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Abstract. This study was carried out with the aim of examining the behavior of the presence of adiabatic sections in a
flat plate subjected to conditions of natural convective heat transfer, evaluating how the position and size of these
adiabatic sections can interfere with natural convective heat transfer rate. To verify this effect, numerical analysis was
used by simulating the mathematical model in CFD using ANSYS FLUENT®. The conditions used in the plate for the
problem physical modeling were a horizontal, two-dimensional isothermal plate, allowing heat transfer on both plate
sides. For the numerical simulation to be possible, it was also necessary to set up some dimensional plate parameters,
as well as the plate and air properties. The first cycle of simulations was performed considering the plate divided into
3 equal-sized sections in which the middle section was made up of the adiabatic region. The second cycle of
simulations was performed considering the plate was divided into 5 sections of the same size where the second and
fourth sections were composed of the adiabatic regions. Both cases were simulated considering a symmetric mean flow
concerning the central plate plane, using the k—& turbulence model with the total account of buoyancy force effects.
The results were obtained in terms of comparison between the mean Nusselt number and the Rayleigh number as well
as the comparison between the mean heat transfer rates with and without the adiabatic sections. In these simulations,
the Prandtl number was considered constant for air.
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1. INTRODUCTION

The study of convective heat transfer aims to analyze how heat is transferred between a fluid and an adjacent surface
or between fluids, so that, according to (Jiji, 2006), there are three crucial factors for a complete convection heat
transfer analysis, being the fluid movement understanding, the nature of flowing fluid and finally, the adjacent surface
geometry. Knowing the characteristics of these three factors, it is then possible to obtain the fluid temperature
distribution along the surface. In the heat transfer analysis by natural convection, the Grashof number provides the ratio
between the buoyant force and the viscous force acting on the fluid, indicating whether the flow occurs in a laminar or
turbulent regime. The Grashof number can be replaced by the Rayleigh number in certain analyses, where the Rayleigh
number is the product of the Grashof number and the Prandtl number, representing the ratio between the thermal
diffusivity and buoyancy forces by the momentum, according to (Cengel and Ghajar, 2009).

Conforming to (Heervig and Sgrensen, 2020), heat transfer by natural convection is highly reliable and cost-effective
since it does not require an external source to generate the fluid movement. Regarding natural convection in flat plates,
several studies have been developed to evaluate its behavior, as is the case of the works by (Yu and Lin, 1993),
(Kitamura and Kimura, 1995), (Laein et al., 2016), (Nazar et al., 2006), (SV et al., 2021), (Samanta and Guha, 2014)
and (Guha et al., 2019). There are studies carried out with the aim of evaluating free convection on flat walls in fins,
where the surfaces are located parallel to each other, as in the case of studies by (Tari and Mehrtash, 2013) and (Nada,
2007). However, few studies have been carried out to analyze adjacent surfaces, which is a focus of this study.
Optimizing an existing process is always a good practice aimed at saving energy and inputs. One way to optimize heat
transfer by natural convection is to use surfaces with waves to increase the heat transfer rate, as in the case of studies by
(Narayana and Sibanda, 2010) and (Fayz-Al-Asad et al., 2021).
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CFD (Computational fluid dynamics) analysis emerged in the 1960s from the aeronautical industry with the premise
of performing the analysis of mass flow and heat transfer associated with chemical reactions through to computer
simulations. According to (Versteeg and Malalasekera, 2007) the CFD analysis is performed in 3 steps, which are pre-
process, solver, and post-process. In pre-process, the flow inputs are inserted, the geometry to be studied and the fluid
properties are defined, as well as the boundary conditions specified. In solver, the governing equations of the flow and
the fluid are solved iteratively through the discretization process. In the post process, the results obtained through the
simulation are represented graphically. Therefore, CFD tools help a lot in the analysis of heat transfer studies, as can be
seen in the studies by (Dogan et al., 2014), (Liu et al., 2021), and (Adhikari et al., 2020).

This article aims to perform a numerical analysis of the heat transfer by natural convection in a flat horizontal plate
with one or two adiabatic surfaces of the same size distributed along its width, where there is heat transfer on both the
upper and lower surfaces (being both heated at the same temperature), analyzing the problem in a two-dimensional way.

2. PHYSICAL MODELING

According to (Incropera and DeWitt, 2008) the Grashof number Gr, for a plate of width L is given by:

or, -0 @)
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where g is the gravity acceleration in [m/s?], g is the bulk coefficient of expansion [1/K], T is the surface temperature
[K], T, is the fluid temperature [K], L is the plate width [m] and v is the kinematic viscosity of the fluid [m?/s].

