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Abstract

Convective heat transfer enhancement (HTE) techniques push to increase the removal of
excess heat from a solid area to the working fluid. In passive HTE techniques, the convective heat
transfer is enhanced through geometric means by improving the flow and inserting attentively
designed roughness — often termed fins, dimples, twisted tapes, rib tabulators, and wire coils —
on the solid bodies throughout the flow passages. Enhanced surfaces, either macro or micro-
textured, are commonly applied in commercial applications such as heat exchangers, cooling
systems, chillers, refrigerants, power plants, air conditioners. Micro-fins (< 0.5 mm tall) have the
advantage of reducing thermal resistance and the disadvantage of increased pressure drop when
applied in heat-exchange applications.

Turbulence and heat transfer are two critical factors in the chain of world energy
consumption. Hence, the development of more efficient energy transfer techniques in engineering
applications through control and optimization of the thermal turbulent boundary layer and
turbulence continues to be a subject of intense interest. This study reviews a passive flow control
technique with a focus on unique characteristics of heat transfer in devices called riblets. These
surfaces are considered beneficial to many commercial applications as they reduce drag skin
friction between a surface and fluid and, in some cases, can enhance heat transfer in the turbulent
flow regime. Hence, riblets are potential candidates to improve the efficiency of HTE equipment
as technology pushes to revolutionize the design and manufacturing of heat exchanger equipment.

Studies of flow fields around the fins have appeared in the literature but often do not include
conduction analysis in the fin, leaving a key optimization parameter unexplored. In addition, while
2 dimensional (2D) helical micro-fin tubes are the most widely used in heat exchanger

applications, experimental results have demonstrated that many 3D micro-fin geometries



outperform 2D fins. Hence, one of the goals of this study is to fill these gaps by finding out the
effects of 2D and 3D micro-fin design variables on heat-transfer enhancement and pressure drop.

Another goal of this study is to evaluate the potential of a data-mining model as a surrogate
of computational fluid dynamic (CFD) models in 2D and 3D micro-fin tubes. Data-mining is a
procedure of extracting and recognizing useful information and succeeding knowledge from
databases using mathematical, statistical, artificial intelligence, and machine learning technique,
and is still not often used in heat transfer studies. Two different least squares-support vector
regression (LS-SVR) models are employed to estimate the Colburn j factor (j) and the Fanning

friction factor (f) as functions of micro-fin geometric variables. Results of the parametric study
showed that the best 2D micro-fin tube can enhance the thermo-hydraulic efficiency index (77) up

to 1.18. Results of the LS-SVR model showed that the percentage of average absolute error (AAE)
between simulated and estimated values of the Colburn j factor and the Fanning friction factor is
2.05% and 2.93% for 3D micro-fin tubes, respectively. The statistical results of this study proved
that LS-SVR model can be an accurate surrogate for the CFD-based model.

Because of the great potential for optimization of micro-fin surfaces and the lack of any
optimization work encompassing 3D geometries in this field, this study proposes a robust
methodology to solve the multi-objective optimization problem for this class of heat exchanger
surfaces with an accurate, first-principles numerical model and thereby determine the flow physics
that characterize the optimal geometries. This study provides a representation of the geometry of
3D micro-fins with enough degrees of freedom to encompass a wide range of physically realizable
surface geometries. To reduce computational time, a fluid flow channel is presented with a novel
computational domain. The channel contains two-sided periodic domains and micro-fins on the

top and bottom walls having an opposite angle. An accurate and parallelizable numerical model is



developed based on Reynolds average Naiver-Stokes equations (RANS) and a realistic k-e model.
The simulation procedure applies ANSYS Fluent 19.1 to solve convective heat transfer and
turbulent flows over micro-fins and conductive heat transfer for solid conduction to maintain
robustness for geometries that do not yield unity fin efficiencies. A boundary condition of constant
temperature is defined at the channel walls. This study provides a robust methodology to integrate
the numerical model into a multi-objective optimization algorithm named non-dominated sorting
genetic algorithm (NSGA-II) to generate the best trade-off (Pareto front) solutions between
enhancement of the Nusselt number and the Fanning friction factor of a micro-fin surface to a
smooth surface at Reynold number (Re) of 49,000. Information from the Pareto front solutions
will be used to explore the thermal and flow fields of the optimal solutions. The result of the Pareto
front showed the significant effects of micro-fin height and pitch on objective values of optimal
design geometries. This study presents a unique intersection of the drag reduction approach and
heat transfer enhancement by finding unique operating geometries. For example, a particular
optimal design geometry reduced drag by 8% but was also beneficial to heat transfer increasing

by 21% compared to a smooth surface.
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Convective heat transfer enhancement (HTE) techniques push to increase the removal of
excess heat from a solid area to the working fluid. In passive HTE techniques, the convective heat
transfer is enhanced through geometric means by improving the flow and inserting attentively
designed roughness — often termed fins, dimples, twisted tapes, rib tabulators, and wire coils —
on the solid bodies throughout the flow passages. Enhanced surfaces, either macro or micro-
textured, are commonly applied in commercial applications such as heat exchangers, cooling
systems, chillers, refrigerants, power plants, air conditioners. Micro-fins (< 0.5 mm tall) have the
advantage of reducing thermal resistance and the disadvantage of increased pressure drop when
applied in heat-exchange applications.

Turbulence and heat transfer are two critical factors in the chain of world energy
consumption. Hence, the development of more efficient energy transfer techniques in engineering
applications through control and optimization of the thermal turbulent boundary layer and
turbulence continues to be a subject of intense interest. This study reviews a passive flow control
technique with a focus on unique characteristics of heat transfer in devices called riblets. These
surfaces are considered beneficial to many commercial applications as they reduce drag skin
friction between a surface and fluid and, in some cases, can enhance heat transfer in the turbulent
flow regime. Hence, riblets are potential candidates to improve the efficiency of HTE equipment
as technology pushes to revolutionize the design and manufacturing of heat exchanger equipment.

Studies of flow fields around the fins have appeared in the literature but often do not include
conduction analysis in the fin, leaving a key optimization parameter unexplored. In addition, while
2 dimensional (2D) helical micro-fin tubes are the most widely used in heat exchanger

applications, experimental results have demonstrated that many 3D micro-fin geometries



outperform 2D fins. Hence, one of the goals of this study is to fill these gaps by finding out the
effects of 2D and 3D micro-fin design variables on heat-transfer enhancement and pressure drop.

Another goal of this study is to evaluate the potential of a data-mining model as a surrogate
of computational fluid dynamic (CFD) models in 2D and 3D micro-fin tubes. Data-mining is a
procedure of extracting and recognizing useful information and succeeding knowledge from
databases using mathematical, statistical, artificial intelligence, and machine learning technique,
and is still not often used in heat transfer studies. Two different least squares-support vector
regression (LS-SVR) models are employed to estimate the Colburn j factor (j) and the Fanning

friction factor (f) as functions of micro-fin geometric variables. Results of the parametric study
showed that the best 2D micro-fin tube can enhance the thermo-hydraulic efficiency index (77) up

to 1.18. Results of the LS-SVR model showed that the percentage of average absolute error (AAE)
between simulated and estimated values of the Colburn j factor and the Fanning friction factor is
2.05% and 2.93% for 3D micro-fin tubes, respectively. The statistical results of this study proved
that LS-SVR model can be an accurate surrogate for the CFD-based model.

Because of the great potential for optimization of micro-fin surfaces and the lack of any
optimization work encompassing 3D geometries in this field, this study proposes a robust
methodology to solve the multi-objective optimization problem for this class of heat exchanger
surfaces with an accurate, first-principles numerical model and thereby determine the flow physics
that characterize the optimal geometries. This study provides a representation of the geometry of
3D micro-fins with enough degrees of freedom to encompass a wide range of physically realizable
surface geometries. To reduce computational time, a fluid flow channel is presented with a novel
computational domain. The channel contains two-sided periodic domains and micro-fins on the
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developed based on Reynolds average Naiver-Stokes equations (RANS) and a realistic k-e model.
The simulation procedure applies ANSYS Fluent 19.1 to solve convective heat transfer and
turbulent flows over micro-fins and conductive heat transfer for solid conduction to maintain
robustness for geometries that do not yield unity fin efficiencies. A boundary condition of constant
temperature is defined at the channel walls. This study provides a robust methodology to integrate
the numerical model into a multi-objective optimization algorithm named non-dominated sorting
genetic algorithm (NSGA-II) to generate the best trade-off (Pareto front) solutions between
enhancement of the Nusselt number and the Fanning friction factor of a micro-fin surface to a
smooth surface at Reynold number (Re) of 49,000. Information from the Pareto front solutions
will be used to explore the thermal and flow fields of the optimal solutions. The result of the Pareto
front showed the significant effects of micro-fin height and pitch on objective values of optimal
design geometries. This study presents a unique intersection of the drag reduction approach and
heat transfer enhancement by finding unique operating geometries. For example, a particular
optimal design geometry reduced drag by 8% but was also beneficial to heat transfer increasing
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Nomenclature

a function of Ag

cross-section flow area, m?
enhanced surface area, m?

riblet valley cross-section area, m?
smooth surface area, m?

bias

a constant
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thermal conductivity, W m K
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Kernel Function

a Lagrange multiplier
periodic channel/tube length
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a function of Ag

riblet longitudinal length, m
mass flow, kg s*
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cutter pitch, m
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1 Introduction

A heat exchanger design problem is a high-dimensional multi-objective optimization
problem. Any consideration of the formal optimization of heat exchangers inevitably leads to the
problem of choosing the appropriate objective and constraints. The most common objectives for a
heat exchanger design problem are maximizing heat transfer rate (Q), minimizing
weight/size/material cost, and minimizing operational cost/pumping power.

Reducing the complexity of the multi-objective optimization heat exchanger design
problem can be achieved in a number of ways: converting the multi-objective to a single-objective
optimization problem using a linear weighted method (Meng et al., 2011; Liu et al., 2017; Kim
and Kim 2004), focusing on one of the objectives and dealing with others as constraints (Park and
Moon, 2005; Foli et al. 2006; Copiello and Fabbri, 2009), defining an economic objective function
such as total annual cost (Xie et al., 2008; Sanaye and Hajabdollahi, 2010; Rao and Saroj, 2017;
Rao and Patel, 2011; Mirzaei et al., 2017), using an objective function in form of exergy
destruction or entropy generation minimization based on the second law of thermodynamics
(Jasinski, 2011; Abu-Hamdeh et al, 2020; Wang et al., 2015; Hamadneh et al., 2020 ), using the
thermo-hydraulic efficiency index, which is defined as the ratio of heat transfer increase to pressure
drop increase compared to a smooth surface, for the objective function (Liu et al., 2017), and using
a volume goodness factor for the objective function which aims at maximizing HTE for a similar
pumping power (Campet et al., 2020).

Combining the objective functions into a single objective function is problematic since the
objectives represent a trade-off. In problems with a single objective function, the relative

importance of the two objectives must be chosen a priori; if this importance is changed after the



optimization is performed, the optimization procedure must be repeated. Because of this, the
applicability of the optimal solution is limited to only the prior chosen objective importance.

A more general way of approaching the objective selection for heat exchanger optimization
is to consider the problem explicitly as multi-objective optimization. Multi-objective optimization
aims to generate a set of non-dominant Pareto fronts representing a set of optimal solutions and
gives an understanding of the trade-offs between conflicting objectives. Compromise designs
could be selected using the Pareto front for different performance evaluation criteria (PEC)
discussed by Webb and Kim (2005).

An optimization solution is classified into gradient-based and direct search approaches,
while the objective can be defined as single or multiple. In a gradient-based approach, search
directions are determined by the gradient evaluation of objective functions at specified values of
decision variables. These variables are the same as design variables that need to be optimized in a
heat exchanger design problem, and they determine the value of the objective function. The
methods that follow the gradient-based approach require the direct expression of the objective
function with decision variables and assume objective functions are differentiable, making them
unusable in most heat exchanger design optimizations. In contrast, the direct-search approach is a
problem-independent technique and can overcome a wide range of optimization problems. They
only require the value of objective functions and do not require any information about the gradient
or higher derivatives to search for an optimal solution. Evolutionary and meta-heuristic algorithms
are applicable optimization methods in heat exchanger design problems. These algorithms are
based on computational and search methods influenced by artificial intelligence and natural
systems that provide excellent approximating solutions to great ranges of problems. For a multi-

objective design problem of a heat exchanger, for any particular desired heat transfer rate, the



optimal decision variables should be selected that lead to the least possible pressure drop.
Examples of multi-objective optimization are applications of NSGAII (Mann and Eckels, 2019;
Ranut et al., 2014), fast NSGAII (Ranut et al., 2014), multi-objective genetic algorithm (MOGA)
(Juan and Qin, 2014; Cavazzuti and Corticelli, 2008; Juan et al., 2016), particle swarm
optimization (PSO) (Liu et al., 2017), and strength Pareto evolutionary algorithm 2 (SPEA2)
(Copiello and Fabbri, 2009).

Typically, a heat exchanger design problem can be categorized into device-level and
surface-level optimization problems. Device-level design optimization includes designing an
overall shape of a heat exchanger such as position optimization of fins and tubes and tube diameter
in a plain fin-and-tube heat exchanger (Juan and Qin, 2014), shell and tube diameter, and fin
dimensions in a fin and tube evaporator (Ozkol and Komurgoz, 2005); dimension optimization of
fin and stream length in a plate-fin heat exchanger (Sanaye and Hajabdollahi, 2010); geometry
optimization of a plate fin-tube heat exchanger body (Ozkol and Komurgoz, 2005); and
optimization of baffle types, number of shells in series and parallel, the shell orientation and type,
number of tube passes, tube length, tube diameter, and tube layout pattern in a shell and tube heat
exchanger (Tayal et al., 1999). Researchers typically use empirical or semi-empirical correlations
to evaluate the objective functions of the device-level optimization problems since CFD
calculation is impractical to evaluate the objective functions in these large-scale multi-physical
problems.

Surface-level design optimization focuses on optimal geometrical shapes of a solid surface
in which fluid acts as the source or sink of energy. In contrast to device-level optimization, the
scale of surface-level optimization is often small enough to apply advanced numerical calculations

to evaluate the optimization objective functions. Passive methods of HTE are usually applied to



remove excess heat from the solid surface to the working fluid for a heat exchanger at the surface-
level design. Passive methods include inserting attentively designed roughness, fins, dimples,
twisted tapes, rib tabulators, and wire coils on the solid bodies through the flow passages (Dewan
et al., 2004).

Surface-level design optimization using passive methods requires both conduction and
convection heat transfer and turbulent flow analysis. The CFD methods that can solve momentum
and energy equations are RANS, large eddy simulation (LES), and direct numerical simulations
(DNS). Generally, RANS methods are preferred in design optimization problems because of the
impractical computational burden of LES and DNS methods. Examples of applying RANS in
surface-level optimization problems include passage shape optimization of a parallel plate heat
exchanger (Cavazzuti and Corticelli, 2008; Nobile et al., 2006), dimension optimization of a
micro-channel heat exchanger (Foli et al., 2006), dimension and configuration optimization of
micro-fin in a tube heat exchanger (Mann and Eckels, 2019; Dastmalchi et al., 2017), and
dimension optimization of semicircular grooves in double pipe heat exchangers (Glingor et al.,
2020).

An optimization problem of surface-level design can be solved using one of the following:
(1) CFD-based parametric study, (2) CFD-based optimization study, and (3) surrogate-based
optimization study.

A parametric study is often a logical first step in optimization as it reveals general trends
and allows control of computational time. The solution for the CFD-based simple or multi-
objective optimization study can be found by coupling advanced optimization algorithms with
CFD models. In a surrogate-based optimization approach, a data-mining model is applied as a

surrogate of the CFD-based simulation model and then coupled with the advanced optimization



algorithm. In this approach, the CFD-based simulation model first evaluates the values of objective
functions based on design variables. These initial data are used to train and test the data-mining
model to learn and distinguish complex and non-linear relationships between decision variables
and objective functions. Therefore, this approach reduces the computational time compared to the
CFD-only optimization approach. The applied data-mining methods in various heat exchanger
problems include a kriging model (KRG) (Koo et al., 2014; Wansaseub et al., 2017), radial basis
neural network (RBNN) (Shi et al., 2017), a response surface model (RSM) (Li and Kim, 2008),
support vector regression (SVR) (Peng and Ling, 2015), LS-SVR (Kahani et al., 2018), artificial
neural network (ANN) (Beigzadeh et al., 2016), multilayer perceptron ANN (MLP-ANN) (Peng
and Ling, 2015), and automated learning of algebraic models for optimization (ALAMO)

(Lindqvist et al., 2018).

1.1 Heat-exchanger Surface-level Design

Although surface-level design in heat exchangers using the passive method are beneficial
for thermal performance, the added mass of material leads to higher costs for bulk commercial
products and increased drag forces. Drag in fluid dynamics is the force that keeps objects from
moving within the fluid, such as water or air. The direction of the net drag force is opposite of the
fluid flow velocity. Two basic types of drag are form (pressure) drag and skin friction drag.
Pressure drag is strongly associated with the object’s shape and is dominated by static pressure
forces. Skin friction drag arises from the attraction and contact of a solid surface with adjacent
fluid layers in a flow that leads to resistance (Dean, 2011). Drag force in either form plays a vital
role in energy usage. It can present possible efficiency improvements in industrial and municipal

fields such as aircraft, marine, gas/oil pipelines, oil well operations, firefighting, shipping, racing



swimsuits, water heating, cooling systems, sewer systems, and biomedical systems, including
blood flow (Dean and Bhushan, 2010; Brostow, 2008).

In recent years, optimizing convective heat transfer and hydraulic performance
enhancement in industrial applications has been a popular research topic. HTE techniques using
enhanced surfaces have been extensively reviewed by Dewan et al. (2004) and Ji et al. (2015). The
mentioned surfaces change the contact surface area between the solid and fluid, and local fluid
flow physics in a complex way that leads to intricate changes in thermal and hydraulic performance
(Orlandi et al., 2016; Leonardi et al., 2015; Stalio and Nobile, 2003). Although some researchers
(Okamoto et al., 1993; Pozarlik et al 2008; Kazi et al., 2012) stated that the primary mechanism
for enhancement is recirculation with flow separation and secondary flow, Peeters and Sandham
(2019) indicated in fully rough conditions, the actual recirculation region act as thermal resistance.
With flow separation and recirculation, fluid forms eddies and vortices. The generation of eddies
and vortices leads to more mixing in the flow and some situations, contributes to heat transfer
significantly enough to compensate for the lowered recirculation zone. Although this mechanism
is advantageous to heat transfer, it typically increases form drag and apparent viscous effects
leading to excess drag forces. Thus, one grand challenge for designing HTE equipment is finding
an enhanced surface that can augment heat transfer with a minimum pressure drop penalty.

One area of particular importance for surface-level optimization is the design problem of
internal micro-fins (< 0.5 mm tall). Internal fins and tube materials with high thermal conductivity
(K), such as copper or aluminum, are often found in tube heat exchangers with water as the working
fluid. Liquid chillers and water-cooled condensers are typical examples of this heat exchanger
type. Historically 2D trapezoidal micro-fin tubes are employed, but 3D micro-fin configurations

have recently gained popularity. Figure 1.1 shows examples of internal 2D and 3D micro-fin tube
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Figure 1.1. Photos of a (a) 2D and (b) 3D micro-fin tube

Different experimental, analytical, and CFD-based studies for performance evaluation of

internally fin surfaces are reviewed in the following.

1.1.1 Experimental Studies

Takahashi et al. (1988) showed that a specific type of 3D micro-fin tube (A-8) enhanced
heat transfer rate with a relatively low-pressure drop, resulting in 27% area reduction of a shell
and tube evaporator not achievable using any other available 2D micro-fin tube. Webb (2009)
studied the performance of three different types of 3D cone micro-fin tubes, and he compared the
results with the best available commercially reported 2D micro-fin tube (Turbo BIII). He showed
that two of the cone micro-fin tubes had 14 to 20% greater HTE, and they had nearly 5% greater
thermo-hydraulic efficiency index than the Turbo BIlI tube.

