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Abstract: Subcooled flow boiling occurs in many industrial applications where enormous heat transfer is
needed. Boiling is a complex physical process that involves phase change, two-phase flow, and interactions
between heated surfaces and fluids. In general, boiling heat transfer is usually predicted by empirical or
semiempirical models, which are horizontal to uncertainty. In this work, a data-driven method based
on artificial neural networks has been implemented to study the heat transfer behavior of a subcooled
boiling model. The proposed method considers the near local flow behavior to predict wall temperature
and void fraction of a subcooled minichannel. The input of the network consists of pressure gradients,
momentum convection, energy convection, turbulent viscosity, liquid and gas velocities, and surface
information. The outputs of the models are based on the quantities of interest in a boiling system wall
temperature and void fraction. To train the network, high-fidelity simulations based on the Eulerian
two-fluid approach are carried out for varying heat flux and inlet velocity in the minichannel. Two classes
of the deep learning model have been investigated for this work. The first one focuses on predicting the
deterministic value of the quantities of interest. The second one focuses on predicting the uncertainty
present in the deep learning model while estimating the quantities of interest. Deep ensemble and
Monte Carlo Dropout methods are close representatives of maximum likelihood and Bayesian inference
approach respectively, and they are used to derive the uncertainty present in the model. The results of
this study prove that the models used here are capable of predicting the quantities of interest accurately
and are capable of estimating the uncertainty present. The models are capable of accurately reproducing
the physics on unseen data and show the degree of uncertainty when there is a shift of physics in the
boiling regime.

Keywords: computational fluid dynamics (CFD); artificial neural network (ANN); subcooled boiling
flows; uncertainty quantification (UQ); Monte Carlo dropout; deep ensemble; deep neural
network (DNN)

1. Introduction

Engineering applications with high heat flux generally involve boiling heat transfer. The high heat
transfer coefficient reached by boiling flows makes boiling heat transfer relevant for research where
thermal performance enhancement is needed. Although boiling heat transfer can improve the cooling
performance of a system, the underlying physics are not fully understood yet. Therefore, it remains a
major challenge to model the boiling heat transfer behavior for a boiling system.

Among other methods, the two-fluid model-based computational fluid dynamics (CFD) has
shown a good capability of dealing with boiling flow heat transfer problems. In such an approach,
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information of the interface between vapor and liquid is taken as an average using closure equations,
resulting in lower computational power requirements. Two-fluid models represent a promising
solution to develop high fidelity representations, where all the concerned fields can be predicted
with good accuracy. One of the most known two-fluid approach based CFD models to simulate
boiling flows is the Rensselaer Polytechnic Institute (RPI) model, proposed by Kurul et al. [1]. The RPI
model proposes to decompose the total applied heat flux on the wall on three components to take
into account the evaporation, forced convection, and the quenching. Many authors adopted this
approach to model the boiling flows in different geometries and for multiple operating conditions [2-5].
When comparing their results to the available experimental data, fair agreements were obtained only
for few fields, while bad estimations were obtained for many others. The fields of interest here are
the vapor void fraction, the different phases velocities and temperatures, and the heated surface
temperature. These failed estimations are related principally to the use of several closure models
representing phenomenons occurring at different length scales, as the momentum and mass transfer
at the interface, bubbles interaction in the bulk flow, and more importantly mechanical and thermal
interactions on the heated surface, leading to nucleation, evaporation, bubble growth and departure, etc.
These closure equations are developed based on empirical or mechanistic treatments. The first is based
on experimental data that are valid only for reduced ranges of operating conditions, and when they are
extrapolated, accurate results are no longer guaranteed. Mechanistic treatments are based on several
assumptions that generally neglect the complicated interactions between bubbles, interactions between
the heated surface and fluids, and they represent a hard linking between the occurring phenomenons
time and space scales.

The field of fluid dynamics is closely linked to massive amounts of data from experiments and
high-fidelity simulations. Big data in fluid mechanics has become a reality [6] due to advancements in
experimental techniques and high-performance computing (HPC). Machine learning (ML) algorithms
are rapidly advancing within the fluid mechanics domain, and ML algorithms can be an additional
tool for shaping, speeding up, and understanding complex problems that are yet to be fully solved.
They provide a flexible framework that can be tailored for a particular problem, such as reduced-order
modeling (ROM), optimization, turbulence closure modeling, heat transfer, or experimental data
processing. For example, proper orthogonal decomposition (POD) has been successfully implemented
to obtain a low-dimensional set of ordinary differential equations, from the Navier-Stokes equation,
via Galerkin projection [7,8]. POD technique has been used to investigate the flow structures in the
near-wall region based on measurements and information from the upper buffer layer at different
Reynolds number for a turbulent channel [9]. However, it has been reported that the POD method lacks
in handling huge amount of data when the size of the computational domain increases [10]. On the
other hand, artificial neural networks (ANN) are capable of handling huge data size and nonlinear
problems of near-wall turbulent flow [11]. ANNSs have been used to learn from large eddy simulation
(LES) channel flow data, and it is capable of identifying and reproducing highly nonlinear behavior of
the turbulent flows [12]. In the last few years, there have been multiple studies related to the use of
ANN:s for estimating the subgrid-scale in turbulence modeling [13-15]. Among other neural networks,
convolution neural networks (CNNs) have been widely used for image processing due to their unique
feature of capturing the spatial structure of input data [16]. This feature is an advantage when dealing
with fluid mechanics problems since CNN allows us to capture spatial and temporal information of
the flows. Multiple CNN structure [17] has been proposed to predict the lift coefficient of airfoils with
different shapes at different Mach numbers, Reynolds number, and angle of attack. A combination of
CNN with multi-layer perceptron (MLP) [18] has been used to generate a time-dependent turbulent
inflow generator for a fully developed turbulent channel flow. The data used for that work have been
obtained from direct numerical simulation (DNS), and the model was able to predict the turbulent
flow long enough to accumulate turbulent statistics.

Machine learning techniques are rapidly making inroads within heat transfer and multiphase
problems too. These ML methods consist of a series of data-driven algorithms that can detect a
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pattern in large datasets and build predictive models. They are specially designed to deal with
large, high-dimensional datasets, and have the potential to transform, quantify, and address the
uncertainties of the model. ANN-based on the back-propagation model has been used to predict
convective heat transfer coefficients in a tube with good accuracy [19]. Experimental data from
impingement jet with varying nozzle diameter and Reynolds number have been used to build an
ANN model. This model was then used to predict the heat transfer (Nusselt number) with an error
bellow 4.5% [20]. More recently, researchers have used ANN for modeling boiling flow heat transfer of
pure fluids [21]. Neural networks have been used to fit DNS data to develop closure model relation
for the average two-fluid equations of vertical bubble channel [22]. The model trained on DNS
data was then used for different initial velocities and void fraction, to predict the main aspects of
DNS results. Different ML algorithms [23] have been examined to study pool boiling heat transfer
coefficient of aluminum water-based nanofluids, and their result showed that the MLP network gave
the best result. In the past, CNNs model has been used even as an image processing technique for
two-phase bubbly flow, and it has been shown that they can determine the overlapping of bubbles:
blurred and nonspherical [24].

Although there is research related to boiling heat transfer and machine learning algorithms,
according to the authors” knowledge all the above-mentioned models focus on deterministic ANN
models. When working with a reduced order model or black-box model such as deep learning models
for physical applications, it becomes of prime importance to know the model confidence and capability.
If these models are to be used for a new set of operating conditions, the first thing to consider is how
reliable this model is and how accurate the predicted value is. Therefore, it is crucial to know the
uncertainty present in the predictions made.

The aforementioned ML techniques applied to heat transfer and fluid mechanics are mostly
deterministic approaches that lack in providing predictive uncertainty information. At the same
time, deterministic ANN models tend to produce overconfident predictions, which may lead to
unpredictable situations when used in real-life industrial applications. Therefore, it is essential to
quantify the uncertainty present in the model for any practical applications. Uncertainty models
provide the user with the confidence level, and they allow them to make better decisions based on
engineering judgment.

