteady-state model for energy exchange across the macrolayer has been pre-
sented [38,39]. An alternate critical heat flux theory based on the significance of the
macrolayer was proposed by Haramura and Katto [40] and Pan et al. [41]. These proposed
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models do not alter the fundamental elements of Zuber’s model [42]. Dhir and Liaw [43]
presented their conclusions in a time-averaged model. Bhat et al. [44,45] developed an ana-
lytical heat transfer model corresponding to a nucleate regime of boiling, supposing fixed
macrolayer thickness. The Bhat et al. study [45] assumed a linear temperature profile in the
liquid macrolayer for the total cycle period of vapor mass initiation-growth departure, and
the governing equations (Equations (1)–(4)) for macrolayer thickness, conduction heat flux,
average conduction heat flux, and dimensional temperature have been reproduced below.

An expression for instantaneous value macrolayer thickness is represented by:

y = δo −
qwt

ρlhfg
(1)

At a temperature difference of ∆T, conduction heat flux equation can be written as:

qc = k∆T ρl h f g

[
1

ρl h f g δo−qwt

]
(2)

The conduction heat flux in terms of average value is obtained as:

qavg = ρl h f g
k∆TF

qw
ln

(
δo

δo−(q w /ρl h f g F)

)
(3)

Assuming the linear temperature profile in macrolayer as:

θ =
T − Ts

Tw − Ts
=

(
δ0

δ0 − (qwt/ρlh f g)

)(
1 − y

δ0

)
(4)

The heat exchange across the macrolayer at a constant heat input was investigated by
Prasad [46]. Jairajpuri and Saini [47] developed an unsteady-state heat exchange model of
diminishing macrolayer thickness. An analytical solution using Laplace transformation of
the heat exchange model based on macrolayer has been presented [48]. An unsteady-state
model considering heat exchange in the heater wall and macrolayer was developed by
Prasad and colleagues [49]. A detailed investigation was carried out, taking into consid-
eration the heat exchange and bubble dynamics [50]. The importance of the hydropho-
bic/hydrophilic surface was examined with mesoscale simulated boiling curves [51]. A
simulation study on a single site, using a large, microscopic contact angle, a moderate
Jakob number, and a high-density ratio between phases was carried out [52]. Nucleate
pool boiling for water and water-silica nanofluid was simulated [53], applying the Eulerian
multiphase approach, and simulated findings were compared with experimental data to
substantiate the proposed approach.

The effect of microgravity on heat transfer under the pool boiling condition was
investigated by mesoscale simulations [54]. CHF improvement was obtained with in-
creased concentration of GONs using aqueous nanofluids under unsteady-state nucleate
boiling [55]. Water-based graphene oxide colloidal suspensions were chosen using sili-
con dioxide plate surface to augment the critical heat flux [56]. Investigators [57] have
reported an augmentation of 80% in the heat transfer coefficient during a heat transfer
study of water on SiO2 nanostructure surface. An extensive review on CHF has been con-
ducted with special emphasis on mechanism, models, and correlations [58]. Also proposed
was a new correlation to predict the heat transfer coefficient considering the influence of
surface/liquid combination [59].

An algorithm employing the VOF aspect was evolved [60] to microlayer evaporation
and single bubble behavior during nucleate boiling. An investigation [61] of heat exchange
in nucleate regime of pool boiling using R124a/R245f azeotropic mixture was carried out.
An extensive review on the various surface modification techniques has been proposed
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to augment the critical heat flux in saturated pool boiling [62]. A study to develop a CHF
model was conducted considering micro-scale surface roughness [63].

The purpose of the current study is to predict the energy exchange utilizing the
macrolayer model. The outcome of macrolayer thickness and wall superheat on heat
flux and average heat flux is investigated. The relative contribution of wall superheat
and macrolayer thickness to the conduction heat flux is analyzed. The predicted results
are compared with the decreasing macrolayer model developed by Bhat et al. [45] and
predicted results are validated with the available literature data.

2. Current Model and Analytical Solution

The developed mathematical model (Equation (5)) and detailed analytical solution
presented elsewhere [48] for heat transfer through the macrolayer and the corresponding
equations (Equations (6)–(9)) obtained through the analytical solution of the developed
model using appropriate boundary and initial conditions for conduction heat flux, average
conduction heat flux, and temperature profile are presented as follows.

α
∂2T
∂y2 − V

∂T
∂y

=
∂T
∂t

(5)

where V denotes liquid-vapor interface velocity and is characterized by rate of evaporation
of macrolayer at liquid-vapor interface.

