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side heat transfer coefficient. Geometry of the model of overall finned tube evaporator
is considered covering two aluminium wavy fins with an air flow in between,
combination of staggered cooper tubes with refrigerant flow inside. Fin gap is designed
4 mm to anticipate frost on the fin surface that can block air flow. Turbulence models
used in the study is the realizable k-€ turbulence which had the best performance
turbulence model and it was validated with secondary data from previous studies and
shows the lowest error only 5.9 %. The use of CFD was found to be sufficiently
representative of the heat transfer characteristics of evaporators, and acted as an
effective simulation tool to determine the heat transfer coefficient in order to improve
efficiency in terms of improved design. The characteristics of air flow between the fin
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Keywords: gap and around the tube was obtained various and complex. In the case study the entry
Air side heat transfer coefficient; air flow  velocity of 1.7 m /s at the highest turbulence condition of the first row can reach
characteristic; finned tube evaporator; speeds of 2.75 m/s. Hight turbulence regime in flow can indicate higher the heat
numerical modelling transfer coefficient of the evaporator.

1. Introduction

Refrigeration system has developed both in term of component development and in term of
being environmentally friendly, since the refrigeration system contribute to increased CO; levels in
atmosphere and can also damage the ozone which protects earth living from dangerous radiation of
the sun shine [1, 2]. However, natural refrigerant such as carbon dioxide (CO,-R744) is certainly
excellent for the environment friendly but at present it still has several weaknesses, especially in term
of high-pressure safety and efficiency of the system [3], so that investment and operation are still
more expensive being compared with the conventional refrigerant such as, R134a, R600a. Thus,
improving the efficiency of each component becomes more attention to improve the efficiency of
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overall refrigeration system. Using exergy analysis, four main components in vapor compression
refrigeration system were investigated by Choi et al., [4], the components that consist of condenser,
evaporator, compressor and expansion valve. Result of analysis revealed that there were losses of
30%, 25%, 25%, and 20%, respectively. It means that the condenser and evaporator are urgently
needed for efficiency improvement in order to obtain higher coefficient of performance (COP) of the
overall refrigeration system. And in this study evaporator become concerned to be analysis since this
equipment more risk from frost that the air flow quality significant useful to be investigated to get
good effectiveness for the evaporator [5].

Computer simulations, especially Computational Fluid Dynamic (CFD) have been widely applied
to several heat exchanger type simulations. Where, simulation can analyze flow and temperature in
depth instead of expensive and complex measurement of experimental methods. Using ANSYS Fluent
to simulate a finned tube type heat exchanger have been considered and analyzed properly and the
characteristics of this type of heat exchanger are very compatible with the Refrigeration, Heating and
Air Conditioning (RHVAC) system [6, 7]. Proper simulation is very important to evaluate thermal
performance under various operating conditions and especially, for optimal design. Computational
Fluid Dynamics (CFD) is also very appropriate for analyzing fluid flow design, static and thermal
analysis, to obtain design optimizations that can be applied to specific needs. In addition, with valid
CFD modeling, analysis becomes more flexible and enable us to obtain a very specific data. With
precision simulation, the optimization of heat exchanger design can be done in depth [8, 9].

Besides thermal approach analysis, the CFD model is also designed to allow evaluation of the 3D
effects of mal-distribution on variable temperature, heat transfer coefficient, and cooling power.
From the air side study, the CFD model is appropriate for observing the effects of mal-distribution of
flow on a finned tube heat exchanger applied for an open display cabinet. The model shows the
significances of uneven air flow at the evaporator inlet, and can affect to the air temperature and
heat flux in the evaporator. Poor air distribution causes a 10% difference in terms of thermal load
between the right and left side of the evaporator [10]. In addition, other open display cabinet studies
which were investigated by 2D and 3D CFD model showed very good results in air flow analysis. The
ambient conditions (temperature and humidity) as well as air flow through heat exchanger have
contribution on the overall performance and energy efficiency of display cabinets [11-13]. The type
of flow in the pipe also significantly affects the relative thermal resistance of the refrigerant. The
result obtained is the importance of considering the homogeneousness of angular heat transfer
coefficient, which if uniformed will affect the results of the precision of the model. In pipe flow regime
investigation with two phase condition also can be using other interesting computational simulation
program, such as MATLAB [14]. Furthermore, in ventilation application, optimization can be done by
optimizing the degree of inclination of the airflow output so that cooling can be effectively reached
into the room and energy can be saved significantly. The CFD simulation is very suitable to analyze
accurately for the best ventilation design to get optimization of pressure drop and distribution of
flow into the room [15, 16].