In Bayesian learning, a priori distribution is defined upon the parameters of a NNs, then given
the training data, the posterior distribution over the parameter is computed, which is used to estimate
the predictive uncertainty [25]. The fundamental concern in Bayesian learning while analyzing data or
making decisions is to be able to tell whether the model is certain about its output. Bayesian-based
models offer a mathematically grounded framework to reason about model uncertainty, but the
computational cost rapidly increases as the data size increases. Due to computational constraints
in performing exact Bayesian inference, several approximation methods have been proposed
such as; Markov chain Monte Carlo (MCMC) [26] method, variational Bayesian methods [27,28],
Laplace approximation [29], probabilistic backpropagation (PBP) [30]. The nature of predictive quality
using Bayesian NNs depends on correct priori distribution and degree of approximation of Bayesian
inference due to high computational cost [31]. However, Bayesian models are harder to implement,
they make it harder to define the correct priori properties, and they are computationally slower
compared to traditional neural networks. Another approach to quantify the uncertainty of an ANN
model is the Deep Ensemble method [32], which is inspired by the bootstrap technique [33]. In this
method, it is assumed that the data has a parametrized distribution where the parameters depend on
the input. Finding these parameters is the aim of the training process, i.e., the prediction network will
not output a single value but instead will output the distributional parameters of the given input.

It is worth mentioning that this work presents one of the first attempts to implement deep learning
techniques and quantify the model uncertainty of a data-driven subcooled boiling model. In this
work, three data-driven models using deep learning techniques have been investigated to study the
heat transfer behavior of a subcooled boiling in a minichannel with varying inflow velocity and heat
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fluxes. The first model focuses on the prediction of the deterministic value of the void fraction and
wall temperature of the minichannel which are quantities of interest (Qols). The second and third
model focuses on probabilistic deep learning techniques to derive the uncertainty in the models
when predicting the Qols. The two methods used are Deep Ensemble, which is representative of
the Maximum Likelihood approach, and Monte Carlo Dropout, which is representative of Bayesian
inference. These two models are capable of capturing the nonlinear behavior that exists in the subcooled
boiling data and is capable of reproducing the physics of unseen data for both interpolation and
extrapolation datasets.

2. Methodology

2.1. CFD Modeling

There are two methods when it comes to modeling of boiling flows. The first approach is Volume of
Fluid (VoF), which employs interface tracking to give a better understanding of the bubbles nucleation
and ebullition cycle [34,35]. However, an extremely large grid needs to be employed to perform this
kind of simulation and it is computationally expensive. On the other hand, the Eulerian approach is
based on averaging the conservation equations with selected interfacial terms. This makes it more
appropriate for this work, since the goal is to model boiling in a full channel scale. Therefore, in this
work CFD simulations were carried out based on an Eulerian two-fluid approach for modeling the
subcooled nucleate boiling flows. The conservation equations for each phase, i.e., liquid and vapor
phases, are solved numerically based on a Finite-Volume discretization implemented in the open-source
platform OpenFOAM. The presented number of model details, correlations, and assumptions have
been evaluated and used in [5].

The mass conservation equation for each phase, liquid continuous phase or vapor dispersed
phase, can be written as:

oaypx
ot
where the subscript k denotes the phase, « is the void fraction, p is the phase density, U is the phase
velocity and I’ is the mass transfer rate per unit volume that denotes evaporation or condensation,
calculated based on the boiling equations that will be presented later.

For each phase k, the following momentum conservation is solved based on the
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where Vp is the pressure gradient, R is the combined turbulent and laminar stress term,
calculated based on the Reynolds analogy, g is the gravitational acceleration, and M is the interfacial
momentum transfer, accounted for the drag forces calculated based on Schiller and Naumann [36]
drag coefficient, the virtual mass forces calculated based on a constant coefficient equal to 0.5, and the
turbulent dispersion forces calculated based on the model of de Bertodano [37].

The energy transport equation is written in terms of specific enthalpy / for each phase k as follows:
Dp
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daypihy
ot

e

,];fvhk) + Fkihi - r,'khk + Qwall,k (3)

where Df,’;f is the effective thermal diffusivity, and Q. x is the product of the applied heat flux on the
wall with the contact area with the wall per unit volume.

In order to account for the turbulent behavior of the dispersed phase flow, the k — ¢ turbulence
model was used for the vapor phase. However, the bubbles-induced turbulence needs to be accounted
also in the turbulent flow behavior of the continuous phase. Hence, the Lahey k — ¢ [38] turbulence
model is adopted for the liquid phase.
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In order to calculate the mass transfer rates, a boiling model is needed. The approach implemented
follows the very well known RPI model after Kurul and Podowski [1], where the total applied heat
flux g, on the wall is divided into three components, evaporation heat flux gy, ,, forced convection heat
flux g7, ., and quenching heat flux g7, ;. The total applied heat flux can be written as follows:

q'lcé = q;lu,e + qgi,c + %’;,q 4)

To be able to calculate each heat flux contribution, the closure boiling equation applied at the
heated surface needs to be specified, as the active nucleation site density N,, the bubble departure
diameter dg.,, and the bubble departure frequency f4,,. The mathematical expressions of each heat
flux contribution can be found in [1,39].

The Active Nucleation Site Density (ANSD) that represents the cavities from where bubbles are
nucleated, is calculated based on the correlation of Benjamin and Balakrishnan [40] given by:

Na = 218Pr} PATS, v 160704 (5)

where Pr; is the liquid Prandtl number, ATy, is the wall superheat, <y is a coefficient taking into account
the liquid and heated surface thermophysical properties and 0 is a coefficient taking into account the
heated surface roughness and the system pressure.

The Bubble Departure Diameter (BDD) is a parameter that represents the nucleating bubble
critical diameter, beyond which the bubble leaves its nucleation site. In this work, this parameter is
calculated based on the semiempirical model of Unal [41], given as follows:

2.4210~5p%7%,

Y = g

where a and b are the model coefficients, taking into account the working fluid and the heated surface
thermophysical properties, and ¢ is a parameter controlled by the local flow velocity.

The last closure equation for the boiling model is the Bubble Departure Frequency (BDEF),
representing the number of bubbles leaving a nucleation site per unit time. It is calculated according to
the mechanistic model of Brooks and Hibiki [42] as:

(6)

Cfd]a%SZ N;l'46p* —0.93Pr§l.1?;6
f dep — i 7)
dep

where Cy, is the model coefficient depending on the size of the channel where boiling occurs, Nr is
a dimensionless temperature, p* is a dimensionless density ratio, Jay is a modified Jacob number,
and Pry is the liquid Prandtl number evaluated at the corresponding saturation temperature.

Now, the mass transfer rates can be calculated as follows:

1—~ _ A{u,h,e d
evap — TPU depfdep 8)
he (T. —T
Toond = C(s‘”h(lp)l) Aq 9)
8

where Ai;rb, . is an area fraction of the heated surface not affected by bubbles, k. is a condensation heat
transfer coefficient calculated based on the correlation of Ranz et al. [43], and hlg is the latent heat
of vaporization.

In the previously presented equation system, the selected models and correlations are developed
and used in [5]. This numerical model is also used in this work to provide complete datasets of results
needed for the present investigation.
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2.2. CFD Simulation Data

Data used in this work are obtained from 2D CFD simulations based on the Eulerian two-fluid
approach. The computational domain is illustrated in Figure 1. It consists of a narrow rectangular
upward channel (0.003 x 0.4 m), heated from one side by a constant uniform heat flux. Water as
working fluid is flowing upward the channel at atmospheric pressure. At the channel inlet, the liquid
velocity and temperature are set. At the channel walls, a nonslip boundary condition is set for both
phases, liquid, and vapor. Since the channel is heated only from one side, the boiling closure equations,
i.e., active nucleation site density, bubble departure diameter, and frequency models, are applied
on this particular wall. The thermophysical properties of the liquid are calculated based on the
inlet temperature, while the vapor and heated surface thermophysical properties are evaluated
at the saturation temperature. However, the current numerical code allows the calculation of the
local saturation temperature based on the computed local pressure. Multiple heat fluxes and inlet
velocities were used to conduct the simulations. In total, 102 simulations have been performed for inlet
velocity ranging from 0.05 ms~! to 0.2 ms~! and heat flux ranging from 1000 Wm~?2 to 40,000 Wm 2.
The developed CFD model was validated in a previous work presented in [5] based on experimental
result of [44,45]. The heated surface temperature measurements were compared against the CFD
predictions and good agreements were obtained.

q”

Outlet

Region of Interest (ROI)

Figure 1. CFD simulation domain and selected region of interest for data extraction.

