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Abstract: The results of numerical investigations of heat transfer and pressure drops in a channel
with 30° helical micro-fins are presented. The main aim of the analysis is to examine the influence of
the height of the micro-fins on the heat-flow characteristics of the channel. For the tested pipe with
a diameter of 12 mm, the micro-fin height varies within the range of 0.05-0.40 mm (with 0.05 mm
steps), which is equal to 0.4-3.3% of its diameter. The analysis was performed for a turbulent flow,
within the range of Reynolds numbers 10,000-100,000. The working fluid is water with an average
temperature of 298 K. For each tested geometry, the characteristics of the friction factor f(Re) and
the Nusselt number Nu(Re) are shown in the graphs. The highest values of Nusselt numbers and
friction factors were obtained for pipes with the micro-fins H = 0.30 mm and H = 0.35 mm. A large
discrepancy is observed in the friction factors f(Re) calculated from the theoretical relationships
(for the irregular relative roughness values shown in the Moody diagram) and those obtained from
the simulations (for pipes with regular roughness formed by micro-fins). The PEC (Performance
Evaluation Criteria) heat transfer efficiency analysis of the geometries under study is also presented,
taking into account the criterion of the same pumping power. The highest PEC values, reaching 1.25,
are obtained for micro-fins with a height of 0.30 mm and 0.35 mm and with Reynolds numbers above
40,000. In general, for all tested geometries and for large Reynolds numbers (above 20,000), the PEC
coefficient reaches values greater than 1, while for lower Reynolds numbers (less than 20,000), its
values are less than 1.

Keywords: heat transfer coefficient; micro-fins; friction factor; numerical methods; CFD

1. Introduction

The pipe, as a flow channel, is one of the simplest and most commonly used in power
engineering and thermal devices. It is widely applied in heat exchangers and to transport
the medium in installations. The phenomena occurring in it are related to both fluid
mechanics and thermal processes; therefore, the key issue is to design the geometry in such
a way as to maximize heat transfer while limiting a negative effect of flow resistance.

There are many methods to intensify the heat transfer process in the pipe. Among
others, intensifying inserts of various shapes and other flow turbulence devices are widely
used. Wijayanta et al. [1] conducted a numerical study to evaluate the thermal hydraulic
performance of a turbulent flow inside a tube equipped with a square-cut twisted tape
and a classical twisted tape insert. In the range of Reynolds number from 8000 to 18,000
under investigation, the tube with a square-cut twisted tape had the highest values of heat
transfer rate, friction factor, and thermal performance factor for the twisted ratio y/W =2.7.
In [2], Wijayanta et al. investigated the thermal performance of a tube heat exchanger with
punched delta-winglet vortex generators. The numerical studies for Re = 9100-17,400 and
the attack angles of 30°, 50°, and 70° allowed one to determine values of the Nusselt number,
friction factor, and thermal performance factor, which increased with an increasing value
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of attack angle. Jasiriski [3-5] conducted experimental and numerical investigations of a
flow in the circular tube with ball turbulators. The investigations for different diameters of
the balls, different distances between them, and Re = 10,000-300,000 were carried out. The
results showed that the highest increase in the Nusselt number and the friction factor was
observed for the insert ball with largest diameters; however, the highest values of thermal
performance factor were observed for the smallest balls. Arjmandi et al. [6] conducted a
numerical investigation of applying twisted tape turbulator and Al,O3/water nanofluid
in double pipe heat exchanger. The studies of heat transfer coefficient and pressure drop
were carried out for different pitches ratios 0.09-0.18, angles 0-30°, and Reynolds numbers
in the range 5000-20,000. According to obtained results, the optimization accomplished
by the response surface methodology was performed, thanks to which the optimal vortex
generator geometry was created.

Another method to intensify heat transfer is to apply nano-liquids as a modification of
the working fluid. Patil et al. [7] made a review and presented investigations on synthesis,
thermo-physical properties, and a heat transfer mechanism of nanofluids. Shajahan et al. [8]
carried out experimental studies with a combination of nanofluids and inserts under the
conditions of laminar flow. The results allowed for the determination of highest values of
the Nusselt number, friction factor, and thermal performance factor according to different
twist ratios of inserts and various types of nanofluids. Kristiawan et al. [9] investigated
numerically an influence of micro-fins and TiO, /water nanofluids on thermo-hydraulic
performance. The highest PEC (Performance Evaluation Criteria) achieved the squared
mini-channel with micro-fins and the nanoparticle concentration of 0.01 vol.%. Asirvatham
et al. [10] presented the results of experimental studies of convective heat transfer with a
low volume fraction of the CuO/water nanofluid. According to the gained experimental
data, a correlation for the Nusselt number was evolved.

