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Computational Fluid Dynamics of a Corrugated
Plate-and-Frame Heat Exchanger Used for
Ocean Thermal-Energy Conversion

Albert S. Kim, Ph.D."; Hyeon-Ju Kim, Ph.D.2; Ho-Saeng Lee, Ph.D.3,
and Myung-Jin Koh*

Abstract: Computational fluid dynamics (CFD) simulations were employed in this paper to analyze the dynamic flow patterns within
extremely thin slit spaces of two corrugated heat exchanger (HEx) plates. The entire plates are 1.0 m long and wide and 6.5 mm high,
and the top and bottom parts consist of six unit plates of the same size (1.0 m long and 16.7 cm wide). A digital geometry of the assembled
HEx was prepared as a stereolithography (STL) file (exported from AutoCAD), having excessive geometrical complexity. In this work, a
numerical algorithm to reconstruct the STL file is developed, which converts a complex STL file consisting of skew triangles to one having a
simple grid structure and an even size-distribution of surface triangles. The whole STL file is split into 36 square pieces (SPs), and each SP is
meshed individually using NETGEN, and these meshes are merged as one for OpenFOAM-based CFD simulations. Finally, the flow and
pressure profiles are obtained in the low Reynolds number region. The current CFD method with the split-and-merge scheme will be con-
tinuously used for the design and optimization for ocean thermal energy conversion technology in the future. DOI: 10.1061/(ASCE)
EE.1943-7870.0001688. © 2020 American Society of Civil Engineers.

Introduction

In the 21st century, the depletion rates of conventional energy
sources increase dramatically. To overcome the energy-scarce situa-
tion, itis emphasized that renewable energy technologies should reach
a near-commercial stage within a few decades (Abas et al. 2015). The
availability of conventional energy will rapidly decrease during the
2030s—2040s, even with areasonable estimation of the energy demand
(i.e., approximately 1% per year) (Ul'yanin et al. 2018). For the daily
life of human beings in the current century, electricity and fresh water
are two vital resources, for both of which steady production exists as
a critical issue within engineering practices. Renewable energy is
naturally replenishing and inexhaustible in principle within duration,
but is limited by transfer rates of mass and momentum in the available
amount per unit of time, having types of biomass, hydropower,
geothermal, wind, and solar energies (US EIA 2018).
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In addition to the established major types of renewable energy,
several ocean-based engineering methods regarding renewable en-
ergy production exist, which include wave (Younesian and Alam
2017), tide (Brown et al. 2017), and thermal energy. Specifically,
ocean thermal energy conversion (OTEC) has a long history fol-
lowing Jules Verne’s classic science-fiction, adventure novel
20,000 Leagues Under the Sea followed by the pioneering efforts
by Dr. Jacques-Arsene d’ Arsonval and his student Georges Claudes
(D’ Arsonal 1881), who was an inventor of the open-cycle OTEC
(OC-OTEC). After Claudes’ death, an American electrical engi-
neer, in addition to being one of the foremost Nicolai Tesla histor-
ians, Leland Anderson, revised Claudes OC-OTEC and applied for
a US patent on a Sea Water Power Plant, later called a closed-cycle
(CC) OTEC. In the CC-OTEC process, a working fluid (instead of
sea water) is used for efficient heat transfer (Mac Takahashi 2000;
Wang et al. 2010). In Hawai‘i, two major long-term experiments
were conducted as historical landmarks within OTEC history.
In 1979, an offshore CC-OTEC barge plant, called the Mini-OTEC,
was built and successfully operated from August to November of
that year using ammonia as a working fluid. An overview and dis-
cussion regarding the commercialization potential of CC-OTEC
can be found elsewhere (Vega 2010; Vega and Michaelis 2010;
Vega 2012). Due to the enormous amount of ocean thermal energy,
OTEC has been closely considered within the engineering field as a
potential future fuel production technology (Syamsuddin et al.
2015; Banerjee et al. 2017; Rani et al. 2017). As OTEC technology
can be classified into open-, closed-, and hybrid-cycles, CC-OTEC is
preferred to others due to its better performance; although, OC-OTEC
causes much fewer environmental concerns. General OTEC practices
are primarily limited by fundamental demands of a large-size
evaporator and steady pumping of cold deep seawater (DSW).
The OTEC performance and DSW intake are limited due to the
low-temperature gradient between the warm surface and cold deepsea
waters and the installation/maintenance costs of long high-pressure
pipes, respectively.
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Background of OTEC

Typical temperature ranges of the surface seawater (SSW) and
DSW are 25°C-28°C and 5°C-8°C, respectively. The cooling
source of the condenser is the cold DSW, taken from 0.5 to 1.5 km
below the sea water surface.

The cyclic steps of OC-OTEC are as follows. The warm sea-
water enters the evaporator maintained under pressure below the
vapor pressure of the inlet seawater stream. The entered SSW evap-
orates, and the vapor migrates to the turbine installed between the
evaporator and condenser. The turbine rotates and generates elec-
tricity as the vapor flow passes through it. The thermally exhausted
vapor condenses on the surfaces of the heat exchanger (HEx). The
condensed water is freshwater, having the same quality to that of
the distilled water. The DSW temperature increases from approx-
imately 5°C to 7°C-8°C while being pumped from the deep sea to
the condenser above sea level. Discharged DSW has a higher tem-
perature due to the exchanged latent heat for the phase conversion
from the vapor gas to liquid water. As the OTEC performance is
sensitive to both SSW and DSW temperatures, HEx should be well
maintained to produce high efficiency for the steady production of
electricity and fresh water.