2.3. CED Validation

To validate the CFD results used in this work predictions of the onset of nucleate boiling are
compared to the experimental measurements of Kromer et al. [45], as shown in Table 1. The simulated
heated surface temperature, is compared to the measurements of Al-Maeeni [44] and is presented in
Figure 2. The experimental results of Kromer et al. [45] and Al-Maeeni [44] were based on upward
flow boiling in a narrow aluminum rectangular channel (3 x 10 x 400 mm). They used water
as working fluid medium, and the channel was heated from one side with a constant heat flux.
Kromer et al. [45] used a mass flux of 58.1 kgm ~2s~! with two different heat fluxes, ¢ = 20,000 Wm 2
and ¢ = 30,000 Wm ™2, whereas Al-Maeeni used a mass flux of 134.2 kgm~2s~! with a heat flux of
q” =50,000 Wm~—2. It is to be noted that both the experiments were conducted under the same inlet
subcooling AT, ;, = 10 K. From Table 1 it can be seen that a reasonable agreement is achieved for
the onset nucleate boiling for both tested heat fluxes, with a maximum error less than 25%. However,
a much better agreement is achieved for the heated surface temperature, with a maximum error
of 3% between the measurements and the CFD predictions as shown in Figure 2. The predictions
associated with the boiling closure equations used in this work are the ANSD model of Benjamin
and Balakrishanan [40], the BDD model of Unal [41], and the BDF model of Brooks and Hibiki [42]
(Current model). The CFD results are further compared with the predictions associated with the boiling
closure equations given by Benjamin and Balakrishnan [40] for the ANSD, the BDD of Tolubinski and
Kostanchuk [46], and the BDF of Cole [47] (Previous model). The comparison of the experiments and
the models predictions are shown in Figure 2. It can be noted from the plot that the current model
used in this work shows better prediction of the heat surface temperature.
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Figure 2. CFD validation for the heated surface temperature with the experimental data provided
by [44].

Table 1. CFD validation for the void fraction with the experimental data provided by [45].

Heat Flux q” Zonp [Kromeretal. [45]1 Zonp,crp  Error

Wm—2 (mm) (mm) %
30,000 188.9+0.5 172 9
20,000 1923 +0.5 240 25

2.4. Data Handling

To train the deep neural network models, data were extracted from the CFD simulations in the
region 0 to 0.32 m, which is the selected region of interest (ROI), this is done to avoid the influence of
boundary near the outlet. The ROI for extracting the data is shown in Figure 1. The number of cells
present in the ROI are 321 x 26 resulting in 8346 data points for each case. The domain axes (x and
y) are further converted into nondimensional numbers by diving with the maximum length value of
the minichannel. This is done so that the model is not constrained to learn based on the height of the
channel and applicable for other channel lengths. Out of the 102 simulated cases, 96 cases are used
for training and validating the models, while the remaining 6 cases are used for further analyzing
the model performance. These 96 cases are split into 80% (Training Dataset) for training the model
and 20% (Validation Dataset) for validation. The validation and test dataset are used for evaluating
the models. The validation dataset is predominately used to describe the evaluation of models when
tuning hyperparameters and data preparation, and the test dataset is predominately used to describe
the evaluation of a final model when comparing it to other final models. Hence, the remaining 6 test
cases are used to provide an unbiased evaluation of the final model fit on the training dataset.

The selected feature input signals obtained from CFD simulations are shown in Table 2.
These inputs are chosen based on their influence on the quantities of interest. The expected outputs
(void fraction and wall temperature) from the DNN models are presented in Table 3. Before feeding
the training data into the network, the input and output features are normalized between 0 and 1.
This way the ML algorithms can learn better since the scale of data used in this study is very sparse.
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Table 2. Input features used for training the network.

Input Features Feature Expressions
Pressure gradient %
ap)
9y
Momentum convection 3p) g? (1)
a(p) a(“) (v)
X
A{p){u) (o)
Yy
9{p){v)(v)
9y
Energy convection 3p) ép )
{p){T)(v)
9y
Total heat flux q"
Inlet velocity Ujplet
Inlet pressure Pinlet
Temperature inlet Tinlet
Ambient pressure Pamb
Fluid and gas viscosity Hi g
x Y

Nondimensional x and y axis

’
Xmax’ Ymax

1

lmzzx

Nondimensional arc length

Table 3. Output features (quantities of interest).

Output Features = Feature Expressions

Wall Temperature Twall
Void Fraction «

2.5. Deep Neural Networks Architectures

Artificial neural networks are computational models that are inspired by the way neurons in
brains work. They have the ability to acquire and retain information and generally comprise an input
layer, hidden layer, and output layer. These layers are sets of processing units, represented by so-called
artificial neurons, interlinked by multiple interconnections, implemented with vectors and matrices of
synaptic weights. An ANN with multiple hidden layers is generally known as deep neural network
(DNNSs) or multi-layer perceptron (MLP).

Two stages are involved while training the MLP network with the back-propagation technique
also known as the generalized Delta rule. These stages are illustrated in Figure 3, which shows a MLP
with 5 hidden layers, 18 signals on its input layer, 717 . .. 5 neurons in the hidden layers, and finally 2
output signals. In the first stage, the signals {x1,xp,...... , X, } of the training sets are inserted into the
network inputs and are propagated layer-by-layer until the production of the corresponding outputs.
Thus, this stage propagates only in the forward direction to obtained the responses (outputs) from the
network, hence, it is called the feed-forward phase. The network undergoes series of nonlinear
transformation controlled by parameters like weights W and biases b, followed by a nonlinear
activation function (g (x)). There is a wide number of activation functions that can be used depending
on classification or regression problems. In this work, a nonlinear activation function called rectified
linear units (ReLU) is used. The main advantage of ReLU function is that it does not activate all the
neurons at the same time. It only activates the neuron if the linear transformation is above zero value
and it is computationally efficient. The MLP in Figure 3 can be interpreted as:
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I’l1: g(WlTx+b1)

. (10)
hs = g(Wa hy + bs)
§= g(Wihs+bg)
0 forx<O
8(x) {x forx >0
Input Layer
A{p) (u) (v)
ox
o{p) (u)(v)
Iy
Qtotal

Forward phase

5 Hidden Layers Backward phase

Figure 3. Back propagation deep neural network (DNN) architecture used in this work.

A cost or loss function £ is defined while training the network to measure the error between
the predicted value § and the target value y. The type of loss function used while training a neural
network is problem specific and depending on whether it is a classification or a regression problem.
For this work, mean squared error (MSE) loss is used for computing the loss function. Once the loss is
computed, the error gradient concerning weights and biases in all the layers can be computed through
a backward phase. The main objective of the backward phase is to estimate the gradient of the loss
function for the different weights by using the chain rule of differential calculus. These computed
gradients are then used to update the weights and biases of all the hidden layers. In this work,
the Adaptive Moment Estimation (Adam) [48] optimization technique is used to update the weights
and biases of the network with a learning rate of Lr = le~*. The Adam optimization technique has
been chosen due to its capability of handling large datasets, high-dimensional parameters, and sparse
gradients. Since these gradients are estimated in the backward direction, starting from the output
node, this learning process is referred to as the backward phase.

