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GRAPHICAL ABSTRACT

ABSTRACT

This paper presents a comprehensive analysis
of a new concept of heat exchanger for Ocean
Thermal Energy Conversion (OTEC)
applications. The study utilizes Computational
Fluid Dynamics (CFD) simulations to evaluate
the performance of different heat exchanger
designs for extracting thermal energy from
oceanic sources, specifically using water and
R717 liquid. Key performance parameters
including cold vapor fraction, temperature
difference, and pressure drop are evaluated
through a combination of numerical
simulations and experimental validations. The
analysis of the cold vapor fraction provides
insights into evaporation rates and their
distribution across multiple prototypes,
highlighting the impact of the wetted area on
heat transfer effectiveness. The evaluation of
temperature differences reveals variations in
discharge fluid temperatures, with some
prototypes deviating from thermodynamic
principles at a default evaporation frequency
of 0.1. Various evaporation frequencies are
simulated and compared with experimental
data to select the optimal frequency for each
prototype. The simulations and experiments,
conducted under similar conditions, ensure
accurate validation despite inconsistencies

arising from variations in heat exchanger
design and boundary conditions. The
performance evaluation demonstrates the
effectiveness of the three prototypes, with
Prototype 2 achieving the highest effectiveness
up to 59% for OTEC applications. The findings
contribute to a better understanding of heat

exchanger performance in OTEC and provide
valuable insights for design optimization and
future application development. This paper
emphasizes the significance of efficient heat
transfer and highlights the potential of ocean
thermal energy as a renewable and sustainable
resource.

KEYWORDS

OTEC, Heat exchanger, Evaporation frequency,
ANSYS simulation, Effectiveness

INTRODUCTION

Renewable energy, which is characterized by its
ability to reduce costs and provide a future with
pure energy, has experienced remarkable growth.
Renewable energy has the potential to substantially
reduce carbon emissions and other forms of
pollution by substituting fossil fuels in the power
sector[1], [2]. Ocean Thermal Energy Conversion
(OTEC), which utilizes temperature differences
between the surface and depths of the ocean to
generate electricity, is one of the developing
technologies in renewable energy generation [3].
OTEC facilities utilize a closed Rankine
cycle, which consists of pumps, turbine generators,
and heat exchangers including the evaporator and
condenser. Warm surface water is circulated
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through the evaporator in this process,
transforming a working fluid into a vaporized fluid
that operates the turbine. The condenser, which is
chilled by cold ocean water from greater depths,
returns the vaporized fluid to its liquid state.
However, due to the independent evaluations of
heat transfer coefficient and pressure drop,
selecting an appropriate and highly efficient heat
exchanger design for OTEC applications remains
challenging [4][5]. Figure 1 shows the classification
of HEX based on their construction.
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Figure 1: Classification of HEXs based on their
construction [6].

As an essential component of the heat
exchanger, the evaporator facilitates the
conversion of liquid to gas phase. It uses the
temperature distribution of cold surface seawater
within the closed system to generate saturated
vapor from the working fluid. The success of the
Rankine cycle is determined by the expansion of the
vapor through the turbine, which recovers more
energy than is required to pressurize the liquid once
more [7]. Consequently, the effectiveness of the
evaporator in converting R717 liquid to vapor,
especially in terms of its volume fraction, has a
significant impact on energy conversion efficiency.
During the evaporation process, heat transfer
processes occur between the evaporator’s walls.
Several parameters, including wetted area,
temperature difference, overall heat transfer
coefficient, and wall thickness, are variable in this
study, whereas the thermal conductivity and
emissivity coefficient are constants [8].

To evaluate the effectiveness of the new
concept evaporator design, parameters such as
temperature, pressure, and vapor fraction must be
measured and computed using specialized heat
transfer simulation software such as Ansys Fluent.
Ansys Fluent is a versatile computational fluid
dynamics (CFD) application that can simulate fluid
flow, heat, and mass transfer. Through CFD, this
study aims to investigate the effectiveness
performance of the new evaporator concept for
OTEC application. This research utilized the working
fluid of water as the hot fluid and R717 (ammonia)

liquid as the cold fluid which ammonia proves a
significant outcome for a closed Rankine Cycle. The
R717 vapor formed along the evaporator will be
discussed based on the findings of the research [9].