The third method of heat transfer intensification is surface finning, which is considered
in this article. The problem of similar geometry has been already addressed widely in the
scientific literature. In most cases, researchers perform experimental investigations, but an
increasing number of publications based on combined numerical and experimental tests is
observed. For example, Mann and Eckels [11], in order to improve heat transfer and reduce
a pressure drop, optimized the following geometrical pipe parameters: the number of fins,
their height and helical angle, for a Reynolds number ranging from 30,000 to 60,000. They
used the ANSYS Fluent software and the NSGA II algorithm in the study. After comparing
the numerical results with the experimental results, the researchers concluded that for
helical angles above 45°, the relationship between heat transfer and geometry was chaotic
rather than ordered. Wen-Tao et al. [12] conducted an experiment for a developed turbulent
flow in the Reynolds number range from 10,000 to 100,000, for 16 different pipes with
internal grooves. They compared the experimental results with the analytical method using
the Gnielinski equation, which was then extended by the Nusselt number. The proposed
extended equation yielded a good agreement of the results, where the deviation for 93% of
the data was within £20%.

Li et al. [13] used PIV (Particle Image Velocimetry) technology in the experimental
investigations. They determined a relationship between flow characteristics and heat
transfer for the geometry of a micro-finned rectangular duct. They observed an influence
of the formation of coherent structures in the fluid on an increase in the heat transfer
coefficient. Additionally, for low Reynolds numbers, characteristic of the laminar and
transitional flow, they observed a lack of vortices filling the spaces between the fins, which
was equivalent to the deterioration of heat transfer. Guo-Dong et al. [14] compared the
experimental results for a plain pipe with an internally finned pipe using the (HMiM)
BF; medium (1-hexyl-3-methyl-imidazolium-tetrafluoroborate). Based on the obtained
results, they determined empirical coefficients to calculate a friction coefficient and a heat
transfer coefficient for a laminar flow (Re = 60-600). Brognaux et al. [15] developed the
characteristics of a single-phase flow through the pipe with two types of internal fins. They
analyzed an influence of geometry on the Prandtl number and determined a dependence
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of the Reynolds number on the friction coefficient. On the basis of experimental results,
they observed that the Prandtl number exponent agreed well with other correlations for
the geometry with two-dimensional roughness.

Jasinski [16] used numerical simulations to model a flow in the internally finned
pipe for various helical angles of the micro-fins in the range of 0-90°. Using the EGM
(Entropy Generation Minimization) method to assess the flow, he showed that for each
geometry, the minimum entropy was generated for the range Re = 60,000-90,000. Tang and
Li [17] developed a correlation of the friction coefficient for data from various experiments.
The data include old and new refrigerants that were used in internally finned tube heat
exchangers. Jensen and Vlakancic [18] compared the experimental results for different
geometries of internally fined pipes and compared them with theoretical relationships.
They developed an empirical correlation to calculate the friction coefficient and the Nusselt
number. The developed criteria differed for high fins and micro-fins, which allowed for
the appropriate use of the resulting correlations depending on the geometry of the pipe.
Dastmalchi et al. [19] optimized the geometry of micro-finned tubes using numerical
methods to increase heat transfer and minimize flow resistance. The research concerned
double pipe heat exchangers during the turbulent flow. In the study, they changed the
geometric parameters of the pipe, i.e., its internal diameter, number of fins, fin height
and their helix angle, for various Reynolds numbers from 3000 to 100,000. Among other
findings, the authors noted that the optimal micro-fin height increases with an increasing
Reynolds number for all internal pipe diameters considered. In addition, Dastmalchi
et al. [20] conducted oil flow tests with low Reynolds numbers, ranging from 100 to 1000,
in a tube with internal micro-fins. As before, they investigated an influence of the tube
geometry on heat transfer efficiency and pressure drop during flow. The sample results for
Re = 1000 show the maximal heat transfer increase of 44%, but also a 69% increase in the
friction coefficient, for the flow through micro-finned tubes compared to smooth tube flow.

Filho and Jabardo [21] investigated an influence of the geometry of three selected
types of pipes: smooth, micro-finned, and herringbone on the thermo-hydraulic flow
characteristics with the use of refrigerants. On the basis of the conducted research, they
found that the thermal efficiency was the best for the herringbone pipe; however, it had
the highest pressure drop. Raj et al. [22] investigated the properties of various types of
internally and externally finned pipes for two fluids: water and 46% glycol solution. They
showed that the Prandtl number had a large impact on the intensification of heat transfer,
and at the same time, it was dependent on the temperature of fluids.