L = MSE(y,7) (12)

While training a deep neural network, it is a common issue that the model becomes overfitted.
Overfitting occurs when an algorithm is tailored to a particular dataset and is not generalized to
deal with other datasets. To avoid overfitting of the DNN model, a regularization term is generally
introduced in the loss function £. The two most common regularization approaches are £1 norm
(Lasso Regression) and £2 norm (Ridge Regression) and they are expressed:

N
L = MSE(y,9) + A Z |w; |
i=1
Linorm
N (13)
L =MSE(y,9)+A)_ w?
i=1

Lonorm
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where A is a positive hyperparameter that influences the regularization term, with a larger value of A
indicating strong regularization.

These regularization terms regularize or shrink the coefficient estimates towards zero, and it
has been shown that shrinking the coefficient estimates can significantly reduce the variance [49].
L1 regularization forces the weight parameters to become zero, and £2 regularization forces the weight
parameters towards zero but never exactly zero. When regularization term is applied to DNN it results
in smaller weight parameters by making some neurons neglectable. This makes the network less
complex and avoids overfitting. For this work, £2 norm (Ridge Regression) regularization is applied
in all the hidden layers while training the deep neural network.

2.6. Uncertainty of Deep Learning

Deep learning techniques have attracted considerable attention in fields such as physics,
fluid mechanics, and manufacturing [50-52]. In these fields estimating model uncertainty is of crucial
importance since it is vital to understanding the interpolation and extrapolation ability of the model.
Deep learning algorithms are able to learn powerful representations that can map high dimensional
data to an array of outputs. These mapping functions are often taken blindly and assumed to be
accurate, which may not be always true. Hence, it is of paramount importance to be able to quantify the
uncertainty present and justify the behavior of these models. Therefore, in this work, two uncertainty
quantification (UQ) models have been investigated to justify the nature of the model and they are
described in detail.

2.6.1. Monte Carlo (MC) Dropout method

The deep learning models can be cast as Bayesian models, without changing either the model
or the optimization process. This can be done by an approach called dropout during training
and prediction, and it has been proven that dropout in ANNs can be interpreted as a Bayesian
approximation of a well known probabilistic model, the Gaussian process (GP) [53]. Dropout has been
used in many deep learning models as a way to avoid overfitting [54] like regularization technique.
Dropout technique in a neural network with some modifications can be used for estimating the
uncertainty, as described by Gal et al. [55]. Their method implies that as long as the neural network
is trained with few dropout layers, it can be used to estimate the uncertainty of the model during
the time of prediction. Unlike traditional Dropout networks, Monte Carlo Dropout (MC Dropout)
networks apply dropout both at the training and testing phase.

When a network with input feature X* is trained with dropout, the model is expected to give an
output with predictive mean E (y*) and the predictive variance Var(y*). To approximate the model as
a Gaussian Process, a prior length scale [ is defined and captures the belief over the function frequency.
A short length-scale I corresponds to high frequency data, and a long length-scale ! corresponds to low
frequency data. Mathematically the Gaussian process precision (7) is given as:

12

4 (14)

T~ 2NA,

where p is the probability of the units (artificial neurons) not dropped during the process of training,
Aw is the weight decay, and N is the size of the dataset. Similarly, dropout is activated during the
prediction phase of a new set of data (validation or test data) x*, i.e., randomly units are dropped
during the prediction phase. The prediction step is repeated several times (T) with different units
dropped every time, and results are collected {#; (x*)}. The empirical estimator of the predictive mean
of the approximated posterior and the predictive variance (uncertainty) of the new test data is given
by the following equations:

1 T
E(y) ~ 3 ) 9 (x") (15)
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* - 1 L okl * ol * * *
Var(y") ~ 7 p + = 3 9i ()97 (") = E(y") "E(y") (16)
t=1

2.6.2. Deep Ensemble

Deep Ensemble [32] is a non-Bayesian method for uncertainty quantification in machine learning
models. Deep ensemble learning is a learning paradigm where ensembles of several neural networks
show improved generalization capabilities that outperform those of a single network. It has been
shown that an ensemble model has good predictive quality and can produce good estimates of
uncertainty [32]. In general, while training a neural network for a regression problem, the goal is to
minimize the error between the target value y and the predicted value § using mean squared error
(mse) loss. However, to obtain the uncertainty estimates, the model has to be expressed in the form of
a probabilistic model. Hence, this approach assumes that given an input X, the target y has a normal
distribution with a mean and a variance depending on the values of X. This results in modification of
the loss function; instead of minimizing the difference of target and predictive value, the goal is to
minimize the predictive distribution to the target distribution using the Negative Log-Likelihood (NLL)
loss. It is important to use the correct scoring rule while determining the predictive uncertainty of a
model, and NLL has been proven to be a proper scoring rule for evaluating predictive uncertainty [56].

yn _ logr?(X) | (y—po(X))?

Lioss = _logpﬂ
where, 1(X) and 0?(X) are the predictive mean and the variance, c is a constant. Intuitively, the goal
is to minimize the difference between the predictive distribution to the target distribution using the
negative log-likelihood loss.

In a Deep Ensemble model, M networks are trained with different random initialization. It is to be
noted that as the number of networks increases, the computational cost also increases during the time
of training. Therefore, the number of networks to be considered is a trade-off between computational
speed and accuracy of the prediction. For this study, 5 networks with random initialization were
trained to create the deep ensemble model. Ensemble results are then treated as a uniformly-weighted
mixture model, although for simplicity the ensemble prediction is approximated to be a Gaussian
distribution whose mean and variance are respectively the mean and variance of the mixture. The mean
and variance mixture is given by:

() = 22 Y pton(X) 18)

G3(X) = 1 L0 (X) + 43, (X)) ~ (%) (19)

where jig,,(X) and 0, (X) are the mean and variance of individual networks, j,(X) and ¢2(X)
are the mean and variance of the ensemble model respectively. The detailed explanation and
benchmark of the deep ensemble model and equations can be found in the research conducted by
Lakshminarayanan et al. [32]. To implement the above method in a standard deep learning architecture
the following steps were taken: first, a custom loss function with NLL is defined, then another custom
layer has been defined to extract the mean and variance as an output of the network.

The summary of all the models investigated in this work is shown in Table 4. The Monte Carlo
Dropout model has the possibility to predict the quantities of interest with uncertainty (MC Dropout)
and without uncertainty (MC no-Dropout) for the same trained model. To avoid overfitting of all the
models used in this work, the following measures have been taken into consideration while training
the network:

e L, regularization term is introduced in the loss function.
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e  Callback functions are defined to save only the best weights of the network, with early stopping
of the training if the validation loss does not improve in the next epoch.

e  Several batch size were tested and for this study batch size of 256 gave the best results. Batch size
in machine learning is the number of training data used in one iteration.

o The best weight saved during the training phase by the callbacks is loaded before the
prediction phase.

This way it ensures that the model is not an overfitted model and it uses the best weights of the

model while predicting a new unseen case.

Table 4. Specification of the models, MSE: Mean Squared Error, NLL: Negative Log-Likelihood, Adam:
Adaptive Moment Estimation, Lr: Learning rate, MLP: Multi Layer Perceptron, MC: Monte Carlo.

Models Input Hidden Output Batch Uncertainty Cost/Loss Optimizer Lr
Signals Layers Signals Size Quantification Function
MLP 18 5 2 256 No MSE Adam  1e™*
MC no-Dropout 18 5 2 256 No MSE Adam le™*
MC Dropout 18 5 2 256 Yes MSE Adam le
Deep Ensemble 18 5 2 256 Yes NLL Adam le

3. Results and Discussion

In this work, the open-source deep-learning library Tensorflow 1.14 along with python 3.5 are used
to build the architecture of the deep learning models (MLP, MC Dropout, and Deep Ensemble). In total
there are 102 CFD datasets for varying heat flux and velocities, out of which 96 cases are split into
training data (80%) and validation data (20%). Each case consists of 8346 data points. The remaining
6 cases are purely used for further testing of the model, of which 3 cases for interpolation, and the
remaining 3 cases for extrapolation. The model performance is first evaluated using the validation
dataset first, then tested on the interpolation dataset, and finally on the extrapolation dataset. The MLP
model is a deterministic model whereas the MC Dropout and Deep Ensemble models provide the
deterministic values as well as the expected variance of the predicted value. The validation and testing
performance of the MLP model is relatively lower when compared to MC Dropout and Deep Ensemble
models and the statistic performance can be seen in Table 5. From the table it can be noted that the DE
model shows the best performance. The models used in this study are capable of predicting the void
fraction field and temperature field of the minichannel domain. However, the discussion presented
in the Sections 3.2 and 3.3 will be focused on the near-wall region of the minichannel. The near-wall
region is of particular interest since there is a sudden shift in physics/behaviors and the motivation was
to demonstrate the performance and robustness of the DNN models in this region. For the interested
reader, the prediction of the full field flow of the void fraction and temperature in the minichannel is
demonstrated in Appendix A through Figures A5-AS8.