Very few works have been measured detailed characteristics of flow around the fins near
the wall, and there is no work with temperature field measurement. Li et al. (2019) reported 2D
flow-field measurement data using particle image velocimetry (P1V) in a flow channel with a

micro-fin surface on the bottom wall at Reynolds number (Re) of 7,600, 14,000, and 28,000.



1.1.2 Analytical Studies

Analytical studies are limited to fin-shape optimization considering 1D or 2D conduction
heat transfer analysis. The optimization of a fin profile and dimension have been studied with a
constant (Ullmann and Kalman, 1989; Mikk, 1980; Fidanoglu et al., 2016) or a variable heat
transfer coefficient (heo) (Kundu and Das, 2002; Razelos and Imre, 1983; Kobus and Cavanaugh,
2006). These studies generally considered maximization of heat-transfer rate for a given fin mass
or volume as a constraint (Kundu and Das, 2005), or minimization of fin mass or volume for a
given heat-transfer rate as a constraint (Ullmann and Kalman, 1989; Mikk, 1980; Razelos and
Imre, 1983; Kobus and Cavanaugh, 2006). Recently, Ayoobi et al. (2020) applied cylindrical and
conical pin micro-fins and optimized fin dimension using MOGA considering two objectives of
minimizing the temperature distribution function and maximizing heat flux function of the fins.
Results reported the Pareto front for different thermo-physical properties. They showed that for an
optimal cylindrical pin micro-fin, the temperature of the fin tips could reach the environmental
temperature for different thermo-physical properties. Ghanadi Arab et al. (2013) optimized a
transformative fin shape using a Bezier curve for four geometrical design points considering 2D
conductive heat transfer analysis. They applied ANN as a surrogate of a finite-volume method to
compute the temperature distribution function. The trained and tested ANN models combined with
NSGAII for reporting two sets of Pareto fronts for heat transfer rate and each fin efficiency and

fin surface area.

1.1.3 CFD-based Studies
RANS modeling is the most general CFD approach in industrial applications. Multiple
RANS turbulence models have been applied in enhanced surfaces including Spalart-Allmaras, k-¢

of Goldberg, k-¢ of Lam-Bremhorst, shear stress transport (SST) of Menter (Kim et al., 2004), k-¢



of Norris and Reynolds (Liu and Jensen, 2001.), RNG k-¢ (Liu and Jensen, 2001), realizable k-,
k-kl-a, Reynolds stress (RS) model, and SST k- (Rao and Saroj, 2017), and BSL (Nobile et al.,
2006). Mann and Eckels (2019) proved that the realizable k-¢ model was superior to other
turbulence models (k-kl-w, SST k-w, and RS) for calculating separated and complex flows with
secondary circulation. The realizable k-e was able to predict the Nusselt number and Fanning
friction factor at Re = 49,012 with a maximum deviation of -18.8 to +1.9% and -11.8 to -8.4%,
respectively.
1.1.3.1 Parametric Studies

Recent publications have presented parametric studies on heat transfer and friction factors
for internally 2D micro- or high-fin tubes with turbulent water flow. For example, Jamshed et al.
(2019) studied the effects of axial pitch (ps) with Reynolds number changing from 4,000 to 10,000.
They obtained 33% enhancement at Re = 10,000 for one of the tubes. Liu et al. (2019) investigated
the effects of fin variables of e = 0.3 - 0.9 mm, « =10 - 40°, Nt =15 - 45, thickness (tr) = 0.5- 0.9
mm, and different cross-section fin profiles of rectangular, circular, and triangular on heat transfer
and friction factors at Re = 44,430. Their results showed helix angle and fin profile have the highest
and lowest impact on the flow and heat transfer characteristics, respectively. Li et al. (2016)

analyzed fin variables of e = 0.3 - 0.6 mm, a = 25 - 55°, Nt =10 - 50 for an inner tube diameter

(Di) of 15.54 mm at Re = 27,000. They showed that p; /e ratio is a significant factor that affects

the location of separation and reattachment of flow in the boundary layer. They found variables of
e=0.3-0.6 mm, o =25-35-, and Nt =40 - 50 gave the best performance for the tube they studied.
1.1.3.2 Optimization Studies

An example of a single-objective optimization using PSO algorithm is the study of

Dastmalchi et al. (2017), who optimized the thermo-hydraulic efficiency index for 2D helical



micro-fins inside a tube with water as the working fluid. They considered a fixed trapezoidal cross-
section profile for micro-fins with design variables of micro-fin height (0<e <0.5mm), helix

angle (5 <a<30°), and the number of starts (10< N, <50) for 30,000 < Re <100,000 using

three different inner tube diameters of 5, 10, 15 mm. In this study, water flow temperature was
assumed greater than the ambient temperature and a constant convective heat transfer coefficient
was selected as a boundary condition for the outer tube wall. They used a k-¢ model in the
commercial software package ANSYS CFX v.15 for turbulent flow simulation and coupled the
simulation model to PSO. Results showed the optimal number of micro-fin is 60 and optimal
micro-fin height increases, and helix angle reduces by increasing Reynolds number for all three
tube diameters. In the following, Mann and Eckels (2019) optimized internally 2D helical micro-
fin geometry for a tube with an inner diameter of 15.54 at Re = 49,000. This study used water as
the working flow and considered constant tube wall temperature for the boundary condition. They
used a k-¢ model in Fluent for turbulent flow simulation and coupled the simulation model with
NSGAII to achieve the Pareto front of the Nusselt number and the Fanning friction factor. The

design variables were micro-fin height (0.01<e <0.7mm), helix angle (0 < a <60°), and number

of starts (10 < N, <70). Results showed flow characteristics change remarkably above and below

the critical helix angle of 45°. In terms of 3D fin geometry optimization, Luo et al. (2019)
optimized the geometry parameters in a pin-fin air channel with dimples/protrusions within the
range of8,500 < Re <36,000. The design variables were pin fin diameter, dimple/protrusion
diameter, dimple/protrusion location, and dimple/protrusion depth. They applied the BSL model
to simulate flow patterns and heat transfer in the ANSYS CFX. They coupled the simulation model
with NSGA-11 to achieve a Pareto front of heat transfer coefficient and the Fanning Friction factor

Results showed that in a pin-fin channel with dimples, the heat transfer coefficient is high at the

10



rear part of the dimple, but in a pin-fin channel with protrusions, the heat transfer coefficient is
high at the leading edge of protrusion. They additionally observed that a pin-fin channel with
protrusions leads to a higher pressure drop compared to a channel with dimples.

1.1.3.3 Surrogate-based Optimization Studies

Rout et al. (2015) optimized the dimension and arrangement of an internally 3D high-
finned tube for laminar airflow, applying an RSM-assisted optimization approach. The RSM
model was fed by a CFD-based database for the input variables of fin height, thickness, and number
and output variables of Nusslet number and friction factor. They developed an RSM-NSGAII
algorithm to maximize Nusslet number and minimize friction factor. Results showed that the RSM
model was able to predict the output parameters within 5% of CFD-based data, which approved
the excellent reliability of the surrogate model. Li and Kim studied shape optimization of 3D
elliptic pin-fin arrays in turbulent air-channel flow using RSM and NSGAII. Results from the RSM
model demonstrated the adjusted coefficient of determination (R?) within the range of 0.9 to 1,
which shows good accuracy for predicted data.

Recently, Campet et al. (2020) used surrogate-based optimization to reduce the
computational cost for designing a 3D fin tube. They used wall-resolved LES to model a single
start helical fin heat exchanger heated by a uniform heat flux at the tube wall. In their study,
Gaussian process regression was applied as a surrogate model and combined with an advanced
optimization algorithm to maximize the volume goodness factor. The decision variables were fin
pitch, height, number of discontinuities per pitch (), and discontinuity length (tc). Results showed
that large and multiple discontinuities on fins lead to higher swirling motion in the near-wall region

and enhance heat transfer to the maximum ratio of 2.1 while increasing pressure loss by a ratio of
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2.7. They kepta p; /e ratio greater than eight, limiting their decision space domain to only k-type

roughness surfaces ( p, /e > 4), defined by Jiménez (2004).

1.2 Study Outline

The dissertation is outlined as follows. Chapter 2 presents the physical mechanism of fluid
drag and convective heat transfer over smooth surfaces. Chapter 3 discusses momentum and heat
transfer mechanisms over riblet surfaces. The chapter highlights riblet’s design variables and
configuration and the placement of riblets in closed channels. Riblet fabrication methods and
materials are reviewed, including their advantages and disadvantages. The chapter separates drag
reduction and heat transfer riblet studies based on numerical and experimental approaches, argues
the effectiveness, and compares the superiority of the numerical methods. Different optimization
viewpoints are also discussed to get minimum drag reduction and maximum HTE in thermal
equipment using riblets. Chapter 4 is dedicated to the numerical model setup used in this study.
This chapter explains governing equations, parameters, discretization methods, convergence
criteria, boundary conditions, and data reduction manipulation that have been applied in the
numerical models. Chapter 5 discusses the parametric study of transverse and axial 2D micro-fins
on fluid flow and heat transfer while Chapter 6 reviews the parametric study of 2D and 3D micro-
fin tubes on fluid flow and heat transfer. Performance of a data-mining model is (LS-SVR model)
is evaluated on 2D and 3D micro-fin tubes to estimate fluid flow and heat transfer characteristics
in Chapter 7 and Chapter 8 is dedicated to multi-objective optimization of 3D micro-fins to achieve
the best trade-off (Pareto front) solutions between enhancement of Nusselt number and Fanning

friction factor.
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2 Physical Mechanism of Fluid Drag and

Convective Heat Transfer

This section explores the physical description of friction drag and heat transfer over smooth
surfaces. First, fluid flow is classified into laminar, turbulent, and transitional flow. In laminar
flow, fluid particles move along smooth paths in parallel layers, generally when dealing with small
pipes and low flow velocities. A turbulent flow regime is characterized by chaotic and random
changes in time and space, and transitional flow is a mixture of laminar and turbulent flow.

Before the physical mechanism of drag force is discussed, a review of the characteristics

of the turbulent boundary layer is helpful. Generally, three regions develop near the wall in
turbulent flows. The closest region to the wall is the viscous sublayer where y* <5, in which y*
is the dimensionless distance from the wall (y* = yu_/v ) and o is kinematic viscosity. Following
the calculation, the distance from the wall (y) is made dimensionless with the average skin friction
velocity (T, ) calculated from (7,/0)*°while 7, is the average wall shear stress for a smooth
surface and p is the fluid density. In this layer, the viscous forces are dominant and the flow damps
fluctuations. The non-dimensional local time-mean velocity in the x-direction (T") increases
linearly as the distance from the wall increases (U =y"), in which U" =U/U, and T is the local
time-mean velocity in the x-direction. The second region called the buffer layer is located between
5<y" <30, in which neither viscous forces nor turbulent momentum forces are dominant. The
third layer, the logarithmic layer, is located between 30 < y* <100 in which velocity and the wall

distance follow a logarithmic relationship, is called the law of the wall (T =(1/x)Iny" +C"),
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where x is the von Karman constant and C* is a constant (White, 2006). The flow from the wall
to where the velocity follows the logarithmic law is defined as the inner region and the outside of
this region is defined as the outer region. In the outer region, kinematic viscosity plays a minor
role and in practical terms this region is inviscid for both internal and external flow. Figure 2.1
shows a velocity profile over a smooth surface.

25

Inner region Outer region

20 |

[
Viscous sublayer

\
Buffer layer  ogarithmic layer

LA | LI N B |

5

\\1\\\_\1\\\\_]/

Figure 2.1. A velocity profile over a smooth surface

In a turbulent boundary layer, the wall produces and dissipates most turbulent coherent
structures such as vortices, bursts (ejections), and sweeps associated with turbulent momentum
transfer and drag forces (Hon and Walker, 1987). An essential driver for drag through the near-
wall region is stream-wise vortices which spin along an axis line parallel to the mean flow velocity.
Stream-wise vortices are dominant in the viscous sublayer and buffer layer, and move along the
wall surface in the cross-flow direction (Kline et al., 1967). The interaction of the stream-wise

vortices traveling through the mean flow velocity with the wall surface and adjacent vortices leads
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to bursting motions, which significantly increase friction drag (Robinson, 1991). Vortices are
characterized by vorticity diameter (d) and length (Le).

Heat convection is a heat transfer mechanism that occurs from the movement of the liquid
or gas phase across a solid phase that removes energy. In force convection, the fluid is induced to
move over the solid surface by an external source such as pumps or operated by pressure

difference. The basic equation for heat transfer by convection is definedas q=h_ (T, —T,_), where
q is the average heat flux along a wall; and Twand T_ are the average wall temperature at the fluid-

solid interface and free-stream fluid temperature, respectively. Convective heat transfer largely
depends on flow properties, flow velocity, and surface geometry.

The temperature field that develops near a surface can be classified into the inner and outer
regions. The inner thermal region follows the universal wall law for temperature within the
turbulent boundary layer. The inner region is influenced by thermal boundary conditions and the

molecular Prandtl number (Pr=uv/a,) where ¢, is thermal diffusivity and turbulent Prandtl
number ( Pr,). To define the turbulent Prandtl number, first momentum eddy diffusivity and heat
transfer eddy diffusivity must be specified. To model a turbulent boundary layer in two

dimensions, information to evaluate u'v' in momentum equations of fluid flow are required. Due
to the fluctuating velocity field, the term refers to the apparent turbulent shear stress (Reynolds
stress) in RANS equations. Equation (2.1) can be used as a closure in momentum equations when
Reynolds averaging is applied. And, Equation (2.2) shows a momentum differential equation for
the constant-property turbulent boundary layer using the momentum eddy diffusivity concept

(Kays and Crawford, 1993).
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uv'= g, £ (2.1)
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where, u’ and v’ are the instantaneous value of the fluctuating component of velocity in the x and
y direction, respectively; Vv is the local time-mean velocity in y-direction; &,, is momentum eddy
diffusivity; and p is pressure.

Subsequently, to model a thermal boundary layer in two dimensions, the energy equation
of fluid flow is required. The term V' T" is defined as an apparent turbulent heat rate in the direction
normal to the main flow and can be substituted in the energy equation of fluid flow using Equation

(2.3). Equation (2.4) shows the differential equation for a constant-property thermal boundary

layer using the heat transfer eddy diffusivity concept (Kays and Crawford, 1993).

T i

v'T =&y ay (23)
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where T’ is the fluctuating temperature component; T is local time-mean temperature; and &,, is

heat-transfer eddy diffusivity. Then, turbulent Prandtl number can be defined in the following
equation:

(2.5)

The mean temperature profile can be calculated using the concept of the law of the wall for

temperature. Wall heat flux G, :—K(af/ay)w plays the physical role in the thermal boundary

layer, same as wall shear stress in the turbulent boundary layer.
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Total heat flux is defined as g, = —pc, [e, + ¢, ]6T /oy which is a summation of molecular
(—K(aT_/ay)) and turbulent heat flux (—pcpﬁ), where ¢ is the specific heat at constant

pressure. A friction temperature T, Z(TW/(pCpU,) is introduced as a temperature scale with

constant properties. Accordingly, a dimensionless mean-time temperature can be defined as
T =(T,-T)/T.. Equation (2.6) shows an assumption in that wall heat flux is equal to total heat

flux (Favre-Marinet and Tardu, 2013).

R

pr g AT

With the assumption in Equation (2.6), it is derived that the dimensionless mean-time
temperature and wall distance follow a linear relation in the thermal-viscous sublayer and a
logarithmic relation in the logarithmic layer in a thermal boundary layer. A thermal-viscous
sublayer refers to the closest layer to the wall in which heat-transfer eddy diffusivity is negligible
compared to thermal diffusivity and consequently T*=Pry*. The second layer is called the
thermal buffer layer in which none of the thermal diffusivity and heat-transfer diffusivity are
dominated. The third layer is called the logarithmic layer in which thermal diffusivity is negligible
compared to heat-transfer eddy diffusivity in a fully developed turbulent mixing region. Using
Equitation (2.6), it is derived that T =(Pr,/x)Iny"+C, where the constant C; =C.(Pr)
depends on molecular Prandtl number. A simplified procedure is to assume that the turbulent
Prandtl number is constant. The consensual values found in the literature are Pry = 0.9 for turbulent
wall flows and Prt =0.7 in free shear layers (Favre-Marinet and Tardu, 2013).

The Reynolds analogy is a well-known concept with the primary assumption that turbulent

momentum is analogous to heat transfer in a turbulent flow. In other words, the analogy is based
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on the equality of momentum and heat-transfer eddy diffusivities that implies Pr:=1. The analogy

claims that the transport of momentum and heat transfer mainly relies on the same turbulent
coherent structures. The Reynolds analogy factor is defined as R. =2St/ f , where St is the Stanton
number. (Stalio and Nobile, 2003). A Stanton number is a dimensionless number that measures

the rate of the heat transfer coefficient to the thermal capacity of the fluid (St = Nu/(Re.Pr)).

18



3 Drag Reduction and Heat Transfer

Enhancement by Riblet Surfaces- A review

This review focuses on drag reduction and subsequently on a unique intersection of drag
and heat transfer research by emphasizing surfaces that reduce drag but may have a beneficial (or
in some cases negative) effect on heat transfer. This combination is often not considered as most
enhanced heat transfer surfaces increase drag in proportion to the heat transfer enhancement.

Drag reduction was accidentally discovered and reported by Toms (1949) and is the
phenomenon of flow vorticity amelioration causing a reduction of skin friction. The net turbulent
drag reduction methods include additive and non-additive techniques. The additive technigque
involves adding drag-reducing agents (DRASs) to a fluid in pipelines that contains polymers,
suspended solid particles, surfactants, and biological additives. The non-additive techniques
modify the surface and have compliant surfaces, micro-enhanced surfaces (riblets, dimples, micro-
morphology surfaces), oscillating walls, super-hydrophobic surfaces, composite surfaces,
microbubbles, and heating walls (Abdulbari et al., 2013; Luo et al., 2015). Many papers that have

reviewed drag reduction using additive or non-additive techniques are summarized in Table 3.1.
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Table 3.1. Review papers over drag reduction methods

Reference Additive or non-additive drag reduction techniques

e Riblets

Dimples

Oscillating walls

Compliant surfaces
Microbubbles

Polymer additions
Micro-morphology surfaces
Super-hydrophobic surfaces
Microbubbles

Heating walls

Oscillating walls
Composite walls

Polymer additives in two multiphase flows
Polymer additions
Compliant walls

Surface coatings

Spot forcing

Bursting

Riblets

Outer-layer devices

Convex curvatures
Microbubbles
Micro-morphology surfaces
Riblets

Blowing and suction in turbulent boundary layers
Span-wise traveling waves
Span-wise wall oscillations
Riblets

Super-hydrophobic surfaces
Micro/Nano morphology
Polymer additions

Gas injections (bubbles, air layers, partial air cavity)
Riblets

Compliant surfaces
Outer-layer devices
Super-hydrophobic surfaces
Surface heating and cooling
Electromotive force

Mass blowing and suction
Active wall motions and deformations
Riblets

Riblets

Micro-morphology surfaces
Super-hydrophobic surfaces
Riblets

Abdulbari et al. (2013)

Luo et al. (2015)

Al-Sarkhi (2010)

Bandyopadhyay (1986)

Dean and Bhushan (2010)

Ghanadi et al. (2012)

Golovin et al. (2016)
Luo (2015)

Perlin et al. (2016)

Bixler and Bhushan (2013b)

West et al. (2018)

Saravi and Cheng (2013)
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This review focuses on engineered-based enhanced surfaces called riblets, a class of
passive control techniques used to reduce skin friction drag and, as expected, change the heat
transfer in turbulent flow channels. Riblets are micro-structures originally inspired by dermal
denticles on fast-swimming shark skins (Bixler and Bhushan, 2013b). The riblets are micro-
grooves distended from a wall and generally oriented with the flow direction. Drag reduction can
be achievable using riblets in a closed channel using either water (Jung and Bhushan, 2009; Bixler
and Bhushan, 2013a; Dean and Bhushan, 2012) or air (Bixler and Bhushan, 2013.a; Enyutin et al.,
1995); moreover, in an open channel using either water (Hou et al., 2017; Wang et al., 2000), oil
(Griineberger and Hage, 2011; Bechert et al., 2000, 1997), or air (Sareen et al., 2014; Walsh, 1982;
Walsh and Lindemann, 1984) .The essential capability of riblets to enhance contact surface area
and reduce friction drag makes riblet surfaces a prospective candidate for HTE equipment
(Benhalilou and Kasagi, 1999; Walsh and Weinstein, 1979). Thus, researchers are constantly
dealing with technical challenges to get more drag reduction and heat transfer benefits from riblets.