The Rankine cycle is used for CC-OTEC, characterized using
the isenthalpic ensemble (constant enthalpy), having the number
of molecules N, pressure P, and enthalpy H as controlling varia-
bles. CC-OTEC also has similar cyclic steps to those of OC-OTEC.
In the CC-OTEC process, a working fluid (often organic) is used
for efficient heat transfer, and the steps are as follows. A cooled-
down working fluid (from the previous cycle) of high pressure en-
ters the HEx. Heat is externally applied to the working fluid at a
constant pressure, and once the temperature reaches the boiling
point, the liquid phase is converted to a gas phase. During this step,
the temperature remains constant, and entropy and enthalpy in-
crease. A dry, saturated vapor expands through a turbine and rotate
the turbine to generates electric power. During this thermal work
done by the evaporated gas flow, the temperature decreases with a
little increase in entropy. Finally, wet vapor leaves the turbine and
condenses in a condenser, and afterwards, the cycle returns to the
first step. The temperature remains the same as the condensation
temperature while entropy significantly decreases due to the gas-
to-liquid phase change. In the CC-OTEC using a working fluid
(such as R32) (Yoon et al. 2015), heat transfer into and out of
the working fluid within the HEx significantly influences the hy-
draulic residence time and, hence, overall OTEC performance. In a
practical design analysis, the HEx’s were often treated as one-
dimensional units, characterized simply by a few material and op-
erational parameters. In the computational fluid dynamics (CFD)
literature, full-scale simulations inside a HEx of a high aspect ratio
(i.e., a corrugated plate HEx) were not actively investigated due to
the geometrical complexity and computational cost.

High concentrations of inorganic solutes and less-identified spe-
cies (from SSW) may cause internal fouling phenomena of the
HEX, primarily due to the chemical adsorption. Because the enter-
ing streams exist as natural seawater (without any treatment) from
the surface and floor of the ocean, this adsorption is often irrevers-
ible and, hence, makes a chemical cleaning process less efficient.
The physical cleaning of the adsorptive fouling requires disassem-
bling of the HExs, often at a high cost, especially for corrugated
plate HExs. One possible physical cleaning method involves inject-
ing cleaning balls, which will collide with the fouled internal sur-
faces a number of times to provide linear and angular impacts on
the fouled surfaces. The motion of the injected balls is governed by
the gravitational/buoyant forces, hydrodynamic forces in the com-
plex flow field, and linear/angular impacts generated during
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particle collisions with internal wall surfaces of the HExs. Due
to the opaque property of the HEx materials, it is difficult to ob-
serve, experimentally, the cleaning ball dynamics within the narrow
spaces of the large fluid volume. As natural seawater from two
sources are used for heating and cooling sources without pretreat-
ment, maintaining the HEx in a minimum adsorption rate is one of
the critical factors for successful operations.

The overarching goal of the current project is to fully optimize the
performance of a HEx in a sequence by analyzing the fluid dynamic
patterns, understanding specific heat-exchanging phenomena, and
finding optimal conditions for the in-situ cleaning methods. A cor-
rugated HEx of specific interior geometry was selected and pur-
chased by project collaborators, and a large stereolithography
(STL) file of the complex HEx geometry was provided for simula-
tion research. Facets of the STL file have a very skewed structure, so
that in this work, we focus on geometrical reconstruction, parallel
mesh generation, and flow-pattern simulations for efficient CFD
simulations.

Simulation Methods
Mesh Generation

Splitting Stereolithography

The geometrical specification of the HEx consisting of six unit
rectangular plates is listed in Table 1. The total length and width
of the assembled HEx is 1,012 and 939.38 mm, respectively. The
distance between the lowest and the highest points is 6.5 mm.
However, these two points may not be on the same position
on the respective plane but off from the same vertical line because
the top and bottom surfaces are corrugated. The internal volume
was calculated as 3.253 L using an open-sourced software admesh
(Martin 1998). The volume-equivalent height is calculated as
3.43 mm, which is the total volume divided by the projected sur-
face area (i.e., a product of the length and the width). The aspect
ratios of length and width to the equivalent height are 292.40
and 274.67, respectively. These extremely high aspect ratios
(close to 300) made the NETGEN meshing process exceptionally
long and challenging because tetrahedron meshing starts from the
side boundaries and conforms the mesh near a central zone of the
object.

Fig. 1 shows the geometry of the HEx plate, an STL file ex-
ported from AutoCAD software, and provided for us by the main
project team. In general, using an STL file for CFD work has some
advantages. The STL format is of industry standard, and both
ASCII and binary data types are acceptable within standard engi-
neering software programs. The file structure is straightforward,

Table 1. Specifications of the assembled HEX, consisting of six rectangu-
lar unit-plates, where H., is the volume-equivalent height

Variable Value Unit
Internal volume 3.25349 L

Length, L 1,012.0 mm
Width, W 936.00 mm
Height, H 6.00 mm
Height, H, 3.42 mm

Aspect ratio L/H. = 29240 —

W/H,, = 274.67 _

Highest point (1,355.0, 282.5, 13.28746) mm
Lowest point (343.0, 129.5, 6.78746) mm
Max height 6.50 mm
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Fig. 1. (Color) STL view of the full HEx, having 4,515,782 facets.

which stores the geometrical information of only surface elements
of outer boundaries. A unit surface element consists of a triangle
represented using three position vectors of vertices and a normal
vector of the element, called a facet. In practices, an STL file is
inputted within a mesh generation software, such as gmsh
(Geuzaine and Remacle 2009; Marchandise et al. 2012), NETGEN
(Yilmaz and Ozturan 2015), and tetgen (Si 2013, 2015), which gen-
erate tetrahedral meshes of various formats. The choice of software
depends on the meshing speed and, more importantly, its adaptabil-
ity to CFD solvers with numerical stability and convergence during
the solving process. First, we loaded the entire HEx-STL file to
NETGEN to generate the mesh. However, this initial meshing trial
was not successful, perhaps due to the large size and complicated
local geometries stored in the HEx-STL file.

