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ARTICLE INFO ABSTRACT

Keywords: Optimizing the arrangement of dimples in a dimpled tube can alter the flow field structure and improve its heat
Convective heat transfer transfer performance. However, direct optimization through numerical simulation techniques is challenging due
Dimple

to the high nonlinearity and time-consuming nature of the heat transfer process. This study proposes a novel
optimization method based on a surrogate model combined with machine learning technology. By considering
the relative positions of the dimples as design variables and the comprehensive performance of the dimpled tube
as the optimization objective, the optimal arrangement of dimples is achieved, and the flow field structure under
the optimal layout configuration is determined. The results indicate that the optimal design involves five dimples
forming a V-shaped dimpled strip, which deflects the flow and disrupts the boundary layer development. The
optimal flow pattern with multi-longitudinal vortexes is formed which promotes the mixing between the cold and
hot fluids and intensifies heat transfer with a moderate pressure loss. The performance of the optimal structure is
evaluated within a Reynolds number range of 600 to 1200. As a result, the heat transfer capacity is increased by
5.376-8.819 times compared to plain tubes, with an increase in the flow resistance factor by 3.102-5.264. The
comprehensive performance achieves a range of 3.683-5.069. Furthermore, the research conducted particle
image velocimetry experiments to observe the flow field structure inside the optimized tube, thus validating the
effectiveness of the optimization. The study holds significant importance in guiding the design of heat ex-
changers, improving the economic efficiency of energy utilization.

Machine learning
Optimization
Numerical simulation

easier maintenance and independence from external power supply, are

Introduction more popular. These methods employ special structures, such as tube
inserts [2] or artificial wall roughness [3], to enhance performance.

Currently, fossil fuels continue to dominate the structure of energy Dimples are enhanced heat transfer structures mounted on the wall
consumption, which will not only deplete natural resources but also which enables a more considerable thermal performance with the flow
adversely impact the local climate [1]. Enhancing energy utilization resistance slightly increased by promoting the mixing of high and low-
efficiency can alleviate the energy shortage crisis and is crucial for temperature fluids [4]. Numerous investigations and modifications
accelerating the transition to clean energy, playing a significant role in have been proposed for dimpled tubes, with some focusing on the
achieving global sustainable development goals. Heat exchanger tubes, structural parameters of the dimple. Vicente et al. [5] conducted
as a fundamental heat transfer unit, find extensive application in isothermal pressure drop experiments to investigate the effects of dimple
traditional industries such as thermal power generation, chemical pro- height on hydraulic behavior in tubes. They showed that, the modifi-
cessing, and mechanical power equipment, which are also utilized in cation of dimple height accelerates the flow transition from laminar to
clean energy equipment, including parabolic trough solar receiver, solar turbulent and reduces the critical Reynolds number (Re) to 1400. Kumar
tower receivers, and nuclear power plants. By enhancing heat transfer etal. [6] altered the span-wise and stream-wise spacings of the dimples
technology to improve the performance of heat exchanger tubes enables to experimentally investigate the variation of thermal-hydraulic
the reduction of irreversible losses in the energy transfer process, mak- behavior. The enhancement of 3.43 times in thermal performance was
ing it a crucial pathway for enhancing energy utilization efficiency. finally achieved. They found that as the depth of the dimples increases,
Heat transfer enhancement technologies can be classified into active the heat transfer enhancement becomes more pronounced. This is
and passive methods. Passive methods, which offer advantages such as attributed to the intensified vortex and accompanying secondary flow
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Nomenclature

dimple pitch (mm)

f friction factor

H dimple depth (mm)

h heat transfer coefficient (W-m 2K 1)
I

L

Lq

)

turbulent intensity
tube length (mm)
length of design unit (mm)

Nn number of surrogate updating
Nu Nusselt number

Pr Prandtl number

q heat flux density (Wm™2)

o tube radius (mm)

Re Reynolds number

Tin inlet temperature of fluid (K)
Uin inlet velocity of fluid (m-s~1)

Greek symbols

a synergy angle (°)

0 circumferential angle (°)

A thermal conductivity Wm Kk

U fluid dynamic viscosity (kgem les™1)
p material density (kg-m*?’)

»p dimple diameter (mm)

® staggered angle of dimples in stream wise direction (°)
Subscripts

ave average value

f fluid phase

local local value

max maximum value

min minimum value

pla plain tube

pred predicted value

test test section

theo theoretical value

discharged from the dimples. Saini and Verma [7] developed the cor-
relations for the Nusselt number and friction factor using relative
roughness height and relative pitch as parameters, which were derived
from experimental data collected for solar air heaters with dimple-
shaped artificial roughness.

Other studies have been conducted on the shape of the dimples. Li
et al. [8] and Sabir et al. [9] conducted numerical simulations to
compare three different geometrical dimples, namely cone, sphere, and
ellipsoid. The spherical dimples exhibited the highest thermal-hydraulic
performance at Re less than 4000, whereas the ellipsoidal dimples
demonstrated better performance at Re greater than 4000. Xie et al. [10]
proposed a teardrop-shaped dimple and they found that the area for
poor heat transfer is reduced distinctively, and the overall heat transfer
rate obtains an apparent improvement. Zhang et al. [11] revealed the
flow and heat characteristics in rectangular channels combined with
convex-dimples and grooves. They concluded that the placement of
dimple upstream of the groove helps to generate the rotating flow which
leads to an upstream movement of flow reattachment. Xie et al. [12], Liu
et al. [13], and Waghmare et al. [14] employed mechanical extruded
method to develop dimpled tubes, which have a smooth transition in the
wall edge of the cavity. The researchers indicated that the proposed
structure exhibits superior overall thermal performance due to the
tube’s ability to provide larger and more uniformly distributed turbulent
kinetic energy. Dagdevir et al. [15] performed a numerical simulation
on an enhanced tube with the trapezoidal dimples, and the effects of
dimple diameter, trapezoid angle, and pitch length were involved.
Finally, they obtained a relatively optimal structure with comprehensive
performance as 1.7194. Zhang et al. [16] investigated the thermal per-
formance for an enhanced tube with cross-combined ellipsoidal dimples.
They showed that the proposed structure brings an obvious improve-
ment of temperature gradient in the core domain of the tube. Ahmad
etal. [17] proposed a double-dimpled corrugated pipe and evaluated the
thermo-hydrodynamic performance with varying Re and nanoparticle
volume concentrations. They found that optimizing the shape of
corrugated pipes, particularly those with a more complex geometrical
configuration, improves their heat transfer efficiency. At Re = 20,000 for
the base fluid, the heat transfer efficiency in the dimpled pipe was
calculated to be 31.16% higher than that in the smooth pipe.