Riblets can also be combined with super-hydrophobic surfaces to make more significant
drag reduction (Barbier et al., 2008 and Bixler and Bhushan, 2013a). On super-hydrophobic
surfaces, the contact angle of a water droplet typically surpasses 150", and the roll off angle is less
than 10°. Therefore, they intensely repel water droplets and are thus extremely hydrophobic. The
super-hydrophobic coating is made of hydrophobic materials which produce roughness with
dimension and spacing ranging from 100 nm to 10 um. The coating causes trapping and retaining
air pocket in pores and voids of the roughed surface forming an air plastron. This phenomenon
generates a slippery interface with the liquid flowing over the plastron, resulting in drag reduction.
Super-hydrophobic surfaces can be created with either random roughness (Ling et al., 2016 and

Vajdi Hokmabad and Ghaemi, 2016) or designed roughness (Byun et al., 2008 and Lee and Choi,
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2008). Maynes et al., (2008) were the first to numerically document the combined momentum and
heat transfer in the thermally developed regime over super-hydrophobic surfaces at a constant
temperature. Results showed that a slippery gas-liquid interface acted adiabatic, resulting in a
lower heat transfer coefficient than a no-slip boundary condition. More recently, Ciri and Leonardi
(2019) numerically studied heat transfer over super-hydrophobic surfaces with designed
roughness. They observed a simultaneous increase in surface heat flux and a decrease in drag under
the assumption of finite surface tension. Their research highlights the need to investigate heat
transfer and drag behavior on riblet surfaces with hydrophobic coatings. Important questions that
remain to be answered are: does the combination of riblet and super-hydrophobic help increase
thermo-hydraulic performance? does a heterogeneously hydrophobic (semi-slippery) surface help
enhance or reduce the heat transfer coefficient?

Generally, riblets are characterized by their design, configuration, material, and
manufacturing techniques. Kinematic viscosity and Reynolds number have a key role in friction
drag in riblet studies. Greater viscosity intensifies the interaction of flow molecules in near-wall
layers, leading to higher friction drag (White, 2006). Moreover, thermo-physical properties such
as thermal diffusivity and thermal conductivity of riblet surface material significantly affect heat
transfer characteristics. Friction drag reduction and heat transfer advantages generally improve as
the Reynolds number increases in riblet studies (Bixler and Bhushan, 2013b; Benhalilou and
Kasagi, 1999). Despite this importance, no literature review paper has addressed riblet

performance in drag reduction and heat transfer, or even heat transfer.

3.1 The Role of Riblet in Fluid Drag and Heat Transfer

Before discussing how riblets control a turbulent coherent structure in a turbulent boundary

layer, it is important to discuss how drag reduction is measured. Drag reduction between riblets
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and smooth surfaces is reported asA7/7, , in which A7 is the difference of the wall shear stress
between riblets and smooth surfaces. For Newtonian fluids, wall shear stress near a smooth surface
parallel to the flow with no-slip condition follows the relation of 7, = x(du/dy),, in which x is

fluid viscosity.

Riblets technically are a kind of structured roughness. The riblet alters the structure of the
logarithmic layer where most turbulent energy is generated (Jiménez, 2004 and Nikuradse, 1933).
Nikuradse (1933) experimentally studied the effect of roughness on the law of the wall. He also
developed the similarity laws for wall-bounded flows with roughness. The study of near-wall
velocity profiles revealed that the structure of riblets stretches the stream-wise velocity gradient in

the valleys of riblets resulting in generally lower wall shear stress than a smooth surface (Bannier
etal., 2016). Coles (1956) described the law of the wall for roughnessasu™ =(1/x)Iny"+C" —F

, Where the smooth wall constants are ¥ =0.41 and C* =5, and F is a constant that shows the shift
of the mean velocity profile in the logarithmic layer because of wall roughness and is defined as a
roughness factor. Tani (1988) and Choi (1989) assessed the consequence of riblets as an upward
shift in the dimensionless mean velocity profile compared to a smooth surface due to negative
values of the roughness factor that lead to a reduction in wall shear stress.

The manifestation of effective protrusion height and its effect on drag reduction was first
explained by Bechert et al. (1986) and Bechert and Bartenwerfer (1989). The effective protrusion
height is the distance between vertical shifts in the origin of the stream-wise and span-wise velocity
profiles measured in a riblet valley (Bechert et al., 1997). In other words, the effective protrusion
height parameter can show how much reduction of span-wise flow fluctuations contributes to drag
reduction. Moreover, Goldstein et al. (1995) and Choi (1989) declared that riblets provide drag

reduction through damping the cross-flow in the near-wall region.

23



Another theory describing the riblet drag reduction mechanism revolves around the
behavior of turbulent coherent structures caused by fluid mixing. With appropriate riblet design,
the structure of riblets can eject large scale stream-wise vortices outside the viscous sublayer and
thus weakening the vortices as well (Ng et al., 2016; Okabayashi et al., 2018; Lee and Lee, 2001;
Dean and Bhushan, 2010; Martin and Bhushan 2016a, b). Lifting the large-scale vortices results
in the vortices’ contact with just riblet tips compared to the whole wall surface (Bixler and
Bhushan, 2013a). The small-scale secondary vortices in the riblet valleys are responsible for
moving up and weakening the large-scale stream-wise vortices above the riblets (Hou et al., 2017;
El-Samni et al., 2007; Martin and Bhushan, 2016b). The velocity of these secondary vortices and
their interaction is not detrimental to drag reduction effectively.

According to the Reynolds analogy, as riblets damp turbulent flow motion near the wall, it
is expected that riblet surfaces would have reduced heat transfer. Walsh and Weinstein (1979) and
Lindemann (1985) experimentally showed a heat transfer coefficient is remarkably augmented
over heated riblet surfaces, even within the drag reduction regime of riblets. The results of heat
transfer measurement by Choi (1993) demonstrated riblets cause a downward shift in the
logarithmic layer of the dimensionless mean temperature profile compared with that over a smooth
surface. In other words, riblet surfaces increase the mean temperature gradient at the wall, inferring
the thickness of the thermal-viscous sublayer over riblet surfaces is diminished, which supports
the augmentation of the heat transfer coefficient over riblet surfaces (Choi, 1993; Choi and
Orchard, 1997). Choi and Orchard (1997) performed statistical analyses of temperature and
velocity fluctuations over riblet surfaces. Results demonstrated that the riblet seemed to manipulate
the momentum of turbulent structures in the near-wall region but modified the thermal boundary

layer much farther away from the wall (about 10 wall units). In other words, the active
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manipulation region caused by riblets differs between turbulent and thermal boundary layers. This
result shows the apparent discrepancy of the turbulent transport mechanisms between momentum
and heat over riblet surfaces can break the Reynolds analogy.

Benhalilou and Kasagi (1999) numerically demonstrated the extremely high local heat
transfer coefficient around the riblet peak counterbalanced by the intense reduction among riblet
valleys for fluid with low molecular Prandtl number (Pr = 0.71). In other words, only the riblet
peaks contribute significantly to the heat transfer process, and it thus gets hard to gain a dramatic
enhancement compared to the smooth wall. The authors state that for high-Prandtl-number fluid
(Pr = 100), the thickness of the thermal layer remarkably decreases to the order of riblet height
which is in the order of channel half-height for low-Prandtl-number fluid. A high local heat transfer
coefficient exists around the riblet peak in high-Prandtl-number fluid, but the local heat transfer
coefficient is greater among the riblet valleys than the low-Prandtl-number fluid, leads entire riblet
surface contribution in heat transfer improvement compared to a smooth surface. They declared
the mean secondary flow has a significant role in the heat transfer mechanism for fluid with a high
molecular Prandtl number, when dimensions of the secondary flow vorticity are large enough
compared to the thermal boundary layer thickness. Jin and Herwing (2014), and Stalio and Nobile
(2003) also supported the view of a high heat transfer coefficient around the riblet tip.

The study of the heat transfer mechanism over riblet surfaces in turbulent flow is limited
to only few papers that consider air as the working fluid. Despite the importance of an enhanced
surface for heat transfer augmentation, no one clearly explains the physics behind riblets’ heat
transfer mechanism. It is still controversial whether riblets with appropriate design can enhance
heat transfer in different fluid flow or not. The mechanism of turbulent thermal flow over riblet

surfaces could be better understood by more fundamental research analysis using different riblet
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designs and fluid containing a greater range of molecular and turbulent Prandtl numbers and
Reynolds numbers. For example, the research could incorporate turbulent coherent structures with
thermal boundary layers to gain the relationship between the scales of thermal and fluid

mechanisms.

3.2 Riblet Design and Configuration

The performance of riblets to reduce drag and HTE greatly depends on riblet design
variables, including riblet cross-section profiles, dimensions, and configurations (Bechert et al.,
1997; Martin and Bhushan, 2016b; Lindemann, 1985; Choi and Hamid, 1991). The most common
riblet cross-section profiles, including rectangular (Blade), parabola (scalloped), triangular (saw-
tooth), and trapezoidal, are shown in Figure 3.1. Riblet dimensional design variables are defined
as riblet height (h), thickness (t), lateral spacing (s), longitudinal spacing (jr), and longitudinal
length (1), as shown in Figure 3.2. In most studies, dimensionless design variables are presented

to compare with other literature studies. The dimensionless form of length-scale variables is

marked by + obtained by multiplying the dimensional length by T_/v.
(a) (b) (© (d)

Figure 3.1. Typical designs of riblet cross-section profiles: (a) blade, (b) scalloped, (c) saw-tooth,
and (d) trapezoidal

The arrangement of riblets on a surface is called configuration, divided into two categories:
2D and 3D configurations. The 2D riblets are longitudinal micro-grooves with constant cross-

sectional profiles over their length called continuous riblets. Continuous riblets can be aligned
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parallel to flow direction (continuous longitudinal) or have an offset defined as yaw angle (a) from
flow direction (continuous in yaw). The 3D riblets include inline segmented, staggered segmented,
herringbone (converging-diverging), and zigzag configurations. A catalog of riblet configuration
is shown in Figure 3.2. Many studies have applied different riblet configurations to optimize drag
reduction. Examples include continuous longitudinal (Benhamza and Belaid, 2009; Aupoix et al.,
2012; Houetal., 2017), continuous in yaw (Benschop and Breugem, 2017), inline segmented (Jung
and Bhushan, 2009; Bixler and Bhushan, 2013a), staggered segmented (Martin and Bhushan,
2016a; Bechert et al., 2000), herringbone (Benschop and Breugem, 2017), and zigzag riblets

(Okabayashi et al., 2018).

(e) (f)

Figure 3.2. Catalog of riblet configurations: (a) continuous longitudinal, (b) continuous in yaw,
(c) inline segmented, (d) staggered segmented, (e) herringbone, and (f) zigzag
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3.3 Riblet Fabrication Techniques

Micro-scale manufacturing techniques and material properties are two critical factors that
dictate what surfaces can be produced. Riblets are produced by various metals and polymers,
including different fabrication techniques and assembly procedures. Minor variations in the riblet
characteristic dimension significantly affect drag reduction and heat transfer benefits as riblet
material can also affect substantially riblet heat conductions. Therefore, the precision of the
fabrication techniques and riblet material used to manufacture riblet structures are very important.
In addition to riblet bulk material and substrate material, the micro-fabrication technique selection
should consider costs, strength, longevity, abrasion, forming, easiness of procedure, and chemical
compatibility. This section discusses riblet material and micro-scale fabrication techniques for
producing large-scale surfaces with riblets.

The top ten materials referenced in literature with high heat conductivity appropriate for
riblet surface material include silver, copper, gold, aluminum nitride, silicon carbide, aluminum,
tungsten, graphite, and zinc. Silver has the highest thermal heat conductivity and zinc the lowest.
Aluminum riblet surfaces with the aim of HTE and drag reduction can be referred to in the works
of Choi and Hamid (1991), Choi and Orchard (1997), and Choi (1993).

Machining consists of subtractive or additive manufacturing and is a common technique
for micro-scale manufacturing. An acrylic milling technique (Dean and Bhushan, 2012) and an
aluminum milling technique (Hou et al., 2017; Walsh and Lindemann, 1984) are two examples of
subtractive machining. Another machining manufacturing type is a rolling technique addressed by
Romans and Hirt (2010). Generally, milling and rolling techniques are unable to provide the very
sharp riblet tips required for optimal performance and are not suitable for large-scale applications.

Well-designed and sharp riblet tips can be fabricated using the profile grinding technique (Denkena
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et al., 2010). As pointed out by Kordy (2015) and Dean and Bhushan (2010), the main drawback
of this technique is the deficiency of hardening on the ultimate riblet surface, leading to diminished
drag reductive surface efficiency as the material gradually wears out.

The 3M Company uses the molding technique and film application to produce saw-tooth
riblets on vinyl adhesive sheets, bonding onto large surface areas with various substrates (Marentic
and Morris, 1992). The height and spacing of the saw-tooth riblets are the same, and the size varies
from 44 to 150 pum. Although, the bonded riblet films have some benefits such as ease of
application, they have some disadvantages, including the additional weight of the films, lack of
coverage of the entire surface area, the impossibility of bonding some curved surfaces, detaching
the films from surfaces, and becoming embossed under pressure or heating (Romans and Hirt,
2010; Stenzel et al., 2011; Marentic and Morris, 1992). It should be noted that vinyl has very low
heat conductivity and is not appropriate for riblet surfaces used for heat transfer.

Bechert et al. (1997, 2000) applied the technique of metal shims to create an adjustable
plate with slits and ribs. The disadvantage of this technique is the damaging effects of gaps and
slits.

Casting (Kim, 2014; Zhao et al., 2012; Chen et al. 2014) and printing (Wen et al., 2014)
techniques are other manufacturing processes suitable for more complex 3D riblet structures such
as replicated shark skin. Compared to a printing technique limited to small-scale applications,
casting is applicable for large surface areas. Bechert et al. (2000) used a combination of printing
and casting techniques.

Madou (2011) highlighted lithographic techniques, including electron beam lithography,
soft lithography, photolithography, nanoimprint lithography, X-ray lithography, and colloidal

lithography. The techniques can fabricate regular or irregular micro/nano-surface structures. The
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soft lithography technique to produce riblet surfaces was addressed in the work of Jung and
Bhushan (2009). More recently, Bilinsky (2017) provided a novel, direct contactless
microfabrication method to implement riblets into an external aircraft surface. The process utilizes
the photolithographic technique (Brennan et al., 2010) and computer-chip manufacturing to
directly print 3D micro-structures onto the aircraft surface. The method uses a single-exposure 3D
printing that manufactures 3D riblets in a single step. They give a method resolution for
microstructures down to the order of 1 um. Bilinsky and Wilson (2018) indicated that the method
is applicable for large-scale surfaces, bringing cost and time down.

A laser-etching technique can produce a high-quality riblet surface with an accurate riblet
tip and profile (Bixler and Bhushan 2013a, b). The technique has no necessity for material post-
processing. But West et al. (2018) point out that this technique is costly and time-consuming.
Bixler and Bhushan (2013a) applied a hydrophobic nanostructured coating technique to alter the
wettability properties of laser-etched riblet samples.

Kordy (2015) used the lacquering technique originated from a coating process. First, wet
lacquer was pressed and embossed with a transparent film, then UV-curing was radiated through
this transparent film to cure the wet lacquer and make the layer of riblet unchangeable. Finally, the
riblet layer was hardened by heating or other quicker radiation-based techniques. As pointed out
by Romans and Hirt (20,10), the main drawbacks of this technique are riblet-form deterioration,
abrasion, and dirt-repelling composition of the structured lacquer.

Other riblet fabrication techniques include polymer/copolymer extrusion (Marentic and
Morris, 1992), hot embossing (Han et al., 2008), embossed polymers (Marentic and Morris, 1992),

wet and dry etching (Brennan et al., 2010), and painting (Griineberger and Hage, 2011).
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3.4 Experimental Studies

This section summarily discusses experimental measurement techniques dealing with
friction drag and heat transfer characteristics over riblet surfaces in closed and open channels.
Afterward, experimental studies on drag reduction and heat transfer over riblet surfaces are
reviewed.

Experimental measurement techniques can be divided into drag, flow and temperature
visualization, and heat transfer measurement techniques. For closed channels, a pressure
distribution measurement is one common way for measuring drag using oil, water, and air (Jung
and Bhushan, 2009; Bixler and Bhushan, 2013a; Rohr et al., 1992; Liu et al., 1990; Reidy and
Anderson, 1988; Dean and Bhushan, 2012; Bixler and Bhushan, 2013b). In this method, pressure
is measured with a pressure manometer between two points through the flow and drag reduction,
and is defined with a negative pressure drop.

Wall shear stress can be directly measured employing a force-balance method in open
channels using water (Bixler and Bhushan, 2013b), oil (Griineberger and Hage, 2011), as well as
wind tunnels using air (Walsh and Weinstein, 1979; Lindemann, 1985).

Flow and temperature visualization techniques are applied to depict patterns in flow and
temperature fields to gain qualitative and quantitative understanding. The 3D measurement of
turbulent and thermal boundary layers is critically important to understand the complex dynamic
interaction of multiple scales. Robinson (1991) stated that “what is observed in a turbulent
boundary layer is strongly dependent on the tools used to make the observation”. PIV, particle-
tracking velocimetry (PTV), and Tomographic PIV are techniques to provide 3D velocity and
temperature fields. Other techniques are laser-droplet velocimetry (LDV) and hot-wire

anemometry that is limited to producing 2D velocity and temperature fields. The 3D velocity field
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enables the calculation of velocity gradient tensor, which is essential for most intuitive vortex

detection schemes such as Q -criterion, A -criterion, A, -criterion (Kolar, 2007).

In the riblet study, capturing 3D experimental data help explain why keeping large scale
stream-wise vortices above riblets leads to lower cross-stream velocity fluctuation above a riblet
surface than a smooth surface in the turbulent boundary layer. Generally, span-wise shear stress
causes drag increase and when it comes to heat transfer mechanism based on the general concept
that says the generation of greater either stream-wise or span-wise vortices lead to more mixing in
the flow and subsequently more HTE. It can be concluded that span-wise shear stress leads to
higher heat transfer. But to answer the question of how the variation of span-wise shear stress
affects drag and heat transfer, more 3D experimental data are required.

Hou et al. (2017) applied 2D and 3D PIV and PTV as flow-visualization techniques in
water for measuring turbulence over a riblet surface. Wang et al. (2000) applied LDV and
hydrogen bubble-flow visualization in water flow to measure turbulence over a riblet surface.
Reidy and Anderson (1988) used the LDV to measure the velocity field in water flow over riblet
surfaces. The LDV measured velocity as close as 0.05 mm from the wall. Hot-wire and cold-wire
anemometers have been applied to measure velocity and temperature fluctuations through a wind
tunnel (Choi and Hamid, 1991; Choi and Orchard 1997; Choi, 1993). Tummers and Steunebrink
(2019) applied PIV with suspended thermochromic liquid crystals as flow tracer particles to
visualize flow and temperature fields which can be a potential technique for riblet studies.

The convective heat transfer coefficient can be obtained by measuring heat flux and the
difference in temperature of the heated test-plate surface and free-stream temperature. Heat flux
can be measured using different direct and indirect methods. An indirect method based on Fourier's

law is carried out by measuring a temperature difference over a piece of test solid with known
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thermal conductivity. For more details, see the work of Li et al. (2019). Heat flux is also equal to
the power input to the heater test solid and can be indirectly calculated by measuring a voltage
drop over a known electrical resistance of the solid (Choi and Hamid, 1991; Choi and Orchard,
1997; Walsh and Weinstein, 1979). The direct method of heat flux measurement relies on heat flux
sensors that directly measure the amount of heat passing through the solid where the heat flux

sensor is mounted (Peabody, 2001).

