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In order to enhance the heat transfer effect and improve the energy utilization ef-
ficiency of the circular tube under turbulent flow, rhombic and triangular winglet
vortex generators are proposed on the basis of rectangular winglet vortex genera-
tor. The effects of three vortex generators on flow and heat transfer in the tube are
investigated by numerical simulations. The results indicate that, the rectangular
and triangular winglets generate two pairs of longitudinal vortices and the trian-
gular winglets generate four pairs of longitudinal vortices due to additional shrink-
age regions. The multiple longitudinal vortices increase the mixing between the
fluids, raise the temperature in the central region of the tube, and enhance the heat
transfer effect. Furthermore, the triangular winglet enhanced tube has the largest
direct flow area and the least effect on resistance. The triangular winglet enhanced
tube had the best comprehensive performance, followed by the rhombic winglet
enhanced tube, and finally, the rectangular winglet enhanced tube. The perfor-
mance evaluation criterion reached 1.04-1.13, 1.05-1.15, and 1.08-1.21 for the
three enhanced tubes in the given flow rate interval. In addition, the effect of incli-
nation angle on the triangular winglet enhanced tube was further investigated, and
the results show that the best comprehensive performance of enhanced heat trans-
fer is achieved at an inclination angle of 45°, with a maximum performance eval-
uation criterion of 1.25.

Key words: heat transfer enhancement, winglet vortex generator,
longitudinal vortex

Introduction

Energy transfer is an essential part of the energy utilization process, and heat exchang-
ers are the main equipment for heat transfer, which is used in refrigeration, transportation, ag-
riculture and petrochemical [1]. The performance of heat exchangers significantly affects the
efficiency of energy utilization. Enhanced heat transfer technology is one of the effective ways
to improve the thermal efficiency of heat exchangers, which can achieve energy saving, con-
sumption reduction and efficiency.

Enhanced heat transfer techniques are classified into three categories based on the
presence of external energy: active, passive, and composite techniques [2]. Among these
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categories, passive enhanced heat transfer technology stands out as it does not require external
power and energy input, and it has been extensively studied and implemented in practical ap-
plications. Passive enhanced heat transfer techniques can be further divided into three main
categories: tube wall treatments, special-shaped tubes, and built-in inserts. Tube wall treatments
involve various methods such as ribs [3, 4], corrugated tube [5], and dimples [6, 7], etc. These
techniques improve heat transfer while minimizing flow resistance through the heat transfer
tube. However, they often incur higher processing and manufacturing costs. With the continu-
ous upgrading of processing technology, these methods will have a wider application space.
Special-shaped tubes such as spiral twisted tube [8], helical twisted Multilobe tubes [9] and
helical tube [10], can achieve better heat transfer performance than long straight round tubes.
These methods are usually used in conjunction with other passive enhanced heat transfer meth-
ods. Built-in inserts such as various torsion belts [11], coils [12, 13], and vortex generators [14].
Belts and coils are commonly used in laminar flow conditions but result in higher flow re-
sistance. Vortex generators manipulate fluid-flow to create vortices that erode the fluid near the
wall and disturb the core fluid, disrupting the stable boundary-layer and enhancing heat transfer.
Specifically, longitudinal vortex generators, which possess a rotation axis parallel to the main-
stream direction, have gained significant attention in recent years as a focal point of research
into passive enhanced heat transfer technology.