METHODOLOGY

The method that will be used to evaluate the
performance of the evaporator is Computational
Fluid Dynamics (CFD) by using Ansys Fluent where
three prototypes were simulated for multiphase
simulation. It is the technique of solving partial
differential equations, particularly the continuity
equation and the momentum or Navier-Stokes
equations. The simulation will involve the heat
transfer between two different fluids which are
R717 liquid and water based on the boundary
condition that has been decided involving mass
flow rate, inlet temperature as well as outlet
pressure. Table 1 shows the boundary condition for
the simulation of the prototype. Figure 2 shows the
Flowchart of the simulation in ANSYS Fluent.

Table 1: Boundary condition of the prototype.

N . R717
Boundary Condition Unit  Water o
liquid
Mass flow rate, m kg/s 1.5 0.0116
Inlet Temperature, Tj, K 303.15 287.45
Outlet Pressure, Pout Pa 101325 958000

v

|
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Figure 2: Flowchart of the simulation in ANSYS Fluent
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Prototype Dimension

Three prototypes are designed and modelled by
using SOLIDWORKS which the prototype was
designed as part of a cross-section from a whole
circle of the evaporator. Prototype 1 has a cross
section of 45° while Prototypes 2 and 3 are 15°
(refer Figure 3). This is to reduce the computational
time for the multiphase simulation. Table 2 shows
the dimensions of each prototype. Lengths for each
prototype are the same but the difference is wall
thickness for hot fluid.

Table 2: Dimension of each prototype

Table 3: Element size of the meshing parameters

Meshing Type Element size (m)
Body Sizing 0.001
Inflation 0.0002

Each prototype has an individual number
of nodes and elements, with a higher number of
nodes and elements requiring more computational
time due to their complexity but providing more
precise results [10]. Table 4 depicts the number of
nodes and elements for each prototype.

Table 4: Number of nodes and elements for each

Prototype Wall Thickness Evaporator
(mm) Length (mm)
Prototype 1 2.75 500
Prototype 2 0.5 500
Prototype 3 0.5 500

Prototype 1 Prototype 2 Prototype 3

Wall
thickness

-

/ Cold Fluid
Wall /

thickness

Hot Fluid / )

Figure 3: Design of Prototypes 1, 2, and 3.

Wall
thickness

Mesh Generation

CFD meshing, similarly meshing in finite element
simulations, applies a numerical grid to a fluid body
and boundary. The precision of a CFD simulation is
determined by groupings of grid points produced by
meshing methods. The meshing system’s physics
preference is set to CFD, and the solver preference
is set to Fluent. Fixed at 0.001m, the element size of
the models provides a finer and more compact
geometry. The initial mesh method is generated by
applying body sizing to all body interfaces with a
0.001lm element size. When the boundary
condition analysis is performed correctly by
creating a finer mesh near the wall or boundary, the
inflation method is then applied to all bodies
involved in fluid fluxes as it is a fundamental
technique. The selected inflation option is first layer
thickness with a first layer height of 0.0001m and a
maximum of 3 layers. All these parameters are
shown in Table 3.

prototype.
Prototype Nodes Elements
Prototype 1 669444 544245
Prototype 2 582950 459170
Prototype 3 358082 284993
Mesh Quality

Mesh quality in ANSYS refers to how well the mesh
matches the models’ geometry. It is essential for a
high-quality to have well-shaped and uniformly
sized parts. This is essential for the simulation’s
accuracy and dependability. Orthogonal quality and
skewness are the main criteria that can be used to
evaluate the quality of the mesh in ANSYS.

Table 5: Mesh quality for all prototypes.

Prototype Minimum Orthogonal Maximum
Quality Skewness
Prototype 1 0.45883 0.69929
Prototype 2 0.32132 0.7796
Prototype 3 0.073033 0.92697

As the minimum orthogonal quality is
greater than 0.01 and the maximum skewness is
less than 0.95, both parameters indicate a mesh of
high quality [11]. When simulating the model in
ANSYS Fluent, a higher mesh accuracy will result in
a more accurate simulation.

Solver Setup

Setting up a simulation with Fluent requires
defining the geometry of the problem, configuring
the fluid properties and boundary conditions, and
selecting the appropriate solver and numerical
options. This initialization procedure determines
the dependability and utility of simulation results.
Before performing the calculation for all
prototypes, the initial setup includes the
parameters for general, models, materials,
boundary conditions, and methods. Table 6 shows
the solver setup settings used throughout the
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simulations. Figure 4 shows the solver setup
simulation.