The literature mentioned above focuses on optimizing the structural
parameters and shapes of dimples. However, these approaches have
limited performance enhancement for dimpled tubes because they have
minimal impact on altering the flow field structure and primarily disrupt
fluid flow to achieve enhancement. Optimizing the arrangement of the

dimples can deflect the flow and promote the formation of a low resis-
tance flow field structure within the tube, thereby resulting in more
significant performance improvements. A general consensus on the
optimal flow pattern has been developed by combining the calculus of
variations with the field synergy principle [18], entropy generation
minimization principle [19], and exergy minimization principle [20].
The studies all indicate that the optimal flow pattern is the multi-
longitudinal swirl flow, which is then constructed by inserting de-
flectors [21]. There has been limited research conducted on constructing
the optimal flow pattern by adjusting the arrangement of dimples. When
constructing optimal fields through structural design, most scholars rely
on a combination of experience and experimentation to obtain the best
result by comparing multiple sets of experiments. Due to the inherent
limitations of empirical knowledge, there are still numerous opportu-
nities for optimization in the final design. Therefore, it is significant to
utilize optimization algorithms to explore the optimal arrangement of
dimples for verifying the optimal flow pattern and enhancing the per-
formance of the dimpled tube.

With the advancements in global optimization algorithms, numerous
intelligent algorithms inspired by natural principles, such as the genetic
algorithm (GA), particle swarm optimization (PSO), and simulated
annealing algorithm (SA), have emerged. These optimization algorithms
have greatly facilitated the optimization of heat transfer devices. How-
ever, their effective application relies on the availability of accurate
mathematical models that describe the relationship between design
variables and performance. Due to the increasing complexity of heat
transfer optimization problems and the limited computational re-
sources, the development of suitable mathematical models for perfor-
mance prediction has become a critical limitation in the application of
optimization algorithms. A surrogate model is a mathematical expres-
sion that approximates the relationship between input and output var-
iables. By utilizing these surrogate models, the computationally
expensive process of conducting computational fluid dynamics (CFD)
calculations can be replaced with inexpensive mathematical calcula-
tions. This enables the optimization of heat transfer elements under
more feasible conditions. Common surrogate models used in optimiza-
tion include response surface models (RSM), artificial neural network
models (ANN) [22], radial basis neural network models (RBN) [23],
Kriging model (KRG) [24], and support vector regression models (SVR)
[25]. Samad et al. [26,27] performed a multi-objective optimization of
the dimpled channel by using the geometric variables of the dimples as
design variables and considering the Nu number and friction factor as
objective functions. The study employed a novel surrogate model for
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optimization, which is essentially a weighted average of the basic sur-
rogates, RSM, KRG, and RBN. The results demonstrated that the opti-
mized shape exhibited a 70.8% increase in thermal performance
compared to the reference geometry. Kim et al. [28] utilized the KRG
approach to optimize a cooling channel featuring staggered elliptic
dimples. The study achieved two extreme optimum designs on the
pareto optimal front, focusing on heat transfer and pressure loss. These
designs resulted in a 32.8% increase in heat transfer rate and a 34.6%
decrease in pressure loss, respectively, compared to the reference
design. Lei et al. [29] conducted an optimization study on dimpled tubes
using RSM. The chosen design parameters included the dimple diameter,
depth-to-diameter ratio, spacing-to-diameter ratio between adjacent
dimples, and the number of dimples in the transverse cross-section of the
tubes. Additionally, the comprehensive performance of 1.23 was ob-
tained after optimization.

Traditional surrogate models offer the advantage of high optimiza-
tion efficiency. However, these models encounter limitations when
addressing heat transfer optimization problems characterized by high
nonlinearity. These limitations restrict their wider application in the
field of heat transfer optimization. Firstly, traditional surrogate models
primarily focus on achieving global accuracy during data fitting. While
this approach guarantees a certain range of prediction errors across the
entire dataset, it may lead to distortions in local features. Consequently,
this can lead to inconsistencies between the actual and predicted values
of the optimization results. Secondly, in constructing a traditional sur-
rogate model, there is no standardized criterion for determining the
optimal sample size. Instead, it is necessary to perform continuous
testing to ascertain the suitable sample size that fulfills the accuracy
requirements. This undoubtedly adds to the complexity of surrogate
model construction.

Based on the above, this paper focuses on investigating the impact of
dimple arrangement on performance and conducts optimization
research on dimpled tubes to optimize the flow field structure and
significantly enhance the overall performance within the tubes. To
ensure the reliability of optimization results and the efficiency of the
optimization process, this study combines machine learning with intel-
ligent optimization algorithms to develop a novel heat transfer optimi-
zation method based on a dynamic surrogate model. Through a
comparison with traditional surrogate models, the advantages of this
optimization method in optimizing the arrangement of the dimples have
been evaluated. By analyzing and comparing the velocity and temper-
ature distribution before and after optimization, the mechanisms behind
the performance improvement are elucidated. Furthermore, a particle

improve optimization efficiency.
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Computational model and numerical method
Physical description of the problem

In this paper, the heat transfer and flow characteristics in enhanced
tubes with spherical dimples are numerically investigated. The initial
arrangement of the dimples is shown in Fig. 1. A total of 360 dimples
with the diameter (¢,) and depth (H) are equidistantly distributed
throughout the entire test section. Six dimples are uniformly arranged in
the circumferential direction. The adjacent dimples in the streamwise
direction are arranged with a pitch (dp) and staggered angle (w). The
computational domain consists of three sections, where the entrance and
exit sections adopt plain tubes with a radius (ry) to eliminate negative
effects. The lengths of the three sections are selected as 100 mm, 900
mm, and 250 mm, respectively. The geometric dimensions of the nu-
merical model are listed in Table 1.