Xu et al. [15] numerically studied the heat transfer characteristics of a vortex genera-
tor consisting of four uniformly installed triangular wing-type structures in the circumferential
direction. The results show that the inclination angle and the blockage ratio have a significant
effect on heat transfer and wall friction. Zheng et al. [16] introduced a novel self-connected
winglet vortex generator for enhancing heat transfer in turbulent gas flow. Numerical simula-
tions validated that the generation of longitudinal vortices enhanced air mixing in the tube and
reduced the synergy angle between the flow and thermal fields. Sun et al. [17] performed a
numerical and experimental investigation on the turbulent flow and heat transfer properties in
a circular tube equipped with curved wing vortex generators. The numerical calculations re-
vealed that the trailing edge of the vortex generator generates counter-rotating vortex pairs.
These vortices exert a more prolonged impact on the downstream flow field, resulting in a thin-
ner thermal boundary-layer and enhanced fluid mixing. Sun et al. [18] introduced a vortex gen-
erator consisting of multiple rectangular winglets. Numerical simulations demonstrated that the
inclusion of multiple rectangular winglet vortex generators in a circular tube generated multiple
sets of longitudinal vortices, which in turn enhanced fluid mixing within the tube. Zhang et al.
[19] introduced a rectangular winglet vortex generator. They compared the heat transfer en-
hancement between two configurations: rectangular winglet V-arrangement (V-rwvg) and par-
allel-arrangement (P-rwvg). The results revealed that P-rwvg generated a single longitudinal
vortex, whereas V-rwvg produced multiple longitudinal vortices. Aridi et al. [20] used numer-
ical simulation to investigate the impact of using trapezoidal vortex generators on the heat trans-
fer in a concentric tube heat exchanger. The simulation analysis is held on three different cases
of vortex generators in different locations. The results show that the trapezoidal vortex genera-
tor can induce turbulence at low Reynolds numbers. It enhances heat transfer in all cases and
the heat transfer is affected by the position of the vortex generator. Wu et al. [14] proposed a
new multi-V-shaped winglet vortex generator. The effect of the multi-V-shaped winglet vortex
generator on the heat transfer and flow characteristics is investigated by combining experiments
and simulations for a variety of scenarios. The results show that increasing the number of wing-
lets as well as decreasing the row pitch of the vortex generator has a significant effect on im-
proving the heat transfer.
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Based on the previous literature, the longitudinal vortex flow generated by a vortex
generator enhances fluid mixing in the tube and exhibits significant heat transfer enhancement.
In addition, the arrangement of the vortex generator winglets is an important factor affecting
the effectiveness of the enhanced heat transfer. This study introduces two additional vortex
generator designs: the rhombic winglet vortex generator and the triangular winglet vortex gen-
erator, based on the V-shaped arrangement of the rectangular winglet vortex generator proposed
by Zhang et al. [19]. Numerical simulations were employed to investigate the impact of the
winglet shape structure of the vortex generator on the flow pattern and temperature distribution
within the tube. A comprehensive performance analysis was also conducted in this study and
compared with the results of other scholars. Therefore, whether the technology is used in heat
exchangers or waste heat recovery, the heat energy utilization rate will be greatly improved. At
the same time, due to the effective exchange of heat energy inside and outside the tube, the
energy loss in practical applications can be reduced.

Physical model

This paper presents a simplified version of the rectangular winglet vortex generator
proposed by Zhang et al. [19]. To reduce the complexity of the numerical simulation, the wing-
lets are assumed to be welded onto the inner wall surface of the heat exchanger tube. The pro-
posed rhombic and triangular winglets, based on the rectangular winglet, are shown in fig. 1.
Three types of winglets have the same volume. Each winglet, along with the adjacent winglets,
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Figure 1. Three types of winglet vortex generator

is arranged in either a V-shaped or inverted V-shaped configuration around the circumference
of the tube, with an inclination angle of « = 30° (the angle between the winglet and the direction
of fluid-flow). Figure 2 illustrates the fluid domain model of the heat exchanger tube, comprised
of three sections: the upstream section, test section, and downstream section. The fluid domain
is 0.58 m long with a diameter of 0.018 m. The length of the test section is 0.4 m, and the vortex
generators are evenly spaced at intervals of 0.08 m within this section. The upstream section
measures 0.12 m in length, while the downstream section is 0.06 m long. These additional sec-
tions ensure that the fluid undergoes full development in the inlet section, generating turbulence
and preventing the simulation results from being affected by outlet backflow.

Numerical simulation

Turbulence model and boundary conditions

The numerical simulations were computationally solved using Fluent 2020 R2 soft-
ware, a professional fluid analysis software, and the following assumptions were made in con-
junction with the specific situation of fluid-flow and heat transfer in the heat exchanger tube:
— the liquid water used is an incompressible fluid with constant thermophysical properties,
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— the effect of heat radiation on the heat transfer process is not considered,

— the vortex generator is a rigid body, and the effect of vortex generator vibration on the sim-
ulation results is ignored,

— the inner wall surface of the heat transfer tube and the wall surface of the vortex generator
are no-slip boundaries, and

— ignoring the effects of gravity.
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Figure 2. Fluid domain model

The SST k-w turbulence model is used for the calculation. Simulation using velocity
inlet and pressure outlet. The working medium is water, the water velocity u = 0.3-0.7 m/s, the
corresponding Reynolds number range is 5374-12539. The inlet temperature is 293 K, the con-
stant heat flux of the tube wall g = 50000 W/m?. The physical properties of the working medium
water: density p = 998.2 kg/m3, specific heat capacity C, = 4183 J/kgK, thermal conduc-
tivity k = 0.6 W/mK, and dynamic viscosity = 0.001 003 Pa-s.