The present paper attempts to investigate the problem of thermal efficiency of several
pipe geometries with micro-fins. By changing the height of inner fins, the researchers
searched for the highest values of the PEC coefficient while maintaining the same pumping
power. The tests were performed using numerical simulations, whereas for one pipe
geometry, experimental tests were carried out as well. The paper presents in detail and
discusses an influence of the height of micro-fins on the friction factor, heat transfer, and
thermal efficiency of pipes, as well as a correlation of these parameters with mathematical
functions. The main goal of this article, which provides the novelty, was the discovery of
the best geometry of a pipe in terms of thermal efficiency by determining the highest value
of PEC coefficient.

2. Materials and Methods
2.1. Experimental Stand

Before the numerical simulations were carried out, one of the pipe geometries was
tested on the experimental stand by Zawadzki et al. [23], and the results obtained from the
experiment were used to validate the numerical model. The object of the investigations
was an internal finned pipe, produced industrially by KME Germany AG & Co. KG
under the working name “TECTUBE fin 12736CV50/65D” and with the dimensions shown
in Figure 1, which is used for the production of both single-phase and two-phase heat
exchangers, e.g., evaporators in the refrigeration equipment.
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D=12.7 mm
d=12.0 mm
d,=11.5 mm
d,=11.8 mm
H=0.25 mm
Tf=0.36 mm
a=30 deg

B =0-90 deg
n=65

Figure 1. Scheme and dimensions of the micro-finned tube “TECTUBE fin 12736CV50/65D” produced by KME Germany
AG & Co. KG company.

A schematic diagram of the experimental stand on which the test was performed is
presented in Figure 2. The list of used devices in the experimental stand is introduced
in Table 1. It consists of cold and hot water circulations, a data acquisition system, and a
test section, which is a double pipe heat exchanger. During the measurements, constant
temperatures in the circulation of cold and hot water were maintained at the inlets to
the exchanger. In order to obtain thermal-flow characteristics, the water flow rate was
gradually changed within the range of Reynolds numbers 10,000-60,000.

—
Flow direction

Heat exchanger of
double pipe type

I | N N
1 <} 1 I : I | | 7 J
Rotameter E
X = X U type
- manometer
l = Rotameter
1
. 1 .
— Balance —
~N \'\
Thermostatic Thermostatic ]
water tank water tank

4© Pump —@ PUmp

Figure 2. Experimental stand scheme for measuring micro-finned tubes [23].



Energies 2021, 14, 2048

50f18

Table 1. List of content used in experimental stand.

Legend Name Type Parameter Operating Range
Balance ZAO Gdansk—WT 1002 Weight [g] 10-1000 g
Thermostatic water tank MLW—U10 Temperature [°C] 20-90 °C
Rotameter Yokogawa—310142 /002 Flow [1/h] 0-25L/h
Pump Lowara—2HMSAT/ A Flow rate [1/min] 20-70 L/min
U type manometer Metalchem—MUR 1200 Pressure [Pa] 782.62-11,739.25 Pa

m [ke/s]

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

In Figure 3, the results of the experiment and numerical tests for the micro-finned tube
from the previous studies are shown. This procedure also verified the two most popular
turbulence models—the classic k-¢ and the SST k-w (Shear Stress Transport). It can be
clearly seen that the best fit data and a good agreement with the experimental values for
both pressure drop and heat transfer were obtained with the SST k-w turbulence model.
This is the reason why that model was used for further numerical calculations presented in
this paper.

' . 500 : .

400 -
=] 300 -
| £

=
Z 200 |- i
Smooth theory || 100 L Smooth theory | |
—e— Experiment —e— Experiment
——k-epsilon - —— k-epsilon
=<8 —a— SST
1 1 0 | 1
5000 10,000 15,000 0 30,000 60,000 90,000
grad p [Pa/m] Re [-]
(a) (b)

Figure 3. Comparison between results of the simulation and the experiment for the micro-fin tube and the SST and k-¢

turbulence model: (a) mass flow vs. grad p, (b) Nu vs. Re [16,24].