Wang et al., [17] examined the finned tube evaporator by using thermal-hydraulic characteristics
approach. This characteristic is analyzed using the CFD method. The 3D numerical model is derived
from the finned tube evaporator technique diagram, and the boundary condition is determined
according to the measured data obtained by experimental test rig. High and low temperatures
alternately seem in the middle plane of the adjacent tube line. The shape of the front end and the
back end that connects the main body to the exhaust pipe is an important factor in the flow area. In
term of cooling evaporator and condenser, the application of finned tube heat exchangers is the
formation of ice layers on the surface of fins that can reduce performance. This happens because
there are obstacles until the air flow is blocked in the fin and tube gaps. With computer modeling
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simulations, thermal resistance can be evaluated and shown that the occurrence of frost on the fin
surface is the main cause of the decrease in cooling capacity. So, it is recommended to improve the
evaporator design by reducing fin density in the first line pipe. In addition, some simulation model
can predict accurately previous were performed by using Reynolds-averaged Navier-Stokes (RANS)
equations, steady-state condition and in conjunction with Re-Normalization Group (RNG) k-€ as the
turbulence model [18, 19].

In summary, finned tube heat exchanger is very suitable for evaporator of the refrigerator system.
In addition, the CFD simulation is very precise and accurate for a finned tube heat exchanger
simulation. So, the results of this study will provide a significant contribution to the development of
evaporator in order to increase the Coefficient of Performance (COP) of fridge temperature
refrigeration systems. The heat transfer coefficient of finned tube heat exchanger for the evaporator
will be simulated, especially in working conditions of moderate temperature (0°C) with air humidity
of 90% RH. As far as the authors are concerned, this special condition has never been done in previous
studies. Although at this early stage of research is aimed to simulations were used to analyze the
characteristics of the air flow between the fins and the tube, as well as to analyze the heat transfer
coefficient. For the next stage, it will be continued with the optimization of the fin gap and wavy
angle in order to reduce the impact of frost on the evaporator performance.

2. Methodology
2.1 Geometry and Boundary Condition

Figure 1 shows the schematic diagram of refrigerated display cabinet and also show the
evaporator to be modeled with the CFD. Since the evaporator to be modeled has a specification
described in Table 1, so it is too difficult to model whole geometry of the evaporator. It will not only
need very high computer but also long-time running iteration. To obtain an effective processing time
and sufficient computer capacity for the CFD model, geometry is arranged with two fins as shown in
Figure 1 (c). The geometry of the simulation is considered to consist of two fin and others exactly
similar with the real evaporator which including, 2 rows pipes arrangement with fin type is wavy and
staggered pipe position with longitudinal distance of 25.4 mm and axial distance of 22 mm. Fin is
made of aluminum, with a thickness of 0.4 mm fin and 4 mm air gap between the fins. The pipe is
made of 8 mm outer diameter copper, with a thickness of 1.68 mm. In this case the air as a working
fluid is modeled with 90% RH humidity and room temperature, while the properties are derived using
the Engineering Equation Solver program [20] and input in the fluid properties in the CFD program.
For working fluid refrigerant which flow in the tubes is modeled with R134a refrigerant with
conditions at medium temperature at 0°C.

Table 1

Specification of the finned and tube evaporator

Fined tube evaporator Unit Characteristics/number
Tube arrangement (material) Staggered (Cu)
Longitudinal tube spacing (mm) 25.4

Axial tube spacing (mm) 22

Inside tube diameter (mm) 8

Outside tube diameter (mm) 10

Inside tube surface Smooth

Fin spacing (inchi) 4 mm

Fin thickness (mm) 0.6

Fin geometry (material) Aluminium
Tube length (mm) 240
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Since the fins are only 0.6 mm thick, joining on such a thin surface can be error especially when
considered in the context of the dimensional ratio to the overall evaporator. This is also due to the
type and size of the mesh. In order to more conveniently represent heat conduction in fins, and also
recommended by ANSYS Fluent® for finned heat exchanger models, the thin conducting wall shell
concept available in ANSYS Fluent® is used. This refers to simplifying the discretization of heat
transfer materials to a single node in thickness, thereby avoiding splicing to a very small degree.
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Fig. 1. Evaporator of display cabinet modelled to the CFD (a) Display cabinet schematic diagram (b)
Overall finned tube evaporator (c) CFD Simplified segment geometry

