www.czasopisma.pan.pl P N www.journals.pan.pl
TN

archives
of thermodynamics

Vol. 41(2020), No. 1, 67-93
DOI: 10.24425 /ather.2020.132950

Numerical study of heat transfer and aerodynamic
drag of the radiator with lamellar split finning

YURII NIKOLAENKO*
ALEKSANDR BARANYUK
VALERII ROHACHOV
ALEXANDR TEREKH

National Technical University of Ukraine ‘Igor Sikorsky Kyiv Polytech-
nic Institute’, Heat-and-Power Engineering Department, 37 Peremohy Av.,
03056, Kyiv, Ukraine

Keywords:

Abstract Promising cooling systems for high-power electronic elements
are those based on vapor chambers and heat pipes which allow for the local
heat flow to be dispersed from the electronic element to a larger surface area
of the vapor chamber or the heat pipe. To reduce the thermal resistance of
the cooling system, a finned radiator is installed on the outer surface of the
vapor chamber or heat pipe. The authors propose a new design of the radi-
ator which increases the heat transfer efficiency. The paper presents results
of numerical simulation of heat transfer and aerodynamic resistance of the
heat transfer surface with lamellar-split finning. The comparative analysis
of heat transfer and aerodynamics was carried out for three types of radia-
tors: with lamellar smooth finning, with lamellar split finning and with the
sections of split finning rotated 30° against the air flow. It is shown that
cutting the fins and rotating the split sections leads to an increase in heat
transfer intensity and increase in aerodynamic resistance. The obtained
results may be useful in the design of cooling systems for computer proces-
sors, power amplifiers for transmitting modules, energy-saving solid-state
light sources, etc.
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Nomenclature
b —  the radiator base thickness, m
Cr —  coefficient accounting for the influence of the relative splitting depth
he/h and the rotation angle j of the petals
d — diameter, m
E — fin efficiency
FEu —  Euler number
F — area of the flow cross-section, m?
P, F, —  coefficients accounting for the influence of the rotation angle of the
petals

H —  full surface area, m?

h — radiator fin height, m

K — coefficient accounting for the air pressure
L — radiator base size, m

l — line length contact, m

Nu —  Nusselt number

P — total power dissipated by the MED, W; wetted perimeter, m
Q —  heat power, W

q —  heat flux density, W/m?

Roace — maximum acceptable thermal resistance, K/W

Recp — actual thermal resistance, K/W

Re — Reynolds number

S —  heat exchange surface area, m>

T — temperature, K

Ter — maximum operating temperature of the active element, K
t — step between the fins, m

w — average flow speed, m/s

z,y,z — Cartesian coordinates

AP —  pressure drop, Pa

AT — temperature difference, K

max —  maximum value

min —  minimum value

Greek symbols

a — heat transfer coefficient, W/(m?K)
6 — radiator fin thickness, m
A — thermal conductivity coefficient, W/(mK)
v — kinematic viscosity coefficient, m?/s
@ — rotation angle, °
¢ — finning coefficient
Subscripts
a — air
as — average surface
b —  basis
ch — channel

c - cut
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c — convective
— equivalent
env — environment
f — fin
o — oncoming flow
out — output
r — relative
sm  — smooth
t - total
Abbreviations
CFD - computational fluid dynamics
MED — microelectronic device
RNG - renormalisation group
RSM - Reynolds stress model
SST — shear stress transport

1 Introduction

It is known that the microelectronics devices (MED) are most sensitive to
temperature changes in the environment [1-4]. Therefore, it is important
to take optimal thermal management into consideration when performing
thermophysical design during the development of the equipment intended
for operation in a wide temperature range [4-6]. The temperature change
does not only affect electrical parameters and characteristics of the device,
but also influences reliability of its performance. An increase in the junc-
tion temperature of a semiconductor crystal of an electronic component by
10 °C leads to a decrease in its service life by about half [1,2]. Therefore,
the effect of high temperature on the parameters of electronics calls for
different methods and means of cooling, which would preserve and stabilize
the parameters of microelectronics devices within acceptable limits.

Depending on the purpose of MEDs, different methods are used to re-
move the heat [4-8]: natural cooling (air, fluid), forced air cooling, forced
fluid cooling (with or without surface boiling), cooling based on the change
in aggregate state of matter, thermoelectric cooling. The efficiency of any
of the methods is determined by the heat transfer intensity — the more
intense the heat transfer, the more efficient the cooling method and the
higher the heat transfer coefficients [1-19].