3.4.1 Experimental Drag Reduction Studies

Drag reduction using water and oil has been experimentally measured in closed channels
with rectangular and circular cross-sections. Since the role of channel dimension and the
subsequent neighboring wall in a close channel are significant in the drag mechanism (Bixler and
Bhushan, 2013a), closed channels are divided into micro-sized and macro-sized channels. The
application of riblets in closed channels can be classified into four placements that include riblets
placed on the bottom wall and top wall, aligned riblets on the bottom and top walls, and the
spanwise shift of the top-wall riblets compared to the bottom-wall riblets. Experimental studies
are presented in Table 3.2, proving the advantage of using riblets in drag reduction in both closed
and open channels. The following subsections give more detail on the results presented in the table.
3.4.1.1 Micro-Sized Channel Studies

The application of riblets in a micro-sized rectangular channel has been investigated in
several studies. Bixler and Bhushan (2013a) measured a maximum pressure-drop reduction of 34%
using water and various riblet geometry and configurations, including a nanostructured coating
resulting in super-hydrophobic riblet surface samples. They showed that drag reduction is
enhanced by super-hydrophobicity and adhesion corresponding to coated samples. They also

studied the effect of riblets on the bottom, top, or both sides of the channel. Results indicated that
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placement of aligned riblets on the bottom wall performs more preferably than riblets on the top
wall. In addition, aligned riblets on both sides with a suitable channel height minimize drag better
than riblets on the top wall. Following to results of their conceptual model, with aligned riblets on
both channel sides, the bottom and top wall vortices are mixed in a way that increases drag, but
the negative vorticity interaction can be minimized by changing the channel height into twice the
vorticity diameter, and also changing riblet spacing equal to the vorticity diameter. They remarked
on a 13% improvement in pressure drop when increasing the Reynolds number from 550 to 4,700.
Jung and Bhushan (2009) also achieved a 23% pressure drop using water and blade riblets with
inline segmented configuration on the bottom and top walls.

3.4.1.2 Macro-Sized Channel Studies

The application of a continuous saw-tooth riblet in a circular closed channel using water
was studied by Rohr et al. (1992) and Liu et al. (1990), who achieved drag reduction of 9% and
7%, respectively. Reidy and Anderson (1988) applied a drag-reducing polymer solution in
conjunction with riblets. They gained a 28% drag reduction, which almost was equal to the sum
of drag reduction of the riblet and polymer techniques applied individually. They theorized that
greater drag reduction is possible in a macro-sized, circular closed channel rather than in an open
channel using water.

Dean and Bhushan (2012) studied the effect of continuous blade riblets on the bottom wall
of a rectangular water channel. The results demonstrated no overall benefit of drag reduction using
riblets in this type of water channel. The reason may be due to the roughness left throughout the
milling process, nature, or the dimensional characteristic of the rectangular channel. The result of
this study appears to be an anomaly. Therefore, the experiment should be redone with higher

accuracy for the same rectangular channel dimension and some different channel dimensions.
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Experimental studies using water and oil in an open channel are only rectangular cross-
sections. A water-channel experiment was studied by Reidy and Anderson (1988) and Neumann
and Dinkelacker (1991), who applied continuous saw-tooth riblets and achieved 8.1% and 9% drag
reduction, respectively. Hou et al. (2017) also applied the same type of riblets as Wang et al. (2000)
and achieved a 7.4% drag reduction.

An open oil-channel experiment was conducted by Grlineberger and Hage (2011), and
Bechert et al. (2000) using continuous riblets, who achieved 7.6% and 7.3%, drag reduction,
respectively. Bechert et al. (1997) used continuous and staggered segmented riblets and achieved

9.9% drag reduction.
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Table 3.2. Experimental studies in closed and open channels by riblets

Riblet Maximum
. Channel L pressure
Fluid type Profile Configuration  Material Eeit;]rr:?ablgn drop/drag Reference
g reduction
Water Close/ Blade Inline Acrylic Lithography  23%® Jung and
rectangular segmented Bhushan
(2009)
Bladeand  Continuous Vinyl and Laser 34*9%639)  Bixler and
saw-tooth and inline acrylic etching/3 M Bhushan
segmented company (2013a)
Blade Continuous Acrylic Milling 0 Dean and
Bhushan
(2012)
Close/ Saw-tooth Continuous Vinyl 3M 9% Rohr et al.
circular company (1992)
Saw-tooth  Continuous Vinyl 3M 28%®) Reidy and
company Anderson
(1988)
Saw-tooth Continuous Vinyl 3M 7% Liu et al.
company (1990)
Open Saw-tooth Continuous Vinyl 3M 8.1% Reidy and
company Anderson
(1988)
Saw-tooth Continuous Vinyl 3M 9% Neumann
company and
Dinkelacker
(1991)
Trapezoidal Continuous Aluminum Milling 7.4% Hou et al.
(2017)
Oil Open Trapezoidal Continuous Polyurethane  Milling/ 7.6% Griineberger
painting and Hage
(2011)
Blade and Continuous Steel Printingand  7.3% Bechert et
trapezoidal  and staggered casting/metal al. (2000)
segmented shims
Blade, saw-  Continuous Plexiglas Metal shims ~ 9.9% Bechert et
tooth, and and milling al. (1997)
scalloped

@ Micro-sized channel
b Combined with polymer injection
¢ Combined with super-hydrophobic coating.

3.4.2 Experimental Heat Transfer Studies

Despite the potential of riblets to improve the efficiency of HTE equipment, limited
experimental data is available dealing with the combined analysis of friction drag and heat transfer
characteristics in a thermal turbulent boundary layer over heated riblet surfaces. All available

experiments in HTE studies using riblets were conducted in a wind tunnel applying fully developed

36



turbulent air flow. The primary experiment was carried out by Walsh and Weinstein (1979) at the
NASA Langley Research Center. They applied different continuous riblets that varied in cross-
section profiles (blade, saw-tooth, and trapezoidal), height, and spacing. They showed the thermo-
hydraulic efficiency index as a function of free-stream velocity (15 to 40 m s) for different riblet
surfaces. Results showed that saw-tooth riblet surfaces with a larger wetted surface area had greater

heat transfer augmentation than the corresponding drag increased (7 >1). They achieved up to 10%

increase in thermo-hydraulic efficiency. Results of two saw-tooth riblets with h* = 20, and s* = 15
and 20 represented HTE together with a friction drag decrease; as a reminder, h* and s* are defined
in Figure 3.3. Lindemann (1985) experimentally measured the Reynolds analogy factor for a
smooth surface, different enhanced surfaces (including riblets, an oscillating transverse curvature,
and micro air bearings), and wavy walls in a low-speed wind tunnel. Tests were conducted with
free-stream velocity within the range of 13.7 to 27.4 m s™*. He showed the Reynolds analogy factor
against a Reynolds number for different types of enhanced surfaces. Results demonstrated the
remarkable potential of riblets to enhance the Reynolds analogy factor compared to other enhanced
surfaces and wavy walls. Results showed the ability of saw-tooth riblets with s* =16 and h™ = 24
to increase the thermo-hydraulic efficiency index up to 36% within the drag-reducing regime of
riblets. In addition, all of the heat transfer efficiency data increase to some degree with increasing
free-stream velocity for different enhanced surfaces. Another NASA study was performed by Choi
and Hamid (1991) to investigate the heat transfer coefficients of saw-tooth riblet surfaces with
great attention to minimize compensations of heat loss due to thermal radiation and lateral heat
conduction, which apparently studies of Walsh and Weinstein (1979) and Lindemann (1985) have
suffered from these problems. The tests were conducted at four different free-stream velocities

ranging from 2.25 to 9 m s™. In their studies, the percentage increase in heat transfer was
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investigated over the range of 6 < s* < 60 for two saw-tooth riblet surfaces with a unit aspect ratio
(s =h =0.73 and 1.83 mm). The results demonstrated that a heat transfer coefficient could be
enhanced by riblets up to 30% within a drag reduction regime of riblets at s* = 30. They declared
the amount of heat loss due to thermal radiation greatly affects the magnitude of the convective
heat transfer coefficient for low Reynolds numbers tests. This is a common problem when air is
used as the working fluid and is not often accounted for in experimental studies. Choi (1993) did
experimental measurements over heated riblet surfaces for a surface with saw-tooth riblets having
the same e and s values of 1.83 mm. Based on the results of hot-wire and cold-wire anemometry
studies, he confirmed the basic concept of previous studies that riblets can enhance heat transfer
even up to 35% without incurring a penalty of drag increase. Choi and Orchard (1997) enhanced
the accuracy of previous studies, minimizing experimental errors due to free convection, lateral
conduction, and thermal radiation, and found a significantly smaller 10% HTE within the drag-
reducing regime (s*<30). Daguenet-Frick et al. (2012) carried out an experiment in a large
boundary-layer wind tunnel to study the application of enhanced surfaces consisting of riblets and
actuators in asymmetric heat exchangers. Results showed the combination of actuators and riblets
of large dimensions has the best performance in terms of a high heat transfer coefficient and weak
pressure losses. But, the dimension of this study’s riblet is beyond the drag-reducing regime of

riblets (s* > 30).

3.5 Numerical Studies

Study of turbulent flow and turbulent heat transfer flow over riblets with detailed
experimental measurements of flow and temperature fields are expensive, complicated, or even
impractical to obtain. CFD provides access to all detailed information. A brief description of the

methods and their performance in modeling riblets are given in the following.
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Mathematical formulations that can be used to solve the momentum and energy equation
in CFD are RANS, LES, and DNS. Navier-Stokes equations describe the motion of fluid and
typically require an extensive range of time and length scales to simulate a flow accurately. The
RANS technique utilizes an averaging method leading to a time-average solution of the Navier-
Stokes equations for turbulent fluid flow. The Reynolds stress term is calculated through a
turbulence closure model. Generally, the turbulence model uses a turbulent viscosity approach in
the Reynolds stresses formulation. The RANS simulation provides limited information on the
structure of turbulent vortices. The LES model divides velocity modeling into large and small
length scales, and the Navier-Stokes equations are filtered and solved for large length scales. The
effects of small length scales, which are greatly responsible for enhancing computational cost, are
modeled. The most accurate simulation method is DNS, which does not use any turbulence model
as a closure to Navier-Stokes equations and numerically solves the entire range of time and length
scales. The disadvantage of this method is the high computational cost that does not solve turbulent
flow in some complex geometries, high Reynolds numbers, and high Prandtl numbers.

Launder and Li (1993) applied the RANS approach with a k-e eddy viscosity model to
simulate the turbulent flow field over riblet surfaces. They declared the weakness of their
computational model suppressed any turbulence-driven secondary-flow motions and hurt the
comparison with experimental data. Tullis and Pollard (1994) applied a time-dependent viscous
wall-region model in which eddies are only calculated in the region between the wall and outer
edge of the viscous wall region. Their result was in agreement with the results of other studies that
applied DNS. Benhamza and Belaid (2009) used a Reynold stress model (RSM) to simulate flow
over riblet surfaces. They declared that although RSM appropriately predicts drag reduction and

flow field, apparent disagreements of Reynolds stress values were found, especially within the
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channel core. Aupoix et al. (2012) showed the ability of Spalart-Allmaras (SA), k- baseline (BSL),
and shear-stress-transport (SST) turbulence models to capture the shifting velocity profile inside
the riblet valleys. Results showed that SA and SST models acceptably predict drag reduction, but
the k-e BSL model overestimates drag reduction. Martin and Bhushan (2016a) applied LES to
predict drag reduction and achieved further insight into the drag reduction mechanism. They
validated their result for the smooth surface with Spalding's law of the wall, whereas they did not
validate the results of the riblet surface. LES was also used to explore the flow mechanism
generated by riblets in turbulent flow in studies of Bannier et al. (2016) and Martin and Bhushan
(2014). One of the earliest studies of drag reduction using DNS was the work done by Choi et al.
(1993). Results showed a good agreement with experimental data reported by Walsh (1983),
Benhalilou et al. (1991), and Vukoslavcevic et al. (1992). The application of DNS for evaluating
riblet performance in turbulent flow was addressed by Benschop and Breugem (2017), EI-Samni
et al. (2007), and Okabayashi et al. (2018).

One of the numerical studies of the combined moment and heat transfer over riblet surfaces
was done by Benhalilou and Kasagi (1999). They adopted a nonlinear low-Reynolds number k-¢
model, predicting mean secondary flow. The model predicts fluids with a great range of molecular
Prandtl numbers. Their numerical result for drag had accepted accuracy compared to experimental
results; however, their heat transfer result seemed to contradict the former experimental results.
Aus der Wiesche (2003) adopted LES to study turbulent flow and heat transfer over riblet surfaces.
They declared the computational domain of this study limited the results to small Prandtl number
fluids (Pr < 0.01). Results of the drag study were in good agreement with the DNS results
published by Chu and Karniadakis (1993), and Choi et al. (1993), and experimental results

published by Walsh (1982), but their heat transfer results only compared to theoretical data. Stalio
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and Nobile (2003) applied DNS to investigate heat transfer over riblet surfaces. Their thermal
results disagreed with experimental results published by Walsh and Weinstein (1979), and Choi
and Orchard (1997). Stalio and Nobile (2003) postulated the discrepancy may have been due to
some secondary effects they had not considered in their simulations or because of experimental

errors. Jin and Herwig (2014) also did a DNS study on overheated riblet surfaces.

3.5.1 Numerical Studies of Drag Reduction

Riblet studies of drag reduction have been conducted in both closed and open channel flow
simulations. Closed channel studies indicate drag reduction using riblets in an infinitive plane
channel bounded by two horizontal walls. Open channel simulations indicate drag reduction by
applying riblets on a flat plate. Table 3.3 summarizes drag reduction studies using different
simulation methods conducted in closed and open channels and their subsequent riblet design,

configuration, and placement.
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Table 3.3. Numerical studies in closed and open channels with riblets

Channel Riblet CFD Drag Reference
type Placement Profile Configuration approach reduction
Close On bottom Blade Continuous DNS 11% El-Samni
wall etal.
(2007)
Blade Continuous RANS/RSM 12.43% Benhamza
and Belaid
(2009)
Blade Continuous, LES 11% Martin and
inline, and Bhushan
staggered (20164a)
segmented
Blade, saw-  Continuous and LES 11.6% Martin and
tooth, and inline segmented Bhushan
scalloped (2016b)
Blade Continuous LES 11.7% Martin and
Bhushan
(2014)
Saw-tooth Continuous DNS 5-6% Choi et al.
(1993)
Onbottomand Blade, saw-  Continuous RANS/ k-¢ 11% Launder
top walls tooth, and eddy-viscosity and Li
scalloped model (1993)
Saw-tooth Zigzag DNS 3.5% Okabayashi
et al.
(2018)
On bottom and  Blade Continuous DNS 9.3% Benschop
top walls, with longitudinal and and
and without a in yaw, and Breugem
shift herringbone (2017)
Open Saw-tooth Continuous RANS / SA, 12% Aupoix et
and longitudinal and k-¢ BSL, and al. (2012)
scalloped in yaw SST
Saw-tooth Continuous Viscous wall-  ? Tullis and
and region model Pollard
scalloped (1994)
Trapezoidal ~ Continuous LES 9.8% Bannier et
al. (2016)

The application of riblets on the bottom wall of a closed channel was numerically
considered in different studies. Benhamza and Belaid (2009), Choi et al. (1993), Martin and

Bhushan (2014), and EI-Samni et al. (2007) applied continuous riblet configurations and achieved
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12.43%, 5-6%, 11.7%, and 11% of drag reduction, respectively. Martin and Bhushan (2016a,b)
modeled the segmented riblet configuration in addition to continuous riblet configuration and
achieved 11% and 11.6% of drag reduction, respectively. The application of riblets on the top wall
was studied by Martin and Bhushan (2016a). They showed that d* has a diameter of 30-40 non-
dimensional units on a smooth surface; whether the riblet can lift large scale vortices or not
reasonably depends on riblet s* and h* in a continuous configuration. The turbulent vorticity

interaction with a smooth surface and a riblet surface at two different s* is shown in Figure 3.3.
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Figure 3.3. Integration of overlying turbulent vorticity with (a) a smooth surface and blade riblets
at two different (b) s* = 25.3 and s* = 41.2 at Re = 4,180 (Martin and Bushhan, 2016a)

Accordingly, a riblet surface with too large s* does not lift the large scale vorticities up
from the surface, and they settle within the riblet valleys leading to drag increase. In addition,
riblets with too high h* caused excessive protrusion into the flow, while riblets with too short a
height could not lift up the large scale vortices. Again, referencing the same authors, j* in inline
segmented configurations should be shorter than Le* so as not to allow residing vorticity in the

longitudinal riblet gaps, as illustrated in Figure 3.4.
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Vortices lifted on a riblet surface Vortices not lifted on a riblet

Streamwise vortex

Flow / < 4 Flow/v.

Figure 3.4. Conceptual model of vorticity behavior in inline staggered configuration considering
two different j* (Martin and Bushhan, 2016a).

The application of riblets on the bottom and top wall of a close channel was numerically
studied by Launder and Li (1993), who achieved maximum drag reduction of 11% for continuous
riblets, and Okabayashi et al. (2018), who applied zigzag riblets and achieved 3.5% of drag
reduction. Conceptual model of vorticity behavior in inline staggered configuration considering
two different jr+ (Martin and Bushhan, 2016a).

Benschop and Breugem (2017) considered placement of different riblet configurations
such as continuous longitudinal, continuous in yaw, and herringbone on the bottom and top walls
of a closed channel. In addition, they considered two configuration variations for the herringbone
called standard and shifted herringbone. They gained a maximum drag reduction of 9.3% and
results showed that a stronger mean secondary flow exists in cases with the span-wise shift of the
top wall riblets compared to the bottom wall riblets to the aligned riblets on the bottom and top
walls. The secondary flow near the channel centerline does not affect drag reduction. Hence, the
span-wise shift of the top wall riblets compared to the bottom wall riblets does not contribute to
drag reduction.

Continuous riblet configuration in an open channel was numerically modeled by Tullis and

Pollard (1994), Aupoix et al. (2012), and Bannier et al. (2016). Aupoix et al. (2012) achieved the

44



highest drag reduction of 12% among other related studies. They also considered continuous in

yaw riblet configuration in their study.

3.5.2 Numerical Heat Transfer Studies

Only a few studies have attempted to simulate a thermal field in a fully developed turbulent
flow over riblet surfaces up to now. Benhalilou and Kasagi (1999) studied the effects of both
molecular Prandtl number (0.01< Pr <100) and Reynolds number (3,000 < Re <20,000) on the
thermo-hydraulic efficiency index for two types of saw-tooth riblets using a nonlinear k-e model.
Figure 3.5 shows efficiency index clearly increases as the Prandtl number and Reynolds number
increase. They achieved 20% enhancement in the thermo-hydraulic efficiency index for a fluid at
Re = 5600 and Pr = 100. They demonstrated that the thermo-hydraulic efficiency index could be

augmented beyond a smooth surface only for flow with high molecular Prandtl numbers.
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Figure 3.5. Thermo-hydraulic efficiency index over riblet surfaces at geometrical parameters of
(@) h/s =1 and (b) h/s = 0.5 considering different molecular Prandtl and Reynolds numbers (data
from Benhalilou and Kasagi (1999))
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Stalio and Nobile (2003) simulated fully developed turbulent flow and heat transfer over

riblet surfaces using DNS in an airflow channel at a friction Reynolds number of Re_= 180, based

on skin friction velocity. The channel contained parallel plates with riblets on the bottom, and
constant heat flux was applied to both plates. Two continuous saw-tooth riblets with s*=20 and s*
= 40 were considered. The result showed the thermo-hydraulic efficiency index is less than one (

n <1) for all considered riblet geometries, which means no HTE was gained. Aus der Wiesche

(2003) investigated the effects of small Prandtl numbers (0.001< Pr <0.01) on HTE in a turbulent
flow channel with parallel plates and mounted continuous saw-tooth riblets on the bottom wall
using LES. The channel and riblet dimensions were the same as those studied by Stalio and Nobile
(2003). Results showed the thermo-hydraulic efficiency index could be enhanced up to 22% within
a drag-reducing regime of riblets for a flow with Pr = 0.01 and at Re = 4,040. Jin and Herwig
(2014) employed different riblets with blade and trapezoidal profiles and applied them to an
airflow channel with parallel plates with riblets on the bottom and top walls. They investigated the
entropy generation rate, drag reduction, and HTE of the riblet surfaces at three Reynolds numbers
— Re =2,800 (low), Re = 5,600 (medium), and Re = 8,000 (high), applying DNS. Results showed
heat transfer reduces as drag reduces for most riblet surfaces except one case. The one that was
able to enhance the Nusselt number over a smooth surface to 0.7% and reduce drag to 1%, had a

blade profile and was computed at Re = 8,000.