Table 5. Performance of the models on validation dataset of the computational domain, VF:
Void Fraction, Temp: Temperature.

Case Models RMSEP R?
Dataset VF  Temp VF Temp
MLP 0.008 0.152 0991  0.987

MC No-Dropout 0.013  0.265 0.995 0.989
MC Dropout 0.006 0.125 0.9991 0.997
Deep Ensemble  0.002 0.081 0.9998 0.998

Validation

3.1. Validation Case Studies

The performance of the models is demonstrated using scatter plots, where the models predicted
values are plotted against the CFD values for the void fraction as shown in Figure 4. The scatter



Energies 2020, 13, 5987 13 of 30

points in the scatter plots are the full computational domain predicted values using the DNN models.
The predicted void fraction using a standard MLP/DNN is plotted against the CFD values, as shown
in Figure 4a. The predicted values are mostly concentrated near the x = y line, this line is the true
line where the predicted values would perfectly match the CFD results. However, the MLP model
has trouble predicting accurately near the void fraction 0 to 0.001, where the nucleation starts in the
channel. It can be noted that the MLP model shows nonlinearity around void fraction 0.7 to 0.8,
which could be related to change in the flow regime induced by massive generation of bubbles and the
MLP model fails to capture the physics in this region. Furthermore, it can be observed that the MLP
model shows a void fraction value above unity, which is nonphysical.
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Figure 4. Validation Void Fraction regression chart of the computational domain.

The void fraction values predicted using the Monte Carlo Dropout method are presented in
Figure 4b. It can be observed that there are two scatter set of results “red”: dropout prediction and “blue”:
no-dropout prediction. During the dropout prediction phase, 20% of the neurons in each hidden layer
are randomly deactivated every time for 1000 iteration, resulting in 1000 values for each void fraction,
the mean value of each void fraction is then plotted. This nature of dropout prediction allows us to
quantify the variance of the predicted value, hence it can indicate the degree of uncertainty present
in this model. Whereas the blue scatter plot is the predictive value obtained from the model with
no-dropout during the prediction phase. It can be seen from the plot that the performance of the
dropout prediction outperforms the no-dropout prediction and fits the x = y line better. It can be
further observed from the plot that the predicted values are concentrated near the x = y line at low
values of void fraction. Then the predicted values start to get sparse as the void fraction value increases
and become more sparse around 0.8. This sparsity in fitting the data can be related to change in flow
and boiling regime where the underlying physical phenomenon becomes very complex and includes a
strong instability in the flow. From the validation dataset, it is evident that the Monte Carlo dropout
model captures well when void fraction is low and its performance starts to deteriorate as the void
fraction value increases.

The predictive performance of the Deep Ensemble (DE) model on the validation dataset is shown
in Figure 4c, where the predicted values are plotted against the CFD value. Unlike the MLP and MC
Dropout model, the void fraction value predicted by the DE model does not suffer from sparsity, and the
predicted values are concentrated near the x = y line, meaning this model is capable of reproducing the
CFD values accurately. It can be further noticed that DE models perform well for void fraction ranging
from 0.2 and above, which implies that the DE model seems to capture the physics that exists in these
regimes from the data used in training. However, there are some uncaptured nonlinearities present
in the model when predicting void fraction values between 0 to 0.05, and this is the region where
subcooled boiling starts in the channel. In the region of subcooled boiling, small bubbles start to appear,

which changes the dynamics of the flow in the channel. The DE model marginally fails to capture
the sudden shift in physics for some of the data points; nevertheless, its performance improves when
predicting void fraction for the rest of the subcooled boiling regime. From this, it can be concluded
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that the DE model captures the main flow features very well for the validation dataset for most of the
boiling regimes with some small deviation near the onset of nucleate boiling.

The predicted temperature values are plotted against the CFD values for the computational
domain and are shown in Figure 5. The predictive capability of the standard MLP/DNN model is
demonstrated in Figure 5a. From the plot, it is evident that the MLP model performs poorly when
predicting the temperature. The MLP model shows high nonlinearity between the predicted and
CFD values starting from 372 K to 379 K; however, it is still worth mentioning that the maximum
relative error percentage is under 0.6%. Figure 5b shows the scatter plot of the CFD value and the
MC model predicted values. The scatter plot with blue represents the prediction with no-dropout
and the scatter plot with red represents the prediction with dropout activated. It is clear from the
plot that the prediction with no-dropout deviates away from the x = y line and it under predicts the
temperature. However, when dropout is activated during the prediction phase, the predictions are
more concentrated around the x =y line. It can be further noted that the sparsity of the predicted values
increases in the range of 373.15 K to 375 K, because for most of the case data subcooled boiling starts
around this temperature. The maximum relative error between the CFD and the predicted value for
the dropout prediction is below 0.3%. In contrast, the predictive nature of the DE model outperforms
the MLP and MC dropout model as shown in Figure 5c. It is evident from the figure that the DE model
is capable of perfectly capturing the temperature for all the boiling regimes. After closer inspection,
it can be noted that the DE model slightly suffers while predicting the temperature around 374 K to
379 K. The DE model predicts the CFD values very well, with a maximum relative error below 0.05%.
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Figure 5. Validation Temperature regression chart of the computational domain.

Overall, it can be concluded that the MLP model has lower performance when compared to the
MC Dropout and the Deep Ensemble model. Therefore, in the following sections the results obtained
from the MLP model for interpolation and extrapolation predictions will not be included in the main

part of the discussions. For the interested readers the results are presented in the Appendix A through
Figures A1-A4.

3.2. Interpolation Case Studies

To further demonstrate the predictive performance of the models, further unused test datasets are
used to independently evaluate the model behavior. Here the interpolation dataset refers to data that
were not used during training or the validation as presented in Section 3.1, with heat flux and inlet
velocity values within the range of the training data. The statistics of the predictive performance of
all the models tested on 3 unseen interpolation cases are given in Table 6. It can be seen that the DE
model has the lowest RMSEP for the predicted void fraction and wall temperature.
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Table 6. Performance of the models on interpolation test dataset, VF: Void Fraction, Temp: Temperature.
Interpolation * is the tested data presented in the results.

Case U q" Models RMSEP R?
Datasets ms~!  Wm™2 VF Temp VF  Temp
MLP 0.0050 0.162 0998 0.953

MC No-Dropout 0.0310 0417 0992 0.695
MC Dropout 0.0030 0.146 0.999 0.962
Deep Ensemble  0.0005 0.011  0.999  0.999

MLP 0.006 0.154 0996 0.972

MC No-Dropout  0.024 0381 0.994 0.832
MC Dropout 0.004 0.117 0999 0.984
Deep Ensemble 0.001 0.009 0.999 0.999

MLP 0.0040 0.052 0.992  0.998

MC No-Dropout 0.0040 0.185 0993 0.976
MC Dropout 0.0030  0.037 0.997 0.999
Deep Ensemble  0.0006 0.006 0.999  0.999

Interpolation*  0.05 14,000

Interpolation ~ 0.075 20,000

Interpolation 0.15 21,000

The results presented here are for a heat flux of g = 14,000 Wm ™2 and an inlet velocity of
u = 0.05 ms~!. The scatter plots of the predicted void fraction by MC model and DE model are plotted
against the CFD value and are shown in Figure 6a,b. From Figure 6a, it is evident that the prediction
with dropout activated outperforms the prediction with no dropout. In the case of no-dropout
prediction, the MC model suffers as the void fraction increases and starts to deviate from the x =y
line. The deviation in the predicted value is due to change in the boiling regime, and the no-dropout
prediction fails to capture the change of regime. However, when dropout is activated in the MC model
the predicted values fit well to the x = y line. Still, there is a slight predictive performance deterioration
near the zero value, where the bubble starts to form in the channel. Aside from that, the dropout
model is capable of accurately replicating the CFD values. The DE model has superior prediction
performance for void fraction as shown in Figure 6b.