The easiest method of MED cooling is passive heat removal using radi-
ators with a particular finning design. In natural cooling, drawing heat out
of MED elements occurs due to thermal conductivity, natural convection
and radiation. In the natural air cooling mode, different designs of surfaces
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(radiators) with different fin forms are used [3-5,9-13]. However, due to the
small values of heat transfer coefficients 5-12 W/(m?K) [3-5], a heat sink
with natural convection is possible only at a relatively high temperature
pressure and requires large heat transfer surface areas.

Forced air cooling, more efficient than natural cooling and simple to
implement, greatly reduces the mass and dimensions of the equipment and,
most importantly, increases the lifetime of the elements. In forced air cool-
ing, the heat is transferred by forced convection and radiation. The values
of the coefficients of heat transfer during forced convection of air are 70—
170 W/(m2K) [3-5]. The amount of heat removed during forced air cooling
can be increased by the development of a heat-transfer surface, made in
the form of radiators and other developed heat-exchange surfaces [14-18].

However, with diminishing sizes and increasing the specific of the heat
flow of electronic components, the use of radiators of increased sizes leads
to an increase in the temperature difference both in the contact area of the
electronic component with the radiator and along the base of the radiator
(Fig. 1a). The temperature and cooling efficiency are reduced. Expanding
the possibility of air cooling of semiconductor elements of MED with high
heat dissipation can be using two-phase heat transfer devices, in particular
flat vapor chambers [19-21] and heat pipes [22-27]. They allow the local
heat stream from the MED element to be efficiently dissipated to a larger
heat transfer surface area of the heat pipe or the vapor chamber. If the
vapor chamber is a ceramic [28] or silicon [29] flat heat pipe, then the
semiconductor crystals of MED elements can be formed right on top of the
ceramic heat pipe or vapor chamber. Compared with the traditional instal-
lation of cased elements on a heat pipe or vapor chamber, such technology
eliminates the contact thermal resistance between the element casing and
the vapor chamber, which reduces the temperature of the electronic com-
ponent during operation and increases its reliability.

The most common types of heat pipes for cooling systems of MED are
classical heat pipes [22], loop heat pipes [30,31], and loop thermosyphons
[32-35]. Problem issues with the use of such cooling systems is the effective
removal of heat from the condensation zone of a two-phase heat transfer
device to the environment. As shown in [32], an increase in the intensity of
heat transfer from the surface of a condenser of a loop heat pipe or ther-
mosyphon leads to an increase in the efficiency of heat transfer in the cooling
system and thus to a decrease in the temperature of the cooled element.

In order to reduce the thermal resistance of the air cooling system
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Figure 1: Schematic drawing of a cooling systems for a high-power electronic component
using a radiator (a), radiator with a heat pipe (b), radiator with a vapor
chamber (c), and radiator with a loop heat pipe (d): 1 — electronic component,
2 — heat pipe, 3 — evaporator, 4 — condenser, 5 — radiator, 6 — vapor chamber,
7 — wick, 8 — vapor line, 9 — liquid line, 10 — compensation chamber.
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with a heat pipe or a vapor chamber, a radiator is installed on the outer
surface of its body (Fig. 1b, ¢, and d). The heat removal efficiency can
be improved, for example, by increasing the surface of the radiator. How-
ever, this leads to an increase in the size and mass of the radiator and the
cooling system as a whole. For example, in [36] the radiator dimensions
were 400x480x45 mm. Another option to increase the intensity of the heat
transfer from the surface of the condenser of the loop heat pipe is to use
more efficient heat transfer surfaces (radiators of a new design) installed
for the condenser.

There are many studies on the development and research of various de-
signs of radiators, heat exchangers and cooling channels. Thus, Baskova,
Voropaiev [37] showed that a corrugation of the channel allows increasing
the heat transfer up to 30% with an increase in the hydraulic resistance
by 1.05 times in the range of Reynolds numbers from 2 x 10% to 1.4 x 10%.
In [38-40], finned lamellar radiators were studied, [17,38,39,41] dealt with
needle-pin radiators. To study the heat transfer processes, aerodynamics
and hydrodynamics, numerical simulation methods are widely used [42—-
49].