3.6 Riblet Optimization

A complex optimization problem is a determination of riblet design variables for a given
closed or open channel flow under constraints with the goals of achieving lower drag and

maximum heat transfer. Optimization based on cross-section profiles with the objective of drag
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reduction is summarized in the studies of Launder and Li (1993), Bechert et al. (1997), Martin and
Bhushan (2016b), and Bechert et al. (2000). For instance, Bechert et al. (1997) experimentally
showed that continuous blade riblets maximize drag reduction in an open oil channel compared to
saw-tooth and trapezoidal riblets as shown in Figure 3.6. Martin and Bhushan (2016b) also
numerically proved the advantage of blade riblets compared to saw-tooth and scalloped riblets in

a closed channel.
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Figure 3.6. Optimization of riblet cross-section profile (data from Bechert et al. (1997))

The most important design variables identified in the literature for optimization are s*, h+,
and t*. There are two ways to determine the mentioned optimal variables: 1) varying the
dimensions of s, h, and t for a constant-flow velocity, and 2) varying velocity and keeping
dimensions constant. Martin and Bhushan (2016) numerically showed the optimum s* and h* are
within the range of 15-20 and 8-10, respectively.

The geometric parameters of h/s and t/s ratios play a key role in obtaining optimum drag
reduction. Figure 3.7 shows the effect of s* on drag reduction at various h/s and t/s ratios for blade
riblets using oil flow. According to the figure, the breakdown point for optimum drag reduction

occurred around s*=16 when h/s is 0.5. The optimum t/s shows riblet type as 0.02 with improving
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alignment and leakage, although it was better for the comparison to keep the fabrication procedure

equal for riblet surfaces in Figure 3.7.
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Figure 3.7. Effect of s™ on drag reduction at different (a) h/s and (b) t/s ratios for blade riblets in
an open oil-flow channel (data from Bechert et al. (1997))

Garcia-Mayoral and Jiménez (2011) reported a new dimensionless scale of ;= (Ag")*® in

which Ag* is a dimensionless valley cross-section. They numerically showed the optimum value

of I; has less scatter around the optimum I compared to the optimum values of s* and h™.

Correspondingly, the optimum I was found within the range of 9.7-11.7 for different riblet cross-

section profiles.

The effect of riblet configuration on drag reduction has been numerically and
experimentally studied by Martin and Bhushan (2016b), Martin and Bhushan (2016a), Benschop
and Breugem (2017), Bechert et al. (2000), and Bixler and Bhushan (2013a). Comparing the
experimental results of Bechert et al. (1997, 2000), which conducted oil flow in an open channel,

revealed that continuous riblet configuration had greater drag reduction than a staggered
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segmented configuration when s* is close to its optimum value. Martin and Bhushan (2016a) also
reported 10% of maximum drag reduction with water flow for continuous blade riblets, which was
much greater than the optimum drag reduction of 5% and 3% corresponded to inline segmented
and staggered segmented configurations, respectively. In contrast, the effect of continuous and
segmented configurations on drag reduction in a micro-sized channel using oil and water showed
that segmented riblets provided better drag reduction than continuous ones within a great range of
flow velocity (Bixler and Bhushan, 2013a). The optimization of j* and I, applied in staggered
configuration was done by Martin and Bhushan (2016a). They showed that as I;* increases, the
segmented configuration approaches continuous configuration and drag decreases. In addition,
drag reduction remains approximately constant by increasing j.* until it becomes greater than Le",
which causes a great drag increase.

Limited optimization research is available in the literature with the aim of HTE within a
drag-reducing regime of riblets. Only a few studies considered the effect of riblet cross-section
profiles on HTE (Walsh and Weinstein, 1979; Jin and Herwig, 2014). Walsh and Weinstein (1979)
declared that saw-tooth riblets have better performance to enhance heat transfer compared to blade
and trapezoidal riblets. The effect of s* on HTE by riblets has been studied by Choi et al. (1993)
and Choi and Hamid (1991).

Unlike riblet studies, many researchers have dealt with finding the best design for HTE
surfaces in fin studies, such as fins that optimize heat transfer and pressure drop leading to
maximizing the thermo-hydraulic efficiency index. Fin studies are not within the drag-reducing
regime because of fin dimensions and mechanisms, but the fin optimization procedure and study
objectives, which maximize heat transfer with a minimum pressure drop penalty, are similar to

riblet studies. Thus, it would be beneficial to take advantage of fin studies to extend riblet
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optimization studies. Webb et al. (1971) experimentally investigated the effect of fin design
variables such as fin height and lateral spacing on the thermo-hydraulic efficiency index in a
circular airflow. Webb et al. (1999) included the impact of the helix angle on fin design study to
enhance the thermo-hydraulic efficiency index.

All design optimization studies that have been published with the objective function of
either drag reduction or HTE are mainly based on meta-heuristic and evolutionary algorithms.
These algorithms are based on computational and search methods influenced by artificial
intelligence (Al) and natural systems. They provide excellent approximating solutions to many
types of problems, such as multi-objective problems (Mann and Eckels, 2019; Copiello and Fabbri,
2009; Soleimani et al., 2016; Bozorg-Haddad et al. 2017; Juan and Qin, 2014). The algorithms are
problem-independent methods suitable for optimization problems unworkable with other
optimization techniques (linear programming, non-linear programming, and dynamic
programming). In meta-heuristic and evolutionary algorithms, the objective function is calculated
through a sequence of feasible alternative variables that determine the optimal (maximum or
minimum) value of the objective function. Multi-objective optimization using evolutionary
algorithms is employed to attain a set of Pareto optimal solutions. In a Pareto front, no objective
can be improved without sacrificing at least one other objective.

Although CFD-based simulation models have great capabilities to simulate complex flow
physics and quantitatively evaluate the system's response, they cannot find the best design solution.
In other words, simulation models are mainly based on the question: what is likely to happen if a
particular design is implemented? However, control of the thermo-hydraulic efficiency index

could only be improved by more fundamental research methods, combining the implementation
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of simulation and optimization methods that initiate a practical approach to determine riblet design
variables to achieve the best performance in HTE applications.

Multi-objective evolutionary optimization algorithms such as a common MOGA are able
to couple with CFD-based simulation models to obtain optimal solutions employing systematic
search. In this way, every evaluation of objective function requires the solution of a simulation
model whose design variables vary in the optimization procedure. Copiello and Fabbri (2009)
studied the simulation-optimization application on fin design, and more recently by Mann and
Eckels (2019). Time-consuming and complex calculation of objective function by CFD-based
simulation models in every evaluation step may become too cumbersome in some cases, which is
a key limitation of the CFD-based simulation-optimization models. To speed up the simulation-
optimization technique, Juan and Qin (2014) applied some sort of correlation to evaluate objective
function to optimize fin-and-tube, heat-exchanger design variables.

3-8- Summary and Outlook

Riblets are engineered-based extensive surfaces known as a passive control technique for
thermal turbulent flow systems. Riblet surfaces are great prospective candidates for HTE
applications, which deal with low drag and highly enhanced heat transfer surfaces. Riblets can
reduce drag by lifting up large-scale turbulent vortices from the near-wall region and controlling
turbulent coherent structures that contribute to transverse shear stress. An acceptable number of
experimental and numerical studies with a great range of design variables focused on drag-riblet-
reducing abilities in micro-sized or macro-sized closed channels (internal) and open-channel
(external) fluid flow. However, attempts to investigate riblet surfaces as heat enhancement surfaces
has ended with little experimental research results that were mostly conducted in a wind tunnel

using air flow and little numerical research.
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The turbulent and thermal boundary layers keep developing over the length of the surface
in an external flow, whereas these layers are restricted by channel size and turbulent vorticity
interaction from surrounding walls, different from the internal flow. These dissimilarities
necessitate investigation into drag-reducing and HTE properties of riblet surfaces for open and
closed channel flow, as well as investigating exchange interactions between the scales of thermal
and fluid mechanisms.

Numerical studies clearly showed that RANS-based simulations had the least agreement
with experimental data compared to other CFD-based models. LES can greatly predict near-wall
motions but the results obtained must be validated with experimental data in cases including riblets
and not only smooth surfaces. More studies with validated results are required to discover the
efficiency of the performance of LES. Although DNS nicely predicts drag reduction and captures
near-wall motions, it greatly increases computational cost and is not suitable for complicated
geometries.

Riblet design variables, including cross-section profiles, dimensions, and configurations
greatly affect riblet surface performance. In addition, the micro-sized, closed-channel placement
of riblets on the bottom, top, or both channel side walls changes the performance of riblet surfaces
and channel height dimensions. The result of the applicability of riblets in a circular closed channel
demonstrated the benefit of riblets to drag reduction, but to further understand the possible benefit
of riblets in rectangular channels, more studies should be experimentally and numerically
conducted, including various channel dimensions.

Despite decades of studies of roughness design, researchers have not succeeded in
providing optimum drag reduction or an enhanced heat-transfer surface. No current research

clearly explains the science behind the high thermo-hydraulic efficiency index in riblet surfaces.
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In addition, no one has improved the thermo-hydraulic efficiency index using optimization
algorithms, and specifically employing the multi-objective optimization of reducing drag and
enhancing heat transfer in riblet studies. If illuminated, it would enable an entirely new level of

engineering designs affecting all heat-transfer applications.
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4  Numerical Model Setup

This study develops a three-dimensional conductive and convective heat-transfer
simulation through coupled solid and fluid domains applied in a commercial package, ANSYS
Fluent 19.1, under the following assumptions: (1) the single-phase flow is 3D, incompressible,
steady-state, fully developed, and turbulent; (2) natural convection and radiation heat transfer are

disregarded; and (3) the thermodynamics and transport properties are constant.

4.1 Governing Equations and Parameters

The simulation model requires the solution of the continuity equation, Navier-Stokes

equations, and energy equation. The conservation of the governing equations can be expressed as

follows:
V-u=0 (4.2)
pU.VU = pg—Vp+ uV2u (4.2)
pC, (UVT)=KVT +y[Vu+(Vu)T]:Vu (4.3)

in which, u is the velocity vector, T is temperature, and g is the gravitational acceleration.

The RANS technique utilizes an averaging method leading to a time-average solution of
the Navier-Stokes. The technique applies a turbulence closure model, which uses a turbulent
viscosity approach in the Reynolds stress formulation. This study employs RANS with a k-
turbulence model for modeling the fluid flow motion. The k-e model first proposed by Launder
and Spalding (1974) contains two transport equations that derive the turbulence using the turbulent

kinetic energy generation rate (k) and turbulent kinetic energy dissipation rate (¢). The assumption
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of the k- model is that flow is fully turbulent and turbulence viscosity is isotropic, which means
the ratio between Reynolds stress and mean rate of deformations is the same in all directions.

The CFD Flow solver applies a pressure-based method. The pressures-based method is
more coordinated with the incompressible flow. Continuity and momentum equations are modified
to extract a pressure correction equation that leads to a pressure field solution. A pressure-velocity
coupling equation is derived by discretizing Navier-Stokes equations which shows a relationship
between velocity and pressure correction. The procedure models and solves the governing
equations based on the finite-volume method in turbulence flow.

Table 4.1 shows the values of thermodynamics and transport properties used in the
computational model.

Table 4.1. Thermodynamic parameters

Parameter Fluid (water) Solid (copper) Unit

p 998.2 8,978 kg m3

u 0.001003 kgmts
K 0.6 387.6 W mt K1
Cp 4,182 381 JkgtK?
Pr 6.99

4.2 Discretization and Convergence

The pressure-velocity coupling problem is solved using a coupled scheme and the pseudo
transient method since the coupled scheme is generally preferred for transient and periodic
simulations due to its convergence behavior. The discretization for pressure is second-order,
momentum and energy equations are second-order upwind, and turbulence parameters of kinetic
energy and dissipation rate were first-order upwind. Convergence for momentum and energy
equations are monitored by periodic pressure gradient changes from the periodic domain and total

heat flux from the solid-fluid interface using the default ANSYS Fluent stop criterion scheme with
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stop criteria of 10° over the previous ten iterations. The fluid inlet's maximum stream-wise
velocity magnitude is monitored similarly to ensure the simulation is in the fully developed region.
Besides, convergence criterion of 10~ is defined for variables of the continuity; velocity in x, v,
and z directions; kinetic energy; and dissipation rate, while convergence criterion of 10° is

designated for energy.

4.3 Boundary Conditions

This study aims to simulate fully developed flow in the computational flow domain, but
the length required to simulate this leads to high computational costs. Hence, in the current study,
translationally periodic conditions are applied to obtain a solution in the fully developed region of
the flow. According to the periodic condition, it is required that the flow pattern be restricted to a
single module and repeats along the direction of the flow, while that flow needs to be
incompressible. Due to the heat transfer periodic condition, the wall thermal boundary condition
must be of constant heat flux or constant wall temperature. A periodic thermally developed regime
leads to having a stable heat transfer coefficient along with the flow. The domain is solved repeated
times as flow over the small region evolves to the fully developed solution. Periodicity signifies a
repetition of velocity field over length L and can be expressed as:

u(x, y,z) =u(x+L,y,2) (4.4)
in which, x, y, and z are stream-wise, wall-normal direction, and transverse coordinates. Periodicity
in the pressure field is different than the velocity field. In this case, a pressure drop is defined as
periodic instead of the pressure, and the pressure drop across each module is constant. At first, the

pressure field is divided into two terms, as shown in Equation (4.5).
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p(Xv y,Z) =—ﬂ.X+P(X, y,Z) (45)

P(x,y,z) =P(x+L,y,2) (4.6)
in which, g is a linearly subtracting term for the pressure, and it is solved as a volume force to
satisfy the required mass flow in the momentum equations. The P(x,y,z) term is the periodic
spatially pressure term related to local motions. Hence, the momentum equation in the x-direction
can be rewritten as:

puVU = pg —Z—P+,uV2u+,B : (4.7)
X

A similar method to the pressure field can be employed for the temperature field. Therefore,
the periodic thermally developed field is achieved by defining a non-dimensional temperature
variable as below:

T(X’y’z)_Tw (48)

in w

6:

t

in which, & is the non-dimensional temperature variable. Since there is a difference between the
temperatures at the inlet and outlet in the periodic domain, Patankar et al. (1977) calculated the
ratio between inlet and outlet bulk temperature as below:

Tin _TW (49)

in which, T, is the fluid temperature at x = L or the module outlet. Therefore, the thermal periodicity

condition can be written as follows:

6, (x=0,y,2)=6,(x=L,y,2).4. (4.10)

The simulation utilized a constant and uniform wall temperature at the outer wall of the
solid surface. A specified mass flow rate and inlet bulk temperature are defined at the flow inlet.

Periodic boundary conditions make all physical values periodic at each time step of solving. As a

57



result, inlet and outlet boundary values such as velocity, temperature, and pressure evolve with

each time step, converging after many iterations based on the defined mass flow rate.

4.4 Data Reduction

The key parameters of interest from the simulation result are the Fanning friction factor
and average Nusselt number. These parameters were derived from the simulation results in the
following way.

The average heat transfer coefficient is calculated as follows:

qd A (4.11)

“ " MTD A
in which A, is the true or enhanced surface area; A, is the root or smooth surface area, and LMTD

is an abbreviation of logarithmic mean temperature difference, which is calculated as below:

LMTD = (Tw _Tin )_(TW _TO) ) (412)
T, -T,
In w n
(Tw -T, J
The outlet fluid temperature is calculated as follows:

T =% g (4.13)
me

With the value of heat transfer coefficient, the Colburn j factor and Nusselt number are

calculated as:
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J_ hco Pr2/3 (414)
pve,

L) (4.15)
K

where, V is inlet velocity. The effect of surface geometry on wall shear stress can be determined
from the pressure different of flow inlet and outlet when the flow is fully developed, and the mean
velocity is constant. The shear stress is an enhanced tube is calculated as follows:

dp D, (4.16)

In a channel that includes bottom enhanced wall, top smooth wall, and periodic or
symmetry side-walls, the following procedure will be followed to separate the effect of the
enhanced side of the wall. First, the simulation result reports the pressure gradient and shear stress
of the top wall. For the same bulk fluid velocity, the wall shear stress on the bottom of the channel
can then be calculated by subtracting the effect top wall of the channel with the assumption that
the bottom wall enhancement changes the shear stress on the top wall. The expression for the

bottom shear stress is:

_dpp (4.17)

T
en,w dx

where, 7, , and z,is the shear stress of the enhanced and smooth walls of the channel,

respectively. In a channel that includes enhanced bottom and top walls with periodic or symmetry
side-walls, the shear stress is calculated as:

dp D, (4.18)

At last, the Fanning friction factor is calculated using Equation (4.19).
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__ T (4.19)
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5 Parametric Study of Transverse and Axial 2D

Micro-fins on Fluid Flow and Heat Transfer

Turbulent flow and heat transfer characteristics have been numerically studied in a
turbulent channel flow with micro-fins on the lower wall, as shown in Figure 5.1. Studies of flow
fields around fins have appeared in the literature but often do not include conduction analysis in
the fin, leaving a key optimization parameter unexplored. This study aims to fill this gap by finding
out the effects of micro-fin design variables on fluid drag increase and HTE by holding the micro-
fin volume constant over the numerical space. Design variables of interest are micro-fin cross-
sectional profile, height, yaw angle, and pitch. A coupled numerical simulation of the turbulent
flow at Reynolds number 14,825, with periodic boundaries and solid domains, was set up and
validated in ANSYS Fluent, and the performance was mapped. In addition, the shift in the
logarithmic portion of law of the wall for surfaces with micro-fins is discussed in terms of

roughness function and roughness Reynolds number.
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Figure 5.1. A schematic of a single channel with transverse micro-fins on the lower wall

5.1 Scenario Description

This study defines four different micro-fin cross-sectional profiles (rectangular,
trapezoidal, triangular, and parabola) at six different heights where the remaining geometric
parameters such as micro-fin thickness are varied to keep fin volume constant. Two different yaw
angles are considered: transverse (90 yaw angle) and axial (O yaw angle) micro-fins. Figure 5.1
illustrates the micro-fin parameters, and Table 5.1 summarizes the different scenarios. Six different
scenarios are defined based on the micro-fin heights so that each scenario contains four different
cross-sectional profiles and two different yaw angles. Consequently, 48 micro-finned channels
with a constant pr = 2 mm cases are defined first. All cases have a constant micro-fin cross-
sectional area of 0.08 mm? and a constant solid volume.

The solid cross-sectional area of the smooth case is considered as if the fins are melted,

and materials returned to the solid volume. Next, the effect of the micro-fin pitch parameter on the
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thermo-hydraulic efficiency index is considered by looking at the micro-fin pitch between 0.3 to

3 mm.
Table 5.1. Scenario description for different micro-fin geometries

Scenario e (mm) . tr(mm) .

number Rectangle Trapezoid Triangle Parabola
1 0.25 0.32 0.52 0.64 0.96
2 0.30 0.27 0.41 0.53 0.80
3 0.35 0.23 0.33 0.46 0.69
4 0.40 0.20 0.28 0.40 0.60
5 0.45 0.18 0.23 0.36 0.53
6 0.50 0.16 0.20 0.32 0.48

5.2 Geometry and Boundary Condition

The 3D geometry of the fluid-flow system contains a channel flow heat exchanger, and the
lower wall includes a solid base where the micro-fins are placed. Figure 5.2 shows the geometry
of the periodic domain for an infinitive channel flow with a solid base, including a rectangular
micro-fin. The dash lines in Figure 5.1 represent the periodic domain as well. In Figure 5.2, solid
height is 2 mm, and the width, length, and height of the channel section are 2, 2, and 15 mm,
respectively. Line 1 in Figure 5.2 is the location where numerical results are compared. All
scenarios of the trapezoidal cross-sectional profile have a constant upper width of 0.125 mm and
all triangular trapezoidal and parabola shapes are isosceles.