The predicted wall temperature values against the CFD values are shown in the Figure 6¢,d.
The values predicted using the MC model are presented in the Figure 6c, and it can be noticed
that there is poor performance for wall temperatures above 375 K. The MC Dropout model slightly
suffers to predict accurately the trend of wall temperature. Nonetheless, it is worth mentioning that
the regression plot shows a maximum relative error between the CFD value and the MC dropout
predicted value below 0.2%. The wall temperature values predicted by the DE model are shown in
Figure 6d. From the scatter plot it can be inferred that the predicted values fit well with the x = y line.
Unlike the MC dropout model, the DE model is capable of predicting all the boiling flow regimes with
excellent accuracy.

The predicted profile of the void fraction and the uncertainty of the predicted values by the DNN
probabilistic models along the nondimensional arc length are presented in Figure 7. Nondimensional
arc length refers to the height of the minichannel near the wall. The prediction obtained from MC
Dropout is illustrated in Figure 7a. It can be observed that the prediction with no-dropout under
performs starting from the void fraction of 0.55 to 0.6, while the prediction with dropout keeps up with
the CFD trend. The uncertainty of the predictive value is presented in terms of standard deviation c;
the filled region represents £3 o. The filled region indicates the confidence level of the model when
used for predicting unseen cases. It can be further noted that the model confidence level varies along
the nondimensional arc length depending on the regime of subcooled boiling. It can be seen that there
is a sudden increase in uncertainty just before a void fraction value of 0.1. This is due to nucleation
occurring near the wall, causing phase change. The uncertainty of the model expands as the void
fraction approaches unity; this could be related to very complex phenomena and strong instability in
the flow. Whereas in Figure 7b, it can be seen that the variation in uncertainty is considerably lower
compared to that of MC Dropout predicted value, which makes the DE model more robust. The DE
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model shows very little uncertainty near the onset of nucleate boiling and almost zero uncertainty
until the void fraction approaches unity. From this, it can be noted that the DE model is capable of
accurately reproducing the physical phenomena on an unseen interpolation case study.

— x =y Trueline —— x =y Trueline
No-Dropout DE Predicted Temp

0.8 Dropout Predicted VF 0.8
c ‘s
20.64 206
8
[ [
-] 3
S 2
3 0.4+ 3 0.4+
B 5
8 8
o a

0.2 0.2

0.0 T T T T 0.0 T T T T

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
CFD Void Fraction [-] CFD Void Fraction [-]
(a) Monte Carlo (b) Deep Ensemble
3771 — x =y True line 3771 — x =y True line
No-Dropout DE Predicted Temp
3761 Dropout Predicted Temp 376

3751 =375
e e
5 2

® 3741 ® 374+
o Q
o o
£ €

2 373 @ 373
o T
Q Q
] k]

T 372+ 5 372
3 o
o o

3714 3714

3701

370 371 372 373 374 375 376 377 370 371 372 373 374 375 376 377
CFD Temperature [K] CFD Temperature [K]
(c) Monte Carlo (d) Deep Ensemble

Figure 6. Regression chart for interpolation dataset using Monte Carlo and Deep Ensemble for void
fraction and wall temperature at g/ =14,000 Wm 2 and u = 0.05 ms L.
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Figure 7. Void Fraction profile along arc length for interpolation dataset using Monte Carlo and Deep
Ensemble models at 4 = 14,000 Wm~2 and u = 0.05 ms ™.
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The predicted wall temperature profile and the uncertainty present along the arc length near the
wall of the minichannel is shown in Figure 8. The comparison of CFD vs no-dropout, and dropout
temperature profile is presented in Figure 8a. It can be noted that the value predicted with no-dropout
is far away from the CFD value, especially after the critical heat flux point (377.2 K). On the other hand,
the value predicted with dropout is in close range to that of CFD value, but it slightly over predicts,
i.e., between an arc length of 0.6 to 0.8. The filled region in the plot presents the confidence level of
the model and it is represented as £3 ¢. It is evident from the plot that the uncertainty of the MC
model is fairly constant until the nondimensional arc length of 0.6. Then the uncertainty of the model
starts to peak as the arc length increases. To sum up, the MC model is capable of indicating where
the model performance is likely to be good and deteriorate depending on the subcooled flow boiling
regimes. In contrast, the £3 o for the DE model is relatively small compared to the MC dropout model
and it is shown in Figure 8b. The DE model predicted wall temperature over lapse with the CFD wall
temperature, which signifies that the model is capable of closely replicating the CFD data. It can be
further noted that the DE model accurately predicts the temperature profile near with low uncertainty.
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Figure 8. Wall temperature profile along arc length for interpolation dataset using Monte Carlo and
Deep Ensemble models at g”" = 14,000 Wm~2 and u = 0.05 ms 1.

From the results seen above and from Table 6 for both the models tested on the interpolation
dataset, it can be concluded that the DE model has a better performance in predicting wall temperature
and void fraction. The DE model also showed less uncertainty variation compared to the MC Dropout
model. Therefore, the DE model is more robust for this specific problem and datatype. For the
interested readers, the correlation and sensitivity that exist between the wall temperature and void
fraction are shown in Appendix A through Figure A9. A detailed flow field prediction of void fraction
and temperature of the minichannel by the MLP model and the DE model is shown in the Appendix A
through Figures A5 and A6.

3.3. Extrapolation Case Studies

As expected, the models performed well for the interpolation data. This leads naturally to the
next step or evaluating the models’ prediction performance on an extrapolation dataset. To evaluate
model capability, tests are performed on three cases where heat flux values are not within the range
of the original training datasets. The statistical performance of all the DNN models when tested on
3 unseen extrapolation cases are listed in Table 7. Once again, it can be noted from the table that the
DE model outperforms other models.

The results presented here for the extreme extrapolation dataset have a heat flux of
q" = 40,000 Wm~2 and an inlet velocity of 0.2 ms~!. It is worth mentioning that the highest heat
flux value present in the training data was " = 29,000 W/m?, which implies that there is a huge gap
in heat flux between the training data and the tested extrapolation dataset. The main motivation was
to see if the data-driven models are capable of capturing the physics from the data used for training.
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Interestingly, it will be shown that these models are capable of accurately replicating the quantities
of interest.

Table 7. Performance of the models tested on extrapolation dataset, VF: Void Fraction, Temp:
Temperature. Extreme Extrapolation * is the tested data presented in the results.

Case U q" Models RMSEP R?
Datasets ms~! Wm™2 VF  Temp VF Temp
MLP 0.0040 0.082 0.998 0.993
Extrapolation 0125 25,000 MC No-Dropout 0.0130 0.285 0.987 0.917

MC Dropout 0.0020 0.055 0.999 0.996
Deep Ensemble  0.0004 0.010 0.999 0.999

MLP 0.0110 0.180 0.990 0.986

MC No-Dropout 0.0250 0.581 0.994 0.866
MC Dropout 0.0090 0.101 0999 0.995
Deep Ensemble  0.0006 0.015 0.999 0.999

MLP 0.016 0298 0.989 0.962

MC No-Dropout  0.021 0577 0982 0.861
MC Dropout 0.006  0.092 0.998 0.996
Deep Ensemble  0.005  0.064 0.999 0.998

Extrapolation 0.1 30,000

Extreme Extrapolation * 0.2 40,000

The scatter plot in Figure 9 shows the predicted void fraction and the wall temperature by the
DNN probabilistic models against the CFD values. From Figure 9a, it can be noted that the prediction
with no-dropout deviates from the x = y line, especially above a void fraction value of 0.2. It is clear
from the regression plot that this model under predicts. Both dropout and no-dropout predictions
suffer near the start of the subcooled boiling regime where nucleation is initiated near the wall.
However, the dropout model prediction recovers as the void fraction increases. From the scatter plot it
can be observed that the MC dropout model prediction slightly suffers when the void fraction value
is around 0.2 to 0.3. In contrast, the DE model shows good predictive quality within the start phase
of subcooled boiling, as seen in Figure 9b. Although the model has no problem to accurately predict
the beginning of bubble formation, there is mild under prediction for the void fraction range of 0.15
to 0.25, where the number of bubbles generated grows in the channel. Nonetheless, the DE model
accurately predicts for void fraction above 0.25 and the rest of the boiling regime.