Computational fluid dynamics (CFD) modeling of a new type of ra-
diator was carried out in [42]. It is shown that a sharp growth of heat
transfer coefficient of the radiator can be achieved by making several conic
or combined conic-cylindrical dead-end cavities with extra finning in the
heat-transfer surface. It is determined that when the air velocity at the
nozzle entrances is 50-100 m/s, the investigated designs of impact-jet radi-
ators have a thermal resistance in the range of 0.5-2.2 °C/W. Huang et al.
[43] proposed and studied numerically under natural convection conditions
two novel models of fin heat sink, named the pin-plate fin heat sink (PPF)
and the oblique-plate fin heat sink (OPF), by combining plate fins with
pin fins and oblique fins. Heat transfer coefficients of PPF and OPF were
higher by 12.6%-35.2% than those of three original models (plate fin, pin
fin and oblique fin). In the paper of Royston Marlon et al. [44], heat sinks
with different fin geometries (circular pin fin, triangle, ellipse, airfoil and
reverse airfoil) were numerically analyzed using Ansys Fluent to determine
their influence on thermal performance and airflow around the fins. The
efficiency of the pin fins was found to be the highest and the airfoil fins
with reverse orientation offers the minimum thermal resistance. In [45],
the possible optimal thickness of a heat sink base was explored numeri-
cally with different convective heat transfer boundary conditions in a three
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dimensional heat transfer model. Chen and Wang [46] proposed a novel
trapezoid surface design applicable to an air-cooled heat sink under cross
flow conditions. Based on the test results, it was found that either step
or trapezoid design can provide a higher heat transfer conductance and a
lower pressure drop at a specified frontal velocity. In study [47], a quick
assessment of the performance and cost issue for rectangular fin and trape-
zoid fin was analytically investigated and experimentally verified.

Researchers at Igor Sikorsky Kyiv Polytechnic Institute have developed
and tested a new heat transfer surface with lamellar-split finning for air-
cooled systems [50,55,56,69]. The studies have shown that cutting the
lamellar fins is an effective way to intensify the heat transfer and signifi-
cantly reduce the operating temperature of the heat-charged MED element.
At the same time, methods for computer simulation of such radiators are
not being developed, which hinders their implementation into the practice
of designing heat-loaded MEDs.

This study is aimed at developing a CFD modeling method for a new
radiator design with lamellar-split fins, and verifying the data of the nu-
merical experiment used in this research, in order to further optimize the
geometric characteristics of the heat-dissipating finned surface of the cool-
ing system and improving the MED performance in general.

2 Object, models and numerical simulation

2.1 Geometric model

Numerical study was performed using the finite element CFD models of
heat transfer surfaces developed in the commercial ANSYS-Fluent soft-
ware package.

The objects of the research were the basic design of the radiator with
a smooth lamellar finning and two new modified designs of the same ra-
diator: one with a lamellar-split finning and another with a lamellar-split
finning with the petals rotated at a certain angle (Fig. 2). The results
of numerical studies of the thermal and aerodynamic characteristics of the
new radiator designs were compared with the same characteristics of the
basic design and with the experimental data obtained earlier.

Three-dimensional motion and heat exchange of viscous fluid in the in-
terfin semi-open channels of the lamellar-split finned surfaces (of all three
designs) were calculated by constructing three CFD models with different
fin designs. Geometric parameters of the surface did not change during
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tests: the fins (height A = 35 mm, thickness § = 0.55 mm) were fixed per-
pendicular to the flat base (size L x L = 70 x 70 mm, thickness b = 3 mm)
with a step of ¢t = 5 mm. Copper was chosen as the material for the model.

b)

Figure 2: Schematic drawing of radiators (a) and top view (b) of the radiator model with
lamellar-split finning and rotated petals.
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First, a basic model with smooth lamellar fins was studied. Then the fins
were split vertically, which transformed the surface into a system of so-
called petals — separate rectangular parts of the fins. The cutting width
(the distance between the petals) was selected in such a way that the total
area of the heat-exchange surface of the split fin was not less than the
surface area of the smooth non-split fin. The optimal depth of the cut was
found to be h./h = 0.6. In the next experimental model, the petals were
rotated at an angle of ¢ = 30° against the direction of fluid flow (Fig. 2) [50].
The optimal value of the depth of the cut and the rotation angle of the
‘petals’ were chosen according to the experimental results of [50].