Table 6: Solver setup for multiphase simulation

Setup Choice

Solver Pressure Based
Time Transient
Multiphase Model Volume of Fluid (VOF)

Turbulence Model k-epsilon
Mass flow inlet

Boundary Conditions
Pressure outlet

Set solution
parameter

Initialize the solution
h 4

Calculate the solution

Modify solution
parameters or grid

Figure 4: Flowchart of the solver setup simulation
Solver Setup

Standard initialization is applied in this instance
because the model must be modified to account for
the water volume fraction in the interior fluid part.
Since the multiphase model only specifies one
principal phase throughout the model, there will be
two phases which are water and R717 liquid, in the
evaporator pipe. Before conducting the simulation,
R717 vapor needs to be patched into inner the fluid
section to initiate the system to account for the
formation of R717 vapor after the simulation.
Figure 5 shows the patching method for R717
vapor.

contaur1
Volms Tractin (amman...
1.0e+0

4 00e-m
800e-01
7.00e-01
6 00e-01
5.00e-01
4.00e-01
3 0e-0
2 00e-01
1.00e-01
0.00e+0

Figure 5: Patching methods for R717 vapor.
Evaporation Frequencies

The frequency of phase change of evaporation
should be considered while modeling multiphase in
ANSYS Fluent since it might affect the dependability
of the output. Multiphase flow method VOF
calculates liquid-vapor dispersion by volume
fraction. Evaporation and condensation rates must
be accurately predicted to simulate the phase
change process, which affects temperature and
flow distribution [12]. Phase change frequency is
the rate at which liquids and solids evaporate into
vapor. Ignoring phase change or evaporation
frequency may restrict the simulation’s capacity to
predict multiphase system behavior. This may lead
to inaccurate outcomes that need time and money
to fix. This simulation compares the results of each
prototype by changing the evaporation frequency
to 0.1, 1, 2, 40, and 160.

RESULTS AND DISCUSSIONS

Post-processing of the simulation will provide the
outcomes of the simulation. The results that will be
discussed in this section include cold (R717) vapor
fraction, temperature difference, and pressure
drops.

Comparison Between Prototypes

Referring to Figure 6, each of these three
prototypes undergoes a multiphase simulation that
considers the boundary conditions that have been
set for it. At 303.15K, heat transfer from hot water
causes R717 liquid to convert into R717 vapor, so it
can be concluded that all prototypes can vaporize
the liquid well. This comparison between
prototypes uses the default value of evaporation
frequency of 0.1.
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Figure 6: R717 vapor fraction formed for Prototype (a)1,
(b) 2 and (c) 3.

Simulation Validation

Validation of simulation models is required to
demonstrate the accuracy and dependability of the
simulation model. The purpose of simulating with
varying evaporation frequencies is to compare the
outcomes of each prototype. In this study, the
simulation is validated by an experiment conducted
in a previous study using the same fluid properties,
R717 ammonia, and water [13].

However, there is a significant difference
between the heat exchanger’s boundary conditions
and its design model. The variances in percentage
error between CFD simulations and experimental
findings will be further discussed. Thus, evaporation
frequencies for each prototype are 160, 40, and 1.
Due to the large difference in boundary conditions
and heat exchanger design between simulation and
experiment, few high percentage error values exist.
Table 7 shows the lowest percentage error among
others. Therefore, performance evaluation based
on selected evaporation frequency for each
prototype will be further discussed.

Cold Vapor Fraction

Figure 7 depicts the R717 vapor fraction formed
along the 0.5m heat exchanger pipe for each
prototype based on the 160, 40, and 1 evaporation
frequencies, respectively. Overall, it is evident that
Prototype 2 has the highest rate of vaporization
compared to other prototypes. This is due to the
efficiency of the heat exchanger even though some
factors might happen to contradict the
performance of the heat exchanger such as the
wetted area.
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Table 7: Comparison between simulation and experiment
for each prototype.