The problem is defined as fluid enters the channel with constant velocity (V = 3.16 m s)
with entering temperature of Tin =20 C°. A constant and uniform wall temperature of Ts=40 C” is

defined at the outer wall of the solid surface, as shown in Figure 5.2.
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Figure 5.2. Model geometry for a rectangular micro-fin profile

5.3 Meshing and Independence Study

Meshing is a discrete representation of geometry. A hybrid technique was applied to
generate the mesh. Small portions of the grid situated around the micro-fin are defined as
unstructured, and the remaining parts of the grid are defined as structured. Figure 5.3 shows the
hybrid mesh for a case with an axial rectangular micro-fin. Mesh size is one of the most critical
issues to consider when validating the simulation against experimental results. Specifically, a mesh
independence analysis is required to prove convergence in the results, adding confidence that the
mesh is fine enough to capture the most complex details of the flow. The mesh independence

analysis is shown in the results section.
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(@) (b)

Figure 5.3. The grid system of (a) whole domain and (b) zoom-in view at the solid-fluid interface
for a case with a rectangular micro-fin.

To investigate a proper grid size for the numerical simulation, mesh independency analysis
was carried out for both the smooth case and a transverse micro-finned case. Figure 5.4 shows the
results of the total heat-transfer rate and pressure gradient for different mesh resolutions of the
smooth case and a case with a transverse rectangular micro-fin. It is observed that the total heat-
transfer rate and pressure gradient approach constant values with refining the mesh in both cases.
According to the figure, it is concluded that the grids having 257,440 elements for the smooth case
and grids having 263,006 elements for the micro-fin case are fine enough to capture the detailed
information of flow and temperature fields. The selected grids are applied for all subsequent

numerical calculations.
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Figure 5.4. Total heat-transfer rate and pressure gradient for different mesh resolutions of the (a)
smooth case and (b) a case with a transverse rectangular micro-fin

5.4 Model Validation

The numerical results for the smooth case were compared to experimental data published
by Li and Eckels (2017) and Li et al. (2018). Table 5.2 compares results for numerical and
experimental data for the smooth case. The relative error for the heat-transfer coefficient and Darcy

friction factor between numerical and experimental data is about 6.7% and 1.5%, respectively,
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which is acceptable for the goal of this study. It should be noted that this study calculated the
experimental Darcy friction factor based on data published by Li and Eckels (2017). The micro-
fin simulation was validated against the experimental data published by Drain and Martin (1985).
The validation used fin-design variables defined by Drain and Martin (1985) while keeping the
current studies’ computational domain, meshing techniques, and numerical model. Figure 5.5
shows the stream-wise mean-velocity profile for numerical data at line 1 in Figure 5.5, as well as
experimental data for the smooth case and a case with transverse fins. Results are in good
agreement in both numerical and experimental analysis for smooth and micro-finned cases.

Table 5.2. Comparison of experimental and numerical results for the smooth case

Variable Experimental Numerical
V (m/s) 0.9 0.90
Darcy friction factor (fg) 0.0271 0.0275
heo (W/M2.K) 3521 3283
9 [ - — — Numerical data 30 — — Numerical data
sk B Experimental data by Li and Eckels (2017) [ W Experimental data (+1.3 mm/s) by Drain et al. (1985)
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Figure 5.5. Comparison of numerical and experimental results of stream-wise mean-velocity
profiles for (a) the smooth case and (b) a case with transverse fins.
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5.5 Results and Discussion

5.5.1 Velocity and Thermal Fields Around the Micro-fins

The flow field around the fins is important in understanding the final pressure drop and
heat transfer results. Figure 5.6 displays velocity streamlines around Scenario 6 of transverse
micro-fins for different profiles at ps = 2 mm. The flow separates at the upstream tip of the micro-
fins, which causes the two-dimensional stable vortices with the same size of the enclosure between
two micro-fins for all profiles. These vortices prevent the outer flow from reattaching to the surface
of the enclosure. The formation and center of the vortices vary with the micro-fin cross-sectional
profile. For instance, the center of vorticity is placed in the middle of the enclosure in the
rectangular profile, while it is inclined to the downstream side of the micro-fins in the parabola
profile. Smaller vorticity with opposite-flow circulation is observed in the lower corner
downstream of the rectangular, trapezoidal, and triangular micro-fin profiles. Velocity streamlines
cover and lie on the parabola profile better than other profiles. Flow is parallel to the micro-fin

axis in axial micro-fins, so no flow separation or circulation occurs in axial micro-fins.
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Figure 5.6. Velocity streamlines around transverse (a) rectangular, (b) trapezoidal, (c) triangular,
and (d) parabola micro-fins of Scenario 6 at pr =2 mm

The y* was plotted versus dimensionless mean-velocity u* for the smooth case, and
transverse and axial micro-fins of Scenarios 1 and 6, through line 1, as shown in Figure 5.2.
According to the figure, changes in micro-fin height alter the velocity profile more than the micro-
fin profile for both transverse and axial cases. Figure 5.7 shows that the difference between the
smooth case's mean-velocity profile and the axial micro-finned cases is much more obvious in the
logarithmic layer than the viscous sublayer, buffer layer, and outer region. Figure 5.7 clarifies that
mean-velocity profiles of transverse cases are shifted more than the axial cases. The flow
circulation near the surface is the main reason for the change of mean-velocity profiles in the
transverse cases. There is no observed laminar sublayer in mean-velocity profiles in transverse
cases; instead, the micro-fins produce a turbulent flow next to the surface. The study of near-wall

velocity profiles revealed that the structure of micro-fins shortened the mean-velocity gradient in
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the enclosures between micro-fins, resulting in general more significant wall shear stress for

micro-fins cases than the smooth case.
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Figure 5.7. Mean-velocity profiles of turbulent boundary layers, through line 1 for (a) transverse
and (b) axial micro-fins of Scenario 1, 6, and the smooth case.

To obtain the form of the universal velocity profile for rough surfaces, a dimension of
roughness size must account for the logarithmic relationship, as discussed in Chapter 2. The

dimensional size of the roughness is considered as the micro-fin height, which modifies the
logarithmic relationship to u* =1/x(In(y/e)+C;), where C/is the integration constant and is
referred to as the roughness function. To pursue the non-dimensional analysis, e was made
dimensionless through e” =eu_/v, in which e* is referred to as roughness Reynolds number
(Webb and Kim, 2005).

Figure 5.8 shows how C' and x in the logarithmic layer change with e* for different

micro-fin profiles of transverse and axial cases. Accordingly, C." decreases and increases with an
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increasing e* for transverse and axial cases, respectively. A significant finding of this study is that

x also increases with e*. Following classifications proposed by Schlichting and Gersten (2016), it

should be noted that this study's turbulence regime is considered a transitionally rough regime

based e* on variation for different cases.
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Figure 5.8. Function curves of C in (a) transverse and (b) axial cases, and K in (c) transverse
and (d) axial cases for different e*
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Temperature contour comparisons are presented in Figure 5.9 for three different transverse
micro-fin heights at ps = 2 mm. Temperature contour lines become denser, indicating higher heat
flux when the micro-fin height increases concerning unfinned surfaces (exposed portions of the
base surface). The variation of temperature contours among different micro-fin profiles at a

particular height was not remarkable.
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Figure 5.9. Contours of temperature for transverse rectangular micro-fins of Scenarios (a) 1, (b)
3,and (c) 5 at pr=2 mm
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Figure 5.10 shows the temperature distribution in the solid domain of Scenario 6 for
different transverse and axial micro-fin profiles at pr = 2 mm. Accordingly, the left symmetry side
of the solid domain of transverse cases has a sharper temperature gradient, indicating higher heat

removal than on the right side. As flow is parallel to the micro-fin axis, the temperature gradient
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is symmetrical throughout the solid domain of axial cases. In summary, rectangular and trapezoidal
profiles of both transverse and axial cases have greater gradients than triangular and parabola

profiles.
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Figure 5.10. Contours of solid body temperature in transverse (a) rectangular, (b) trapezoidal, (c)
triangular, and (d) parabola micro-fins, and axial (e) rectangular, (f) trapezoidal, (g) triangular,
and (h) parabola micro-fins of Scenario 6 at pr =2 mm
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5.5.2 Fin Performance

The ratio of total heat-transfer rate from micro-fin surfaces to the smooth surface (Q/Q;)

and the ratio of Fanning friction factor of micro-fin surfaces to the smooth surface ( f/f,) for
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cases with pr = 2 mm, are shown in Figure 5.11. As seen, the Q/Q, and f/f, of transverse cases

are dramatically higher than axial cases. The micro-fin profile and height in the axial cases have

minor effects on Q/Q, and f/f,. The f/f, sharply increases as micro-fin height increases in

transverse cases.
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Figure 5.11. Performance characteristics: (a) Q/Q, and (b) f/f, for transverse and axial cases at
pr =2 mm

Figure 5.12 shows the thermo-hydraulic efficiency index for all cases at pr = 2 mm. The

behavior of the thermo-hydraulic efficiency index is opposite for transverse and axial cases. The

thermo-hydraulic efficiency index decreases as the micro-fin height increase in transverse cases,

and it increases as the micro-fin height increases in axial cases. The micro-fin profile and height

have a greater effect on the thermo-hydraulic efficiency index in transverse cases compared to

axial cases. It is shown in Scenario 6 that the axial cases have the maximum efficiency index of

1.05.
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Figure 5.12. Thermo-hydraulic efficiency index for all cases at pr =2 mm

5.5.3 Pitch Control for Optimum Design

Scenario 1 of transverse and 6 of axial rectangular micro-fins were selected for this portion
of the study because they had the best thermo-hydraulic efficiency index based on Figure 5.12.
Figure 5.13 represents the comparison of velocity vectors around Scenario 1 of transverse

rectangular micro-fins among the different ratios of p, /e. According to the classification

suggested by Jiménez (2004), Figure 5.13. Figure 5.13a corresponds to a d-type roughness in

which p, /e<4 and the temperature gradient is very thick, which results in low heat transfer.
Figure 5.13.c and d correspond to a k-type roughness ( p, /e >4). And, Figure 5.13b corresponds

to a transition between a d-type to a k-type roughness. There is no flow separation and reattachment
for d-type micro-fins. As changing from d-type to k-type, the center of vorticity shifts from
upstream of the micro-fin to downstream, and the temperature gradient becomes denser overall.

The reattachment point varies with p, /e in k-type micro-fins, and the redeveloping boundary
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layer occurs after the reattachment point. The length of the redeveloping boundary layer increases

as p; /e increases. It can be concluded that there are two maximum heat-transfer points in k-type

micro-fins, one at the micro-fin upstream tip and one at the reattachment point.
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Figure 5.13. Velocity vectors and contours of temperature for transverse rectangular micro-fins
of Scenario 1 with p, /e ratios of () 2, (b) 4, (c) 8, and (d) 12.

Figure 5.14 represents the comparison of velocity contours for Scenario 6 of axial

rectangular micro-fins among the different ratios of p, /e. No flow gets inside the micro-fin’s

enclosure when p, /e is very narrow based on the velocity magnitude in Figure 5.14a. Generally,
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the average velocity magnitude in the middle of the micro-fin enclosure increases as the p, /e

gets bigger.
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Figure 5.14.Velocity contours for axial rectangular micro-fins of Scenario 6 with p, /e ratios of
(a) 0.6, (b) 1.5, (c) 3, and (d) 6

Figure 5.15 shows the impact of p, /e ratio on Q/Q., f/f, , and the thermo-hydraulic

S H
efficiency index for Scenario 1 of the transverse rectangular micro-fin and Scenario 6 of the axial

rectangular micro-fin. According to Figure 15a, the Q/Q, increases as p, /e increases from 2 to
5 and decreases after p, /e=>5. Thus, an optimal pitch ratio maximizes the thermal performance

characteristic. The f/f, increases as p; /e increases, but its increase after p, /e =8 is negligible.

The pitch ratio that maximizes the thermo-hydraulic efficiency index to 1.4 corresponds to a d-
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type micro-fin with p, /e=3.5. According to the so-called Reynolds analogy, changing p; /e
demonstrated that Q/Q, and f/f do not always have a positive correlation. In transverse
rectangular micro-fins, all p, /e ratios lead to HTE. In contrast, in axial rectangular cases, when
p; /e <15 then Q/Q, becomes less than one, just as this phenomenon was explained in Figure
5.14. In addition, since there is no flow inside the micro-fin enclosure at p, /e <1.5, the channel

cross-area decreases and velocity gets higher throughout the channel, which results in an increase

of f/f, at p;/e less than 1.5. At ratio of p, /e=2, the thermo-hydraulic efficiency index is

maximum for axial cases.
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Figure 5.15. Comparison of Q/Q,, f/f,, and the thermo-hydraulic efficiency index for
different p, /e ratios of (a) transverse rectangular micro-fin of Scenario 1 and (b) axial
rectangular micro-fin of Scenario 6
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6 Parametric Study of 2D and 3D Micro-fin

Tubes on Fluid Flow and Heat Transfer

This study applies turbulent fluid flow and conductive and convective heat transfer
simulation to evaluate the performance of different 2D and 3D micro-fin tubes. Different
configurations are generated by varying micro-fin height, helix angle, number of starts, and
discontinuity features. Coupled solid and periodic fluid domains were applied in ANSYS Fluent
19.1. An automated model was set up using a python library to read micro-fin design variables,
update the simulation model, and send the model to a local supercomputer (Beocat), a high-
performance computing (HPC) cluster at Kansas State University to run the model and post-
process the results. Performance was mapped for 211 different simulations (including a smooth

tube) at Reynolds number (Re) of 49,000.

6.1 Design Variables

This study aims to better understand performance by modifying 2D micro-fin tubes to 3D
by adding discontinuity features known as crosscuts. Figure 6.1 illustrates design variables for a

3D micro-fin tube.
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Figure 6.1. A schematic of (a) micro-fin and cuter profiles and (b) an unrolled tube with micro-
fins and cutters (solid and dash lines represent micro-fins and cutters, respectively)

A micro-fin cross-section profile has little influence on heat transfer enhancement and
pressure drop compared to other designed variables, as concluded in Chapter 5. This study stets
the following base variables drawn from Webb et al. (1999): a fixed trapezoidal micro-fin profile
with an included angle between sides of micro-fins (8) of 41°, micro-fin thickness (t;) of 0.12 mm,
Di = 15.54 mm, and outer tube diameter (Do) of 19 mm. The number of discontinuities per pitch

is calculated by N,/N,, in which N is the cutter number of starts. The axial length of discontinuity
is characterized by L, =t. / sin(«). The axial cutter pitch (pc) is equal to (1/5)x p; in which pr is

defined as the length of one complete helix turn and depends on variables of helix angle and

number of starts as follows:

D, (6.1)

PN, tan(a)

The selected numerical value of design variables are described in the following:
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e (mm) = [0.1, 0.3, 0.5] (6.2)

a (°) = [25, 45, 60] (6.3)
Ni = [15, 30, 45, 60] (6.4)
Nc = [15, 30, 45] (6.5)
t.(mm) = [0, 0.5, 1, 1.5]. (6.6)

Based on the defined design variables and equal values of helix angle for micro-fins and
cutters, 44 and 167 micro-fin configurations are defined for 2D and 3D micro-fin tubes,

respectively.

6.2 Geometry and Boundary Condition

Micro-fin and cutter profiles are monotonically distributed in tube circumferential direction
based on their number of starts. Then, they are helically rotated along the tube's center axis with
an identical helix angle but with a reverse helix direction. Therefore, cutters cut micro-fins on their
extension on the tube's inner surface. Figure 6.2 geometrically represents solid and fluid

computational domains of 2D and 3D micro-fin tubes.
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Figure 6.2. Geometrical representation of solid and fluid computational domains of a (a) 2D and
(b) 3D micro-fin tube

The problem is defined as fluid inters the channel with constant velocity (V = 3.16 m s™)
with entering temperature of Ti»= 20 C°. A constant and uniform wall temperature of Ts=40 C" is
defined at the outer wall of the solid surface.

Since the tube inlet and outlet boundaries are periodic, a domain length study was
conducted to find the minimum number of helix turns that gave convergence satisfaction. Table
6.1 shows results of different simulation tests with different number of helix turn for Tube 3 (e =
0.398 mm, a = 45, Nt = 30) which is the tube from Webb et al. (1999) at Re = 48,928. Accordingly,
the solution did not satisfy convergence if the domain was only set to one helix turn. The number
of helix turns makes a negligible difference in j and f when an integral number of two or greater is

used.
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Table 6.1. Results of length study (errors are in respect to six helix turns)

0,
Number of helix turn length (mm) j f j Error (%) -
2 0.0033 0.00644 0.011604 0.6 -0.1
4 0.0065 0.00645 0.011589 0.5 0.0
6 0.0098 0.00648 0.011593 - -

6.3 Meshing and Independence Study

An unstructured tetrahedral grid system is applied to generate the mesh for smooth and

micro-fin tubes. In the fluid part, the minimum height of the first grid point was set at 0.003D;

from the wall to satisfy y* <5 . Figure 6.3 shows the grid system for a 3D micro-fin tube.
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Figure 6.3. Grid system of solid and fluid domains with a zoom-in view at the solid-fluid
interface for a 3D micro-fin tube

Mesh independence testing was carried out at Re = 48,928 to find proper grid size for
smooth and micro-fin tubes. Simulations with different grid sizes were performed for a smooth

tube and Tube 3 from Webb et al. (1999). Figure 6.4 shows j and f versus element number of mesh

for a smooth tube and Tube 3.
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Figure 6.4. Mesh independency analysis for (a) the smooth tube and (b) Tube 3

Figure 6.4 shows no remarkable change for j and f beyond 24x10° and 25x10° elements
for the smooth tube and Tube 3, respectively. Hence, this study chose a grid size of 0.8 mm for
both solid and fluid domains of smooth and micro-fin tubes and a grid size of 0.06 mm and 0.07

mm for solid-fluid contact surface of smooth and micro-fin tubes, respectively.
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6.4 Model Validation

The numerical results were validated with experimental results for the smooth tube and
variety of d-type and k-type 2D micro-fin tubes reported by Webb et al. (1999). Table 6.2 compares
the numerical and experimental results for the chosen mesh size. The numerical model
overestimates j and underestimates f for three-fourths of the tubes. Generally, it is concluded that
the model accuracy is sufficient for this study.