The thermos-physical properties (density, viscosity, heat capacity, thermal conductivity) of air
and working fluid (R134a) as a function of temperature and pressure were obtained using the
Equation Engineering Solver software. These are combined in Fluent using a linear-piece formulation.
The thermo-physical properties of copper and aluminum are obtained from the Fluent database. The
mass flow rate and temperature of the working fluid (refrigerant) at the inlet for each tube is assumed
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to be constant for the tube segments since the real evaporator temperature variation is linier with
very small variation between inlet and outlet temperature. Air enters between the two fins (x-
direction), with constant velocity and temperature. Fins and collar fins are modelled as thin walls are
available in the Fluent. And the equation for the starting boundary was assumed steady state and
constant at temperature of air 28°C and RH 90%.

2.2 Meshing and CFD Governing Equation

The type and quality of the mesh plays a very important role in order to get high accuracy of
numerical calculations and mesh quality is also very important to match and validate with the
geometry [21]. Furthermore, the proper turbulence model should be determined after selecting the
type and quality of the mesh. The discontinuous meshing approach is particularly useful in the early
design stages of heat exchangers to save time and memory at the minimum disadvantage of
accuracy. In order to achieve optimal mesh elements, a grid independence test was performed on
the volume tetrahedral mesh element geometry. Therefore, it is recommended to explore the use of
the discontinuous connection approach for the turbulent flow encountered in many heat exchanger
applications [22, 23]. Meshing in this model uses the tetrahedral type with a simulation of three
different cell density numbers. Meshing sensitivity analysis is carried out with respect to model
convergence. Using a medium (3,200,000 cells), the convergence of residuals is at least 10 for
continuity, 10”7 for energy, 1073 for x, y and z, 103 for k and 107 for €, while fine grids are found to
have residues of 10, 108, 10, 10* and 10. A very satisfying residue is obtained from a fine grid.
However, this smoother grid also requires longer computing time. Final meshing is shown in Figure
2, where a high grid density is used in all areas where the temperature gradient is high, which occurs
at the fin collar and the adjacent closest to the nearest heat source.
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Fig. 2. Three dimension (3D) tetrahedral meshing geometry

This fundamental physical principle is conveyed as a set of Navier-Stokes Equations Eq. (1) - Eq.
(5). The equation governing the flow and heat transfer associated with the fluid is based on the
principle of conservation of mass, momentum and energy, and because they are non-linear Second
Order Equations (SOE), the solution procedure is complicated. CFD concerns and solves the
discretized form of this equation for a domain, through iteration, where pressure (p), temperature
(T), density (p) and velocity components (u, v, w) on each grid cell can be predicted with high
correctness. The three equations governing to be developed as follows:
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Continuity equation:
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(1)

Momentum equation:

X-Momentum : X2 + a(’;:‘z) + a(’;;“’) + 222 = 2B 2 (7 4 pgi+ F (2)
Y-Momentum : 222 4 2E1) 4 ag;:z) e - —a;—i)+ aa—y(f) +pg;+ F (3)
Z-Momentum : 222 4 22U 4 a(’;;w) + a(”afz) = =204 2 (@) +pg + Fi (4)
Energy equation:

%(pH) =— aa—x(pucpT) - aa—y(pvcpT) — :—Z(pwcpT) + aa_x [/1 Z—i] + %[/1 Z—;] + % [/1 Z—Z] + Sg (5)

In these equations, SM dan SE represent mass source term (kg/m3) and energy source term
(W/m?), respectively in the system. In accordance with the designed geometry, it allows air flow in
the fin gap in complex flows with dual fluid flow regimes consisting of high or low turbulence regimes,
especially depending on the surface topology of the heat exchanger. A high Reynolds number of
current gives a higher heat transfer rate, compared to a lower Reynolds flow, and therefore the
model must capture the turbulence aspect of the flow. Higher turbulent flow occurs in the fin, the
effectiveness and heat transfer coefficient of the heat exchanger is better.