Considering that a large number of design parameters will consume
extensive computing resources during the optimization process, the
section shown in Fig. 2 (a) with a circumferential angle OBB’ = 120° and
a length of Ly = 30 mm is selected as the design unit. The selection is
based on the periodic arrangement in both the circumferential and axial
directions. Dimples within the design unit are symmetrically arranged
and are divided into three groups based on their location. Those located
at the symmetry planes of = 0, 120°, and —120° are named Di. Dimples
situated at the unit interfaces of @ = 60°, 180°, and —60° are named Dc.
Additionally, those located between the symmetry plane and the inter-
face plane in the circumferential direction are named Df. Four param-
eters, namely d;, dy, d3, and f, have been derived in this study. These
parameters represent the distances from the center of Di, Dc, Df to the
start plane for the design unit, as well as the angle from the center of Df
to the symmetry plane, as shown in Fig. 2 (b) and (c). The coordinates of
all dimples can be obtained by employing a cylindrical coordinate sys-
tem, as shown in Table 2. Additionally, Table 3 provides the values for
the original staggered arrangement.

Governing equations and boundary conditions

In this study, the flow is assumed to be fully developed, laminar, and
Newtonian, while ignoring heat generation by viscous dissipation.
Considering the small temperature variation range, the physical prop-
erties can be regarded as constant with temperature. The effects of

image velocimetry platform is constructed to observe the actual flow Table 1
field structure within the tube, thus verifying the reliability of the  The geometric dimensions of the numerical model.
simulation method and ensuring the effectiveness of the optimization. Dimensions Value Unit
This work offers novel insights to guide the structural design for Total length, Ly + Ly + Ls 1250 mm
enhancing heat transfer. The method developed in this paper provides Tube radius, o 20 mm
engineers with a means to reduce unnecessary time-consuming tasks and dimple diameter, ¢, 8 mm
dimple depth, H 2 mm
adjacent dimples pitch, d, 15 mm
staggered angle, w 30 °
L t
| Exit Section |
[ |

Fig. 1. Computational domain with initial dimpled arrangement.



C. Shi et al.

@

Design Unit

x(6=0)

Thermal Science and Engineering Progress 44 (2023) 102065

(b)
Start Plane g,

F#n ]
| 1

Fig. 2. Design unit and parameters for arrangement of dimples (a) schematic of design unit (b) parameters for dimpled arrangement (c) parameters in cross section.

Table 2
The cylindrical coordinates for all dimples in test section.

No. Cylindrical coordinates (r, 0, 2) No. Cylindrical coordinates (r, 6, )
(@a=12,..,n) (@a=12,..,n)

Diyy (ro, 0, da+(a-1) x Lg) Dfa1 (ro, B, d3+(a-1) x Lg)

Diaa (ro, 120°, da+(a-1) x Lqg) Dfaz (ro, -f, dz+(a-1) x Lg)

Diys (ro, —120°, da+(a-1) x Lg) Dfas (o, 120°+, d3+(a-1) x L)

Dear (ro, 60°, di+(a-1) x Lg) Dfas (ro, 120°-4, d3+(a-1) x La)

Dcays (ro, 180°, dy+(a-1) x Lq) Dfas (ro, —120°+p, d3+(a-1) x Lg)

Dcag (ro, —60°, d1+(a-1) x Lq) Dfas (ro, —120°-, d3+(a-1) x Lg)

Table 3

Values of the original staggered arrangement for
enhanced tube.

Parameters Value

dy 7.5 mm
ds 7.5 mm
ds 22.5 mm
B 30°

gravity and radiation heat transfer are negligible. Water is selected as
the working fluid, and its properties are assumed to be constant as
provided in Table 4. The governing equations for this study encompass
continuity, Navier-Stokes, and energy equations, denoted as Egs. (1)-(3)
in tensor form.

6u,~
o 0 @
ouy  dp 0 [ dy

or ’T
PCp (uid_x,-) =k (a—xlz) 3

Table 4
The properties of working fluids.

¢ kg MK
Value 998.2 4182

Properties  p (kg-m %) AWm LK pkgmtsTh

0.6028 0.0010074

The entrance boundary is considered to be fully developed before the
fluid flows into the model, and the corresponding velocity and tem-

2
perature distributions are satisfied by: u(r) = 2u, {1 — (L) ] (€))

To

T(r) =T+ 224 | (L Ty (5)
" A o 4 \ry

The Reynolds numbers of this study are in the range of 800 to 1200.
Accordingly, the average inlet velocity is calculated as uj, = 0.03 ~ 0.06
m/s, and the central temperature of the inlet is T, = 300 K. The pressure
gauge of the outlet is set as Py, = 0. Wall boundary is considered as no-
slip boundary condition with the input heat flux of ¢ = 2000 W/(m?K).

In this study, the computational domain is discretized using the finite
volume method, which transforms Egs. (1)-(3) into a system of algebraic
equations for each node. The second upwind scheme is employed to
solve the intermediate point values of the algebraic equations after the
discretization process. The pressure—velocity coupling field is solved by
the coupled algorithm. The simulations in the present work are
completed by commercial software, ANSYS Fluent. The solution process
is terminated and considered to be converged when the relative re-
siduals are less than 107 for the continuity equation and 107 for the
other equations [30].