The initial and boundary conditions on T(y,t) are:
I.C.: T(y,0) = Tw; 0 ≤ y ≤ δ Tw: wall temperature
B.C.: T(0,t) = Tw; t > 0 Ts: surface temperature

T(δ,t) = Ts; t > 0.
The conduction heat flux qc at y = δ is given as:

qc = k∆T

 v

α
(

1 − exp
(
−vδ

α

)) +
∞

∑
n=1

2n2π2

δ
(

v2δ2

4α2 + n2π2
)

exp
(

v2

4α + n2π2α
δ2

)
t

 (6)

The heat flux averaged qavg over time interval tc is defined as:

qavg =
∫ tc

0
qc dt. (7)

qavg =
k∆T

tc

 vtc

α
(
1 − exp

(−vs
α

)) − ∞

∑
n=1

2n2π2α
{

exp−
(

v2

4α + n2π2α
δ2

)
tc − 1

}
δ3
(

v2

4α + n2π2α
δ2

)2

 (8)

The equation for temperature profile in dimensionless form in macrolayer is expressed as:

θ(y, t) = e
v

2α (y−δ)

 sin h v
2α y

sin h v
2α δ

+
∞

∑
n=1

2nπ(−1)n sin nπy/δ(
v2

4α + n2π2α
δ2

)
exp

(
v2

4α + n2π2α
δ2

)
t

 (9)

where dimensionless temperature, θ = TW−T
TW−TS

.

3. Results and Discussion
3.1. Instantaneous Heat Fluxes

The dependence of average flux predicted by Bhat’s model and the current model
(t = 1 ms) is shown in Figure 1. The data were obtained for a total cycle period of 40 ms with
three macrolayer thicknesses of 50 µm, 75 µm, and 200 µm for Bhat’s existing model. The
macrolayer thicknesses of 50 µm, 150 µm, and 200 µm with t = 40 ms were used to predict
the heat fluxes using the current model. It is found that the average heat flux increases
with increased wall superheat and a thinner macrolayer contributes significantly to heat
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exchange. Bhat’s model predicted a highest heat flux of 1.2569 MW/m2 and our model
predicted a heat flux of 1.5165 MW/m2 at the same wall superheat of 50 K, corresponding
to a macrolayer thickness of 50 µm, respectively.
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Figure 1. Dependence of heat flux on wall superheat using current model and Bhat’s model.

The instantaneous conduction heat fluxes predicted by the current model are higher
than those obtained using the decreasing macrolayer model of Bhat [45] at all the selected
constant values of the macrolayer thicknesses, indicating the significance of proposed
model. The deviations between the fluxes predicted by both models increased with in-
creased macrolayer thickness. The current model and Bhat’s model predicted maximum
heat fluxes of 1.3535 MW/m2 and 0.1929 MW/m2, respectively, at a macrolayer thickness
of 200 µm. From the analysis of curves, it is suggested that energy exchange rate strongly
depends on ∆T. A thicker macrolayer transports less heat energy at the equivalent magni-
tude of wall superheat. The accuracy measurement is determined in terms of coefficient of
determination (R2) and mean error (σ) for both (current and existing) models’ data [45].
An R2 = 0.899 is determined with reference to Figure 1 for dependence of instantaneous
conduction heat flux on wall superheat for the current model and Bhat’s model for macro-
layer thickness, δ = 50 µm. Also, the mean error or standard deviation (σ) is estimated
to be ±0.078 MW/m2. The lower value of standard deviation validates good agreement
between the current model and Bhat’s model based on the macrolayer.

Figure 2 shows the comparative heat fluxes with macrolayer thickness estimated using
the current model (t = 10 ms) and Bhat’s model (t = 30 ms) under constant conditions of
wall superheat. The data were obtained for wall superheats of 40 K, 30 K, and 20 K for
both the examined models. The conduction heat fluxes predicted by these models decrease
significantly with increased macrolayer thicknesses from 30 µm to 200 µm. The current
model predicted a heat flux of 1.6339 MW/m2 at wall superheat of 40 K at a departure
time of 10 ms, whereas Bhat’s model predicted the highest energy flux of 2.1199 MW/m2

under the same condition of wall superheat. Under a constant condition of wall superheat
(∆T = 30 K), the current model and Bhat’s model predicted instantaneous maximum heat
fluxes of 1.2254 MW/m2 and 1.5899 MW/m2, respectively. It was noticed that the impact
of macrolayer thickness on instantaneous conduction fluxes is less prominent at a higher
thickness, for example, at about 200 µm.
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3.2. Average Conduction Heat Fluxes