As the Rayleigh number is the Grashof number and the Prandtl number (v/a) product, (Incropera and DeWitt,
2008) show the Rayleigh number (Ra, ) of the plate as being:

T.-T,)L
RaL — gﬂ( S oc) (2)
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where « is the fluid thermal diffusivity of the fluid [m?/s].

The mean Nusselt number for the plate N_uL according to (Incropera and DeWitt, 2008) is:

©)

where h is the heat transfer coefficient [W/(m2.K)] and k is the thermal conductivity of the fluid [W/(m.K)]. The heat
transfer coefficient is given by:

n q(bottom/top)
h = bottomlon) 4
A(T,-T,) Q)

where A is the plate area in contact with the fluid [m?] and g ,q4omop 1S the convection heat transfer rate [W].

Substituting Eqg. (4) in Eq. (3) we obtain the mean Nusselt number for analysis of this study evaluating both sides of
the plate (bottom and top), as follows:

q(bottom/top) L
NuL(bottom/top) = kA(T _T ) (5)
S o
where NU, ;. .omop 1S the mean Nusselt number evaluated on the bottom and on the top of the heated plate surface.

The dimensionless width W, of the adiabatic sections is defined by the following expression:

w, =t ©)
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3. SOLUTION PROCEDURE
3.1 Model and Constants

The numerical results were obtained using the ANSYS FLUENT® software for CFD simulations through the k —¢
standard turbulence model so that the constants used to solve the viscous dissipation equation (¢) and the turbulent
kinetic energy equation k was the empirical constants default, conform (Versteeg and Malalasekera, 2007), where
C,=0.09, C1,=1.44, C,= 1.92, ox= 1.0 and o, = 1.3 , with the energy Prandtl Number and wall Prandtl number being
equal to 0.85. The fluid used in this study was air with 1.225 [kg/m?3] for density varying according to the Boussinesq
hypothesis and with constant properties being specific heat Cpa.ir = 1006.43 [J/(kg.K)], thermal conductivity
Kar = 0,0242 [W/(m.K)], dynamic viscosity par = 1.7894.10° [kg/(m.s)] and thermal expansion coefficient
Bair = 0,0033[1/K]. For the plate material, was considered aluminum with the following constant properties: Density
pal = 2719 [kg/m3], specific heat C, s = 871,0 [J/(kg.K)], thermal conductivity ka = 202,4 [W/(m.K)]. To configure the
spatial discretization was used the First Order Upwind for turbulent kinetic energy, turbulent dissipation rate,
momentum, and energy. For the gradient spatial discretization was used the Green-Gauss Cell Based.

3.2 Plate Configuration

The conditions used for the plate in the physical modeling of the problem were a horizontal, two-dimensional
isothermal plate, allowing heat transfer on both sides of the plate, these conditions can be seen in Fig. 1 for a generic
dimension. In this study, both geometry and the computational domain were considered two-dimensional. For the
numerical simulation to be possible, it was also necessary to set up some dimensional parameters of the plate, as well as
the properties of the plate and the air. The first cycle of simulations was performed considering the surface temperature
of the plate to be 310 K while the ambient air temperature was 290 K, the width and depth of the plate were considered
1 m, and it was divided into 3 equal-sized sections in which the middle section was made up of the adiabatic region.
The second simulation cycle was performed considering the same temperatures for the plate and the air as well as the
width and depth of the plate, however, the width of the plate was divided into 5 sections of the same size so that the
second and fourth sections were adiabatic regions. The plate with the three-section and five-section configurations can
be seen in Fig. 2 for a generic dimension (width and depth).
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Figure 2. Horizontal, two-dimensional, thin flat plate with (a) one center adiabatic section and (b) two symmetrical
adiabatic sections.

Finishing the problem modeling, it was considered that the average flow was constant in all simulations, it was also
considered that the fluid had constant properties except for its density which varying according to temperature. For all
simulations, the Prandtl number for air was assumed to be 0.74. Since the focus of this study is the heat transfer rate by
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natural convection, radiation heat transfer was not considered. Verification of the model convergence criteria was
performed. The results were obtained in terms of an average heat transfer rate over the bottom and top surfaces.

4. RESULTS AND DISCUSSION

The numerical results were obtained for the models with one and two adiabatic sections with Rayleigh number
varying between 10° to 102 The mean Nusselt number for each case was obtained to the variation of the Rayleigh
number, where the simulations performed the heat transfer heat calculus for the plate regions bottom and top. The mean
Nusselt number for the bottom and the top was obtained through the Eq. (5), where the heat transfer area was calculated
with the width and depth disregarding the adiabatic section area. Gravity was calculated by the Eq. (2), once all
parameters are known, with exception of gravity.