2.2. Geometrical Model

The aim of the numerical calculations was to investigate the thermal-flow characteris-
tics of pipes with internal micro-fins, with a very similar geometry as shown in Figure 1
for the industrial pipe “TECTUBE fin 12736CV50/65D”. The only geometric parameter
that was changed was the height of the micro-fin H. All other parameters, including the
fin helix angle a = 30° and the helical tooth line angle 8 = 30°, remained unchanged, as in
the mentioned real pipe. Modifications of the tooth height H were made every 0.05 mm in
the range of 0.05-0.40 mm, changing its size in relation to the height H = 0.25 mm, which
the actual pipe has (see Figure 4). The relative roughness of the pipe, which is defined
as the ratio of the height of unevenness on the surface of the pipe to its diameter ¢ = H/d
changes with a change of the micro-fin height. In this case, the “unevenness” are micro-fins
of a given height H. Table 2 lists all the fin heights tested, together with the corresponding
relative roughness e. The models of selected cases are shown in Figure 5.
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Figure 4. Scheme of changes in the fin height tested in the simulation.
Table 2. Results of the calculations of relative roughness.
H [mm] 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

e[-] 0.004 0.008 0.013 0.017 0.021 0.025 0.029 0.033

0250

(a)

000 2500 1.000(mem)
)

0250 arso

(b) (c)

Figure 5. Different height of fins in the tube fragment model. (a) H = 0.05 mm, (b) H = 0.25 mm, (c) H = 0.40 mm.

2.3. Numerical Model

As the computational domain, a part of the spiral extruded pipe geometry was used,
with a width of three fins as in Figure 5 and a length corresponding to its single helix
pitch through an angle of 360° (Figure 6). The use of the width of three fins was due to
the more convenient procedure of generating a computational mesh, which allowed us to
maintain its better geometrical quality (cells angles, aspect ratio, etc.) in the central part of
the channel near its axis, than for the width of one fin, but also applicable in such geometry.
The list of used boundary conditions is introduced in Table 3.

Generally, instead of a full, long pipe, a repeating and periodic fragment of it, repre-
sentative of the entire channel and reflecting the same heat-flow phenomena, was used for
the calculations. This approach to the problem is correct, and it is commonly used in the nu-
merical analysis [25,26], as long as the resulting flow is fully developed, both hydraulically
and thermally. It is known that under normal conditions, a fully developed flow can be
obtained only on a pipe length equal to approximately 40-50 diameters from its inlet. In the
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case of using a short repeating domain fragment, appropriate boundary conditions have to
be applied to obtain such a flow structure. According to this, translational periodicity was
used at the inlet and outlet of the domain, where the fluid flow was forced by a pressure
gradient, corresponding to the range of numbers Re = 10,000-100,000. Due to the twist of
the micro-fins by an angle of 30°, there is also a component of the rotational velocity during
the flow. Therefore, the rotational periodicity was used on the flank surfaces instead of the
normal plane of symmetry. The concept of reducing the domain size, and thus also the
number of computational mesh nodes, enables a significant reduction in computation time
while maintaining high mesh quality and accuracy of results. This method of investigations
has also been presented in [24,27,28].

Solid

Fluid

Domain
‘Wall heat flux
(10000 W/m?)
Translational ;' R . |
periodicity Ot,atlf)qa
periodicity
Figure 6. Boundary conditions on the models.
Table 3. Boundary conditions and the parameters values.
Boundary Condition Description Parameter Value/Type
Temperature 298 K
Fluid Domain Water Reference pressure 1 atm
Turbulence SST
Subd . Subdomain was set in domain of water. The gradient of Gradient of pressure 440-24,779 Pa
ubdomain pressure determined the flow in Y component. Volumetric heat flux —Quor = FHluat wy
water
Solid Domain Copper Temperature 298 K
Wall Boundary condition set on exterior area of pipe in the form Heat flux 10,000 ¥,
of constant heat flux m

Translational periodicity

Translational periodicity set on the inlet and outlet areas of

fluid and solid domain.

Rotational periodicity

Rotational periodicity set on the both sides of fluid and

solid domain. As the rotation axis, Global Y was set.

The pipe segment forming the computational domain was “extended” to the length of
a full revolution, as shown along with other boundary conditions in Figure 6. As previously
mentioned, the boundary condition forcing the fluid flow was a pressure gradient.

The simulation was conducted in Ansys CFX 2020 R2. The numerical model consisted
of two computational domains. In the flow domain, water is defined as the working fluid
with an average temperature of 298 K. The solid-state domain was defined as copper, which
is the pipe material in the experiment. Additionally, a negative volumetric heat source
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was set in the fluid domain to obtain a fully thermally developed flow and to calculate
the correct temperature field. This solution made it possible to balance the thermal energy
supplied to the domain wall as a heat flux of g = 10,000 W /m?.