STL Local Complexity

The local triangular shapes of the STL file were visually investi-
gated, as shown in Fig. 2, in which the lines indicate edges of tri-
angles forming the surface topography of the HEx surfaces. As
shown, there are a number of highly skewed facets having one
of three angles close to O radian. If the facet is almost equilateral,
having each of the three angles at approximately /3, then the
skewness approaches 0. If one of the angles is close to 27 and
so the other two angles are almost zero, then the skewness is close
to 1, which is, in general, not acceptable for proper mesh genera-
tion. Tetrahedron-based meshes are less preferred because facet
edges are not consistently aligned in the flow direction as compared
to to the hexahedral meshes. In addition, highly skewed facets often
make the tetrahedron-based meshing more difficult.

STL Splitting

The possible method to generate the HEx mesh within a reasonable
time is to split it into small pieces and reconstruct STL facets to
have similar-sized triangles. The perfect uniqueness of facets may
also cause a technical problem in that the facets should be small
enough, but this problem can be resolved in the meshing process.
This reconstruction must be as computationally intensive as the
original meshing work unless the HEx dimension is effectively re-
duced. As the entire HEx consists of six long rectangular plates, as
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Fig. 2. (Color) Detailed view of local surface structure, consisting of
highly skewed triangles.

Fig. 3. (Color) Visualization of 36 split pieces of the HEx STL struc-
ture using gmsh. The combined structure is identical to that of Fig. 1.

shown in Fig. 3, each of the long plates was subdivided into six
square pieces (SPs) of equal size. The whole HEx is split into
36 equal-sized SPs using the software Netfabb version 2018.0
(industrial-strength 3D printing software for Windows from Auto-
Desk version 2016) and are visualized using gmsh (Geuzaine and
Remacle 2009; Marchandise et al. 2012) in Fig. 3. Each HEx piece
is 167 mm long and 156 mm wide, which gave us much more flex-
ibility to create the entire HEx mesh.

Stereolithographic Reconstruction

Meshing each of the 36 split-STL files was also not successful
due to the the geometrical complexity of the facets, intrinsically
remained in the STL files. An additional reason can be attributed
to the irregular distribution of triangular sizes in addition to the high
level of skewness. To reconstruct the SPs with even distribution of
facet sizes, the ray-tracing algorithm (Levoy 1990; Nah et al. 2014;
Fang et al. 2015; Wald et al. 2017) was employed, modified, and
applied in this study. A sample result of the STL reconstruction is
shown in Fig. 4(a), of which surface covers a wider region (i.e., the
left top corner of the whole plate shown in Fig. 3) to that used for
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Fig. 4. (Color) Partial view of (a) reconstructed STL file, consisting of (b) a set of four equal-sized unit facets; and (c) neighboring configurations
near SP (i, j) fori =1—6 and j =1 — 6, where SP (1,1) and SP (6,6) are located at the top-left and bottom-right positions in Fig. 3.

Fig. 4(a). The reconstructed STL is regularly gridded for the even
distribution of facets of identical size. Fig. 4(b) shows a group of
four equal-sized facets. Three angles in a unit facet are 7/6, 7/3,
and /2, and for dimensionless geometrical analysis, the per unit
length in the x-direction, i.e., (Ax = 1), is set, and Ay is calculated
as Ay = Axtan(n/6) = 0.577. The length L and width W are
divided by even integers, the shortest length at angle /3, such
at L = (2n,)Ax and W = (2n,)Ay, where the ratio of n, and
n, is approximately 2. The eight facets of Fig. 4(b) have the same
size as that of Facet 11. Facet 11 has axial symmetry with Facet 44
and 22 along the x- and y-axes, respectively, and rotational sym-
metry with Facet 31. Facet 33 can be made by translating Facet 11
to the left and bottom as much as Ax and Ay, respectively, and
Facets 41, 21, and 12 can be easily constructed using Facet 33.
As the flow direction is along the x-axis, the facets are well aligned
in the flow direction and its orthogonal direction. These facets are
only to reconstruct the STL file of high skewness, and the tetrahe-
dron meshes will be independently generated on the basis of the
reconstructed structure.