Data reduction

The velocity and temperature fields can be obtained by numerical
analysis. The friction factor (f) is employed to characterize the hydraulic
performance which can be calculated from:

Ap test 2r, 0

— (6)
A VETT
The corresponding Reynolds numbers is
2 Uin
Re =200 @
Hy

The Nusselt number (Nu) are chosen to evaluate the thermal per-
formance, which can be calculated as

_ 2hr0

Nu = T 8)
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where h is the heat transfer coefficient, which can be calculated as:

q!(’.\'!
- 9
ATYCSY ( )
Tw - Tes in) — Tw - Tes oui
a7, = T =T )T 4( cton) 10)
In(7:72 )
O u, . Ty rdr
Tiestin = % an
1o urordr ~
O, T,.rdr
Tlesl‘out = ﬁ); (12)

-
1o upordr

z=0.15m

Performance evaluation criterion (PEC) is employed to evaluate the
comprehensive performance of the heat transfer and flow resistance:

Nu/Nuyi,

(f/fi)la)l/f#

PEC = (13)

Grid independence and model validation

Due to the irregular structure of the dimples, the structured grid
cannot adequately characterize its specific features. Therefore, an un-
structured mesh is used to partition the computational domain. This
paper employs polyhedral grids to discretize the computational domain,
which involves a combination of tetrahedral and hexahedral meshing
methods to generate polyhedral elements that accurately represent
complex geometries, as shown in Fig. 3. An eight-layer boundary layer
grid is generated near the inner wall to accurately capture the large
variations in physical quantities. Grid independence verification is
performed to assess the impact of the grid number on simulation results.
Due to the potential overlap and superposition of dimples as the design
parameters change, the complexity of the corresponding models varies,
requiring different numbers of meshes to achieve accurate solutions. To
ensure complete elimination of the grid’s influence, grid independence
is verified using five arrangements with random design parameters. The
schematic diagram of the five arrangements and grid division is also
shown in Fig. 3. The calculated results at Re = 1000 are shown in
Table 5. When the number of meshes exceeds 7500000, the relative
changes of both Nu and f are less than 1%, which indicates that the effect
of grids number on simulation results is already negligible. Therefore, to
save computational time, a grid number of 7,500,000 is selected for the
simulations in this study.

Moreover, to ensure the reliability of the calculation results, single-
phase flow simulations are conducted separately in both smooth and
dimpled tubes using the aforementioned governing equations. For a
constant input heat flux, the Nu number and f for a smooth tube in the

@) (b)

(d) (e)
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Table 5
Grid independence test.
Case Grid Cells Nu Relative f Relative
system number error-Nu error-f
Case 1 2,391,567 25.726 - 0.628 -
#1 2 4,711,059 26.373  2.51% 0.651 3.67%
3 7,745,118 26.675 1.15% 0.658 1.11%
4 12,163,370 26.802 0.47% 0.663 0.69%
5 15,494,171 26.840  0.14% 0.665  0.24%
Case 1 2,368,109 11.226 - 0.285 -
#2 2 4,517,933 11.506  2.50% 0.298  4.82%
3 7,860,585 11.685 1.56% 0.308  3.14%
4 12,456,707 11.739  0.46% 0.309  0.35%
5 15,574,168 11.751 0.10% 0.310  0.26%
Case 1 2,268,416 18.246 - 0.503 -
#3 2 4,501,841 19.288  5.71% 0.524  4.27%
3 7,542,649 19.748  2.39% 0.537  2.40%
4 12,062,176 19.892 0.73% 0.540 0.60%
5 15,219,530 19.916  0.12% 0.541 0.22%
Case 1 2,249,158 10.423 - 0.318 -
#4 2 4,618,305 11.059 6.10% 0.326 2.63%
3 7,762,274 11.279 1.99% 0.330 1.24%
4 12,175,823 11.345  0.59% 0.333  0.67%
5 15,375,228 11.375  0.26% 0.333  0.22%
Case 1 2,162,539 11.220 - 0.299 -
#5 2 4,824,690 12.020 7.14% 0.302 1.10%
3 7,543,071 12.451 3.58% 0.304  0.68%
4 12,230,251 12.557 0.85% 0.306 0.52%
5 15,660,687 12.602  0.36% 0.306  0.26%
Case 1 2,166,812 17.491 - 0.366 -
#6 2 4,777,098 18.839 7.71% 0.388 5.91%
3 7,815,999 19.336  2.64% 0.393 1.45%
4 12,229,599 19.487  0.78% 0.395  0.59%
5 15,474,460 19.571 0.44% 0.396  0.25%

laminar flow regime (Re less than 2300) can be obtained from the cor-
responding theoretical equations: Nup, = 4.36 and f,1, = 64/Re. The
comparison results under identical operating conditions are shown in
Fig. 4 (a). Furthermore, a validation is conducted to assess the numerical
accuracy using a discrete double-inclined rib design, similar in structure
to the dimples, which also enhances convective heat transfer through
artificial roughness on the inner wall. The experimental results of Meng
et al. [18] are employed for comparison. As shown in Fig. 4 (b), the
numerical solutions are consistent with the experimental results which
prove that the numerical method used in this document is precise and
effective.

Optimization problem and methods
The optimization problem description

Keeping the radius and depth of the dimples constant, a single-

Fig. 3. Mesh generation for dimpled tube.
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Fig. 4. Obtained numerical results validated with empirical formulas and experiment data (a) numerical simulation verification of smooth

simulation and experimental verification [18] of the enhanced tube.

objective optimization is conducted to determine the optimal arrange-
ment of the dimples using the design parameters dj, ds, d3, and f. In
cases where $ exceeds 30°, an identical design to that with f less than
30° can be achieved by interchanging the values of d; and ds. To
minimize the likelihood of design duplication, the range of f is restricted
to [0, 30°]. Additionally, the distance parameters d;, dy, and ds are
constrained to vary within the range of [5,25] mm, which is imposed
due to the limitations of the unit length.