The SST k-w turbulence model is one of the most popular models used in many CFD
(Computational Fluid Dynamics) applications. Its main attribute is the ability to solve the
viscous sublayer by applying the k-w model near the wall and the standard k-¢ model in
the turbulent core area. Switching between the two models is controlled by a special built-
in blending function [29,30]. Correct use of the SST model requires several mesh nodes
inside the turbulent sublayer to maintain the condition of dimensionless distance y* < 2
in the entire boundary layer of the computational domain [31]. In the results presented
in this work, the maximum value of y* did not exceed the mentioned value in any of
the geometries.

One of the criteria for the uniqueness of the numerical solution was to achieve the
appropriate convergence for residues: momentum, energy, and turbulence. In all simula-
tions, a convergence of 1 x 10~ or maximal residuals and an order of magnitude lower
(1 x 107°) for mean RMS (Root-Mean-Square) residuals were obtained. The second crite-
rion for the uniqueness of the solution was the stabilization of flow-thermal parameters,
such as velocity, pressure, and temperature, which were monitored both as mean values
and in several selected points in the computational domain. The computation process was
finished if the above parameters did not change for several consecutive iterations.

Before the actual simulations, checking calculations were performed for different
mesh qualities. For further calculations, a structural (in solid) and hexagonal mesh of
such density, at which its further densification gives results differing less than 1%, was
selected. For all geometries, efforts were made to maintain a computational mesh of
approximately the same average cell volume. In the area of the hydraulic boundary layer,
the mesh was additionally compacted to obtain the appropriate y* value. After the test,
it can be concluded that the mesh used and the test results are independent of its density,
which is consistent with the recommendations in [32]. The obtained value of the GCI (Grid
Convergence Method) parameters in relation to the average temperature is GClf,e = 1.8%,
and in case of the wall heat flux, it is GClg,e = 0.001%.

In Figure 7, the mesh used for the numerical calculations for H = 0.25 mm is shown.

\ — ‘- ., ~1 | : Ve » /'A T~
3 s ) D o008 00007 (m) |
O \ _0.000173 / 0000525 | / /
\ \ \ \ 2 P~ —t—1 /

0.001 0,002 (m)
—

(a) (b)

Figure 7. Mesh used in the numerical simulations for H = 0.25 mm: (a) full view of mesh; (b) mesh region between solid

and fluid domain.
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3. Results

After performing numerical simulations, the correctness of the obtained results was
assessed by analyzing the distribution of selected physical quantities. In Figure 8, results
from the numerical simulations are shown. The contours of temperature and vectors of
velocity distributions are presented for the cases in Figure 5, respectively.

pei Velocity (Projection
Temperature i ) ) [m/s]
o 17 o o o o o
%% % v3%\"?9)%’)‘:"9)""5’ %5 <% 0o % D o Y D %

\%\\%\é‘ COR R 6‘06’0 KN 2SSN

0 0.0003 0.0006 (m)
1
0.00015 0.00045

(b)
Temperature K] Velocity (Projection) [m/s]
H T a =
"%%'b»*b)‘fvfb "%%%‘%"s@% @ % % % w ‘% %

G %% 0 % s B D

-

0 00003 00008 (m)
—
0.00015 000045

Figure 8. Cont.
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Temperature

Kl [m/s]
Il W 'm i
3
9%.9%. *?9)90)*?9)90 Q%,f?o % v?9 % % 000 0.,;; Q‘;‘r 0.@) 0% 0»5‘5 0.,}

B G o % T e T 5

‘ﬁ

Figure 8. Results from the

0 0.0003 10,0006 (m)
O —

()

numerical simulations: (a) contour of temperature for H = 0.05 mm; (b) vectors of velocity

(tangential projection) for H = 0.05 mm; (c) contour of temperature for H = 0.25 mm; (d) vectors of velocity (tangential
projection) for H = 0.25 mm; (e) contour of temperature for H = 0.40 mm; (f) vectors of velocity (tangential projection) for

H = 0.40 mm.

3.1. Data Processing

Based on the experimental data obtained from the examination of the industrial pipe
TECTUBE fin 12736CV50/65D, the numerical model was validated and verified. The most
important parameters in terms of the performance of the analyzed pipes are the friction
factor and the heat transfer coefficient, as expressed by the Nusselt number. To create such
characteristics, it is necessary to define basic flow parameters such as velocity, temperature,
and pressure drop for each pipe geometry, which were obtained as a result of the computer
simulations.