Definition of calculation parameters

Some of the parameters involved in this paper are defined as: the Reynolds number,
Nusselt number, and friction factor, f, are determined as:

Re = pnid Q)
Ny 3dd @)
(tw _tf )2’
Ap2d
f= LZUZ 3)

where d is the diameter of the circular tube, t — the average temperature of the test section of
the tube wall, ts — the average temperature of the water in the test section, A — thermal conduc-
tivity of fluids, Ap — the differential pressure of the test section, and L — the length of the test
section.

The commonly accepted performance comparison metric performance evaluation cri-
terion (PEC) currently used by scientific scholars is defined as:

Nu/Nu,

NI

(4)
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where Nu and Nuo represent the Nusselt numbers of the wall of smooth tube and enhanced tube
test sections and f and fo represent the friction factor of enhanced tube and smooth tube test
sections.

Mesh generation and mesh independence verification

Simulation was performed using the Mesh module of ANSYS software to mesh the
fluid domain, and the mesh divided was an unstructured mesh as shown in fig. 3. Boundary-
layers were added to the fluid domain, and the y* values were kept around 1 for all simulations.

120 10.08
110 f
Nu 0.07
100
of ST . . 4 0.06
80 “ Nu
0.05
70
60

0.04
00 50x10° 1.0x10° 15x10° 2.0x10° 25x10° 3.0x10
Elements of mesh

Figure. 3. Fluid domain mesh Figure. 4. Mesh independence verification

Mesh independence verification is performed in this paper to eliminate the effect of
mesh elements. For u = 0.4 m/s, five different elements of mesh, 4.5x10%, 9.5x105, 14.8x105,
19.7x10°, and 25.2x10° were used for the simulation of the rhombic winglet enhanced tube.
The calculated Nusselt number and f are shown in fig. 4. Considering the computational accu-
racy and computational cost, the mesh system of 2 million is dense enough for numerical com-
putation, and the error of Nusselt number for 19.7x10° and 25.2x10° mesh is 1.08%, and the
error off for 19.7x10° and 25.2x10° mesh is 1%. Therefore, the elements of mesh of about 2
million is chosen for the subsequent mesh division.

Numerical calculation method validation
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Petukhov correlation [22]:
f =(0.79InRe —1.64)* (6)

Results and discussion

Flow field structure and temperature distribution

The analysis of the flow field inside the heat exchanger tube is an important tool to
understand the structure of the fluid-flow changed by the vortex generator. The flow field struc-
ture and temperature distribution for the smooth tube and three enhanced tubes using vortex
generators are given in fig. 6. Longitudinal vortices are generated in all enhanced tubes com-
pared to smooth tube. The flow fields induced by the rectangular and rhombic winglets are very
similar, both producing two pairs of longitudinal vortices. The triangular winglets produced
four pairs of longitudinal vortices. Two of these pairs have a large area of influence and high
strength, while the other two pairs have a smaller area of influence and are weaker. Turbulent
kinetic energy (TKE) is a physical quantity characterizing the turbulence and intensity of water
flow, and its magnitude determines the ability of turbulence development or decay. The larger
the TKE, the more intense the turbulence of water in the enhanced tube and the higher the
degree of mixing between fluids. Combined with the TKE cloud, when rectangular winglets are
used, the area with higher TKE is mainly distributed near the wall of the tube, when rhombic
winglets are used, the core flow area in the center of the tube has higher TKE. This indicates
that the vortex caused by the rectangular winglets mainly promotes the mixing effect of the
fluid near the wall, while the vortex caused by the rhombic winglets enhances the mixing effect
of the core flow region. For the triangular winglets, the area of the region with higher TKE is
significantly higher than the former two, and the high turbulent energy region is located near
the wall, which indicates that the vortex caused by the triangular winglets perturbs and mixes
the fluid near the wall of the tube most intensely.