The optimization of forced convection involves the careful consid-
eration of both heat transfer enhancement and resistance increase. To
strike a balance between these factors, PEC is chosen as the objective for
optimization. The goal is to achieve an optimal arrangement of the
dimples that minimizes pump power loss while maximizing heat transfer
enhancement. Furthermore, to account for performance within the
range of Re from 600 to 1200, a compromise solution is adopted in this
study by selecting Re = 1000 as the optimized working condition.

Dynamic surrogate model based on machine learning

In the optimization process, evaluating numerous designs using CFD
can be time-consuming. To address this issue, a common approach is to
employ surrogate models that approximate CFD calculations. Surrogate
models are particularly well-suited for optimizing complex problems
due to their rapid computational speed. However, traditional surrogates
require a considerable number of sampling points to capture the local
features of the actual distribution, which can reduce optimization effi-
ciency. In some cases, achieving accuracy across the entire design space
may not be necessary, and it is sufficient to ensure that the surrogate
model maintains high accuracy near the optimal value.

Surrogate models based on machine learning (SML) follow a two-
step process: initially, a surrogate is constructed using a small set of
sample points, and then the model is iteratively updated through ma-
chine learning until no further updates are necessary. The use of SML
reduces the number of required simulations by excluding redundant
points, thereby enhancing efficiency. Additionally, continuous updates
of the surrogate model help identify missed local features, resulting in
improved accuracy of the optimization results.

Fig. 5 illustrates the key steps involved in constructing an SML
framework. The framework consists of two main components. The first
component is a surrogate model that characterizes the relationship be-
tween the objectives and design parameters. In this study, the Kriging
model (KRG) is selected as the surrogate model, which treats the
objective function as a Gaussian process and provides a predicted
function y(x) and variance function s(x) [31]. The second component is
an acquisition function, which determines the next point to evaluate
based on the distribution of objectives and uncertainties. In this study,
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Fig. 5. Framework of constructing surrogate based on machine learning.

the expected improvement (EI) function is utilized as the acquisition
function, which takes an unknown point x as a random variable
following a normal distribution with a mean y(x) and standard deviation

s(x):
Y(x) ~ N(3(x), s(x))

The improvement of the precise value of an unknown point x to the
current optimal solution can also be viewed as a random variable if the
current prediction’s minimal value is fiin:

I(x) = max([fmin — Y(x),0]

The physical meaning of the EI function is the expectation of this
improved value.

14)

(15)
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Y P Y L (%)’
EI(x) = K . (fonin — ¥(x)) N0 p( 2S(x)2>dy (16)

Solving this equation yields an expression for the EI function as:

1) = i = 50 (2200 oy (P S0 a7

Where ®(-) and ¢(-) represent for the standard normal distribution’s
probability density function and cumulative distribution function,
respectively. The EI value gets larger with a smaller y(x) and a larger s
(x), which means the optimization process converge towards the mini-
mum prediction value as well as the maximum variance.

In the process of constructing SML, a total of 40 samples are collected
to obtain the initial rough model. Subsequently, the EI values are
calculated using Egs. (16) and (17) and the candidate point corre-
sponding to the maximum EI value is determined. By incorporating the
exact value for the candidate point, the model is updating until the
convergence conditions are satisfied, i.e., the maximum EI value is
within 10, and the optimal value remained constant in the final 20
updates before termination.

Genetic algorithm

The optimization process is needed to find the optimal solution under
the current surrogate model and calculate the location of the maximum
EI value to find the location of the additional sample points.

Genetic algorithm is a global optimization algorithm developed by
learning from the biological evolution mechanism of “survival of the
fittest” in nature. In the optimization process, the input parameters are
encoded into a fixed-length string as chromosomes, and each digit in the
string is considered as the genetic information carried by the chromo-
somes themselves, and the highly adaptive chromosomes are retained
and evolved until the optimal solution is found through continuous
crossover, mutation, and selection operations [32]. Table 6 displays the
parameters of genetic algorithm.

Results and discussion
Optimization process and validated

The variations of the PECy,,x and El,ax with the number of surrogate
updates Ny, are given in Fig. 6 (a) and (b). The PECnyax changes
frequently at the beginning of the model updating, but when Ny, = 75,
the PECax increases to 4.904 and no longer changes until the optimi-
zation is terminated as the El,,x decreases to below 10* at N, = 126.
Combined with the variation trend of the El,ox shown in Fig. 6 (b), the
Elnax undergoes more significant changes in the early stage, indicating a
tendency to converge to a local optimum due to the limited number of
sample points. Each abrupt increase in the Elj,x indicates that the
optimization process jumps out of the local optimum and the PECy,x
changes accordingly. As the optimization proceeds, the El,,x gradually
stabilizes and decreases, indicating that the current model has a high
prediction accuracy and the potential improvement of the model can be
inconsideration.

To prove the effectiveness of the optimization results, an additional

Table 6

Parameters of genetic algorithm.
Parameters Value
Population size 300
Crossover fraction 0.8
Mutation fraction 0.2
Maximum generations 500
Maximum stall generation 20
Termination tolerance 10°
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set of 256 samples is obtained using a four-variable, four-level factorial
design. The relationships between parameters and performance are then
modeled using three traditional surrogates: RBN, SVR, and ANN models.
The optimization results obtained using SML are compared with those
from the traditional surrogates, as shown in Table 7. The predicted re-
sults from the three traditional surrogates all exhibit values larger than
the calculated values, but within an error margin of 5%. This indicates
that the actual optimization benefits are not as favorable as predicted.
However, for SML, the optimal point is directly calculated as the
candidate point during the model updating process, eliminating any
errors. Given the high nonlinearity of the problem, the optimization
results from the three models are inconsistent. Notably, the optimal PEC
value based on SML is larger than the values obtained from the other
methods, suggesting that all three methods have converged to local
optimal solutions rather than achieving the global optimal value. On the
other hand, choosing the number for invoking CFD solver as an effi-
ciency indicator, the method of SML invokes the CFD solver only 166
times and the optimization efficiency increased by 35.16% compared to
the 256 points required by the three traditional surrogates.