The predicted wall temperature with MC dropout and MC no-dropout is presented in Figure 9c.
From the plot, it can be noted that there is poor performance near 374 K for both the predictions. This is
maybe related to the variation of the heat transfer coefficient near the inlet of the channel. Similar to
the void fraction, the prediction obtained from the no-dropout model also deviates substantially from
the x = y line. However, when dropout is activated during the prediction phase, the MC model shows
better performance in predicting the wall temperature. From the plot, it can be noted that there is
another slight shift near 377 K, which is likely caused by the massive generation of bubbles in the
channel. The deflection of the MC dropout prediction from the CFD value has a maximum relative
error of 0.2%. On the other hand, the DE model once again shows a good predictive value of the wall
temperature and fits well to the x = y line as shown in Figure 9d. From the plot, it can be seen that
the DE model slightly over predicts near 374 K, similar to that of the MC Dropout model. For the
remaining predicted wall temperature, the DE model coincides with the x = y line.
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Figure 9. Regression chart for interpolation dataset using Monte Carlo and Deep Ensemble for void
fraction and wall temperature at g = 40,000 Wm 2 and u = 0.2 ms ™.

The comparison of CFD and predicted void fraction along the nondimensional arc length of
the minichannel is shown in Figure 10. The uncertainty of the models are shown as the standard
deviation () from the mean value, and the area filled with blue is 3 ¢. The filled region indicates the
model confidence when predicting an unseen dataset, and it also indicates which region is likely to
be more uncertain of its predicted values. In this case, the onset nucleate boiling starts around an arc
length of 0.2 though the heat flux is high when compared to the interpolation dataset presented above.
The delay in the onset of nucleate boiling is because of the difference in velocity of the flow in the
channel, for the interpolation data it had an inlet velocity of u = 0.05 ms~!, and for this case, it has an
inlet velocity of u = 0.2 ms~!. This indicates that the saturated temperature is reached slower when the
inlet velocity is higher, therefore resulting in a delay of the bubble formation in the channel. The void
fraction prediction obtained from the MC Dropout model is illustrated in Figure 10a, where the black
dash line is the no-dropout prediction and the one in red is the dropout prediction. Comparing both
results to the CFD void fraction it is evident that the dropout prediction performs better in following
the trend of the CFD values. The uncertainty for this model starts to peak around 0.1 arc length and
gradually grows until 0.2 arc length, then there is a sudden jump in the variation of £3¢ which is
related to change in phase from the liquid to bubble formation. Though the mean value represented by
the dropout curve is close to the CFD curve, the 3¢ variation for the rest of the subcooled regime
remains constant and starts to narrow down as the arc length increases. In conclusion, the MC Dropout

model features considerable uncertainty near the nucleate boiling regime, which is maybe due to the
continuous generation of bubbles.
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Figure 10. Void Fraction profile along arc length for extreme extrapolation dataset using Monte Carlo
and Deep Ensemble models at 4” = 40,000 Wm~2 and u = 0.2 ms ™.

In contrast, the DE model has a lower £3¢ variation throughout the prediction of void fraction
along the nondimensional arc length as shown in Figure 10b. From the plot, it can be seen that there is
very little uncertainty present before the start of subcooled boiling, and the model accurately predicts
the onset of nucleate boiling. However, as the void fraction increases, the uncertainty of the prediction
grows until an arc length of 0.7. This increase in uncertainty is most likely due to the coalescence of
tiny bubbles to larger bubbles. Finally, the degree of uncertainty diminishes as the arc length increases
and the DE predicted void fraction overlaps with the CFD values. A possible explanation for this
behavior of the DE model is that it can identify when there is a change in physics from liquid to vapor
or when there are lots of bubbles, and it shows higher uncertainty in such a region.

The predicted wall temperature profile and the uncertainty present in the models are shown
in Figure 11. Once again for the MC model, prediction obtained with no-dropout showed lower
performance and its value is far away from the CFD values as illustrated by the black dash line in
Figure 11a. However, when dropout is activated the predicted values showed good agreement to the
CFD results, except near the region of 0.2 arc length where subcooled boiling begins. The degree of
uncertainty increases as it approaches the arc length of 0.2, then it approximately remains constant
for the rest of the subcooled boiling. The uncertainty trend present in the predicted wall temperature
is similar to the one in the predicted void fraction as presented earlier. This implies that there is
a correlation between them which is shown in the Appendix A through Figure A10. Interestingly,
the uncertainty present in the DE model is relatively smaller compared to the MC Dropout model,
as shown in Figure 11b. The predicted wall temperature values are very close and overlay with most
of the CFD results, indicating that the model is capable of capturing the physics in the boiling regime
from the training data and reproducing on unseen extrapolation dataset. It can be further noted that
there is higher uncertainty near the arc length of 0.1, and this is due to unstable forced convective heat
transfer between the wall and the fluid in the channel, just before the formation of bubbles.

In conclusion, both models have shown promising results on the extrapolation dataset. The models
used are capable of indicating the regions of higher uncertainty while predicting the void fraction and
wall temperature. From the results presented above, it can be noted that the DE model has exceptional
predictive performance with lower uncertainty and is overall very robust. For the interested readers,
the o variation between the wall temperature and void fraction for the extrapolation case are shown in
the Appendix A through Figure A10. A detailed flow field prediction of the extrapolation dataset for
both void fraction and temperature field is presented in Appendix A through Figures A7 and AS8.
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Figure 11. Wall temperature profile along arc length for extreme extrapolation dataset using Monte
Carlo and Deep Ensemble models at 4 = 40,000 Wm~2 and u = 0.2 ms ™.

4. Conclusions

The objective of this study is twofold: firstly, to measure the accuracy of the predictions of the
deep learning models compared to the CFD results and secondly to quantify the confidence level
of the predictions. In this work, three supervised deep learning models have been investigated to
study the subcooled boiling heat transfer in a vertical minichannel. The first method focuses on
the deterministic approach, whereas the second and the third focus on the probabilistic approach to
quantify the uncertainty present in the model while predicting the outputs (Qols). The training data
are obtained from CFD simulations based on the Eulerian two-fluid approach, for varying heat fluxes
and inlet velocities. In total 102 cases were simulated, out of which 96 cases were used for training
(80%) and validation (20%), and the remaining 6 cases were purely used for in-depth evaluation of the
model’s interpolation and extrapolation performance.

The models presented in this study showed a good level of accuracy while predicting the void
fraction and the wall temperature. However, it has been observed that the deterministic model
(standard DNN/ MLP) showed lower performance when predicting the wall temperature and void
fraction. It is crucial to be able to justify the predictive nature and the uncertainty present in the
model. Therefore, the probabilistic models” Monte Carlo Dropout and Deep Ensemble methods were
investigated to quantify the predictive uncertainty and the confidence level of these DNNs. The output
obtained from these probabilistic models is presented in the form of normal distribution rather than a
deterministic value, from which the mean value and the variance of the predicted values are calculated.