In numerical calculations, the pressure gradient described by Equation (1) was used
to force the flow:

grad p = =fo5T i p 1)
For each tested geometry, the friction factor was calculated using the Darcy—Weisbach
Equation (2), which is a modification of Equation (1):
2-Ap-d
p'u%v L

f= @

The theoretical value of the friction factor for a plain pipe, as the reference level for
the numerical results, was calculated from the Blasius correlation (3):

folain = 0.3164-Re™0%. o

Similarly, for the plain pipe, the Nusselt number was calculated from the well-known
Dittus—Boelter [33,34] Equation (4):

Nitygi, = 0.023-Re®8.Pr04, “
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For the investigated cases of a finned tube, the formula (5) was used to calculate the
Nusselt number: 1d
o 5

. ©)

The heat transfer coefficient i used in Equation (5) was determined from the formula

for heat flux (6), from the obtained results of the numerical tests.

Nu =

q
h=—1 6
Twant — Tpuik ©)

3.2. Friction Factor

The results of numerical simulations, in the form of the characteristics of the friction
factor f(Re), are shown in Figure 9. The graph also features a curve for a smooth pipe,
which was calculated from the Blassius correlation (3), to show the reference level.

0.065 ——— : I I |
H=0.40 mm
0055 o _
B s
\\
0.045 - LEC s | i

0.035 - ¢ =
6t 020 | TSN ... T T s
0.025 - | —e—H=0.05mm 7]
—=—H=0.10 mm
+—H=0.15mm
H=0.20 mm| /
—<—H=0.25 mm / S
Et - 050 mm Blasius correlation e
—&—H =035 mm S
—+—H=0.40mm - _03164 s
-—--£=0.004 SR Al >
e=0.021
—==—8=0033
0.015 Lt 1 1 1 L
10,000 30,000 50,000 70,000 90,000
Re []

Figure 9. Results from the numerical simulations for various fin heights in the tube—f vs. Re.

It is difficult to find any simple approximation function that would express the varia-
tion in the height of micro-fins with a mathematical formula. For this reason, the friction
factor was approximated separately for each pipe geometry, using an exponential third-
order decay function (7), which makes the best fitting of the research results. The calculated
correlation coefficients of the function are given in Table 4.

R R R
f = y0+A1~exp<t6) +A2«exp<te> +A3.exp(te> (7)
1 2 3
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Table 4. Fitting parameters for Equation (7). For all geometries coefficient, 1 = 0.0208.
H =0.05 H=0.10 H=0.15 H =020 H=025 H=0.30 H =0.35 H =0.40
Ay 0.02839 —0.2313 238 x 107! —0.786 —0.2992 0.04275 0.6984 —0.5991
t —8956 9.99 x 10° —1.50 x 10* —2.06 x 10* —3.03 x 10* —774x10® —9.73 x 10*  3.24 x 10°
Ay 0.1788 0.03154 —0.2564 0.5124 0.2837 0.3272 —0.6903 0.6042
t 1.34 x 10° —861 x 103 —1.76 x 10* —1.76 x 10* —327 x 10* —4.41 x10* —9.68 x 10*  3.33 x 10°
As —0.1754 0.2348 5.36 x 1072 0.3076 0.05362 —0.3259 0.05387 0.04127
t 1.30 x 10°  —9.54 x 102 —2.78 x 10* —255 x 10* —1.04 x 10* —4.21 x10* —453x10° —6.97 x 10

For the micro-fins of height H = 0.05 mm, H = 0.25 mm, and H = 0.40 mm (minimal,
medium, and maximal micro-fin height, respectively) the curves were calculated for several
¢ values from Table 2, using the empirical formula (8) given by Swamee and Jain [35].

In Figure 10, an influence of the pipe geometry on a value of the friction factor f(H)
for several Reynolds numbers is shown. The individual curves show the friction factor
with respect to micro-fins height H for specific Reynolds numbers, i.e., for the same flow
parameters.

0.030 T T T T T IS T
4 X maxima
0.028 | .
0.026 |- =
— minima
=y
0.024 -
0.022 |- -
—e—Re =20,000 —=— Re = 30,000 Re = 40,000 —€— Re = 50,000
—8—Rc=60,000 —A—Re =70,000 —w— Re = 80,000 —»— Re = 90,000
0.020 1 1 ] | I I 1 |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

H [mm]

Figure 10. Results from the numerical simulations of the friction factor for various micro-fin heights
in the tube—f vs. H (for a specific value of Reynolds Number).