Figure 6 also compares the temperature distribution clouds on the tube cross section
at x = 0.52 m, u = 0.3 m/s. The temperature distribution in all four cases is influenced by the
flow field inside the tube. The temperature in the core area of smooth tube is much lower.
Vortices initiated by rectangular winglets have vortex cores located closer to the wall compared
to rhombic winglets. As a result, a single vortex in rectangular winglet enhanced tube can carry
the fluid in the center region towards the wall near the heating for a longer period of time.
Rectangular winglet enhanced tube has higher fluid temperatures near the wall. Due to the better
mixing effect of the vortex caused by the rhombic winglet on the fluid in the core flow region,
the temperature in the central region is higher than using the rectangular winglets. For the tri-
angular winglets, four pairs of longitudinal vortices resulted in the formation of four high tem-
perature zones near the near-wall surface of the tube, with the central region having a lower
temperature. This indicates that the vortices induced by the different winglets have a significant
effect on the temperature distribution of the fluid inside the tube.

Combined with the analysis of the field synergy principle, taking the rectangular
winglets as an example, in region A, the high temperature fluid-flowing near the tube wall is
directed to the core flow, and the direction of the velocity vector and the temperature gradient
are almost opposite, which leads to poor field synergy. As a result, the heat transfer in this area
is poor. In Region B, the low temperature fluid in the center of the tube is brought to heat near
the wall, and the direction of the velocity vector and the temperature gradient are almost the
same, which improves the field synergy, resulting in the enhanced heat transfer rate. The vortex
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Figure 6. Flow field structure diagram and temperature
distribution, x =0.52 m, u = 0.3 m/s;

(a) smooth tube, (b) rectangular winglets,

(c) rhombic winglets, and (d) triangular winglets

action induced by the three winglets is
basically the same, they bring the fluid
in the center region of the tube to be
heated near the wall, and then bring
the heated high temperature fluid to
the core flow. Therefore, from the per-
spective of field synergy, the three
types of winglets induced flow fields
enhance the heat transfer effect.

It is important to note that the tri-
angular winglets are able to generate
four pairs of vortices because they
have additional shrinkage regions
(Similar to trapezoidal body). The
shrinkage region refers to local area
contraction due to the winglets. As
shown in fig. 7, the winglets are placed
at a 30° angle of inclination, thus cre-
ating two distinct shrinkage Regions
Al. In addition, the structural proper-
ties of the triangular winglets result in
the formation of two shrinkage regions
B1 on their bottom surfaces. A pair of
vortices is formed when the fluid-
flows through the shrinking spatial
structure, and the shrinkage region Al
is much larger than the Region B1.
Therefore, the two pairs of vortices
generated by the shrinkage Region Al
are stronger and exert a greater influ-
ence.

Flow and heat transfer
characteristics

The variation of Nusselt number
and enhanced heat transfer factor,
Nu/Nuo, with inlet velocity for differ-
ent conditions are given in figs. 8 and
9, respectively. Nusselt number in-
creases gradually with the increase of
the flow rate, and the Nusselt number
of the test section wall is much larger
than that of the smooth tube when us-
ing the vortex generator, which indi-
cates that all three vortex generators
can improve the heat transfer perfor-
mance of the heat exchanger tube. In
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Figure 7. Two shrinkage regions; (a) shrinkage region Al and (b) shrinkage region B1
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addition, the rhombic winglets have the greatest improvement on Nusselt number of the test

section, and the heat transfer performance is improved by 31.8% to 41.6%. The triangular wing-

lets improved Nusselt number slightly more than the rectangular winglets, and these two wing-
lets improved the heat transfer performance by 26.0% to 34.5% and 25.9% to 32.8%, respec-
tively. The reasons for this phenomenon are:

— All three vortex generators form longitudinal vortices in the tube, the longitudinal vortices
prolong the flow time of the fluid in the tube, so that the fluid is fully heated.

— The longitudinal vortices bring the low temperature fluid in the core area of the tube to be
heated near the wall, and then the heated fluid is brought to the central area, which compress
and destroy the original thermal boundary-layer and flow boundary-layer, significantly im-
proves the heat transfer between fluid.

— the rhombic winglets are arranged at an inclination angle of 30°, forming the shrinkage re-
gion larger than the other two winglets, the shrinkage region disturbs and affects the fluid
for a longer time, generating a higher strength of the longitudinal vortex, better mixing of
fluids in the tube, and a higher comprehensive temperature.