STL Reconstructing Algorithm

For CFD simulations of a flow field within a narrow space between
the top surface of the bottom plates, the interplate volume to be oc-
cupied by the fluid is characterized as follows. The volume bounded
by the top and bottom plates were obtained, as listed in Table 1, using
admesh software, available in most Linux distributions. The four
boundary surfaces of each SP are named as left (—3), right (+3%),
front (—9), and back (+3), where the unit vectors in the parentheses
indicate outward directions normal to the surfaces. These four
side-boundaries are cut perfectly vertically, as implied in Fig. 3.
Specifically, the left-most and right-most boundaries of Fig. 1 and
3 have coordinates of x; = 343.00 mm and xp = 1,355.00 mm,
respectively, and their difference is the length L of the HEXx,
i.e., 1,012 mm, as listed in Table 1. Similarly, for the front and back
surfaces, the y-coordinates are set as yp = —185.50 mm and
yp = 750.50 mm, respectively, and their difference is the width
of the HEx (i.e., 936.00 mm). The length and width of the HEx were
divided by 2, and 2n,, respectively, with a specific ratio of n,./n, to
generate a unit facet, shown in Fig. 4. Therefore, the total 2n, x 2n,
points are made within a vertically projected plane on the x—y co-
ordinates. The minimum and maximum points of the internal volume
(for fluid) in the z-direction is observed as 6.787 and 13.29 mm,
respectively, using admesh software. The fluid volume is made be-
tween zp,;, = 6.787 mm and z,,,, = 13.29 mm, which is above the
x—y plane at z = 0, where the ray-tracing is initiated.
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The reconstruction algorithm developed in this work is based
on the standard ray-tracing algorithm, which is to convert the STL
structures of Figs. 2—4. Details are as follows. The ray-tracing al-
gorithm is, in principle, a rendering technique to generate an im-
age by tracing the path of light in which the path of light is
obtained by calculating a distance from a position of a light source
to a reflecting surface of a solid object. By ejecting light rays in
the whole solid angle of 47, one can generate full 3D images, seen
by the position of the light source. This method is adapted to iden-
tify the positions of the top and bottom surfaces of the interstitial
fluid volume between two HEX plates, as shown in Fig. 5. As sur-
face geometry consists of a number of connected triangles in the
STL format, the top and bottom surfaces are composed of trian-
gles of various sizes. All the facets belonging to the bottom and
top plate surfaces are scanned and each facet is tested to check
whether the vertical ray in Fig. 5 passes through the internal tri-
angular zone of the facet. Using the three vertices of a facet, the
equation of a (infinite) plane, including the triangle, can be cal-
culated in a form of

n-(r—py) =0 (1)

top facet

/? (‘Tk7yk7zlf‘,)

—

bottom facet

(zk’ Yks Zf =0)

\J

X

Fig. 5. Schematic of the ray-tracing algorithm to identify the z-position
of the top and the bottom plates, z} and z? = 0, respectively, from the
lowest position at (xy, y; 0).
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where r = position vector on a plane of a normal vector n, con-
taining a point at py. An equation of line between two arbitrary
points r, and r;, in 3D space is

r:ra+(rb_ra)t (2)

where ¢ = parameter ranging from —oo to +o00. For a given po-
sition at ryp = (xy, ¥, 0), r, =r; and r, = (X, Vi, Zmax)» Where
Zmax 1S an arbitrary value larger than 13.28746 mm (of Table 1).
For simplicity, z,,, = 100 mm was used, confirming that all the
vertex points of the HEx reside between z = 0 and 100 mm. As
the plane Eq. (1) is not restricted to the triangular area of three
vertex points used to form the plane but covers an infinite plane,
every plate facet will have an intersection point with the vertical
ray. The substitution of Eq. (2) into Eq. (1) provides the intersec-
tion point of the line and the plane. As Eq. (1) is also valid by
switching n by —n, the intersection calculation does not depend
on the sign of the normal vector. Note that a normal vector of a
correct sign is already included in the STL file. Therefore, it is
necessary to test if the intersection point is within the facet or
not. For a facet, we propose the construction of three vertices,
of which positions are denoted as vy, v,, and v;. Then, the area
vector of the facet can be calculated as

1

A123:§(V2—V1)X(V3—V1)0<i” (3)

where n = normal vector of the facet; and a magnitude of A is
equal to the triangular area of the facet. If the intersection point
p is located within a triangular facet, then the surface area should
be equal to a sum of three triangular areas that p and v, v,, and v
generate. Otherwise, the sum is larger than the original facet area

Apos T A1ps T Ay = A i p € Sia3 (4)

>A|,3 otherwise (5)

where S1,3 indicates the triangular surface region made of three
vertices 1, 2, and 3. At each base point r;, = (xy, ¥4, 0), two in-
tersection points are presumed to be found. All of the 36 HEx
pieces are reconstructed by applying the preceding ray-tracing
algorithm, and the new structures were saved in separate
STL-format files for independent meshing processes of the
new piece-wise HEx files. A standard STL format to represent
a triangle in 3D space is shown in Fig. 6, indicating that a facet
consists of three position vectors of vertices and one (unit) normal
vector. The reading of these data is straightforward using a com-
puter program, and exchanging the sign of a normal vector will
generate any structural inconsistency. Therefore, the original n
stored in the STL file is used for consistency.

facet normal ni nj nk
outer loop
vertex vix vily viz
vertex v2x v2y v2z
vertex v3x v3y v3z
endloop
endfacet

Fig. 6. Data format of a STL triangle, where n = (n;, n;, n;) is an out-
ward normal vector, and v;, v,, and v3 are positions of three vertices
forming the triangle.
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Table 2. Pairing list of side-boundaries to apply CAMI boundary
conditions

Neighbor Boundary of
Pairing index boundary SP (i, )
(i+1,)) Back Front
(i,j—1) Right Left
(i—1, ]) Front Back
(i,j+1) Left Right

Mesh Merging Using Cyclic AMI Boundary Condition

As the matrix form of the SPs are 6 by 6, there are 36 equal-sized
SPs, as shown in Fig. 3. Fig. 4(c) shows the indexes of 36 SPs,
centered at (i, j). For mathematical indexing, both i and j runs from
1 to 6. The success of CFD simulations strongly depends on how
the individual SPs are seamlessly merged at their side boundaries,
which are denoted as back, left, front, and right, listed in the
counter-clockwise direction about the center of SP (i, ). For inner
SPs whose indexes are 2 < i, j < 5, there are four side-boundaries.
Pairs of the touching boundaries (i.e., interfaces) are listed in
Table 2. Once all the internal interfaces are matched using CAMI
boundary conditions, global boundary conditions are made as
follows. The inlet of SP (i=1-6,j=1) and outlet of SP
(i=1-6,j=06) are at the left-most and right-most side of the
whole HEXx, respectively. All other outer surfaces that enclose the
entire HEx are set as a solid wall of zero velocity, which are the top
and bottom surfaces and SP (i =1&6,j=1—06).