The dependence of average conduction energy flux obtained for the current model
(tc = 40 ms) and Bhat’s decreasing macrolayer model (1/F = 40 ms) is shown in Figure 3.
The average conduction heat flux is defined at the liquid-vapor interface. The macrolayer
thicknesses of 50 µm, 150 µm, and 200 µm are chosen to predict the average conduction
heat fluxes using the current model, whereas macrolayer thicknesses of 50 µm, 75 µm, and
200 µm were chosen to predict the heat fluxes utilizing Bhat’s model. The average flux is
found to increase with increased wall superheat, and a thinner macrolayer contributes to
significant heat exchange across the macrolayer.
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The consequence of macrolayer thickness on average conduction heat flux is pro-
nounced significantly with increased thickness, say, at 200 µm. The average heat flux
declines from 0.4952 MW/m2 to 0.2168 MW/m2 with increased macrolayer thickness
from 150 µm to 200 µm under a constant condition of wall superheat (∆T = 50 K) for the
current model. Bhat’s model and the current model predicted a maximum average heat
flux of 0.9131 MW/m2 and 0.7219 MW/m2 at a wall superheat of 50 K under a constant
macrolayer thickness of 50 µm. The current model predicts better results for a thicker
macrolayer of 200 µm as compared with that predicted by Bhat’s model. The average fluxes
of 0.1745 MW/m2 and 0.1452 MW/m2 are obtained for the current model and Bhat’s model,
respectively, under a constant condition of wall superheat (∆T = 40 K) at an increased
macrolayer thickness of 200 µm. From the analysis of curves, it is observed that average
energy rate relies intensely on ∆T. For the same cycle period and same superheat, a thinner
macrolayer contributes to higher heat energy irrespective of the chosen model.

The comparative analysis of the average conduction heat fluxes obtained using the
current model and Bhat’s model [45] is presented in Figure 4. Bhat’s model predicted the
heat fluxes for macrolayer thicknesses of 50 µm, 75 µm, and 200 µm over a cycle period
(1/F) of 50 ms. A total cycle time (tc) of 60 ms was used to predict the heat fluxes with
macrolayer thicknesses of 50 µm, 150 µm, and 200 µm for the current model. In all cases
of heat flux predicted by Bhat’s model and the present model, the average conduction
heat flux depends intensively on ∆T. Considerable deviations are observed between the
heat fluxes obtained for the present model and Bhat’s decreasing macrolayer model. The
deviations are more pronounced at a larger value of wall superheat. The present model
predicts a maximum average flux of 0.7212 MW/m2 as compared with an average flux of
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Figure 4. Prediction of average conduction heat fluxes with wall superheat (tc = 60 ms, 1/F = 50 ms).

The dependence of average conduction heat fluxes for the current model (tc = 40 ms)
and Bhat’s model (1/F = 40 ms) on macrolayer thickness under constant conditions of
wall superheats of 40 K, 30 K, and 20 K is presented in Figure 5. It is observed that energy
exchange rate varies significantly with macrolayer thickness. Bhat’s model and the current
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model predict maximum heat fluxes of 1.7118 MW/m2 and 0.9415 MW/m2, respectively,
at a δ value of 30 µm under constant conditions of wall superheat, ~40 K. The predicted
Qavg for the current model declines from 0.7061 MW/m2 to 0.1301 MW/m2 with increased
macrolayer thickness from 30 µm to 200 µm at a ∆T equivalent to 30 K, corresponding to
a total time of 40 ms. It is also observed that, under the constant operating conditions of
macrolayer thickness and total cycle time, the predicted average heat flux was enhanced
with increased wall superheat. Heat flux predicted by the current model enhanced from
0.3569 MW/m2 to 0.7138 MW/m2 with increased wall superheat from 20 K to 40 K for
macrolayer thickness of 40 µm. It is clear from these curves that the predicted average
heat fluxes vary significantly with macrolayer (δ). The findings show that the average
energy exchange rate declines with augmented macrolayer thickness, indicating that an
insubstantial macrolayer contributes to significantly higher flux.
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The comparative results of average heat fluxes with macrolayer for the current model
and Bhat’s model [45] are presented in Figure 6. The data are obtained for wall superheats
of 20 K, 30 K, and 40 K, and a total cycle time of 40 ms is chosen for analyzing the influence
of the macrolayer. It is observed that average heat flux obtained using the current model
and Bhat’s model [39] declined with increased macrolayer thickness from 30 µm to 200 µm.
In all cases, it is observed that increased macrolayer thickness contributed negatively to the
average conduction heat flux, as evident from the curves. The current model predicts an
average heat flux of 0.9528 MW/m2 at ∆T value of 40 K with a macrolayer thickness of
25 µm. The average conduction heat flux predicted by the current model declined from
0.7068 MW/m2 to 0.1349 MW/m2 with increased macrolayer thickness from 30 µm to
200 µm. Bhat’s model predicted a maximum conduction heat flux of 1.3501 MW/m2 at a
δ of 30 µm under the constant condition of wall superheat (∆T = 40 K) with a total cycle
period of 20 ms. The deviations between the average fluxes predicted by both models are
less pronounced with increased macrolayer thickness. It is observed that the Qavg obtained
using the proposed model and Bhat’s existing model is nearly the same at a macrolayer
thickness range of 75 µm to 100 µm.
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3.3. Model Validation