2.2 Calculated area and computational grid

When simulating this type of problem, even using modern high-performance
computing programs, there are certain difficulties because the number of
finite elements and the calculation time depend on the computing power
of the personal computer and are thus limited. This is why in this study
numerical calculations were performed only for one element of the heat-
transfer surface.

Figure 3 shows the heat transfer surface located in the plane-parallel
channel of the aerodynamic tube. The test element of the surface is drawn
in thin lines and the arrows indicate the direction of the air flow w, and
the heat flux ), which collectively determine the problem area.

Figure 3: Problem area.
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The development of the computational model was based on the geomet-
ric model of the calculated area. The discretization of the calculated area
was carried out in accordance with the recommendations on how the char-
acteristics of the finite elements grid affect the stability and convergence
of the solution, and with the rules on the setting the boundary conditions.
The calculated area was covered with an uneven tetrahedral grid with a
minimum step of 0.1 mm becoming thicker toward the walls of the base
and the fins of the heating element. An example of a three-dimensional
computational grid for solid-state elements of the model is shown in Fig. 3.

To model the flow and heat exchange near the solid-state walls of the
model, the Cartesian uneven grid was used, which is specified by the infla-
tion function of the computation software. Figure 4a shows the calculation
grid used to simulate the air flow in the interfin channels of the radiator.
Figures 4b and Fig. 4c show an enlarged cross section of the experimental
model of the area near the fin wall, which was modeled using the inflation
function.
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Figure 4: Computational grid for solid elements of the CFD model: the calculation grid
used to simulate the air flow in the interfin channels of the radiator (a); a
cross section of the experimental model of the area near the fin wall, which was
modeled using the inflation function (b, ¢).

The inflation function is used to model adjacent layers that develop under
the conditions of separating currents occurring on the surfaces of the initial
sections of the interfin channels [51-54]. However, one must also take into
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account that during the physical experiment, the heating surface is located
in an aerodynamic tube [55,56], and for this reason it is also necessary
to simulate the forming of the adjacent layer on the upper plane of the
calculated area (Fig. 5).
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Figure 5: Visualization of the boundary conditions of the CFD model: 1 — upper wall of
the aerodynamic tube, 2 — walls of the experimental increased surface.

Figure 5 shows all surfaces where the adjacent layer forms, which were
taken into account when using the inflation function in accordance with
the recommendations [57] as to the number of cells in the adjacent layer
(20 in our case) and the size of the first cell 1x107° m, which satisfies the
condition ¥ = Re™! in the wall normal direction. The Reynolds number
was calculated using the velocity of the flow in the interfin channel, and
the equivalent diameter was used as the characteristic size.

The absolute error of calculation of thermodynamic parameters, ulti-
mately associated with the convergence and stability of the model, is cho-
sen as discrepancy criterion of the model. The condition for the completion
of the iterative calculation process was the achievement of a difference be-
tween the previous and subsequent values of thermodynamic parameters
was 107°.

2.3 Coordinate system and boundary conditions

During the simulation, the same coordinate system was used as in exper-
imental studies on surfaces: the positive direction of the OX axis corre-
sponds to the longitudinal washing of the fin surface by air flow, the OY
axis is directed along the side of the fin from the bottom of the channel,
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and the positive direction of the OZ axis goes along the normal to the figure
plane.

The planes (1) in Fig. 5 simulate solid (impenetrable) walls on which
the adjacent layer develops. These are the upper and lower walls of the
working area of the aerodynamic set up [55,56]. Inside the channel of this
pipe, the experimental surface and the walls of the experimental increased
surface were installed .

Preliminary simulation and calculations of heat exchange and aerody-
namics of the expanded lamellar surfaces for cooling MED elements using
various CFD models — shear stress transport (SST) model, renormalisation
group (RNG) k-¢ model, Reynolds stress model (RSM) — showed that the
SST turbulence model is the most acceptable.

The model of turbulence SST (Menter’s model) was chosen according
to the results of comparison with other models of turbulence: RNG k-¢,
RSM, not presented in this paper. The SST model was chosen due to the
fact that it gives minimal discrepancies with the experimental data and
well describes the problem with complex separated flows.