Meshing Square Pieces

After all the subSTL files for the 36 SPs were prepared, each
square-piece STL file was imported to NETGEN and meshed using
the same set of meshing options stored in a file, ng.opt, containing
the minimum and maximum mesh sizes. In addition, mesh-size
grading describes how fast the mesh-size can decrease in space.
The goal of this NETGEN meshing process is to generate a tetra-
hedron mesh for each SP and save it as a ASCII, the NETGEN
neutral format. A full mesh will be prepared by merging the 36
submeshes of square pieces using utility functions included in
OpenFOAM. In most cases, software graphical user interface (GUI)
provides a convenient working environment to users. In our case,
all the 36 SPs need to be meshed repetitively, and, therefore, a com-
mand line is used in a convenient way instead of the standard NET-
GEN GUI. The NETGEN file format and a specific NETGEN
command using the command line in the Linux terminal instead
of using GUI are explained in “Appendix I” and “Appendix II,”
respectively. Overall mesh quality statistics, obtained using Open-
FOAM utility, checkMesh, is included in “Appendix II1.”

CFD Simulations

Boundary Conditions

As shown in Fig. 3, the final mesh was generated using a merging
method, included in OpenFOAM. There are 16 SPs having four
interfaces, which are located in the inner region of the HEx plate.
The other 20 SPs are located at the plate edges. The six left-most/
right-most SP boundaries form the inlet and outlet boundaries, re-
spectively. All other patch surfaces were merged to form a con-
nected wall. Specific boundary conditions are listed in Table 3.
Pressure p is set at 0 at the outlet boundary, and its gradient is as-
sumed to be nullified at the inlet boundary, Vp = 0. A specific
value of inlet pressure will be determined as a CFD simulation
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Table 3. Boundary conditions at the inlet, outlet, and wall surfaces

Boundary Pressure Velocity

Inlet Vp=0 SurfaceNormalFixedValue
— — FlowRatelnletVelocity
Outlet p=0 PressurelnletOutetVelocity
Wall Vp=0 No-slip (U = 0)

result. At the inlet boundary, flow velocity U was determined
using either SurfaceNormalFixedValue or FlowRatelnletVelocity.
PressurelnletOutetVelocity is applied for U at the outlet boundary,
which uses various boundary conditions based on the flow direc-
tion. The VU = 0 is applied for outflow, and for inflow, U is cal-
culated using the patch-face normal component of the internal-cell
value. A no-slip boundary condition is used at all the solid wall
surfaces, U = 0. A short-ranged molecular attraction is assumed
between the solvent (seawater) molecules and wall surfaces, which
is strong enough for the molecules to stick to a specific wall sur-
face. The solvent fluid velocity should be equal to that of the wall
velocity, as the solvent molecules do not slip on the wall surfaces.
The relative velocity of the solvent molecules with respect to the
wall is zero, indicating that on the boundary, the molecular velocity
must be equal to the velocity of stationary walls.

Other Settings

As the current work focuses on the simulations of fluid flow under
specific conditions, the temperature is set as 25°, which further de-
termines the kinematic viscosity of water: v = 1.0 x 107% m?/s,
which is constant due to the incompressible character of water.
As water is incompressible, and HEx plates are corrugated, the
presence of turbulence cannot be ignored. So, we employed piso-
Foam, one of the solvers included in OpenFOAM version 6, to the
solve the transient, incompressible, and turbulent flow of Newto-
nian fluids using the pressure-implicit with splitting of operators
(PISO) algorithm (Issa 1986; Issa et al. 1986). As the Reynolds
number is small, we turned off the turbulent scheme for the follow-
ing simulations (see the next section for details). ParaView version
5.4.0 was used to visualize the flow patterns and pressure profiles
(Ahrens et al. 2005; Ayachit 2015).

Results and Discussion

Mesh Generation: Split-and-Merge Method

Fig. 7 shows the fully-developed tetrahedron-based 3D mesh struc-
ture used for CFD analysis of flow within the HEx. The top-left
corner of Fig. 7 is identical to those of Figs. 1 and 3. Stripped lines
dividing SPs show the interfaces between adjacent SPs, where the
cyclic AMI boundary conditions are applied for the CFD simula-
tions. The numbers from 11 to 33 indicate the indexes of SPs. The
left side of SP11 is part of the inlet boundary, and its right side
forms a CAMI boundary with the right-side of SP12. The back side
of SP21 creates a CAMI boundary with the front side of SP11.
Therefore, the inlet boundary surface consists of left-sides of SPs
of 11, 21, ..., 61, and the outlet boundary consists of the right
sides of SPs from 16, 26, ..., 66. All other boundary surfaces are
set as impermeable and no-slip solid surfaces.

Flow Simulations

Table 4 includes hydrodynamic parameters (i.e., input and output
conditions). The inflow rate to each HEx, 0.9 kg (or L)/s, is cal-
culated as the total inflow rate 1,864.59 kg/s divided by the
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Fig. 7. Full mesh view made using the STL reconstruction. To generate
this mesh using NETGEN, options for variables meshsize and min-
meshsize are set as 1.0 and 0.20 mm, respectively, using the recon-
structred STL file of Ax =2.0 mm and Ay = 1.154 mm.