3. Result and Discussion
3.1 CFD Simulation Validation

The results and discussion explain about the validation of the model developed by the CFD
method to show the effectiveness of the CFD model with this method to the experimental results
that have been previously studied. And the core of the discussion in this study is the investigation of
the characteristics of air flow between the gap and the tube, as a basis for further investigation for
the application of the evaporator. The validation indicators are the heat transfer rate (Q) error (%)
dan air outlet temperature error (°C) which is shown in Figure 3.
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Fig. 3. Error of turbulence model with experimental data derived
from Santosa et al., [24]

To determine the accuracy of the numerical model, turbulence model performance is determined
in different experimental test conditions which was already described by Santosa et al., [24]. Air-
outlet temperature (Tout) and heat transfer rate (Q) are obtained from the average value of the
segments for each experimental condition. Validation procedures include a comparison between
predictions CFD parameters and results of secondary experimental data. Data collection conditions
for finned tube heat exchangers have been carried out at an air flow rate of 1.7 m/s, 2.0 m/s, 2.4 m/s.
Environment temperature was assumed to be constant at 28 °C. Temperature input to the refrigerant
(R134a) boundary in each tube is constant at 0°C according to the working fluid conditions of the
evaporator at medium temperature. The heat transfer rate of the air side is calculated directly by
CFD.

The models compared were five turbulence models consisting of k-€ standard, k-€ realizable, k-&
RNG, k-omega standard and k-omega SST. Laminar model error was also calculated to get wide range
of comparison between turbulence and laminar model. The Realizable turbulence model obtained
the best relative error results for Q (%) and the absolute error Tou: (°C). Meanwhile, the k-w turbulent
model showed a slightly worse performance for all than the k- turbulence one. While the Laminar
model had an error of Q: 20%, Tout: 2.62. Therefore, it was found that the realizable k-€ turbulence
had the best performance turbulence model and was automatically used in this study. This
turbulence model consideration and error acceptable was very good agreement with previous study
conducted by Morales and Loredo [25].

3.2 Heat Transfer Coefficient Evaluation

The heat transfer coefficient (h¢) of the evaporator model was evaluated using a comparative
analysis with the experimental research conducted by Wen and Ho [26]. The heat exchanger
specifications in their experimental study and the geometry of the CFD modeling are shown in Table
2. In general, the designs of the two heat exchangers are comparable, but specifically there are
differences in fin spacing, fin thickness and working fluid. Comparable observations are in terms of
fin type, number of row and overall construction.

As mentioned earlier, the heat transfer coefficient is very urgent to determine the overall heat
exchanger performance. As opposed to previous studies, this study does not impose heat transfer
correlations on the model; rather, it is calculated implicitly in the model. Therefore, this section
describes the effectiveness of CFDs to determine the heat transfer coefficient. The air side heat
transfer coefficient was adopted from calculations developed by Wen and Ho [26] which applied
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calculations on segments developed in this study in accordance with the design of the designed
geometry. In each segment for tube / fin wall bundles were inferred from heat transfer rate (Q), heat-
transfer surface area (A:) = Acolar + Afin, Wall temperature (Tw) = (Tcolar + Tsin) / 2 and bulk air
temperature (Touk). The following equation, Eq. (4) and Eq. (5) are used for the calculation of heat
transfer coefficient- he (W / m?K) and heat transfer rate (W), respectively. The format of this equation
was chosen primarily to comply with the formulations used in the literature.

h — Q
¢ (At)(TW _Tbulk)

Q = Mair- Ahy;,

Table 2

Comparison heat exchanger specification between CFD model
and Wen and Ho experiment [26]

Specification CFD model Experiment of Wen
and Ho [26]
Fin type Wavy fin Wavy fin
Number of row 2 2
Tube outer diameter 8 mm 10.30 mm
Inlet diameter 6.32 mm 10.10 mm
Fin spacing 4 mm 2.54 mm
Fin thickness 0.2 mm 0.12 mm
Number of pipe 20 20
investigation in circuit
Working fluid R143a Water

(4)

(5)

The mean heat transfer coefficient in the segments was evaluated for each air inlet velocity
investigated: 1m /s, 1.3 m /s, 1.7m /h,2 m /s and 2.4 m/s. Figure 5 indicates that air velocity

increases, the coefficient of heat transfer also increases.
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Fig. 4. Variation of heat transfer coefficient with air inlet velocity

As a result, there is a slight deviation between the model and the experimental results, this is

most likely due to

differences in specifications, especially because of fin geometry. However,

according to the comparison of the value of the heat transfer coefficient (h) it can be assumed that
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CFD is sufficient to calculate the heat transfer coefficient depend on the air side calculation. The
model shows more linear correlation because it is more ideal than the actual results (experiment), in
fact various real factors are assumed to be ideal in the modeling.