The algorithm chosen for implementing the model is based on an im-
plicit finite-volume method for solving the Navier-Stokes equations closed
by SST Menter’s turbulence model, because the authors of the study [57,70—
72] have shown that this model is the most suitable for calculating separat-
ing currents. The solution is initialized in the absolute coordinate system.

The thermophysical properties of air were set as polynomial tempera-
ture functions. The thermophysical properties of solids were fixed. The
walls limiting the channel from above and from below were considered to
be adiabatic.

The set task was formulated as a stationary problem and solved taking
into account the requirement to keep the solution independent of the den-
sity of the computational grid.

On the lateral faces of the computational domain, the symmetric (sym-
metry) type of boundary conditions was chosen. A number of other au-
thors, e.g., [73,74], also used the symmetric type of boundary conditions
when modeling flows under forced convection in rectangular channels. In
our studies, this type of boundary conditions was chosen due to the follow-
ing consideration: since the pressure in all radiator channels is the same,
then the boundary at the center of the interfin channel may be of a symmet-
rical nature when choosing a computational domain. It can be seen from
the above figures that there are no overflows between the channels, which
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confirms the validity of the choice of this type of boundary conditions.

The option of using periodic boundary conditions (periodic) was also
considered. However, as a result of modeling with such boundary con-
ditions, the calculated value of the temperature of the base of the finned
surface (under a heat load of 100 W and blown by a current with a speed of
10 m/s) was 427 K, which contradicted the experimental results (348 K).
Moreover, it was noted that the use of periodic boundary conditions re-
quires a larger computational power, which is not always acceptable in
design practice.

During simulation, the following boundary conditions were fixed for all
standard sizes:

e the temperature of the oncoming stream near the heat transfer surface
289 K;

e the pressure drop between entering and leaving the working area,
which corresponds to the average flow speed w, = 11.6, 7.4, 4.6,
2.4 m/s;

e the heat power to be dissipated by the finned surface and evenly
distributed along the base of the surface Q = 100, 80, 60, 40 W
(Fig. 3).

2.4 Data processing method

The experimental data for all CFD models were processed using a general
technique, according to which the commercial CFD software package was
used to determine the area of the channel before entering into the calcula-
tion model, F'7 the speed, w,, and the temperature, T,, of the oncoming
stream (set according to the boundary conditions), the cross-sectional area
of the interfin channel, Fyj,, the flow rate in the interfin channel, the pres-
sure drop across the ribbed surface, AP, the average surface temperature
of the fin, T, and the basis temperature, T, and the heat flux density ¢
dissipated by the fin surface. After calculating these data, the average sur-
face convective heat transfer coefficient was calculated using the following
dependence:

Qe = Q/(Tas - To) . (1)

To determine the fin efficiency, F, of a flat rectangular fin that is mounted
on a flat base, we can use the formula given in [59] (in our case, the rela-
tive length of the line of contact between the fin I.r;, and the base L is 1,
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Le=lcpin/L =1).

When calculating the Nusselt and Reynolds numbers, an equivalent
diameter, d., of the flow cross-section of the surface was used as the char-
acteristic length and calculated by the formula

de = 4F., /P = 4[(t — 0)h + t(58 — h)]/(2h + ) , (2)

where F;, is the area of the flow cross-section at a step ¢, P is the wetted
perimeter (Fig. 6).
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Figure 6: Schematic drawing for calculating the equivalent diameter of the finned surface.

Study of the convective heat transfer laws for heat exchange surfaces was re-
duced to determining the dependence of the dimensionless Nusselt numbers
on the average surface convective heat transfer coefficients, on the Reynolds
number, as well as determining average values of heat exchange coefficient
along the surface. The velocity of the oncoming flow, w,, was taken as
the characteristic air velocity. The thermal conductivity coefficient, A, and
kinematic viscosity coefficient, v, that are necessary to calculate the Nusselt
and Reynolds numbers were determined using the average balance temper-
ature of air by means of commercial CFD solver.