An analysis of the obtained results allowed us to observe a large deviation from the
characteristics of rough pipes presented in the Moody diagram [36]. In the case of pipes,
the relative roughness is defined as a ratio of the height of unevenness to the diameter,
and for the tested geometries, it is closely related to the height of the micro-fins. For the
presented channels, it is 0.004-0.033, which was presented in Table 2.

= 0.25 ®)

(1o + 78))
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3.3. Heat Transfer

In Figure 11, thermal characteristics for all tested geometries are shown, in the form of
the Nu(Re) function, and one curve for a plain pipe, calculated from (4) as the reference
level.

500 I I I I

450 +~ |[—*—H=0.05mm

H=0.10 mm
400 - +—H=0.15mm -
H=0.20 mm
350 <+—H=0.25 mm -
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300 - [*—H= 0.35 mm
—&— H = 0.40 mm

LR .-
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Re [-]
Figure 11. Results from the numerical simulations for various fin heights in the tube—Nu vs. Re.

Between the functions of Nusselt numbers shown in Figure 11, there is no simple
geometric dependence (similar to the friction factor); nevertheless, certain mathematical
functions can be adjusted to these data.

For the correlation of the Nusselt number function for the studied cases, the most
suitable formula is the exponential function (9):

Nu = A-ReB.pr04, )
In Table 5, values of the A and B coefficients for each fin height are shown.

Table 5. Fitting parameters for Equation (9).

H=005 H=010 H=015 H=020 H=025 H=030 H=035 H=0.40

A 0.014370 0.013610 0.013760  0.013940  0.006390  0.009170  0.007314  0.006306
B 0.8402 0.8470 0.8475 0.8544 0.9301 0.9014 0.9218 0.9242

3.4. PEC (Performance Evaluation Criteria)

The PEC (Performance Evaluation Criteria) thermal efficiency rating for the tested
pipes was calculated from Equation (10). This parameter combines the Nusselt number
and the friction factor obtained from the tests of channels with geometries other than
the smooth pipe, and the Nu and f numbers calculated for a smooth pipe with the same
Reynolds number. The PEC is an indicator of how the heat transfer will increase in the
tested channel relative to a plain pipe for the same pumping power. PEC values above
1 indicate a greater impact of intensification of the heat transfer in the pipe than flow
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resistance, while values below 1 indicate greater flow resistance in relation to the benefit
obtained from intensifying the heat transfer for the tested geometry (Figure 12).

NNu
PEC = —pln_ (10)
()’
fplain
1.30 T T T T
1.25 -
1.20 .
1.15 | -
1.10 =
oL
o 1.05F -
o
1.00
0.95 |- )
—o—H=0.05mm —=— H=0.10 mm
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0.85 | —4—H=0.25mm —&— H=0.30 mm |
’ —a—H =0.35 mm —— H = 0.40 mm
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0 20,000 40,000 60,000 80,000 100,000

Re [-]

Figure 12. PEC (Performance Evaluation Criteria) coefficient of effectiveness for each tested model—
PEC vs. Re.

4. Discussion

A validation of the numerical model with the experimental data from the tests for a
pipe with the fin height of H = 0.25 mm was presented. When analyzing the results, the
discrepancies between the experiment and the obtained numerical results found are as
follows: for the friction factor—maximum 7%; for a Nusselt number—maximum 12%, as
indicated in Figure 3.

Using the Blasius formula determining the friction factor, a comparison of the obtained
numerical results for different micro-fin heights with the plain pipe was made (Figure 9).
For each case of micro-finned pipes, the obtained values are greater than the values for
a smooth pipe, which indicates the physical correctness of the results obtained. For
Re =10,000-25,000, the lowest values of the friction factor are achieved by the pipe with
micro-fins of the height of H = 0.05 mm; whereas the highest values for the height of
micro-fins are H = 0.30 mm. All curves are rather regular and straight lines on a logarithmic
plot. For Reynolds numbers above 25,000, the lowest values of the friction factor are
achieved by tubes with micro-fins of the height of H = 0.10 mm and H = 0.15 mm; in turn,
the highest values are achieved by two geometries for pipes with micro-fins of the height
of H=0.30 mm and H = 0.35 mm. In this range, functions change their character, and it is
difficult to find a regularity in their position.