In furtherance to compare and validate the results obtained for the adiabatic sections, simulations were performed
for Rayleigh number varying between 10° to 102, using the same model and constants, presented in Section 3.1, for a
horizontal, two-dimensional isothermal plate, allowing heat transfer on both sides of the plate (bottom and top), with the
same dimension and temperature settings in Section 3.2, but without adiabatic sections.

The CFD simulations were performed using a computer with an Intel Core i7-10750H processor and Nvidia GTX
1050 graphic card with 4G DDR6. 32 CFD simulations were performed for both cases, 16 for an adiabatic section and
16 for two adiabatic sections, in a total of 91916 iterations which required 60,18 hours of computational time.

For only one adiabatic section, the simulations were realized for the width W; of the adiabatic sections ranging from
0.1, 0.2, 0.4, and 0.75 m. These results can be seen in Fig. 4 and 5. The Tab. 1 contains these results in terms of Nusselt
number and heat transfer rate for the top and bottom regions for each respective Rayleigh number.
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Figure 4. Variation of mean top and mean bottom Nusselt number with Rayleigh number for the case where
@ Wi=0.1and (b) Wi=0.2.
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Figure 5. Variation of mean top and mean bottom Nusselt number with Rayleigh number for the case where
(@) Wi=0.4 and (b) Wi = 0.75.
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Table 1. Simulation and calculated results were obtained for one adiabatic section.

W;i=0.1 W;i=0.2

Rar Jtop) [VV] J(bottom) [VV] NUL(top) NUL(bottom) Jtop) [VV] J(bottom) [\N] NUL(top) NUL(bottom)
1.10° 54.2566 77.7448 124.5560 178.4776 54.6714 55.3922 141.1969 143.0585
1.10% 93.1683 94.5527 213.8850 217.0631 90.3901 85.0337 233.4455 219.6118
1.1011 | 124.4347 201.1801 285.6628 461.8458 146.1117 175.1026 377.3547 452.2277
1.101? | 320.6061 613.8247 736.0103 1,409.1476 312.7214 438.3054 807.6483 1131.9871
W;=04 W;=0.75
RaL Jtop) [VV] J(bottom) [VV] NUL(top) NUL(bottom) Jtop) [VV] J(bottom) [\N] NUL(top) NUL(bottom)
1.10° 50.7476 41.9702 174.7507 1445257 33.5329 18.3053 277.1313 151.2832
1.101° 79.9277 64.9273 275.2330 223.5788 42.4591 29.0082 350.9017 239.7370
1.101% | 122.1741 129.2948 420.7095 445.2301 67.2442 65.5038 555.7369 541.3537
1.10% | 272.9377 354.7836 939.8679 1221.7067 154.5009 160.6363 1276.8672 1327.5726

For two adiabatic sections, the simulation was realized for the width of the adiabatic sections ranging from 0.05,
0.1, 0.2, and 0.375 m. These results can be seen in Fig. 6 and 7.
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Figure 6. Variation of mean top and mean bottom Nusselt number with Rayleigh number for the case where
(@) Wi=0.05and (b) Wi =0.1.
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Figure 7. Variation of mean top and mean bottom Nusselt number with Rayleigh number for the case where
(@) Wi = 0.2 and (b) W; = 0.375.

The Tab. 2 contains these results in terms of Nusselt number and heat transfer rate for the top and the bottom
regions for each respective Rayleigh number.
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Table 2. Simulation and calculated results were obtained for two adiabatic sections.

Wi =0.05 Wi=0.1

RaL | Jgop) [W] | Oeottom) [W] | NUigop) NUL(bottom) | Cttop) [W] | Gbotiom) [W] NUL(top) NUL (bottom)
1.10° 55.6294 63.2217 127.7075 145.1370 53.8069 57.3622 138.9640 148.1462
1.10%0 91.5451 95.1731 210.1585 218.4874 86.5949 85.3182 223.6439 220.3467
1.10 | 150.7555 199.5650 346.0869 458.1382 139.8751 176.2860 361.2477 455,2842
1.10'2 | 305.5668 601.1694 701.4848 1380.0951 287.6982 509.9114 743.0222 1316.9198
Wi=0.2 Wi =0.375
RaL Jtop) [VV] J(bottom) [VV] NUL(top) NUL(bottom) J(top) [VV] J(bottom) [\N] NUL(top) NUL(bottom)
1.10° 48.1315 44,9249 165.7420 154.7000 28.7162 18.0530 237.3237 149.1983
1.10%0 72.7191 65.6482 250.4100 226.0615 36.3886 29.2677 300.7323 241.8821
1.101 | 114.1555 154.8449 393.0973 533.2124 59.0326 70.0149 487.8725 578.6355
1.10%2 242.8767 346.5004 836.3523 1193.1832 125.3270 178.1532 1035.7601 1472.3407

The results obtained to flat plate without adiabatic sections for Rayleigh number varying between 10° to 102 could
be seen in Fig. 8.
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Figure 8. (a) Variation of mean top and mean bottom Nusselt number with Rayleigh number for the case where without
adiabatic section and (b) simulation results obtained for flat plate without adiabatic sections.