The studies were conducted under conditions of forced convection, the
range of Reynolds number was 2.5x10% < Re < 11 x 10, which corresponds
to the transitional flow regime.
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3 Analysis of the results of numerical studies

The flow channel visualization is shown in Fig. 7. The visualization plane
is selected at a distance of 5 mm from the top edges of the ‘petals’. Figure
7a shows the air flow in the channel between adjacent fins. As can be seen
from this figure , there is no observable air overflow in the space between the
fins. Figure 7b shows the visualization of the flow displaying the surfaces
of the ‘petals’, while Fig. 7c shows the same, but without the surface of
the ‘petals’ (only contours are shown). Swirls of the air flow are shown in
darker blue. As can be seen from the above figures, there is no observable
effect of zeroing and overflow from the cut fin with segment rotation into
adjacent channels.

The results of numerical studies were presented as dependences of the
Nusselt number, Nu, and Euler number, Eu, on the Reynolds number.

The obtained results were compared with the calculations of the average
surface heat transfer using the formulas recommended in [55]:

Nu, = 0.1485¢7°3 Cp (L/d.) "3 Re®™ (3)

where v is the finning coefficient. The coefficient C'r accounts for the
influence of the relative splitting depth, h./h, and the rotation angle, ¢, of
the petals, and is determined by the function

1

Cr=——F—"—
hoe
FleTc—Fg%

; (4)

where the coefficients F| and F5 account for the influence of the rotation
angle of the petals and are determined by the following dependencies:

2.7
Flz\/e7—1.666¢+4.25¢, (5)

8.5
F=In (—67 — AT+ 14.3) . (6)

Comparative analysis of the aerodynamic resistance was also performed
using the dependence recommended in [56]:

—0.47 _ H\~—0.26
Fu= 34 (%) eln(%—l—:ﬁﬂ)%l{e |:0'74( F) :| , (7)

where H/F is a generalization parameter that accounts for the geometry
of the increased surfaces and is defined as the ratio of the total area of the
studied surface, H, to the area of the flow (‘live’) section, F.
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Finned surface

Figure 7: Visualization of the flow in the channel: (a) general view, (b) view on an
enlarged scale with the surfaces of the ‘petals’ displayed, (c) — the same without
specifying the surface of the ‘petals’ (only contours are shown).
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The results of the heat exchange simulation for the tested surfaces are
presented for the Reynolds number range 2.5 x 103 < Re < 11 x 103, within
the thermal capacities Q = 40,...,100 W at a temperature of the cooling
air at the surface 289 K (Fig. 8a).

The analysis of the calculated data obtained from a physical experiment
shows that cutting the fins and rotating the petals relative to the oncoming
stream increases the heat transfer intensity. According to Fig. 8, the sur-
face with uncut lamellar fins (h./h = 0) has the lowest level of convective
heat transfer. The split fins (h./h = 0.6) have a 14-15% higher level of
convective heat transfer intensity.

Nu Eu
80
80
06 R T
..‘\
04 ] 2
20
02
10 _ _ | 0,1 - . .
102 210° 410° 610° 10+ Re 100 210° 410° 610° 10 Re

(a) b)

Figure 8: Results of heat exchange (a) and aerodynamic resistance (b) simulation: 1 —
surface with uncut fins, 2 — h./h = 0.6, 3 — hc/h = 0.6, and ¢ = 30°.

Rotating the petals leads to an even bigger increase in the heat transfer
intensity. The analysis of the calculated data obtained from a physical
experiment showed that when the petals are rotated at an angle of 30°,
the heat transfer intensifies by 24-25% compared to the split (h./h = 0.6)
surface without petal rotation, and by 39-42% compared to the smooth
lamellar-finned surface (h./h = 0).

The increase in heat transfer coefficient in the design with cut fins
and rotated ‘petals’ can be explained by destruction and disruption of the
boundary layers in the gaps between the cut segments of the fins, separation
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of the boundary layers on the front edges of the ‘petals’ and turbulization
of the flow in the interfin sections of the surface.

The results on aerodynamic resistance simulation are presented in Fig. 8b.
Analyzing the data in the figure, one can see that the surface with smooth
lamellar fins has the smallest aerodynamic drag. Making cuts to the depth
of he/h = 0.6 increases the drag, compared to the uncut surface, by an
average of 20-28%. The increase in aerodynamic drag is most likely caused
by the tear vortices that appear at the cut edges of the fins, which increase
the drag of the radiator.