Table 6.2. Numerical and experimental results comparison at Re = 49,000

Tube # prle j f Jexp fexp Error (%)
j f
1 Smooth  0.00365 0.0052 0.00326 0.0057 -13.9 75
2 3.31 0.00786 0.0114 0.00724 0.0117 -8.6 2.7
3 4.08 0.00729 0.0123 0.00718 0.0112 -1.6 -9.7
4 11.25 0.00536 0.0102 0.00533 0.0100 -0.6 -14
5 3.74 0.00748 0.0114 0.00695 0.0116 -1.7 1.4
6 5.65 0.00625 0.0101 0.00639 0.0110 2.1 8.4
7 7.87 0.00561 0.0082 0.00590 0.0090 4.9 8.3
8 10.49 0.00522 0.0077 0.00480 0.0087 -8.9 11.3

6.5 Result and Discussion

6.5.1 Parametric Study on 2D Micro-fin Tubes
Figure 6.5 shows changes of the ratio of j/ j, with the micro-fin height and number of

starts for different helix angles in 2D micro-fin tubes. The highest and lowest height shows the
best and the worst performance for both k-type and d-type micro-fins, respectively. The maximum

ratio of j/j, (2.45) belongs to a d-type micro-fin tube with e = 0.5 mm, a= 60°, and Nt = 30.
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Figure 6.5. Effects of the micro-fin number of starts and height for different helix angles of (a)

25°, (b) 45°, and (¢) 60° (square dot represents e = 0.1 mm, triangle dot represents e = 0.3 mm,

and round dot represents e = 0.5 mm; and blue and red dots represent d-type and k-type micro-
fins, respectively)

Figure 6.6 shows changes of the ratio of f/f_with the micro-fin height and number of

starts for different helix angles for 2D micro-fin tubes. For different values of number of starts and
helix angles, micro-fins with greatest height have the largest ratio of f / f_. The trend of f /f_ ratio
with the increase of number of starts at o = 25° is in opposite with the increase of number of starts

at o = 60°. The minimum ratio of f/f_(1.11) belongs to a k-type micro-fin with e = 0.1 mm, a =

25°, and Nf = 15.
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Figure 6.6. Effects of the micro-fin height and number of starts on f/ f, for different helix angles

of (a) 25°, (b) 45°, and (c) 60° (square dot represents € = 0.1 mm, triangle dot represents e = 0.3
mm, and round dot represents e = 0.5 mm; and blue and red dots represent d-type and k-type
micro-fins, respectively)
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Figure 6.7 shows changes of the thermo-hydraulic efficiency index with the micro-fin
height and number of starts for different helix angles for 2D micro-fin tubes. The helix angle of
25° brings n>1 for micro-fins. The thermo-hydraulic efficiency index of d-type micro-fins
increases with the increase of the number of starts. The highest values of the thermo-hydraulic

efficiency index (7 =1.18) is for a k-type micro-fin with e = 0.1, o = 60°, and N¢= 60.
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Figure 6.7. Effects of the micro-fin height and number of starts on the efficacy index for different
helix angles of (a) 25°, (b) 45°, and (c) 60° (square dot represents e = 0.1 mm, triangle dot
represents e = 0.3 mm, and round dot represents e = 0.5 mm; and blue and red dots represent d-
type and k-type micro-fins, respectively)

6.5.2 Parametric Study on 3D Micro-fin Tubes

Figure 6.8 shows the effects of the micro-fin height, helix angle, and number of starts on
ratios of j/j, and f/f  for 3D micro-fin tubes. The dashed line represents 77 =1 so that micro-
fins placed below of the line have 77 <1 and above of the line have 7 >1. Generally, increasing
micro-fin height increases ratios of j/j. and f/f_,and decreases the thermo-hydraulic efficiency

index. Micro-fins with helix angles of 25° and 60° have the minimum and maximum deviation

from the dashed line, respectively. Generally, for a particular f / f_ ratio, increasing the number of

starts has a positive effect on values of heat transfer enhancement and the thermo-hydraulic

efficiency index.
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Figure 6.8. Effect of micro-fin variables of micro-fin (a) height, (b) helix angle, and (c) number
of starton j/j, and f/f,

Figure 6.9 shows the effects of discontinuity features and the p, /e ratio on the ratio of
j/ i, for 3D micro-fin tubes. Accordingly, the j/j, ratio decreases with the increase of p, /e
ratio. The maximum ratio of j/ j, (2.76) belongs to a d-type micro-fin (p, /e=1.82) withe =0.5

mm, a = 60°, Nf =30, 5 = 1, and Ly = 0.57. The 2D and 3D micro-fins have similar values for

design variables when the ratio of j/j_is maximum. The 3D micro-fin tube enhanced the j/ j

ratio 13% more than the 2D micro-fin tube.
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Figure 6.9. Effects of the p, /e ratio and axial length of discontinuity on the j/ j; ratio for
different number of discontinuities of (a) 0.25, (b) 0.33, (c) 0.5, (d) 1, (e) 2, and (f) 3

Figure 6.10 shows the effects of discontinuity features and the p; /e ratio on the ratio of

f / f, for 3D micro-fin tubes. The ratio of f/f_ decreases with the increase of p; /e ratio overall.
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For a particular ratio of p, /e, the ratio of f/f, increases with the increase of the number of

discontinuity.
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Figure 6.10. Effects of the p, /e ratio and axial length of discontinuity on the f /f, ratio for
different number of discontinuities of (a) 0.25, (b) 0.33, (c) 0.5, (d) 1, (e) 2, and (f) 3

Figure 6.11 shows the effects of discontinuity features and the p, /e ratio on the thermo-

hydraulic efficiency index for 3D micro-fin tubes.
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Figure 6.11. Effects of the p, /e ratio and axial length of discontinuity on the thermo-hydraulic

efficiency index for different number of discontinuities of (a) 0.25, (b) 0.33, (c) 0.5, (d) 1, (e) 2,
and (f) 3

Based on Figure 6.11, four different micro-fin types can be defined. Type 1 refers to d-type

micro-fins with La < 2.1 mm, Type 2 refers to d-type micro-fins with La> 2.1 mm, Type 3 refers
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to k-type micro-fins with La< 2.1 mm, and Type 4 refers to k-type micro-fins with La> 2.1. For all
micro-fin types, the thermo-hydraulic efficiency index decreases with the increase of the number
of discontinuities. For ¢ < 1, micro-fins with Type 3 have a greater thermo-hydraulic efficiency

index than other micro-fins. According to Figure 6.11.e and f, the thermo-hydraulic efficiency

index increases with the increase of the pf/e ratio. The maximum of the thermo-hydraulic

efficiency index is 1.16 which belongs to a k-type micro-fin ( pf/e =4.7) withe=0.1mm, a =

60°, Nt = 60, 0 = 0.25, and La= 0.43. The 2D and 3D micro-fins have similar values for design
variables for the maximum value of the thermo-hydraulic efficiency index. The best 2D micro-fin
tube enhanced the thermo-hydraulic efficiency index up to 1.7% greater than the best 3D one. And,

the best 3D micro-fin tube can enhance j/j. 7% more than the best 2D tube.

6.5.3 Velocity and Thermal Fields for Smooth and Best Micro-fin Tubes

Figure 6.12 illustrates temperature contours of fluid and solid cross-sections of the smooth
and the best 2D micro-fin tube and a partial solid-fluid interface of the micro-fin tube. The greater
temperature gradient of the fluid and solid cross-sections and colder center flow temperature of
the micro-fin tube prove the greater heat transfer enhancement of the micro-fin tube compared to
the smooth tube. According to Figure 6.12.f, the maximum heat transfer happens upstream of the

micro-fin tip, and minimum heat transfer occurs at the macro-fin’ valley center.
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Figure 6.13 shows velocity contours for the smooth and best 2D micro-fin tube, including
velocity vectors above a partial surface of the best 2D micro-fin tube. The velocity gradient is
sharper in the micro-fin tube compared to the smooth tube. The center flow velocity is 0.3 ms™
greater in the micro-fin tube than the smooth tube. According to Figure 6.13.c, flow circulations
in the micro-fin valleys assure a higher friction factor for the micro-fin surface rather than the
smooth surface. The center of the flow circulation is close to the upstream of the micro-fin. There

is no flow reattachment in the micro-fin valley due to the shortness of this area.
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Figure 6.13. Velocity contours for the (a) smooth and (b) micro-fin tube and (c) velocity vectors
above a partial surface of the micro-fin
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7 Performance Study of LS-SVR Model on 2D
and 3D Micro-fin Tubes

This study evaluates the potential of the LS-SVR model as a surrogate of the CFD model,
using the results of simulations in Chapter 6 in 2D and 3D micro-fin tubes. Two different LS-SVR
models were employed to estimate the Colburn j factor as a function of micro-fin geometric
variables and the Fanning friction factor as a function of geometric variable and Colburn j factor

The results are discussed using statistical criteria.

7.1 Application of a Data-Mining Method in a Micro-Fin Study

This section explains the LS-SVR method mathematically, discusses the criteria for LS-
SVR performance evaluation, and explains the implementation steps for building an LS-SVR

model.

7.1.1 LS-SVR Method

Data mining refers to discovering patterns in large datasets using machine learning,
statistics, and database systems. The SVR method is a data-mining method proposed initially by
Vapnik et al. (1996) and later modified to LS-SVR by Suykens et al. (2002). The LS-SVR
presumes that the relation between input and output data is non-linear. This nonlinearity can be
converted to linearity in a feature space developed by a non-linear mapping function. Equation

(7.1) explains a linear relationship between input and output data in the feature space.
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Wx)=a p(x)+b (7.1)

in which, y and A(y) are input and output of a dataset, respectively; =" = transposed form of
weighting vector @, ¢ isanon-linear function that maps data from the original space to the feature

space, and b is a bias. In the following, an optimization problem can be written as Equation (7.2)

using the structural risk minimization principle to find the values of @ and b.

N
Min J, (@, &) =1wTw+1yZ§§
2 2 n=1
Subject to (7.2)

A=a ¢(y)+b+&, n=12,..,N

where, J,(z,¢£) is a loss function; n is data counter that varies from 1 to N; & is an error for each
data; and y is a regularization parameter which specifies the trade-off between the training error

minimization and smoothness of the estimated function. The solution of the optimization problem

relies on constructing a Lagrange function based on the objective function and constraints follows:

LA(@,b,&,,1,) = J, (w,§n)—Z|n(wT(p(;(n)+b+§n -4 (7.3)
n=12..,N

where LA(@,b, &, ,1,) is Lagrange function and | is a Lagrange multiplier. The unknown Lagrange
multipliers are obtained by taking partial derivation of the Lagrange function with respect to @,

b, & ,and |, making the expressions equal to zero.
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Eventually, the extrema of the Lagrange function is calculated by substituting Equation
(7.4) expressions in Equation (7.3). Based on Mercer's theorem, a Kernel function is selected for

the unknown non-linear function of ¢(y) as follows:
Ki (2. ) =(0(0)0(z,))  Nn=12,.,N (7.5)

where Kt is a Kernel function and (.,.) signifies inner product. As a result, the output 4 is estimated

by the LS-SVR method is given in Equation (7.6).

N

2t ()= 2 LK (s 2) +D n=12,..,N (7.6)
n=1

in which A4, is an estimated value of A. The Kernel Function can be chosen from linear,

est
polynomial, Sigmoid, radial basis (RBF), and MLP functions. The RBF Kernel is defined by

Equation (7-8).

< ) (nz—mrj ) (7.7)
() =exp| - n=12,.,N

207

. . . 2 . . .
where o is a regularization parameter and ||;(—;(n|| is a squared Euclidean distance between two

input vectors.
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7.1.2 LS-SVR Performance Criteria

The performance of LS-SVR method dramatically depends on the quality and quantity of
the datasets. Evaluating the performance of LS-SVR requires splitting the datasets into training
(calibration) and testing data. The LS-SVR performance is optimum only if the error terms in the
training dataset follow a normal probability distribution. Training dataset with heavy-tailed errors
or outliners degrades or entirely fails the solution of LS-SVR since the method's main attempt is
to minimize the loss function defined as the sum of squared errors (SSE), which overemphasizes
the impact of outliers. Another problem that highly affects the performance of LS-SVR method is
overfitting training data. It happens when random noise is captured and learned as if it represents
the underlying model structure. There are some ways to avoid overfitting, such as applying k-fold
cross-validation (a resampling procedure) on data and increasing training data size. The predictive
capability of data-mining models is remarkably affected by the ratio of training to testing data as
well. Nguyen et al. (2021) investigated the performance of different data-mining models with
various training to testing data ratios. They observed that the 70/30 ratio brings the optimal
performance for the models. The LS-SVR method precision is greatly dependent on the selection
of regularization parameters of y and o . One typical way to choose the regularization parameters
is to analyze the model performance using statistical criteria. The general statistical criteria applied
to evaluate model performance are root mean squared error (RMSE), R?, Nash-Sutcliffe (NS),

maximum absolute error (MAE), and AAE.

7.1.3 Implementation of the LS-SVR Model
The LS-SVMlab software developed by Suykens et al. (2002) is employed to implement
the LS-SVR method in micro-fin tube study. The implementation steps to build the LS-SVR model

are illuminated in Figure 7.1.
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Figure 7.1. Flowchart of the LS-SVR model implementation

The input and output of the LS-SVR model are illuminated in Table 7.1. This study used
the advantage of the strong relation between j and f with R? = 0.67 to improve the estimation of f.
Therefore, data of the simulated j and estimated j (jest) Was chosen for the training and testing
dataset input, respectively, in addition to the geometric variables of 2D and 3D micro-fin tubes

and the A, /A ratio.
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Table 7.1. Input and output of LS-SVR method for training and testing datasets for 2D and 3D
micro-fin tubes

. . . Model
Micro-fin type Dataset Model input output
. e a Nt AenlAs J jest
Train e a N¢ AenlAs J f fest
2D .
TeSt e o Nf Aen/As ] ]est
e a Nf Aen/As Jest fest
. e a Nf Nc tc Aen/As J jest
3D Train e o N¢ N tc AenlAs J f fest
TeSt e a Nf Nc tc Aen/As jest
e a Nf Nc tc Aen/As jest fest

The results of 44 (2D micro-fin) and 166 (3D micro-fin) simulation cases were used to
train and test the LS-SVR method. This study used the ratio of 70/30 for the ratio of training to
testing data. Testing data for the 2D micro-fin tubes were taken from simulation results of
commercial tubes reported by Webb et al. [30] and one of the best micro-fin tubes (e = 0.291mm,
a =51.2, and N = 61) reported by Mann and Eckels (2019). Based on random selection for 3D
micro-fin modeling, training and testing data were chosen. The RMSE, MAE, and AAE were

applied to evaluate the potential of the RBF-based LS-SVR model.

7.2 Result and Discussion

Table 7.2 shows the sensitivity analysis of the LS-SVR model performance on values of

regularization parameters of y and o for 2D and 3D micro-fin tubes.
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Table 7.2. Results of the RMSE for different values of regularization parameters in 2D and 3D
micro-fin tubes

. . RMSE
Micro-fin tube ~ Model output 4 o Train Test
2D j 05 05 0.000638 0.000795
05 5 0.000547 0.000595
5 5 0.000238 0.000511
50 5 0.000120 0.000493
5,000 2 0.000001 0.000401
50,000 20 0.000086 0.000362
50,000 15 0.000067 0.000322
500 5 0.000047 0.000318
5,000 5 0.000014 0.000298
5,000 10 0.000046 0.000286
5,000 7 0.000029 0.000261
f 0.5 1 0.001306 0.000651
0.9 5 0.000987 0.000515
0.9 1 0.000963 0.000490
500 3 0.000017 0.000375
2 5 0.000737 0.000347
500 10 0.000110 0.000338
2 4 0.000689 0.000322
2 3 0.000636 0.000322
500 5 0.000037 0.000319
1,000 5 0.000021 0.000319
500 6 0.000049 0.000317
3D j 5 7 0.000213 0.000263
5,000 2 0.000001 0.000258
500 10 0.000081 0.000210
500 7 0.000061 0.000201
5,000 15 0.000064 0.000197
50,000 10 0.000019 0.000194
5,000 7 0.000028 0.000191
f 500 10 0.000138 0.000461
5,000 15 0.000092 0.000451
500 4 0.000031 0.000440
500 8 0.000103 0.000437
5,000 8 0.000047 0.000434
5,000 5 0.000008 0.000430

According to Table 7.2, for 2D micro-fin tubes, the best values of y and o in the testing
dataset are 5,000 and 7 to estimate the j, respectively. The best values of ¥ and o in the testing

dataset are 500 and 6 to estimate the f, respectively. For 3D micro-fin tubes, the RMSE of the

testing dataset is minimum at y and o equal to 5,000 and 7 to estimate the j, respectively. The

parameters of y and o equal to 5,000 and 8 were selected to estimate the f, respectively. The
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chosen values avoid overfitting the training dataset and guarantee the method generalization ability
to new datasets.
Figure 7.2 portrays the simulated and estimated j and f for training and testing datasets for

2D and 3D micro-fin tubes using Fluent and LS-SVR models.
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Figure 7.2. Simulated and estimated (a) j and (b) f in 2D micro-fin tubes and simulated and
estimated (c) j and (d) f in 3D micro-fin tubes

The LS-SVR estimations disclose some errors, but the method performance is outstanding
overall for both 2D and 3D micro-fin tubes. The simulation running time in the Fluent model for

either 2D or 3D micro-fin tubes is about 20 minutes which does not include the time for geometry
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and mesh generation. The calculation time for the LS-SVR method is less than a second to estimate

a new output which is about 900 times faster than the Fluent model.

Table 7.3 shows the LS-SVR model performance in terms of statistical criteria for training

and testing datasets in 2D and 3D micro-fin tubes. The model performance to estimate the Fanning

friction factor is better than the model performance to estimate j based on results of RMSE for 2D

and 3D micro-fin tubes. The MAE of j and f are greater in 3D micro-fin tubes than 2D micro-fin

tubes. The largest MAE of 11.1% is for the testing dataset with the output of f in 3D micro-fin

tubes. The largest AAE of 3.84% is for the testing dataset with the output of j in 2D micro-fin tubes.

The results of statistical criteria indicated that the LS-SVR model is efficient in estimating j and f

in 2D and 3D micro-fin tubes with an associated reduction in the computational time reduction.

Table 7.3. Calculated statistical results with LS-SVR model for 2D and 3D micro-fin tubes

. . RMSE MAE (%) AAE (%)
Micro-fin tube ~ Model output - - ;
train test train test train test
D j 0.000029 0.000261 1.50 10.80 0.33 3.84
f 0.000049 0.000317 1.30 6.40 0.39 247
i 0.000045 0.000185 2.17 9.97 0.49 2.05
3D f 0.000047 0.000436 1.34 11.10 0.35 2.93
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8 Optimization Study of 3D Micro-fins on Fluid

Flow and Heat Transfer

This study aims at providing a robust automated methodology for multi-objective
optimization of 3D micro-fins in a fluid flow channel with a novel computational domain. The
micro-fin design variables are micro-fin height, angle, thickness, pitch, length of discontinuity,
and number of discontinuity per micro-fin pitch. The channel contains two-sided periodic domains
and micro-fins on the top and bottom walls having an opposite angle. NSGA-II is used to achieve
the best trade-off (Pareto front) solutions between enhancement of Nusselt number and friction
factor of a micro-fin surface to a smooth surface at Re = 49,000. The objective function evaluations

are calculated using CFD simulations.

8.1 Problem Description

Optimization can be expressed as the task of achieving the optimal configuration for a
system having a specified number of degrees of freedom and subjected to certain constraints, while
degrees of freedom in a system are equal to decision design variables. The mathematical
formulation of the study optimization problem with two objective functions and constraints is

defined as:
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Nu
Nu

S

Max F (X )=

. X =(eat;,p;t.0)

Min F, (X) = -

S

Re

subject to :

0.05<e<0.5 (8.1)

20< <65
0.1<t, <05
0.15<p, <3
0.1<t <0.8
5=0.33,05,1,2,3,4,5

in which X is a set of decision variables, and the subscript of s refers to the smooth channel.

8.1.1 Design Variables

The optimization study requires a representation of the geometry of 3D micro-fins with
enough design variables to encompass a wide range of physically realizable surface geometries.
The design variables of the study are divided into the decision, state, and constant variables. A
design variable function can be continuous, discrete, or a combination of both. The decision
variables are the independent micro-fin design variables that are unknown in an optimization
problem. State variables are the type of dependent design variables formulated based on decision

variables. Table 8.1 lists the state constant design variables of the study.
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Table 8.1. Definition of state and constant design variables of the study

Type of variable ~ Symbol Description Function Value
State Pe Cutter pitch (mm) Continuous p,=p;/5 , 0.03<p, <9
L Channel length (mm) Discrete L= pc/sin(a) for p, <p,

L=p/sin(a) for p,>p,

W Channel width (mm)  Discrete W = pc/cos(a) for p, <p,
W =p, [cos(a) for p;>p,
Constant ec Cutter height (mm) Discrete e, =07
Di Channel inside Discrete D, =15.54
thickness (mm)
Do Channel outside Discrete D, =19

thickness (mm)

The problem design variables are shown in Figure 8.1. To make a 3D micro-fin
configuration, micro-fins are cut through their length by cutters. Specifically, the 3D fin starts with
a base 2D structure and then removes fin material by crosscutting in a manner similar to the actual
manufacturing process. Since the periodic boundary condition in Fluent requires a pure translation
between two periodic walls, the domain length and width are calculated to enforce translation
symmetry on inlet and outlet and sidewalls. The results of the micro-fin parametric study reported
in Chapter 5 showed that a micro-fin cross profile does not have a significant impact on heat
transfer and fluid flow characteristics. Hence, this study uses a rectangular cross-section for micro-

fins and cutters.
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(a) (b)

Figure 8.1. A schematic of (a) micro-fin and cuter profiles and (b) a bottom wall of a channel
with micro-fins and cutters (solid and dash lines represent micro-fins and cutters, respectively)

8.2 Geometry and Boundary Condition

A geometric representation of a 3D micro-fin channel with defined boundary conditions is

shown in Figure 8.2.