Optimal result analysis

The final optimal result is listed as Table 8 and the arrangement is
depicted in Fig. 7. The distribution of the dimples is changed consider-
ably. Five dimples in a periodic unit are joined to form a V-shaped
dimpled strip in the center of the design unit surface. Di is located at the
forefront of the strip, and Df and Dc are located obliquely posterior to Di.

The flow field characteristics

The 3D streamlines near the wall before and after optimization are
elaborated in Fig. 8. As shown in Fig. 8 (a), most of the streamline keeps
along the mainstream direction. Part of the fluid near the wall wraps
around the dimple and the flow is disturbed due to the obstruction of the
convex structure resulting in the formation of the flow dead zone
downstream of the dimple. As the arrangement is optimized, the
streamline is shown in Fig. 8 (b). Velocities perpendicular to the main-
stream are induced by dimple combination, thus making the fluid flows
spirally forward. Under such a flow pattern, there is more complete
contact between the wall and the fluid.

The comparison of cross-sectional streamlines at different positions
in a fully developed design unit is given in Fig. 9. Four cross sections
uniformly distributed in the design unit are employed. The streamlines
with the optimized arrangement have a significant variation from the
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Table 7
Optimization results based on different surrogates.
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Surrogate Invoking number Optimization results PEC calculated by CFD Predicted error
X1(mm) X2(mm) X3(mm) X4(°) PECpreq

RBN 256 19.423 12.07 18.607 29.386 4.538 4.381 3.59%

SVM 256 18.136 8.741 12.39 30 4.657 4.438 4.94%

ANN 256 19.333 12.864 19.251 28.562 4.509 4.362 3.38%

SML 166 22.501 16.283 20.375 27.043 4.904 4.904 -

bl the main flow zone and the uniformity of velocity distribution improved
Table 8

Parameters before and after optimization for arrangement of dimples.

Parameters Original design Optimized design
d; 7.5 mm 22.500 mm

dy 7.5 mm 16.283 mm

ds 22.5 mm 20.375 mm

p 30° 27.043°

comparison. Three pairs of fully developed longitudinal vortices are
formed in tubes. And as the flow progresses, new longitudinal vortices
continue to develop and are sustained into the next unit, ensuring a
relatively high vortex intensity throughout the entire test section. This is
further supported by the velocity contours shown in Fig. 10. In the
optimized design, swirl flow, spiral flow, and secondary flow predomi-
nantly occur near the dimples, resulting in their significant influence on

[33]. Furthermore, the configurations of the passive devices strongly
impact the fluid flow within the pipe, leading to accelerated velocity.
The velocity spreads towards the radial direction, disrupting the fully
developed velocity boundary layer and inducing a rotational flow along
the circumferential direction near the wall. As a result, the low-speed
zone near the wall is compressed.

Fig. 11 illustrates the relative pressure distributions for the original
and optimized designs in two periodic units along the flow direction,
derived using the reference value of the initial cross-sectional pressure.
The consistent trend of decreasing relative pressure drop in the two units
indicates that the flow is fully developed. Due to the sudden conver-
gence of the tube wall, there is a noticeable pressure drop at the up-
stream half of the dimples. As the flow progresses, the tube expands
downstream of the dimples, resulting in an increase in pressure. The
original design exhibits two fluctuations in pressure distribution within

Fig. 8. 3-D streamlines near the wall for enhanced tube (a) original design (b) optimized design.
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a periodic unit. With the uniform distribution of the dimples, the relative
pressure variations have the same magnitude for each fluctuation. In the
optimized design, the pressure fluctuates only once in a periodic unit as
the dimples gather and merge into a dimpled strip. The dimples are
subjected to the frontal impact of the fluid, successively, resulting in a
slightly higher pressure drop compared to before optimization. This
higher pressure drop can be attributed to two main reasons [34]. The
first one is caused by dynamic pressure dissipation of fluid flow pro-
duced by both combined impacts of the flow obstruction with the mixing
and swirling flows prompted through the improved devices. The second
one is due to improve the fluid flow contact region.
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Fig. 10. Velocity contours on the cross sections at Re = 1000 (a) original design (b) optimized design.
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The heat transfer characteristics

The temperature distribution of the fluid inside the tube before and
after optimization is shown in Fig. 12. The fluid is fully developed in the
smooth tube, and the temperature boundary layers merge before flowing
into the test section, forming a distribution with high fluid temperature
near the wall and low fluid temperature in the core domain. After
entering the test section, the boundary layer in the original design is not
destroyed due to the limited disturbance of the dimple structure, and the
high and low temperature fluid separation is still obvious, which limited
the heat transfer from the wall to the fluid. In the optimized design, the
intensity of flow perturbation is significantly increased, promoting the
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Fig. 11. Relative pressure distributions for the original and optimized design.

mixing of high-temperature fluid at the wall with low-temperature fluid
in the core domain. This results in a more uniform temperature distri-
bution and enhanced heat transfer rate [35].

The rapid mixing of high and low temperature fluids and the
development of multiple longitudinal vortices at the beginning of the
test section leads to unstable heat transfer. After flowing through several
periodic sections, the flow pattern gradually develops and forms a def-
inite structure due to the deflecting action, thus allowing the heat
transfer intensity to remain stable in the subsequent unit. The fully
developed unit are extracted and the temperature distributions of the
cross sections at four different locations are given separately, as shown
in Fig. 13. By comparison, it is easy to see that after the arrangement of
dimples is optimized, due to the tangential velocity perpendicular to the
mainstream direction is generated, it promotes the mixing of the high
temperature fluid near the wall and the cold air in the core region. On
the one hand, it forms a more uniform temperature distribution in the
cross-section and reducing the irreversible losses in the heat transfer
process. On the other hand, the longitudinal swirl flow continuously
scours the tube wall, compressing the thickness of the temperature
boundary layer, making a larger temperature gradient within a smaller
distance of the wall, thus enhancing the convective heat transfer be-
tween the wall and the fluid [36].