The shrinkage region of the triangular winglets is smaller, but its special structure
produces two additional shrinkage regions, and these shrinkage regions form a total of four
pairs of vortices, and the increase in the number of vortices makes up for the lack of vortex
strength and improves the mixing effect of the fluid.

Figure 10 shows the variation of friction factor, f, with flow velocity for three en-
hanced tubes and smooth tube test section. In general, the friction factor, f, decreases with the



Zhu, S., et al.: Numerical Simulation Study of Enhanced Convective Heat ...

THERMAL SCIENCE: Year 2024, Vol. 28, No. 2C, pp. 1941-1954 1949
e * Smooth twbe increase of flow velocity, and the flow resistance
®— Rectangular winglets H P -

0.07¢ n & FronbuEHglls in the tube is increased with the use of vortex

f o | * o> Triangular winglets generators, with the rhombic winglet vortex gen-

. ) 5 . erator increase the resistance the most and the tri-

. - - . . - angular winglets increase the resistance the least.
0.04} The reasons for the resistance increase are:

sl ‘ o . — the longitudinal vortices formed by the three

' ‘ ® vortex generators enhance the turbulence inten-

O 03 04 05 08 o7 os Sityinthetube, resulting in more dissipation of

u[ms’] mainstream kinetic energy and
Figure 10. Friction factor of enhanced tube ~ —  all three winglets increase the flow obstruc-

tion in the tube, as shown in fig. 11, the direct
circulation area in the tube is the smallest when using the rhombic winglet vortex generator,
and the direct circulation area is the largest when using the triangular winglet vortex gener-
ator, so the triangular winglet has the smallest enhancement of the friction factor.
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Figure 11. Blockage area; (a) rectangular winglets, (b) rhombic winglets, and
(c) triangular winglets
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Figure 12. The PEC of enhanced tube prehensive performance, with PEC between 1.08

and 1.21 at the given flow rate, followed by the

rhombic winglet. The reasons for this are: alt-
hough the rhombic winglet vortex generator improves the heat transfer performance the most,
the flow blockage is too large and causes excessive flow resistance and the triangular winglet
vortex generator improves the friction factor the least, and the multiple vortices formed by the
triangular winglet also improve the heat transfer performance better, so the comprehensive per-
formance is the best.
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The effect of inclination angle on
the heat transfer effect of triangular winglets

Since the triangular winglet vortex generator has the best comprehensive performance
of enhanced heat transfer, it is necessary to carry out further research on the triangular winglet.
In this paper, the inclination angle of the triangular winglet is changed. The heat transfer in the
enhanced tube was simulated at flow velocity u = 0.3m/s and at 0°, 15°, 30°, 45°, and 60°
inclination angles. To investigate the effect of the inclination angle on the enhanced heat trans-
fer in the triangular winglet vortex generator, and to determine the best degree of inclination
angle.

Figure 13 shows the TKE and velocity vector on the cross section of the tube at x =
0.52 m using five different inclination angles of the triangular winglet vortex generator. The
inclination angle a = 0°, the triangular winglet does not form a shrinkage spatial structure, so

i I I
0.0000  0.0001  0.0002  0.0004 0.0005 0.0006 0.0007 0.0008

TKE

N L

Figure 13. Effect of five inclination angles of triangular winglets on the flow field structure;

(@) @ =0° (b) & =15° (c) @ = 30°, (d) « = 45°, and (€) & = 60°

there is no longitudinal vortex in the tube, the presence of the winglet only disturbs the flow of
fluid. When a = 15°, corresponding to the shrinkage Region B1 in fig. 7 is the formation of
longitudinal vortex. This is because the narrow mouth of the shrinkage area B1 is much smaller
than the wide mouth, while the narrow mouth of the shrinkage area Al and the wide mouth of
the shrinkage area Al are not very different, and the fluid-flow through the area Al is almost
unaffected so no vortex is generated. As the inclination angle of the winglet increases, the nar-
row mouth of the shrinkage region Al becomes smaller and smaller compared with the wide
mouth, while the narrow mouth of the shrinkage Region B1 becomes larger and larger com-
pared with the wide mouth, which leads to the shrinkage Region Al playing a dominant role in
causing longitudinal vortices in the tube, finally, at a = 60°, the shrinkage Region B1 is no
longer able to cause longitudinal vortices. For a triangular winglet enhanced tube, the more
longitudinal vortices in the tube, the better effect of perturbation and mixing of the fluid in the
tube. Only from the flow field structure, longitudinal vortices are formed in both the tapering
Regions Al and B1 at o = 30° and « = 45°, and the effect of enhanced heat transfer should be
better in both cases.