3.3 Air Flow Characteristic Investigation with Velocity Contour

Figure 5 shows the characteristics of air flow in between two fins with CFD velocity vector
approach. The flow characteristics in the heat exchanger flow section are strongly influenced by the
presence of tubes and fins. To explain this phenomenon, the flow characteristics in each row of the
evaporator is also presented. Each row has a weak or stagnant formation on the behind of tube. The
movement of air between fins and tubes is very complex which is certainly very difficult to observe
with the experimental method. With the experiment method it can only be clearly observed in the
average entrance speed and the average exit speed only. Turbulence speed increases significantly
when turbulence is highest between the left and right sides of the pipe while the opposite condition,
stagnant conditions occur at the behind of the tube, especially in the second row. This stagnant
condition greatly reduces the heat transfer coefficient [27]. Thus, in accordance with the objectives
of this study, the stages of further research will be simulated with different fin distances to determine
the optimization of the heat transfer coefficient. In a narrow fin evaporator distance will increase the
potential of frost blocking. In addition, a larger fin spacing contributes an advantage especially on
pressure drop and geometry should be designed to ensure even flow distribution to get less sensitive
to thermohydraulic deterioration. With larger fin spacing and fin length also allows longer operation
time between defrost cycles [28]. Meanwhile, to maintain turbulence conditions, wavy angle at fin
will be simulated to obtain the optimum angle to ensure evenly air distribution, especially from the
first row to the second row.

Zoom

Air inlet 5 S, r Stagnant

\/
Turbulence

Fig. 5. Air flow characteristic with velocity vector
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In addition, the data plot is described in Figure 6. The problem of heat transfer in the heat

exchanger is closely related to the flow structure. From the CFD data plotted based on the evenly
entering air velocity of 1.7 m/s, where turbulence occurs and stagnant flow also occurs in certain
segments. From CFD data, the velocity varies from 0.5 to the maximum at an average speed of 2.75
m / s. it is indicated that the air flow inside the fin gap really complicated.

Line position of the data plot

Velocity magnitude (m/s)

Line position of the data plot

Fig. 6. Air side velocity magnitude

4. Conclusions

Development of the Computational Fluid Dynamics (CFD) model was used to evaluate and

investigate the air flow characteristic in a finned tube heat exchanger for evaporator application. In
addition, the heat transfer coefficient (hc) can also be analyzed deeply and the CFD clearly showed
the effect of the h. with variation of air inlet velocity and also high turbulence occurrence in the fin
gap. In this study, the finding can be highlight as follows.

The relative errors of heat transfer rates (Q) only 5,9% and absolute error of temperature
outlet (Tout) is found at 0.14 °C much smaller that real K type thermocouple with 0.5 °C
accuracy. Depend on error value indicates that the model can be categorized valid because
the erroris still in the range of the type K thermocouple error which used in the experimental
measuring instrument and also get good agreement with the relevant previous studies.

In term of the design of the CFD, model geometry is considered the evaporator segment which
consists of two fins, all pipes, air flow, and refrigerant flow, obtained time effectiveness in
computer iteration. The use of CFD was found to be sufficiently representative of the heat
transfer characteristics of evaporators, and acted as an effective simulation tool to determine
the heat transfer coefficient in order to improve efficiency in terms of improved design.

The characteristics of air flow between fin gaps are very interesting to observe with flow
characteristics because this is very difficult to study with the experimental method. Flow
characteristics show the phenomenon of turbulence flow and stagnant contrast in the fin gap
between the tubes. The difference between the first and second lines and stagnant flow
conditions behind the tube can reduce overall heat exchanger performance. A wider gap will
reduce turbulence and air contact to the fin.
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iv. The mean heat transfer coefficient in the segments was evaluated for each air inlet velocity
investigated: 1 m/s,1.3m/s,1.7m /h,2m /s and 2.4 m /s, indicates that air velocity
increases, the coefficient of heat transfer also increases.

v. The flow characteristics in the segment could be an indicator, the optimum evaporator can
be designed for the refrigerator application, especially for medium temperature or
refrigerated display cabinet.
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