Rotating the petals at an angle of 30° relative to the oncoming flow
leads to blocking of the flow area of the channel with the turned ‘petals’
of the split parts of the ribs, and to further increase in the aerodynamic
drag. Thus, the cut surfaces with rotated petals have a 40-55% greater
aerodynamic drag than the surfaces without petal rotation, and an 80-85%
increase in aerodynamic drag compared with the smooth fins.

In order to obtain more complete information on the verification of the
CFD model, numerical data were compared with the results of calculations
by formulas (3) and (7).

Analysis of data in Fig. 9 indicates that the used Menter’s turbulence
model does not quite accurately predict the flow inside the interfin chan-
nel created between solid lamellar fins. Further experiments prove that
it is better to use the Launder-Spalding model for a channel formed by
smooth solid fins. However, these models can not predict the tearing cur-
rents [51-54], which appear in the cut fins when the sections are rotated
against the oncoming flow.

Figures 10 and 11 show the verification results on the average heat
transfer and aerodynamic drag of the surfaces with split fins and rotated
sections. As shown in the figures, the difference between the CFD simula-
tion data and the calculated results obtained from a physical experiment
is 23%. The observed discrepancies between the model and the experiment
depend on many factors, one of which may be the inaccuracy of the exper-
imental data used as the basis for the numerical problem, and this could
ultimately lead to an error in model solving. This value is acceptable in
computing practice and indicates that the developed CFD model is an ef-
ficient one, and the methods used to construct the CFD model can also be
used for more complex tasks.
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Figure 9: Verification of simulation results of heat transfer (a) and aerodynamic resis-
tance (b) of the surface with smooth lamellar fins washed by the air flow: 1 —
CFD modeling data, 2 — calculation by the formulas (3) [55] and (7) [56] on
the basis of experimental data.
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Figure 10: Verification of simulation results of heat transfer (a) and aerodynamic resis-

tance (b) of the surface with split fins with h./h = 0.6 and ¢ = 0° washed by
the air flow: 1 — CFD modeling data, 2 — calculation by the formulas (3) [55]
and (7) [56] on the basis of experimental data.
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Figure 11: Verification of simulation results of heat transfer (a) and aerodynamic resis-
tance (b) of the surface with split fins h./h = 0.6 and rotated petals washed
by the air flowand ¢ = 0°: 1 — CFD modeling data, 2 — calculation by the
formulas (3) [55] and (7) [56] on the basis of experimental data.

4 Conclusions

Preliminary calculations of heat exchange and aerodynamics of the ex-
panded lamellar surfaces for cooling MED elements using various CFD
models (SST, RNG k-e, RSM) allow concluding that the SST turbulence
model (Menter’s model) is the most acceptable.

The analysis of the calculation using the developed CFD model shows
that having the finite parts of the fins cut into separate ‘petals’ allows in-
creasing the heat transfer intensity by 15% while simultaneously increasing
the aerodynamic drag by 20%, as compared to the lamellar radiator. Cut-
ting the finite edges of the fins into individual ‘petals’ and rotating those
petals by an angle of 30° relative to the flow leads to an increase in the heat
transfer intensity by 45% while simultaneously increasing the aerodynamic
drag by 80-85%.

The increase in heat transfer coefficient in the design with cut fins
and rotated ‘petals’ can be explained by destruction and disruption of the
boundary layers in the gaps between the cut segments of the fins, separation
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of the boundary layers on the front edges of the ‘petal’ and turbulization
of the flow in the interfin sections of the surface.

The increase in the aerodynamic resistance of the radiator with the ro-
tated ‘petals’ of the cut fins is most likely caused by the tearing vortices
that appear at the cut edges of the fins, and the blockage of the flow area
of the channel with the rotated ‘petals’ of the cut fins.

The numerical method proposed is aimed at improving air cooling sys-
tems during thermophysical design of electronic devices by using highly
effective finned surfaces.

The authors have developed a heat exchange and aerodynamic resis-
tance CFD model for a radiator with lamellar-split fins, which can be used
in air cooling systems for various electronic devices. In particular, the
obtained results can be useful in the cooling systems of central processor
devices and other powerful electronic components [60,61], power amplifiers
for transmitting modules of radar systems [62], promising energy-saving
solid-state light sources [63—66], and rocket and space electronics devices
[67,68].

Received 8 December 2018
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