Fig. 14 gives the convective heat transfer coefficient distributions for
the original and optimized design in two periodic units along the flow
direction. The convective heat transfer coefficient varies periodically
indicating that heat transfer has been fully developed. For the original
design, the maximum heat transfer coefficient is located at the upstream
half of the dimples due to the fluid scours the wall indirectly and starts to
separate from the wall here. And the uniform distribution makes the
increased thermal performance is almost same at each dimple. After the
arrangement is optimized, a secondary enhancement of the thermal

Temperature
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performance appears at the upstream half of Di and Df. The convective
heat transfer coefficient is significantly higher than the original design
throughout the unit, which is the result of the combined effect of mixing
of high and low temperature fluids, the compression of the temperature
boundary layer and the extension of the effective fluid flow.

Field synergy analysis

To better comprehend the mechanism of heat transfer improvement,
a related study was conducted from the perspective of synergy of the
flow and temperature fields by Guo et al. [37], and the field synergy
principle is proposed on this basis. The principle states that, convective

Temperature K]
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Fig. 13. Temperature contours on the cross sections at Re = 1000 (a) original
design (b) optimized design.

Optimized

Fig. 14. Convective heat transfer coefficient distributions for the original and
optimized design.
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Fig. 12. Fluid temperature contours at Re = 1000 (a) original design (b) optimized design.
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heat transfer efficiency depends not only on the velocity and heat flow
distributions themselves, but also on the synergy angle between them. In
general, the better heat transfer is demonstrated by the smaller angle of
synergy between the velocity vector and the temperature gradient vec-
tor [38], which can be calculated as follows:

(W’VT )
a = arccos | ——

— (18)
|U[VT]

The distribution of the synergy angle at cross sections is given in
Fig. 15. It is easy to see that the synergy angle distribution is affected
after the installation of dimples inner the tube. For the original design,
the reduced synergy angle is mainly reflected at the center of the tube.
This is because the sudden contraction and expansion of the flow
channel as the fluid flows through the dimples. For the optimized design,
the flow is diverted strongly due to the V-shaped arrangement of the
dimples, and the separated flows converge not only at the core of the
tube, but also the intersections of multiple longitudinal vortices,
resulting in a more significant reduction in the synergy angle. The
converging wall makes the flow more intense and the partial velocity
perpendicular to the mainstream is greater, which leads to a more
intense rotational flow of the fluid in the rear of the dimples. The area of
the reduced synergy angle is extended and the minimum value is lower
than the original design, which makes the average synergy angle
reduced, confirming that a superior heat transfer performance with
optimized design.

Performance evaluation

Here, for a comprehensive evaluation, the average Nu number, flow
resistance factor, and PEC of the optimized structure under different Re
(600 ~ 1200) are collected and compared with the unoptimized struc-
ture and plain tube.

The variation of thermal performance with the increasing Re is given
in Fig. 16 (a). The thermal performance of the three configurations all
increases with the increasing Re. Due to the complete development of
the temperature boundary layer in the plain tube, the boundary layer
merging leads to the temperature distribution in the tube independent of
the flow velocity, so the heat transfer performance of the plain tube
almost keeps unvaried with the Reynolds number. The heat transfer
performance of the dimpled tube before optimization increases slightly
with the increase of Re number, and its value is slightly higher than that
of the smooth tube, which indicates that the addition of dimple structure
at the wall surface contributes to the enhancement of heat transfer.
However, the enhancement of heat transfer performance under this
structure is limited because it is only produced by the increase of heat
transfer area and the disturbance caused by the dimples. In contrast, due
to the transformation of the flow pattern, there is a considerable
improvement as the arrangement is optimized. With the Re increases

180 270 360 450 540 630 720 810

T
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Fig. 15. Distribution of the synergy angle at cross sections (a) original design
(b) optimized design.
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continuously, the heat transfer performance of the optimized dimpled
tube also is enhanced, but the growth rate of heat transfer performance
is slowed down. The Nu number for the optimized design increases from
24.039 to 39.956 in the studied Re number range, and improves by
437.60% to 781.89% compared with the plain tube, which is 4.053 to
5.461 times of the unoptimized dimpled tube.

Comparing the flow resistance factor shown in Fig. 16 (b), it can be
seen that the flow resistance factors of the enhanced tubes are both
larger than that of the plain tube due to the obstruction of the dimples.
Combined with the relative pressure distribution in the mainstream di-
rection, the optimized dimpled tube exhibits greater flow resistance due
to the flow is deflected and a longer effective flow distance requires an
increased pump power to maintain the flow. Due to the smooth surface
of the spherical dimple and the presence of partial adverse pressure
behind the dimples, the increase in pump power loss in the optimized
design is not significant compared to that before optimization.
Compared to the plain tube, the flow resistance factor increased by a
maximum of 426.43% at Re = 1200, while increased by only 210.15% at
Re = 600. Compared to the uniform arrangement of the dimples, The
flow resistance factor inside the tube increased by 126.69% to 250.63%
as the arrangement optimized.

Fig. 16 (c) gives the variation of the PEC with the increased Re. The
PEC value of the smooth tube is constant equal to 1, and the values of
two enhanced tubes are both greater than 1, which indicates that the
enhanced tube has better heat transfer thermal than smooth tube with
the same pump power loss. As the Re number increases, the values of
both structures increase, indicating that the more intense the flow is, the
better the overall performance for the enhanced tube. Compared to the
enhanced heat transfer performance, the increase in flow resistance of
the optimized dimpled tube is not significant enough, is unable to offset
the gains from the improved heat transfer performance, so the design
has a larger PEC value with a maximum of 5.069 at Re = 1200, while the
minimum value still remains over 3.683 at Re = 600.