Considering the dependence of the friction factor in relation to the fin height for dif-
ferent Reynolds numbers, its value decreases with an increase in the Reynolds number for
each flow channel. On the basis of Figure 10, apart from minor irregularities in the charac-
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teristics, one can notice their quite clear trend. For the micro-fins height H = 0.30-0.35 mm,
a clear maximum can be seen for all the characteristics, which means that these pipe geome-
tries give the highest flow resistance. On the other hand, for the height of approximately
H =0.15 mm, one can observe a “slight” minimum of these curves and a decrease in the
value for the highest height of micro-fins H = 0.40 mm. The decrease in the value of the
friction factor for H = 0.40 mm is probably due to low thickness of the fin compared to
other dimensions (Figure 5). At the same time, a small contact area with the main turbulent
core, where the highest flow velocities occur, exerts also an influence on a decrease in the
friction factor.

Each tested tube had a different relative roughness related to the height of the micro-
fins. In Figure 9, a complete discrepancy between the positions of the curves obtained from
the numerical simulations and those calculated theoretically on the basis of the well-known
formula (8) was shown for the same relative roughness. One can notice that it is not
possible to calculate the friction factors from Equation (8) for the tested geometries as the
model derives significantly different values than the ones obtained in the tests. Therefore,
one of the fundamental conclusions resulting from the numerical tests carried out is a
lack of correlation of the friction factor between the theoretically calculated (for irregular
roughness) and the one obtained from the tests (for the same roughness but with regular
shapes). The same fact was recognized by Wang et al. in their research [37].

When analyzing the obtained results of the heat transfer intensity for the geome-
tries under investigation, several phenomena can be observed. The presented results
show an irregular order of the Nusselt number characteristics for various fluid flow rates
(Figure 11). For Reynolds numbers above 20,000, pipes with micro-fins having the height
of H = 0.20 mm and higher achieve significantly larger values of the Nusselt number than
for the plain pipe, compared to the cases with micro-fins below H = 0.20 mm, for which the
characteristics are very similar to those of the smooth pipe. In the entire range of Reynolds
numbers, the highest values of Nusselt numbers are achieved by pipes with micro-fin
heights equal to H = 0.30 mm and H = 0.35 mm, and the same pipes for which the highest
friction factor was observed. The irregular position of these characteristics indicates a
significant influence of turbulences in the vicinity of the laminar boundary layer and the
size of the heat transfer surface related to the height of the micro-fins.

As can be seen in Figure 12, in the range of low Reynolds numbers up to approximately
25,000, the PEC value of less than 1 was observed for all geometries. It means that using
these pipes in this flow range is less efficient than using the regular plain pipe. For Reynolds
numbers higher than 25,000, all characteristics are higher than 1, and it is within this range
that the use of such pipes is justified. The highest PEC values, up to 1.25, are achieved by
tubes with the micro-fin height of 0.30 and 0.35 mm for Reynolds numbers above 50,000. A
characteristic feature of these geometries is a virtually constant value of this coefficient in
the given Reynolds number range. Therefore, these micro-fins heights can be considered
the most optimal for thermal-flow applications among all numerically tested in this work.

5. Conclusions

Based on the numerical investigations presented, the most important conclusions of
this work can be drawn as follows:

e A numerical model of the tested pipes was built and verified with the experimental
data.

e  The mathematical correlations describing the nature of changes in the friction factor
and the Nusselt number as a function of the Reynolds number were determined for
the examined micro-fins heights.

e  Using the PEC (Performance Evaluation Criteria) method of assessing the thermal
efficiency of flow channels, the highest values were observed for micro-fins with the
height of H = 0.30 mm and H = 0.35 mm.
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e  The theoretical formulas for the friction factor for rough pipes (Moody’s diagram) were
not compatible with the obtained numerical results for the same relative roughness,
but with a regular shape.

e  For Reynolds numbers below 20,000, the use of the investigated type of pipe micro-
finning is unjustified in terms of heat transfer efficiency.
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Nomenclature

Ayan exterior area of the pipe [m?]

d diameter [mm]

f friction factor [-]

Foiain friction factor for plain tube [-]
GClgpe fine-grid convergence index [%]

h heat transfer coefficient [W/m2K]
H height of fin [mm]

k thermal conductivity [W/mK]

L length of the pipe [m]

Nu Nusselt number [-]

Nupjiy,  Nusselt number for plain tube [-]
PEC performance evaluation criteria [-]
Ap pressure drop [Pa]

Pr Prandtl number [-]

Qvol volumetric heat flux [W/m?3]

q wall heat flux [W/m?2]

Re Reynolds number [-]

Toall average temperature in pipe [K]
Thuik minimal temperature in water [K]
Uap average velocity [m/s]

Vwater volume of water domain [m3]

o micro-fin angle [°]

B helical angle of micro-fin [°]

0 density [kg/m?]

€ relative roughness [-]
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