=40C°
>

19 mm

15.54 mm

Do
Di-=

s=40C°

Figure 8.2. Geometric representation of solid and fluid sections of a channel with 3D micro-fins
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The problem is defined as fluid inters the channel with constant velocity (V = 3.16 m s1)
with entering temperature of Ti, = 20 C°. A constant and uniform wall temperature of Ts=40 C" is
defined at the outer walls of the solid surface.

Since the domains are periodic, a series of simulations were conducted to evaluate the
convergence of results to study computational domain length and width independence. Table 8.2
shows the results of simulations by varying the periodic domain length and width for a micro-fin
channel at Re = 49,000.

Table 8.2. Results of domain independency study (errors are in respect to 20 repetitions for
length and width domains)

Error (%
\'/\Iv:JdTr?gg(r)T]:ain mgjtgedroor;ain Width (mm)  Length (mm)  Nu f Nu (f !
2 1.41 1.41 32457  0.00815 0.03 0.11
3 3 2.12 2.12 325.39  0.00817 0.28 0.38
4 4 2.83 2.83 323.46  0.00815 -0.31 0.05
3 4 2.12 2.83 324.36  0.00815 -0.03 0.09
4 3 2.83 2.12 324.63  0.00817 0.05 0.31
2 4 1.41 2.83 324.48  0.00813 0.00 -0.11
4 20 2.83 14.14 324.84  0.00814 0.11 -0.06
20 4 14.14 2.83 324.31  0.00815 -0.05 0.09
20 20 14.14 14.14 324.47  0.00814 - -

According to Table 8.2, all of the results are within 0.5% deviation from the results of the
simulation case with 20 repetitions for width and length domains. Hence, the periodic domain
length and width are independent of the Nu and f. The results for cases with a short length and
width domain (less than 1.4 mm) did not converge. Therefore, to make sure the convergence is
guaranteed for the range of domain length and width shown in Table 8-2, a set of conditions were
defined as shown in Equation (8.2) to set the minimum length and width of micro-fin channels

greater than 2 mm.
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if L<05 mmthen L=6L or ifW <0.5 thenW =6W
if L<lmmthenL=4L  or ifW <1thenW =4W (8.2)
ifL<25 mmthenL=2L or ifW <25 thenW =2W

8.3 Meshing and Independence Study

As shown in Figure 8.3, an unstructured tetrahedral grid system is applied for both smooth
and micro-fin channels. To specify an appropriate grid size for the numerical simulations, a mesh

independence study was carried out for a smooth and a micro-finned channel at Re = 49,000.

Figure 8.3. Mesh system of solid and fluid domains with a zoom-in view at the solid-fluid
interface for a 3D micro-fin channel

Figure 8.4 shows the results of simulation models with different mesh element numbers for
a smooth and a micro-fin channel. The independence mesh study was conducted for four different
grid systems. The relative deviation of Nu and f between the grid system with 10° and 3.5x10°

elements is less than 1% and 2.3% for the smooth channel, respectively. The relative deviation of
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Nu and f between the grid system with 3.4x10° and 7.2x10° elements is less than 2.6% and 1% for
the micro-fin channel, respectively. Therefore, this study chose the grid system with10% and
3.4x10° elements for the smooth and micro-fin channels, respectively.

Due to the final grid system, the grid size for the solid and fluid domains are 0.2 and 0.4
mm, respectfully. The grid size at the solid-fluid interface is 0.06 mm, which leads to near-wall
first layer grids with a height of less than 0.06 mm. The grid system satisfies the proper near-wall
mesh resolution y* = 1 for the Fluent turbulence model to resolve the viscous sublayer and capture

the velocity and temperature gradient at the wall.
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Figure 8.4. Mesh independency study for a (a) smooth and (b) micro-fin channel

8.4 Optimization Study

Evolutionary and meta-heuristic algorithms can solve both continuous and discrete
decision variable functions. Since the evolutionary algorithms are based on an iterative procedure,
they enable applying parallel computation in CFD-based optimization problems. Besides,
evolutionary algorithms let the optimization procedure continue even if some simulations fail due

to possible incompatibility of geometry or mesh generation or lack of numerical convergence.
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To implement the CFD-based optimization for the study, ANSYS Workbench 19.1 is
coupled with NSGAII algorithm through a Python Library developed initially by Mann and Eckels
(2019). For the sake of simplicity, the computational study framework is divided into the

optimization framework and simulation framework as discussed in the following.

8.4.1 NSGAII Framework

NSGAII is inspired by the theory of evolution and was introduced by Deb et al. (2002).
The concept of this algorithm is based on non-dominated sorting and elitist selection theory. A
solution is non-dominated if no other feasible solutions can improve one of the objectives without
diminishing another. This study performed NSGAII with the implementation of Inspyred Python
Library.

Figure 8.5 illustrates the optimization framework employed to implement NSGII. At first,
a set of random individuals called the parent population is generated. The parent population
contains many chromosomes, whereby each chromosome is a solution and contains many genes
that are the decision variables. Then objective functions are evaluated using the study simulation
model for each solution corresponding to the parent population. Parents are ranked as follows: the
objective values of the total population are presented by sets called Pareto fronts, such that the
objective values with the first rank are called the first front. Then, a crowding distance magnitude
is computed for members with a specific front in Pareto fronts for diversity presentation. The
crowded distance comparison guides the selection process at the various stages of the algorithm
pushing towards a uniformly spread-out Pareto front. As a result, each member on Pareto front has
two indexes one for rank and one for crowding distance magnitude. According to the index

number, total population is cut to send to the next generation (iteration) as parent population. In
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the next step, the offspring population is generated based on the parent population using well-

known GA operators named selection, crossover, and mutation.

Start
Simulation Framework

»| [nput parameters
(e, &, t, pr, L, 0)

Generate initial parent population

Output parameters

Evaluate parent objective functions

e

. (Nu, f)
A
Rank parents based on non-dominated sorting and crowded criteria
Select parents
l Simulation Framework
,/ _____________ \\
Generate off spring population by cross f Input variables
over and mutation : (e, a, t7, pr, tc, 0)
|
1

Output variables
1 (Nu, f)

N - ————— == -

No Evaluate off spring objective functions <

eI

4

Rank total population based on non-dominated sorting and crowded criteria

Is the stopping criteria satisfied?

Extract the optimal Pareto front

End

Figure 8.5. An optimization framework for implementing NSGAII

Figure 8.6 illustrates the beginning procedure of NSGII algorithm. Accordingly, Ro and Ry

are the initial parent population and parent population at the second iteration, respectively; €2, is
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the offspring population at the second iteration, and Fr represents a non-dominated front. For
example, Fr® is the first front. According to Figure 8.5, the objective values of the offspring
population are evaluated through the simulation framework. Next, the parent and offspring
populations are combined and sorted based on the ranking process. The iteration is terminated if
the solution convergences to an optimum. At this time, the algorithm checks if the stopping
criterion is satisfied or not. The algorithm provides the optimal Pareto front if the stopping criterion
is satisfied. If this is not satisfied, the algorithm goes back to the parent selection from the current

population and continues the further steps until the stopping criterion is satisfied.

Non-dominated sorting Crowding distance sorting

Figure 8.6. NSGAII flowchart at first iteration

8.4.2 Simulation Framework
To quickly and cost-effectively perform Fluent simulations, this study used Beocat to

perform Fluent simulations. Figure 8.7 depicts the simulation framework of the study.
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Figure 8.7. Simulation framework

According to Figure 8.5 and Figure 8.7, at each optimization iteration, J number of
individual solutions with I number at a time in a parallel platform are sent to be simulated. A
Python code is written to automatically read solutions and generate geometries using Space Claim,
19.1. The updated geometries are sent to ANSY'S Meshing to be updated, then the Fluent case files
are written. The study algorithm sends the case files to Beocat to iterate the solver. Then, output
parameter files are written for individual simulations with satisfied model convergence. Finally,

the study algorithm reads the output parameters to calculate and accumulate Nu numbers and f
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factors. Output parameters are not written for individual simulations that failed because of meshing
or convergence. In this condition, a fixed unreal low Nu number (-999) and high f factor (999) are
assigned for the failed cases, thus they are automatically removed from the optimization process

because of the bad objective values.

8.5 Result and Discussion

The stopping criterion for the NSGAII algorithm was selected as the number of iterations.
The algorithm ran for 52 iterations (starting from zero). In the computation, the number of
individual solutions was selected to be 140 for each optimization iteration, in which 14 individual
solutions were simultaneously simulated in a parallel platform. The computational time of 53
iterations was ten days for a total number of simulations of 7,420, with an average of about two
minutes per simulation. Only 21 simulations (less than 2.7%) failed to converge from total
simulations. In the computation, The Fluent solver for each solution was parallelized by 16
processes, thus this study used the total of 224 cores (14 simulations at a time times 16 processes).

The initial parent population for NSGAII was selected using uniform sampling from the
decision variable range. The GA operators were tournament selection (with tournament size of 2),
blend crossover with a 10% blend rate, and Gaussian mutation with 10% rate of mutation from a
standard normal. Figure 8.8 depicts sampling from feasible decision variable space during NSGAII
algorithm progress. Accordingly, the initial population was equally distributed throughout the
decision space. During algorithm progress, only samples of the micro-fin angle within the range
of 25 to 44 were carried out to the last iteration. For micro-fin width, population elites within the
range of 0.38 to 0.5 mm were sent to the last iteration. The sample range for micro-fin height does
not change throughout the iterations. In Figure 8.8.b, it is clear that elite points at the last iteration

are within the range of 0.54 to 1.21 mm for micro-fin pitch and 0.1 to 0.19 mm for the discontinuity
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length. The samples of number of discontinuity per micro-fin pitch after 52 iterations were mostly

converged to five discontinuities.

- e (mm)

Figure 8.8. Scattering of micro-fin (a) height, angle, pitch and (b) width, length of discontinuity,
and number of discontinuities per micro-fin pitch at the initial population (blue dots), 10th
(canyon dots), 20th (green dots), 30th (yellow dots), 40th (unfilled black dots), and 52rd (red
dots) iteration

Figure 8.9 shows the convergence of objective functions of the NSGAII algorithm. The

objective function of Nu/Nu; attains the maximum value of 5.36 at the 6" iteration and the

objective function of f/f, attains the minimum value of 0.92 at the 33" iteration. After reaching

the maximum value, the objective function values remain constant till the last iteration happens

for both objective values, which is one way to show the algorithm convergence.
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Figure 8.9. Convergence of objective functions (a) Nu/Nu, and (b) f/f, over iteration using of
NSGAII algorithm

Figure 8.10 shows the distribution of Pareto optimal points using NSGA-II. The solid line
shows the thermo-hydraulic efficiency index when heat transfer enhancement is exactly equal to
the pressure drop increase. The optimal points on the Pareto front have a thermo-hydraulic
efficiency index of greater than 1.3. Based on different PEC considered by engineers, different
final solutions among the optimal points existing on the Pareto front can be selected. This study

identified three optimal design points of interest on the Pareto front named A, B, and C aimed at

minimizing pressure drop ( f / f, =0.92), maximizing the thermo-hydraulic efficiency index (7 =

1.57), and maximizing heat transfer enhancement ( Nu/Nu, =3.16), respectively.

117



[
L

148

C
- - _ _Jl .

1 359—31_ Nut'Nits = 3.16
PPy e = 42
g=0.03 mm gt __.-I-_

S| =32 e=[ll.3_mm
=043 mm / a=36

B
£=0.10 mm .\ f=0.43 mm

L s &=0.13 mm
pr= 034 mm NuMus=227 || pe=121 mm

e=J fif:=145 =3
15} g=021mm
£ a=30°
AN t=0.47 mm
1 &=0.10mm .
pr="0.87 mm

N
[

1

N

N
Figure 8.10. NSGA-I1I Pareto front after 52 iterations

In order to compare the results of this study with other numerical micro-fin tube studies,
the micro-fin variables of design point B were used on a tube heat exchanger. The required
information about the geometry, mesh, and simulation set up of the generated 3D micro-fin tube
has been reported in Chapter 6. Table 8.3 shows the comparison of heat transfer enhancement,
pressure drop increase, and the thermo-hydraulic efficiency index for the generated micro-fin tube
of this study with the best reported micro-fin tubes in the literature. Accordingly, the thermo-
hydraulic efficiency index of the micro-fin tube of this study is 18% greater compared to the
optimum 2D micro-fin tube of Mann and Eckels (2019). It should be noted that in the study of
Mann and Eckels (2019), solid-fluid interface assumed to have a constant temperature which yields
unity fin efficiency and higher heat transfer enhancement. In this study, the fin efficiency is always
less than one due to temperature distribution in the fins. The fin efficiency is defined as the ratio
of the heat transfer rate of the actual fin to the heat-transfer rate from a conceptual fin with the

same surface area, if the whole fin surface were at the same temperature as the fin base.
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Table 8.3. Comparison of results of this study with other studies for the best micro-fin tube at Re
= 49,000 and Di =15.54 mm with water flow

te

. . a
Dimension  Reference e/Di Ns pile ¢y (mm) 0  Nu/Nus /s n
3D Current Chapter 0.0032 51 2.63 30 0.10 5 223 154 1.45
Chapter 6 0.0064 60 4.7 60 0.46 1 179 154 1.16
Mann and Eckels [25] 0.018 61 211 51 - - 218 176 123
2D Chapter 6 0.0064 60 4.7 60 - - 168 142 118
Webb et al. [42]* 0034 25 7.87 25 - - 184 158 1.16

*Experimental study

Figure 8.11 shows the effects of decision variables on the enhancement of the optimal
points on the Pareto front. There is a significant positive correlation between micro-fin height and

pitch decision variables and the final enhancement. The strongest correlation (r = 0.97) is between

micro-fin pitch and each of Nu/Nu,and f/f, ratios.
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Figure 8.11. Parametrization of the Pareto Front

8.5.1 Velocity and Thermal Fields of the Optimal Design Points

Figure 8.12 shows velocity contours and streamlines above the micro-fin in the cross-
midsection of the channels of design points A, B, and C. Like temperature gradient, design point
A has the sharpest, and design point C has the mildest velocity gradient among optimal design
points. The slope of velocity gradient proves that design points A and C have the lowest and highest
f among the optimal design points. Micro-fin configuration of design point A increases Nu
compared to the smooth surface and decreases f up to 8%. This characteristic of surface geometry

has been widely discussed in the context of drag-reducing riblet surfaces addressed in Chapter 3.
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With appropriate surface geometry design, the structure of riblets damps turbulence flow motion
near the wall, which causes reducing surface skin friction. According to the results of design point
A, this study numerically proves that a particular surface design can reduce friction drag and

enhance heat transfer in the water flow regime, which has not been reported before.
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Figure 8.12. Velocity contours and stream-lines above the micro-fin surface at the cross-
midsection of the channels with design points (a) A (b) B, and (c) C

Figure 8.13 shows velocity vectors in a micro-fin valley of design points A, B, and C. The
feature of surface geometry of design point A damps the turbulence structures near the wall, and
no stream-wise vorticity is evident in the micro-fin valleys. The vorticity size in the micro-fin
valley of design point C is larger than design point B, which proves design point C has greater

values of f and Nu than design point B.
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Figure 8.13. Velocity vectors in the micro-fin valleys of design points (a) A, (b) B, and (c) C

Figure 8.14 illustrates temperature contours at the solid-fluid interface for three design

points of A, B, and C. Accordingly, design points A and C have maximum and minimum average
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surface temperature of 38.6 C* and 35.9 C° compared to other optimal design points on the Pareto
Front. The micro fin tip temperature goes down to 33 C° in design point C. Unlike having the
minimum fin efficiency of 80% among optimal design points, design point C has the maximum

heat transfer enhancement.
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Figure 8.14. Temperature contours at a partial solid-fluid interface of design point (a) A (b) B,
and (c) C

Figure 8.15 shows temperature contours above the micro-fin surface of design points A, B,

and C at the cross-midsection of the channels. Design points A and C have the greatest and lowest
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temperature gradient above the micro-fin surface. The value of micro-fin height determines the
thickness of hot thermal layers above the micro-fins. The highest heat transfer location is

downstream of the micro-fins along with the flow direction.
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Figure 8.15. Temperature contours above the micro-fin surface at the cross-midsection of the
channels with design points (a) A (b) B, and (¢) C
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9 Summary and Conclusion

This dissertation presented parametric studies and multi-objective shape optimization of
micro-fins in turbulent flows and a review study on reducing drag and changing heat transfer by
riblet surfaces. The objective functions of this study are maximizing heat transfer enhancement
and minimizing friction factor increase. NSGAII was incorporated with CFD-based simulation to
find the best set of micro-fin design variables for the given objective functions to employ a formal
optimization methodology. Various design variables for 2D and 3D micro-fins were defined to
realize the surface's full potential. The design variables were defined as micro-fin height, angle,
thickness, pitch, length of discontinuity, and the number of discontinuities per micro-fin pitch for
the 3D micro-fin optimization study. Different novel computational domains were defined to
reduce the computational time of the simulation studies, consisting of two channels and a tube
with periodic domains. A conduction model evaluating temperature distribution within the micro-
fins was considered for the optimization and convective heat transfer modeling. In the simulations,
fluid flow was steady state with a fixed Reynolds number, and a constant temperature boundary
condition was specified at the channel and tube walls. For the first time, a data-mining model was
built as a function of the micro-fin's design variables based on results obtained from numerical
simulations to estimate heat transfer and pressure drop characteristics in 2D and 3D micro-fin
tubes. The performance of the LS-SVR model was evaluated using the statistical criteria of RMSE,
MAE, and AAE. The conclusions can be summarized as follows:

1- A transverse rectangular micro-fin with a pitch-to-height ratio of 3.5 (corresponds to a so-
called d-type roughness) can enhance the efficiency factor by as much as 40% compared

with a smooth surface.
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10-

By changing the micro-fin pitch, it was found that the heat transfer rate decreases and
pressure drop increases for the transverse rectangular micro-fins with a pitch-to-height ratio
of greater than 5, which demonstrated the breakdown of the Reynolds analogy.

The variable of pitch-to-height ratio had a significant impact on thermo-hydraulic
performance.

Micro-fin height, helix angle, and the number of starts were similar for the best 2D and
3D micro-fin tubes.

The best 2D and 3D tubes enhanced heat transfer 68% and 80% rather than a smooth,
respectively.

The best 2D and 3D tubes enhanced the thermo-hydraulic efficiency index up to 18% and
16% relative to a smooth tube, respectively.

Results of the LS-SVR model showed that the percentage of AAE between simulated and
estimated j and f are 2.05% and 2.93% for 3D micro-fin tubes, respectively.

Statistical criteria revealed that the LS-SVR model is a suitable model as a surrogate of the
CFD models to estimate the Colburn j factor and Fanning friction factor. The capability of
the LS-SVR method to reduce computational time leads to future studies of micro-fins
using advanced optimization algorithms to find the optimum micro-fin design variables.
The best micro-fin configuration of this study showed 18% improvement for the thermo-
hydraulic efficiency index compared to the result of Mann and Eckels (2019).

This study outlined a particular micro-fin geometry that reduces drag by 8% and enhances

heat transfer by 21% compared to a smooth surface in turbulent water flow.

The recommendations for future studies can be listed as follows:
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Extend the LS-SVR model for estimating heat transfer and pressure characteristics in
two-phase heat exchangers.

Set up experiment for the selected optimal points and validate the results.

Couple LS-SVR model as a surrogate of the CFD-based model with NASGA-II
algorithm for micro-fin studies.

Use DNS to study the effects of riblet design variables and flow characteristic on drag
reduction and heat transfer.

Using advanced data analytics technique such as machine learning methods to visualize
and monitor the most effective patterns of coherent turbulent structures affect drag
reduction and heat transfer on riblet surfaces from DNS results.

Clarify the physical mechanism of flow and heat transfer over riblet surfaces based on

DNS results.
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