According to the results presented, it can be stated that both the MC Dropout and Deep Ensemble
models were able to capture the physics well from the given training data. Furthermore, they were
able to reproduce these physics on unseen interpolation and extrapolation dataset. The predicted mean
values, i.e., the void fraction and the wall temperature were very close to the CFD results and both
performed better than the deterministic MLP model. In particular, the DE model showed exceptional
predictive performance with low uncertainty. It is worth highlighting that both models were able to
capture the change in boiling regimes accurately and showed higher uncertainty when there is a sudden
shift in physics, for example when the nucleation starts in the minichannel. Moreover, the probabilistic
models were able to reproduce the physics with good accuracy on an extreme extrapolation dataset at
a heat flux of g”” = 40,000 Wm 2, even though the maximum heat flux used while training the models
was 29,000 Wm~2. The uncertainty quantification of the models further explains the steep change in
void fraction and wall temperature when heat flux and inflow velocity are varied. On average, all the
models had a RMSEP error under 5% for the wall temperature and RMSEP error under 2% for the
void fraction with coefficient of determination R? : 0.998 and R? : 0.999, respectively. This shows that
the current study can capture the underlying physics that exist in the boiling data and serves as an
independent method to predict the Qols for a new case study.
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The only shortcoming of the uncertainty models compared to the standard MLP model is the
computational speed, the predictive time of the uncertainty models are one order of magnitude slower
compared to the deterministic MLP model. Nevertheless, the predictive time for the uncertainty models
are still two orders of magnitude faster than CFD simulation. The predictive speed of uncertainty
models is acceptable considering it provides better performance with the confidence levels and is
reasonable for the system-level design process. Therefore, the DNN with uncertainty models can be
used as a promising tool to speed up the design phase/initial guesses in the thermal management of a
subcooled boiling system.
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Abbreviations

Adam  Adaptive Moment Estimation
ANN Artificial Neural Network
ANSD  Active Nucleation Site Density
BDD Bubble Departure Diameter
BDF Bubble Departure Frequency
CFD Computational Fluid Dynamics
CNN Convolution Neural Networks

DE Deep Ensemble

DNN Deep Neural Networks

DNS Direct Numerical Simulation
HPC High-Performance Computing
LES Large Eddy Simulation

MC Monte Carlo

MCMC Markov Chain Monte Carlo
ML Machine Learning

MLP Multi-Layer Perceptron

MSE Mean Square Error

NLL Negative Log-Likelihood

PBP Probabilistic Backpropagation
POD Proper Orthogonal Decomposition

Qols quantities of Interest

ROI Region of Interest

ROM Reduce-Order Modeling

RPI Rensselaer Polytechnic Institute
UuQ Uncertainty Quantification

VoF Volume of Fluid
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Nomenclature
Physics Constants
k Phase of the fluid -
« Void Fraction -
I Density kgm ™3
U Velocity ms~!
r Rate of mass transfer per unit volume kgm 3571
Vp Pressure gradient Pam™!
R Combined turbulent and laminar stress, calculated based on the Reynolds analogy Nm 2
g Gravitational acceleration ms—2
M Interfatial momentum transfer kgm 252
Df;(f Effective thermal diffusivity m?s~!
Quall k Heat flux Wm 2
qu, Total heat flux Wm—2
Do Forced convection heat flux Wm—2
T Quenching heat flux Wm—?2
Ayep Bubble departure diameter m
faep Bubble departure frequency st
Pr; Liquid Prandtl number -
ATsup Wall superheat Temperature K
Nt Dimensionless temperature -
rho* Dimensionless density ratio -
Jaw Modified Jacob number -
Pryas liquid Prandtl number for saturated temperature -
{v be Area fraction m?
he Condensation heat transfer coefficient Wm2K!
Machine Learning Constants
A\ Weights -
b Biases -
g(x) Activation function -
L Loss function -
g Predicted value -
Yy Target value -
L1 Lasso Regression -
L2 Ridge Regression -
A Hyperparameter -
X* Input features -

E (y*)  Predictive mean -
Var(y*) Predictive variance -

l Prior length -
(1) Gaussian process precision -
r Probability of the neurons -
Aw Weight decay -

N Size of the dataset -
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Figure A1. Predicted void fraction and wall temperature using DNN / MLP model for an interpolation
dataset at q’ = 14,000 W/m?2, u = 0.05 ms™ 1, from the plot it can be noted it has high nonlinearity while

predicting the wall temperature.
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Figure A2. Comparison between CFD and predicted void fraction and wall temperature along the arc
length for an interpolation dataset at g =14,000 W/ m?2, u=0.05ms!. From the plot it can be noted
that the MLP model has some artefacts while predicting the void fraction. It showed a sharp jump in
void fraction around 0.8 arc length where the nucleation starts in the minichannel.
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Figure A3. Regression chart of CFD vs DNN/MLP predicted void fraction and wall temperature for
an extrapolation dataset at g/ = 40,000 W/ m?2, u=0.2ms"!. From both the plot it is evident that the
MLP model lacks in reproducing the physics on an extrapolated dataset.
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Figure A4. Comparison between CFD and DNN/MLP model predicted void fraction and wall
temperature along the arc for an interpolation dataset at q’ " = 40,000 W/m?2, u= 0.2 ms~!. From the
plot it can be noted that the MLP model shows overconfident values for the void fraction and under
predicted values for the wall temperature. Although the MLP model fails to capture the physics
accurately it still showed good trend to that of CFD data.
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Figure A5. Interpolation dataset: Void fraction and temperature field of CFD and predicted by the
DNN/MLP model and the relative error for an interpolation dataset at 4" = 14,000 W/m?, u = 0.05 ms !
is presented. The plot above presents the predictive nature of the DNN model to predict the full flow
field of the mininchannel. It can be seen that the DNN model is capable of reproducing the void
fraction field with a miximum relative error of —6%. It can be further noted that the error increases as
the void fraction increases in the mininchannel. Temperature field using the DNN model is presented
in Figure A5b. Compared to the void fraction prediction the DNN model has better performance when
predicting the temperature field with a maximum relative error of 0.3%.
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Figure A6. Interpolation dataset: Comparison of CFD and DE model prediction for 4" = 14,000 W/m?,
u = 0.05 ms~!. It can be noted from Figure A6a that the DE model shows good performance when
predicting the void fraction field with a maximum relative error of 0.77%. Similarly, the DE model
shows an exceptional predicting capability for the temperature field with a maximum relative error of
0.13%. From this, it can be concluded the DE model shows almost an order of better accuracy when
compared to the DNN model for the interpolation datasets.
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Figure A7. Extrapolation dataset: The CFD, DNN prediction and the relative error for g = 40,000
W/m?, u=02ms"!. It can be depicted from Figure A7a that the DNN models fail to accurately predict
the void fraction field and have a maximum relative error of 10.5%. However, the DNN model shows
an acceptable performance when predicting the temperature field with a maximum relative error of
0.55% as shown in Figure A7b.
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Figure A8. Extrapolation dataset: Comparison of CFD and DE model prediction for " = 40,000 W/m?,
u=0.2ms™ L. It can be again noted that the DE model outperforms the DNN model when predicting
both void fraction and temperature field. The DE model has maximum relative error of 1.78% for void
fraction and 0.28% for temperature field as shown in Figure A8a,b.
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Figure A9. Interpolation dataset: g = 14,000 W/m?, u =0.05 ms~!. In the Figure the standard deviation
of the wall temperature and void fraction along the arc length for both the models. When comparing
the o variation between MC Dropout and DE models, it is clear that the o variation of DE is smaller
by approximately one order of magnitude. The correlation and sensitivity that exist between the wall
temperature and void fraction is shown. From the plot is evident that slight change in ¢ for the void
fraction influences the o of wall temperature. There is a sharp increase in ¢ for the void fraction in MC
dropout model and this is due to transition of regime from saturated boiling to film boiling.
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Figure A10. Extrapolation dataset: 4" = 14,000 W/m?, u = 0.05 ms~!. It is again seen that the ¢ of the
DE model is one order of magnitude lesser compared to that of the MC Dropout model. This implies
that the DE model is less uncertain about its predicted value and is more robust in nature.
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