Evaporation 160

Frequency
- Simulation AT Experiment AT Error
w (%)
z Inlet R717 287.45 285.55
(] 12.55 81 5494
2 Outlet R717 300 293.65
o
Inlet water 303.15 300.15
2.07 25 17.02
Outlet water 301.08 297.65
Evaporation 20
Frequency
~ Simulation AT Experiment AT Error
w (%)
z Inlet R717 287.45 285.55
(] 12.55 81 5494
2 Outlet R717 300 293.65
o
Inlet water 303.15 300.15
2.66 25 6.28
Outlet water 300.49 297.65
Evaporation 1
Frequency
: Simulation AT Experiment AT E(r;;r
o
z Inlet R717 287.45 285.55
(] 12.55 81 5494
2 Outlet R717 300 293.65
o
Inlet water 303.15 300.15
1.54 2.5 38.52
Outlet water 301.61 297.65
R717 Vapor Fraction vs Location
—@— PROTOTYPE 1 (160)
=@ PROTOTYPE 2 (40)
PROTOTYPE 3 (1)
- 100% JO00000000000
O 0
s 80%
<
= 60%
3
S 40%
5
> 20%
o~
~ 0%«
~
-0.1 0.1 0.3 0.5

Location (m)

Figure 7: Graph of R717 vapor fraction vs Location
Outlet Temperatures

The temperature of both cold and hot fluids will be
evaluated assessing the hat exchanger’s
effectiveness. Both Figure 8 and Figure 9 depict the
cold and hot outlet temperatures, respectively. The
outlet cold temperature of all prototypes appears
to be the same at 300K, whereas the outlet hot
temperature is highest for Prototype 3 at 301.6K,
followed by Prototype 1 at 301.1 K. The Prototype
2 hot outlet temperature is known to be the lowest
at 300.5K. The effectiveness of the heat exchanger
will be further discussed in relation to the
temperature.
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Outlet Cold Temperature
400

300
200
100

0

PROTOTYPE PROTOTYPE PROTOTYPE
1 2 3

Temperature (oC)

Figure 8: Outlet cold temperatures for each prototype

Outlet Hot Temperature

302
301.5

301
300.5

300 .
299.5

PROTOTYPE PROTOTYPE PROTOTYPE
1 2 3

Temperature (oC)

Figure 9: Outlet hot temperatures for each prototype
Cold Vapor Fraction

The performance of the heat exchanger will be
evaluated by the effectiveness and the overall heat
transfer coefficient where the prototypes show
their significant performance due to several factors
such as the wetted area and design of the heat
exchanger. The net power production per heat
transfer area in a single channel is the most crucial
factor for comparing the efficiency of different heat
exchangers, especially when dealing with variables
[14].

Heat Transfer Rate

Calculating the heat transfer rate of a heat
exchanger is one method to assess its efficiency.
The heat transfer rate of a heat exchanger is used
to determine its efficiency. Table 8 shows the
overall heat transfer rate based on equations (1)
and (2).

. Qhot = meAT (1)
Qcota = M(hy — hy) (2)

Where:

Q: heat transfer per unit time (kW)

m : mass flow rate (kg/s)

C,: specific heat at constant pressure (kl/kgK)
AT: temperature difference

h: enthalpy (kJ/kg)

Table 8: Overall heat transfer rate for each prototype

Cold Fluid Hot Fluid Overall

Heat Heat Heat
Prototype Transfer Transfer Transfer
Rate, Q Rate, Q Rate, Q

(kW) (kW) (kW)
Prototype 1 14.2197 19.5111 33.7309
Prototype 2 14.2192 24.9884 39.2076
Prototype 3 14.2191 24.0562 38.2753

Wetted Area

Heat transfer study shows that the wetted area, or
fluid contact area affects heat transfer. The wet
area for each prototype is considered based on the
solid area on which the heat transfer occurs
between the hot fluid and the cold fluid. Table 9
portrays the comparison of the wetted area of each
prototype:

Table 9: Wetted area for each prototype.

Prototype Wetted Area (m?)
Prototype 1 0.0175
Prototype 2 0.0376
Prototype 3 0.0410

Log Mean Temperature Difference (LMTD)

LMTD is the temperature variation used in heat
exchanger studies to determine the fundamental
heat transfer between two fluids. By comparing the
temperature at both ends of the heat exchanger,
the LMTD may be utilized as a substitute for the
average temperature gradient along the whole heat
exchanger which can be seen in Table 10.

LMTD — (Tin,hot_Taut,cold)_(Tout,hat_Tin,cold) (3)

ln(Tin,hot_Taut,cold)_ln(Taut,hot_Tin,cold)

Where:

Tinnot: Inlet water temperature (K)
Toutnot: Outlet water temperature (K)
Tincota: Inlet R717 temperature (K)
Tout,cola: Outlet R717 temperature (K)

Table 10: LMTD values for each prototype.