Table 4. Hydrodynamic parameters
Variable Value

System inflow rate Q 1,864.59 kg/s
Total number of HExs 2,120
(8 sets x 265 HEx per set)
Flow rate to each HEx

9.0 x 107" kg/s (9.0 x 107* m?/s)

total number of HExs of 2,120. Using the density of water,
1.0 x 10® kg/m?, the flow rate to each HEx is equivalent to
9.0 x 10~ m3/s. CFD simulation results are shown in Figs. 8—11
as the primary results of this study. Although comprehensive flow
simulation is our ultimate research goal, the current paper focusses
on the reconstruction of ill-conditioned STL files generated from
the Auto CAD software. The subsequent CFD results show reason-
ably acceptable trends and physical implications, but the grid-
independency is not fully tested.

Preliminary

Fig. 8 uses only a 1/6 area of the total HEx by selecting the upper-
most rectangular plate. In OpenFOAM, the pressure indicates the
actual pressure divided by the fluid density: p — p/p. The left and
right portion of the rectangular plate are equal to SP11 and SP16,
respectively. The CFD work shown in Fig. 8 is to test the integrity
of the slit-and-mesh method, developed in this study, by visualizing
standard outcomes of U and p. As this step is preliminary, specific
conditions and analyses are omitted for this test run.

Low Flow Rate Case

Fig. 9 shows the flow field with the background color gradient of
pressure p for the inlet flow rate of Q = 1.466 x 10~* m3/s, which
is approximately 1/6 of the standard flow rate, given as 9.0 x
10~* m?/s in Table 1. The pressure and its gradient are set equal
to zero at the (left) inlet and (right) outlet boundaries, respectively.
The background color of Fig. 9 changes from red to blue indicating
a gradual decrease of pressure along the flow direction of x. The
pressure distribution at the inlet (of zero-gradient condition) was
calculated during the CFD simulations, and its mean value is close
to its maximum of 7.70 x 107> N - m/kg. In general, the color plot
provides a clear overview of the spatial distribution of the pressure,
as its gradient generates flow vectors at given position r and time 7.
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Fig. 8. (Color) Test CFD-simulation using a single rectangular plate of 1/6 size of the whole HEx, showing profiles of (a) pressure; (b and c) side
views of the speed at two different viewpoints, respectively; (d) streamlines of quasi-linearity; and (e) velocity vectors with the pressure background
color. (Refer to Fig. 9 for specifc values of p and U.)

GlyphScale

©
=
=
S
]
S
©
c
8
5
s
5
<
=
=
2
Q
)
o
I
e}
g
=
S
E
4
o}
2
<
)
2
Q
3
¥
£
S
¥
S
=
8
[a]

Fig. 9. (Color) Flow fields with Q = 1.466 x 10~* m?/s. The visualization scheme is equal to that of Fig. 8. The left and right sides are inlet and
outlet boundaries, respectively, of which conditions are described in Table 3. All other sides are considered as impermeable walls of no flow slip.
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Fig. 10. (Color) Streamlines generated using the Tube filter function included in ParaView.

Because one of main purposes of this study is to develop a inno-
vative meshing technique of extreme geometry, a detailed analysis
of CFD results with the grid-independence are limited becasue
various structures of meshes can be generated using the same
STL file.

The Reynolds number (Re) regarding this HEx case can be cal-
culated as

heg(u) 1 Q0 o(10™)
v vWL 0(10%)0(1)0(1)

= 0(10%)

where (u) = Q/he WL = mean internal speed within the thin chan-
nel between two solid plates. The flow regime is primarily the lam-
inar, and therefore, the turbulent effect may not be present even if
the spatial variation of fluid flow must be complex. Fig. 10 uses the
same data set of Fig. 9 and shows the streamlines of apparently
sinusoidal periodic patterns. Steamlines of Fig. 10 shows vortices
formed periodically along the flow direction (4X), and the length
scale of the periodic vortices is approximately equal to that of the
horizontally long rectangular plates, packed vertically to form the
whole HEx. One can visually estimate in Fig. 10 that the number of
local vortices is almost equal to that of SPs (i.e., 36). As such, our
future studies will include the fouling reduction method using dy-
namic cleaning balls within the thin flow channel. Streamlines of
higher curvature indicate a longer hydraulic residence time, which
must increase the heat exchanging rate. As the feed flows are com-
posed of untreated seawater, vortex centers create a vulnerable
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region of surface fouling, an investigation of which will comprise
our future work. The periodicity observed in Figs. 9 and 10 indi-
cates that CFD simulation using one SP can possibly represent the
effects of flow field upon the entire HEx performance. Furthermore,
a basic fouling study can be conducted using only one of the SPs,
shown in Fig. 3 or 7.

Fig. 11 shows the periodic intensity (magnitude) of vortices us-
ing the same original data set used for Fig. 9 and 10. A zig-zag
pattern of vortex intensity is observed along the six vertically
packed, long HEX plates, from the top to bottom rectangular plates.
For example, the top rectangular plate shows a left-down pattern,
followed by right-down and left-down of the second and third
plates, respectively. The five horizontal interfaces between the long
rectangular plates possess a distinct linear pattern, as the aligned
vortices are merging from two adjacent plates. Lateral flows across
the horizontal interfaces cause the interfacial patterns of the vortex
intensity. In contrast, vertical interfaces between SPs (not apparent)
in Fig. 11 do not seem to create any irregularity in the periodic
vortex patterns. However, it is not clear whether the variation
of vortex-intensity patterns is caused by the physical junction
between two rectangular plates or the matching algorithm of the
two interfacial meshes at the boundaries. The conforming degree
of interfacial meshing using the CAMI algorithm influences
the accuracy and stability of the numerical computation. It is ex-
pected that the vortex periodicity is closely related to the internal
fouling tendencies, which will be investigated in our subsequent
research.
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Fig. 11. (Color) Vorticity intensity visualization.