To compare the performance between heat transfer with and without adiabatic section, variations of the mean top
(a) and the mean bottom (b) Nusselt number with the Rayleigh number and for values of Wi varying between 0.1 and
0.75 for the case with one adiabatic section in Fig. 9 to 12.
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Figure 9. Variation of the mean top (a) and mean bottom (b) Nusselt number between one adiabatic section with
Wi = 0.1 and the case without adiabatic section for the same Rayleigh number.
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Figure 10. Variation of the mean top (a) and mean bottom (b) Nusselt number between one adiabatic section with
Wi = 0.2 and the case without adiabatic section for the same Rayleigh number.
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Figure 11. Variation of the mean top (a) and mean bottom (b) Nusselt number between one adiabatic section with
Wi = 0.4 and the case without adiabatic section for the same Rayleigh number.
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Figure 12. Variation of the mean top (a) and mean bottom (b) Nusselt number between one adiabatic section with
Wi = 0.75 and the case without adiabatic section for the same Rayleigh number.
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Figure 13. Variation of the mean top (a) and mean bottom (b) Nusselt number between two adiabatic sections with
Wi = 0.05 and the case without adiabatic section for the same Rayleigh number.
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Figure 14. Variation of the mean top (a) and mean bottom (b) Nusselt number between two adiabatic sections with
Wi = 0.1 and the case without adiabatic section for the same Rayleigh number.
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Figure 15. Variation of the mean top (a) and mean bottom (b) Nusselt number between two adiabatic sections with
Wi = 0.2 and the case without adiabatic section for the same Rayleigh number.
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Figure 16. Variation of the mean top (a) and mean bottom (b) Nusselt number between two adiabatic sections with
Wi = 0.375 and the case without adiabatic section for the same Rayleigh number.
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Figure 17. Temperature distribution for 10° Rayleigh for cases (a) flat plate without adiabatic section (b) one
adiabatic section with W; = 0.1, (c) one adiabatic section with W; = 0.75, (d) two adiabatic sections with W; = 0.1 and
(e) two adiabatic sections with W; = 0.375.

5. CONCLUSIONS

According to Fig. 4 and 5, it was possible to verify that, with only one adiabatic section, the Nusselt number top
section was higher for low Rayleigh numbers in the cases where W; = 0.4 and 0.75, while for higher Rayleigh numbers,
the bottom Nusselt number was higher in all cases. For two adiabatic sections, the results obtained in Fig. 6 and 7
showed the same behavior where, for larger sections (W; = 0.2 and 0.375) the top Nusselt number started higher for
lower Rayleigh numbers, while for taller Rayleigh the Nusselt number was higher for the bottom section in all cases.

Figure 8 showed that for the flat plate without adiabatic sections, the heat transfer occurs more strongly in the
bottom section of the plate. In order to compare the performance between heat transfer with and without adiabatic
section, variations of the mean top (a) and the mean bottom (b) presents in Fig. 9 to 16 made these possible. In
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practically all the cases (with one or two adiabatic sections) the top region (a) with adiabatic section presented a better
performance in terms of mean Nusselt number compared to the same plate without adiabatic section, while for the
bottom section (b) the opposite was verified, where the adiabatic sections reduced the mean Nusselt Number compared
to plate without adiabatic sections, where for only some Rayleigh points the adiabatic section performance was better,
as in the case of Fig. 16 (b) for 10! Rayleigh. So, knowing how the adiabatic sections interfere in the heat transfer, the
configurations with adiabatic sections are more indicated when wants to intensify the heat transfer relation in the bottom
region, where the highest relation was realized for one adiabatic section with 10° Rayleigh and W;=0.75.

Figure 17 showed the behavior of the model for the temperature distribution, being possible to verify how the
adiabatic sections influence the flow and the heat transfer compared to the plate without adiabatic sections. The heat
transfer in the top section has similar values for all the cases, while the bottom section has a bigger difference compared
to the plate without adiabatic section. It is also possible to verify that the larger the adiabatic section (one or two) the
greater your influence on temperature.
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