Prototype LMTD
Prototype 1 7.1527
Prototype 2 6.9628
Prototype 3 7.3263

Overall Heat Transfer Coefficient

The overall heat transfer coefficient describes the
efficiency with which heat is conveyed from one
fluid to another across an interface. Table 11 shows
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the comparison between the prototypes. The
overall heat transfer coefficient is calculated by:

U= AXLCI?VITD (4)
Where:
Q: heat transfer per unit time (kW)
A: heat transfer area (m2)
LMTD: Log Mean Temperature Difference

Table 11: Overall heat transfer coefficient for each
prototype

Overall Heat Transfer

Prototype Coefficient, U

Prototype 1 269.4741
Prototype 2 156.4178
Prototype 3 127.4245

Number Transfer Unit

The NTU (Number of Transfer Units) method is
widely employed for evaluating heat exchanger
performance and estimating heat transfer rates.
The comparison value can be seen in Table 12. The
NTU method can be calculated by using Cmin which
is the product of the mass flow rate and specific
heat for constant pressure:

NTU = 24

Crnin (5)
Where:
U: overall heat transfer coefficient
A: heat transfer area (m2)

Crin: SMallest thermal capacity for single-phase
fluid

Table 12: NTU value for each prototype

Overall Heat Transfer

Prototype Coefficient, U
Prototype 1 0.7521
Prototype 2 0.8981
Prototype 3 0.8338

Effectiveness Of Heat Exchanger

For comparison of a variable heat exchanger, the
net power output per heat transfer area in a single
path is the most important factor if we consider the
effectiveness of the heat exchangers [14]. The
effectiveness is the measure of the performance of
the heat exchanger by using the NTU-method
approach which the comparison can be seen in
Table 13:

g=1—e NV (6)

Where:
NTU: number transfer units

Table 13: Effectiveness percentage for each prototype

Prototype Effectiveness (%)
Prototype 1 52.86
Prototype 2 59.27
Prototype 3 56.56

In theory, the optimum efficiency of a
counterflow heat exchanger is 1 or 100%, but in
practice, this is rarely achieved. In OTEC
applications, where the temperature difference
between the hot and cold fluid is relatively small, it
is essential to have a heat exchanger with a high
level of efficiency to maximize the amount of
electricity that can be generated. Based on a
previous study [14], [15] which focused on the
performance of OTEC heat exchangers, the paper
discovered that OTEC implementations can achieve
efficacies of at least 50%, and up to 70% under
certain conditions.

Differences between LMTD and NTU Methods

LMTD and NTU methods have significant
differences when evaluating the performance of a
heat exchanger. Based on experimental values of
the inlet and outlet temperatures and the fluid flow
rates, the LMTD method is beneficial for
determining the overall heat transfer coefficient, U.
If the inlet temperatures and U are known,
however, this method is inconvenient for predicting
the outlet temperatures. The effectiveness-NTU
method provides a more practical technique for
predicting outlet temperatures. Without
introducing additional assumptions, this method
can be derived from the LMTD method. The
effectiveness-NTU and LMTD approaches are
therefore equivalent. The ability of the
effectiveness-NTU method to predict outflow
temperatures without employing a numerical
iterative solution of a system of nonlinear
equations is one of its advantages.

CONCLUSION

This research aimed to create a model of an
effective heat exchanger for Ocean Thermal Energy
Conversion (OTEC) applications. The model was
subjected to comprehensive computational fluid
dynamics (CFD) simulation and the results were
extensively discussed using relevant concepts and
references. Provided are conclusive suggestions for
future implementation and analysis of the heat
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exchanger. The simulations included vapor fraction
formation, temperature difference, and pressure
drop across numerous prototypes, among other
aspects. Due to its larger wetted area, Prototype 3
demonstrated the maximum heat transfer rate, but
some limitations were identified. However, based
on the effectiveness, Prototype 2 seems to be the
most efficient among the others. The analysis of
temperature difference and pressure drop was
essential for determining the effectiveness of a heat
exchanger. Overall, the new concept heat
exchanger prototypes are promising for OTEC
applications and contribute to a greater
comprehension of evaporation dynamics for design
optimization. Compared to simulations, previous
studies involving similar fluids, but distinct heat
exchanger designs and conditions revealed a large
error of up to 54%. To determine the exact
evaporation frequency, it is necessary to conduct
precise experimentation with the constructed
prototype.
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