This research compares the overall thermal performance to earlier
investigations. The cases involved in curved delta wing vortex generator
reported by Deshmukh et al. [39], sinusoidal ribs by Du et al. [40],
twisted-tape inserts reported by Wongcharee et al. [41], three-start
spirally corrugated tube reported by Kareem et al. [42], wire coil in-
serts reported by Garcia et al. [4], helical screw tape inserts reported by
Sivashanmugam et al. [43], symmetrical wing longitudinal swirl
generator reported by Wang et al. [44], bidirectional conical strip inserts
reported by Liu et al. [45], discrete double-inclined ribs by Meng et al.
[18]. It is seen from Fig. 17 that the flow resistance increases incon-
siderable in the present study, and the dimpled tube with the arrange-
ment optimized possesses more excellcent performance than other
works.

PIV testing verification

The improvement of the heat transfer performance for the optimized
dimpled tubes is closely related to the change of the flow field structure,
particularly the realization of a multi-vortex longitudinal swirl flow
pattern inside the tube. This flow pattern not only enhances the mixing
of hot and cold fluids but also compresses the development of the
boundary layer. In order to confirm the change of flow field structure
inside the tube, this study further uses Particle Image Velocimetry (PIV)
to observe the flow field structure inside the dimpled tubes before and
after optimization, and to verify the simulation results.

PIV is a flow measurement technique developed with the develop-
ment of laser technology and high-speed photography. It involves using
a high-frequency pulsed laser and high-speed photography to capture
images of tracer particles in a cross-section of the flow field and calculate
the fluid’s flow state within that cross-section. The test system and
schematic of the stereoscopic-PIV system are shown in Fig. 18 and
Fig. 19, respectively, and they mainly consist of the following compo-
nents: a water supply system, laser and synchronization system, and
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image acquisition and analysis system. The relevant experimental de-
vices are shown in Fig. 20. The tracer particles used in the experiment is
FLUOSTAR Rhodamine B particles produced by EBM corporation with
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the average particle size of 15 pm, a density of 1.1 g/cm®, and a
refractive index of 1.56 under laser irradiation at a wavelength of 589
nm. To ensure good light transmission and prevent image distortion due
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technology. Before the measurement, a calibration process was carried
out to determine the spatial location of the measurement section and
ensure the accuracy of the PIV measurement. During the experiment, the
ambient temperature was maintained at 300 K to ensure that the fluid
properties were similar to those of the simulated working fluid. At the
same time, the flow conditions were monitored using a flow meter to
ensure stable flow with Re = 1000 inside the tube.

The test results and the comparison with the numerical results are
shown in Fig. 21 and Fig. 22. The flow field structure in the dimpled
tubes is consistent with the simulation results both before and after the
optimization, which proves the validity of the numerical study in this
paper. Compared with the flow field structure in the original dimpled
tube, three pairs of vortexes are formed in the optimized design and the
distributions are same as the numerical results, which proves that the
pattern of the multi-vortex longitudinal swirl flow is constructed, and it

Fig. 18. PIV test system.
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Fig. 19. Schematic of the PIV system. 1. test water box; 2. water prism; 3. test
tube section; 4. entrance development section; 5. upstream tube; 6. control
valves; 7. water pump; 8. water tank; 9. electromagnetic flowmeter; 10. laser;
11. lenses; 12. light sheet; 13. CCD cameras; 14. synchronizer; 15. computer;
16. observation tube section;
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Fig. 21. Velocity vector in the observation section (Re = 1000) (a) numerical
result for original design (b) PIV test result for original design (c) numerical
result for optimized design (d) PIV test result for optimized design.

to refraction, the test water box, observation tube section, and water
prism materials were made of transparent acrylic glass. The test tube
was manufactured using curable resin and additive manufacturing

Fig. 20. Test and observation tube section and relevant experimental devices (a) test and observation tube section (b) test tube (c) observation tube (d) tracer
particles (e) double pulse laser machine and synchronizer (f) CCD camera (g) water pump (h) electromagnetic flowmeter.

13



C. Shi et al.

Velocity [m/s]

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11

) (b) l
‘

(

)

(.

Fig. 22. Velocities comparison in the mainstream direction in the observation
section (Re = 1000) (a) numerical result for original design (b) PIV test result
for original design (c) numerical result for optimized design (d) PIV test result
for optimized design.

is feasible to improve the flow field structure by adjusting the arrange-
ment of the dimples for tubes.

Conclusion

The present paper mainly investigates the effect of the dimpled
arrangement for the enhanced tube on the thermal-hydraulic perfor-
mance. Four parameters related to the dimpled arrangement are
employed as design variables and the overall performance is optimized
by the method integrating with the surrogate model and machine
learning techniques. The numerical work is conducted to compare the
heat transfer and flow characteristics of the optimal design with the
original design. The numerical results are validated by PIV test system.
The conclusions can be drawn as follows:

(1) The method of surrogate based on machine learning technique is
validated to exhibit high optimization efficiency and superior prediction
accuracy compared to traditional surrogate models.

(2) The optimal arrangement of the dimples, where five dimples are
joined to form a V-shaped dimple strip, is obtained through the proposed
optimization method.

(3) The optimization of the dimple arrangement induces changes in
the flow field structure within the tube, resulting in the formation of a
multi-vortex longitudinal swirling flow pattern that enhances the mixing
of cold and hot fluids.

(4) Under the optimal design, the heat transfer capacity is increased
to 5.376-8.819 times of the plain tube with the pressure drop only
increasing to 3.102-5.264 times. A PEC in the range of 3.683-5.069 is
achieved under the involved working conditions.

(5) Particle image velocimetry experiments are conducted to obtain
flow field structures that closely resemble the simulated results, thereby
verifying the effectiveness of the optimization.
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