To ensure the accuracy of obtained CFD simulations, either
flow field U or pressure profile p needs to be compared with ex-
perimental observations. However, the purposes of the CFD work
often focus on exceptional, extreme, or unexplored cases of en-
gineering or other types of scientific interest. In this case, self-
consistent validation of the CFD work is of critical necessity.
One of the standard ways for the validation of numerical CFD
results exists as a grid convergence index (GCI) (ASME 2008).
Specifically, the GCI and other analysis methods of numerical
errors need three distinct gird sizes, h;(i = 1 —3), and repre-
sentative values of a primary variable, ¢;(i = 1 —3), calculated
at each grid size. One can calculate the grid convergence errors
or iteration convergence uncertainty so as to ensure that the
numerical convergence as an indirect proof of physical phenom-
ena will occur (Ferziger and Peri¢ 1996). However, within the
recent trends of computational engineering obtaining the appro-
priate solution of extreme geometry or phenomena as promptly
as possible has become as important as the conventional CFD
work for engineering optimization in regards to the capacity limit
of computational resources (Leyendecker et al. 2010). Validating
numerical errors using iterative or accumulated errors is a difficult
task as it confirms numerical self-consistency. In addition, a grid-
size that was first implemented for CFD work is often an optimal
choice for the largest, possible grid form through which numerical
results can be obtained within a reasonable time duration. As our
present research focuses more on the reconstruction of an ill-
conditioned STL file, the CFD results allows us to propose that
our algorithm is rigorous and robust enough to generate meshes
that can be used for future CFD work in general.
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Conforming Mesh Interfaces

Mesh Conforming Methods

When two separate objects are independently meshed and the
meshes are merged by matching two boundaries to make a com-
pound object of the two, the boundary meshes from each side must
be perfectly matched for error-free data transfer from the bulk phase
of one object to that of the other. If all the vertex points and edges
are identically matched, then the interfacial meshes are called con-
formed. The mesh conforming requires the exchange of geometri-
cal information of the matching boundaries and the cells located
near the boundaries. Unless this information is provided prior to
the meshing process, the perfect mesh conformation is challenging
because the number of vertex points at the boundary of the two
objects are generally different. Conceptually, there are two possible
methods for mesh conforming. The first is to modify the surface
mesh by relocating the vertex points of each side until perfect pair-
ing is obtained. When the number of vertices at the boundaries are
different from one side to the other, this method requires either the
creation of new vertices or the destruction of preexisting vertices
equal to the difference of the vertex number between two contact-
ing sides. Although this surface-modifying method is conceptually
simple and appears to be relatively straightforward, it is very chal-
lenging to create or destruct tetrahedron cell volumes containing
the vertex points. Note that in most cases the tetrahedron-based
meshes are generated using quality evaluation of the new vertices,
and, more importantly, the secondary creation of new tetrahedron
volume is based on the Delaunay triangulation (Weatherill 1992;
Barber et al. 1996). The second method is to create a geometrical

J. Environ. Eng.

J. Environ. Eng., 2020, 146(6): 04020040



Downloaded from ascelibrary.org by Albert Kim on 04/06/20. Copyright ASCE. For personal use only; all rights reserved.

contact between the two boundaries (from various objects) and ex-
change interpolated boundary-conditioned data obtained from one
another. In general, a vertex point at one side of the contacting sur-
face will touch an arbitrary point within a facet of the other side
(OpenFoam Limited 2018). If the topologies of the boundary mesh
structures are similar, the interpolation will make the large-scale
CFD simulation much more feasible.

Solution Divergence

Fig. 12 shows a portion of the local AMI boundary between
two SPs. The snapshot was taken when the solution diverges at a
higher flow rate than Q = 1.466 x 10~* m? /s of Fig. 8, which is, at
present, the maximum flow rate available for CFD simulations. To
clearly visualize the numerical instabilities caused by the noncon-
forming interface, only six colors were used. A number of param-
eters were tested so as to control the numerical convergences, such
as initializing the solution using a potential flow calculation, em-
ploying turbulent solvers, and increasing the number of maximum
iterations with the lowest tolerable error assigned. However, the
solution does not converge as the accumulated error diverges.
The system sizes of investigations increase as more powerful com-
putational resources become available at a more reasonable cost.
Solution methods for large-scale problems should be more ad-
vanced than those for small systems that can be meshed, set up,
and solved using small memory and serial computing schemes.
As the entire geometry of the large HEx cannot be easily handled
by a single CPU, the solution processes need to be modularized and
parallelized. In such a situation, building optimized mesh structures
that can provide the substantial stability and rapid convergence of
the numerical solutions must be sought first before testing a poten-
tially faster solving algorithm, which will be addressed within our
future research. The solution divergence is due to the incomplete

mesh conformation, which must be weakly related to the overall
mesh quality.