The variation of heat fluxes on superheat using predicted and experimental results is
presented in Figure 7. The predicted results of the proposed current model are compared
with Bhat’s model [45] and also with the experimental values of the heat fluxes obtained [3].
The data for the predicted result are obtained at a δ value of 50 µm. In all the cases, it is
observed that conduction or flux robustly depends on ∆T and increases almost linearly
with increased temperature. The experimental wall heat flux increases from 0.6259 MW/m2

to 1.6567 MW/m2 with increased wall superheat from 10 K to 60 K. Bhat’s model predicts
a highest flux of 1.3601 MW/m2 at a ∆T equal to 50 K, corresponding to a δ value of 50 µm.
The highest flux of 1.3601 MW/m2 is achieved for the proposed model at a maximum heat
flux of 50 K and decreased to 0.1603 MW/m2 with decreased wall heat flux of 10 K under
the constant condition of macrolayer thickness. It is also noticed that predicted values of
conduction heat fluxes using the proposed model are higher than that of Bhat’s model at
any value of wall superheat.

The comparative prediction of conduction or wall superheat with the macrolayer
is shown in Figure 8. The predicted results of Bhat’s model and the current model are
obtained at 40 K. In all the cases, it is observed that the energy exchange rate decreases
with increased thickness of the macrolayer. The experimental flux of 1.6645 MW/m2 is
obtained for a macrolayer thickness of 50 µm. The current model predicts conduction heat
fluxes of 1.2692 MW/m2 and 0.9574 MW/m2 at times of 10 ms and 15 ms, respectively,
under a constant condition of wall superheat of 40 K. On the other hand, Bhat’s model
predicted a highest flux of 2.1199 MW/m2 at a ∆T ~40 K. The current model predicts higher
heat fluxes as compared with that predicted by Bhat’s model for macrolayer thickness
ranging from 50 µm to 200 µm. The conduction heat flux predicted by the current model
declined from 1.6339 MW/m2 to 0.4036 MW/m2 with increased macrolayer thickness
from 30 µm to 200 µm for t = 10 ms. It is concluded that a thinner macrolayer consistently
contributes to a higher rate of heat transfer through macrolayer as compared with that
of thicker macrolayer. An R2 = 0.879 is achieved with reference to Figure 8 for predicted
data of current model and the experimental data [3] of conduction heat flux as a function
of macrolayer thickness. The standard deviation (σ) is estimated to be ±0.174 MW/m2.
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The determined R2 and σ values for predicted and experimental values of conduction heat
fluxes signify better conformity among the measurements.
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4. Conclusions

The mathematical model developed in the current study is capable of estimating
the conduction energy transfer through macrolayer in a nucleate regime of pool boiling.
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The current model and Bhat’s decreasing macrolayer model predict that conduction heat
transfer rate significantly varies with wall superheat, but the effect tends to decline with
increased macrolayer thickness. Under the condition of same value of wall superheat, a
lean macro-layer exchanges more heat energy comparatively with a thicker macrolayer.
The instantaneous values of the heat flux obtained for the proposed model are higher than
those obtained using Bhat’s decreasing macrolayer model relying on wall ∆T, indicating
the significance of the proposed model. The conduction heat fluxes predicted by these
models decrease considerably with increased macrolayer thicknesses from 30 µm to 200 µm.
The average heat fluxes predicted by both models are nearly the same for a macrolayer
thickness of 200 µm. The average flux increases with increased superheat and a thinner
macrolayer contributes significantly to conduction heat transfer. The deviations between
average heat fluxes predicted for the existing model and the proposed model decrease
with increased macrolayer thickness. The average heat flow rate decreases with increased
macrolayer thickness. In addition, the Qavg obtained using the proposed model and Bhat’s
model is nearly the same at a macrolayer thickness ranging approximately from 75 µm to
100 µm. The proposed model predicted a heat flux higher than Bhat’s model prediction but
lower than that of the experimental flux under the condition of variable ∆T.
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