In addition, comparing the TKE on the cross section, it can be seen that the region with
higher turbulent energy shifts from near the wall to the center of the tube as the inclination angle,
a, increases, and the turbulent energy in the center region should be as large as possible in order
to ensure that the high temperature fluid near the wall is fully mixed with the low temperature
fluid in the center region. At « = 45° and o = 60°, the region of higher turbulent energy is located
in the center of the tube. The longitudinal vortices generated by the triangular winglets have a
better mixing effect on the core flow in the tube and enhance the heat transfer best.
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The effects of the triangular winglet vortex generator with different inclination angles
on Nusselt number and f in the test section are given in fig. 14. It can be seen that Nusselt
number gradually increases with increasing inclination angle, reaching a peak of 74.25 at a =
45°, and Nu slightly decreases at a = 60°, which corresponds to the previous analysis. In addi-
tion, the friction factor, f, increases continuously with the increase of the inclination angle,
which is because, the larger the inclination angle is, the larger the blockage area of the triangular
winglet is. Combined with the PEC in fig. 15, the comprehensive performance of enhanced heat
transfer is also best at « = 45°, with the highest PEC of 1.25.
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Comparison with the results of
others' studies

Figure 16 compares the PEC values of the enhanced tube using a triangular winglet
vortex generator with an inclination angle of 45° with those of the enhanced heat transfer tech-
niques proposed by other scholars. These studies are perforated conical rings [23], tube with
modified wire coils [12], tube installed with protruded baffle bundles [24], delta winglet [25],
and novel self-join winglet [16]. The triangular winglet vortex generator proposed in this paper
is better than the case of twisted belt and coil insertion. It is a promising technology for heat
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transfer enhancement. However, there is still a gap compared with the enhanced heat transfer
techniques of some scholars. Subsequent studies can further optimize the arrangement method
to achieve better results.

Conclusions

The effects of three winglet vortex generators on the flow and heat transfer perfor-
mance in the tube were studied in the range of flow velocities from 0.3-0.7 m/s, corresponding
to Reynolds number 5374 to 12539. The effect of the inclination angle on the enhanced heat
transfer of the triangular winglet vortex generator was also studied. The main conclusions can
be drawn as follows.
¢ In this paper, both rhombic and triangular winglet vortex generators proposed based on the

rectangular winglet vortex generator form longitudinal vortices. The longitudinal vortex
flushes and destroys the boundary-layer, reduced the synergy angle between flow and ther-
mal fields in the tube, and enhances the mixing of core flow and boundary flow. This en-
hances the heat transfer in the tube.

¢ The triangular winglets generate multiple longitudinal vortices because the special arrange-
ment of the winglets generates additional shrinkage regions, and the shrinkage region is the
key to generate longitudinal vortex.

¢ All the three vortex generators studied in this paper have the effect of enhanced heat transfer.
In terms of comprehensive performance, the triangular winglet vortex generator has the best
effect, followed by the rhombus winglet vortex generator and finally the rectangular winglet
vortex generator.

e As the inclination angle of the triangular winglet increases, the longitudinal vortex formed
in the two shrinkage regions has a greater effect on the flow field inside the tube. At an
inclination angle of 45°, four pairs of longitudinal vortices are formed in the tube and the
best effect of heat transfer is achieved. When u=0.3m/s, the maximum value of PEC of the
enhanced tube reaches 1.25.

Overall, the use of winglet vortex generators enhances heat transfer and improves flow
characteristics. It may have a real impact on design and production in various industries. In
future work, it is necessary to change the winglet arrangement to improve the comprehensive-
ness of the work and the value of the study.
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Nomenclature

f — friction factor

fifo  — friction factor ratio Greek symbols

Nu  — Nusselt number (= hl/2), [-] 7 — dynamic viscosity, [kgms]

Nu/Nuo— Nusselt number ratio p — fluid density, [kgm3]

Ap — pressure drop of the test section, [Pa] A — thermal conductivity of fluids, [Wm—1K™1]
q — heat flux, [Wm?]

Re  —Reynolds number (= pudly), [-] Acronyms

t — temperature, [K] PEC - performance evaluation criteria

u — velocity, [ms™] TKE - turbulent kinetic energy
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