Concluding Remarks

As the renewable energy production will be one of major energy
generation methods, the performance of a specially designed HEx
is of great importance for future OTEC. The HEx volume needed to
be meshed is one of the most important preprocessing steps within
flow simulations. The Auto CAD-exported steregolithography file
has many highly skewed facets so that mesh-generation software
often falls into an infinite loop. The original STL file was split into
36 equal-sized files of 6 by 6 array, and a STL-reconstruction al-
gorithm was developed using the ray-tracing scheme. The mesh
reconstruction was successfully conducted using the original STL
file, and the newly reconstructed STL has fewer variations in sizes
and types of facets because the reconstruction is grid-based on a
projected plane using the ray-tracing method. Each of the subdi-
vided STL files is meshed independently and merged into the same
enclosing geometry of the original STL file. The cyclic arbitrary
meshed interface (CAMI) boundary conditions are applied to seam-
lessly connect two adjacent parts. CFD visualizations indicate the
current method, called the split-and-merge algorithm, provides
physically reasonable computational results. The streamlines indi-
cate that the large vortices form almost one per each SP sized 1/36
of the whole plate. A closer investigation shows that vortices are
aligned in periodic, zig-zag manners along the tangential and
normal directions to the flow field, respectively. The basic flow
patterns obtained in this study will be used as an input flow envi-
ronment for particle hydrodynamics simulations within our future
research. In addition, mesh conformation methods need to be iden-
tified so as to simulate a wide range of inlet flow rates and fully

Fig. 12. (Color) Mismatching vertices on an AMI boundary with diverging p values.
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optimize heat exchanging capacity and cleaning protocols of OTEC
operations.

Appendix I. NETGEN Neutral

Any mesh generated by NETGEN can be exported to various for-
mats (Schoberl 2009), such as Neutral, Surface Mesh, DIFFPACK,
TecPlot, Tochnog, Abaqus, Fluent, Permas, FEAP, Elmer, STL,
VRML, Gmsh, OpenFOAM (old version), JCMwave, and TET.
Among them, the neutral format provides a standard and basic data
structure, stored in an ASCII file. In an ASCII file of the neutral
format, a tetrahedron mesh is composed of three sections: nodes,
volume elements, and surface elements. Detailed contents of a
neutral file is as follows:

e Line 1: N (the number of nodes (i.e., vertices);

e Line 2: xq, y1,z; (a 3D coordinate of the first node);

e Line k: xy, yi, zx (a 3D coordinate of the kth node);

e Line N,y + 1: Xy, Yn, 2y (@ 3D coordinate of the k the node);

e Line Nyg + 2: N, (the number of volume elements);

* Line N,y + 3: st vid, v(11>, vél), v(;), vil);

e (The id number of the 1st volume element and indexes of four
nodes composing the volume element. Unless the whole volume

is compounded, the volume id value is one kind, such as 0);
o Line Npoge 4 k: (k —2)th vid, v\, p{2) 2 1,2,

e Line N+ N, +2: N,th vid, v(lk_z), v(zk_z), vgk_z), vf‘k_z);

e Line N + N, + 3: N (the number of facets);

e Line: Ist ben, v(ll), v<21>, vgl);

* (The boundary condition number (bcn) of the 1st facet and in-
dexes of three nodes composing the facet. NETGEN uses 0 as
the default boundary condition number);

e ...;and

e Line N+ N, + N, + 3: N,th ben, v(ll>, vél), vgl).

Due to the straightforward data structure of the NETGEN neu-

tral format, input and output functions can be developed using a

standard programming language.

Appendix Il. Command Line Execution for NETGEN
Meshing

A specific NETGEN command is shown in Listing 1, which is to
import an STL file, generate a tetrahedron mesh, and export the
mesh of NETGEN neutral format. (See “Appendix I for details
of the NETGEN neutral format.)

Listing 1. NETGEN command and options. Back slashes are to
break a long command.
1. netgen -batchmode \
2. —geofile = squarePiecell.stl \
3. —meshfile = squarePiecel 1.ngn \
4. —meshfiletype = "Neutral Format”

Appendix lll. Mesh Quality Estimation Using
checkMesh

The mesh quality is evaluated using OpenFOAM utility, check-
Mesh, piece 66 is evaluated as an example, and results are summa-
rized as follows. Mesh statistics indicates there are 112,002 points,
910,553 faces, 744,823 internal faces, 413,844 cells, 4 faces per
cell, 5 boundary patches, 0 point zones, 0 face zones, and 0 cell
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zones. The overall number of cells of each type are as follows:

hexahedra (0), prisms (0), wedges (0), pyramids (0), tet wedges

(0), tetrahedra (413844), and polyhedra (0). The following topol-

ogy elements were passed: boundary definition (OK), cell to face

addressing (OK), point usage (OK), upper triangular ordering

(OK), face vertices (OK), and number of regions: 1 (OK). Geom-

etry is checked as the following:

e Overall domain bounding box (1186.33 -185.333 7.28845)
(1,354.67 -23.4439 13.2875);

* Mesh has 3 geometric (nonempty/wedge) directions (1 1 1);

e Mesh has 3 solution (nonempty) directions (1 1 1);

* Boundary openness (1.93818e-17 -3.72191e-17 2.4657e-15)
OK;

* Max cell openness = 4.63334e-16 OK;

* Max aspect ratio = 35.125 OK;

* Minimum face area = (0.00078955. Maximum face area =
2.69351. Face area magnitudes OK;

* Min volume = 3.42138e-05. Max volume = 1.35938. Total
volume = 92151.7. Cell volumes OK;

* Mesh nonorthogonality Max: 83.8359 average: 20.2337;

* *Number of severely nonorthogonal (>70 degrees) faces: 117;

* Nonorthogonality check OK;

* «Writing 117 nonorthogonal faces to set non-OrthoFaces;

e Face pyramids OK;

¢ Max skewness = 1.31249 OK; and

* Coupled point location match (average 0) OK.

Data Availability Statement
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