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Abstract: In this study, the pressure drop and heat transfer characteristics of smooth tube and
internal helically micro-finned tubes with two different fin-to-fin height ratios i.e., equal fin height
and alternating fin height, are computationally analysed. The tube with alternating fin height is
analysed for proof of concept of pressure drop reduction. A single phase steady turbulent flow model
is used with a Reynolds number ranging from 12,000 to 54,000. Water is used as working fluid with
inlet temperature of 55 °C and constant wall temperature of 20 °C is applied. Friction factor, heat
transfer coefficient, Nusselt number, and Thermal Performance Index are evaluated and analysed.
The numerical results are validated by comparison with the experimental and numerical data from
literature. The results showed that the thermal performance is enhanced due to helically finned tube
for a range of Reynolds numbers, but at the expense of increased pressure drop as compared to a
smooth tube. The helically finned tube with alternating fin heights showed a 5% decrease in friction
factor and <1% decrease in heat transfer coefficient when compared with the equal fin heights tube,
making it a suitable choice for heat transfer applications.

Keywords: helically finned tube; heat transfer enhancement; thermal performance index

1. Introduction

Heat transfer enhancement techniques for heat exchanger applications can result in
size reduction, high heat transfer coefficient, and lower operating cost. The increase in
enhanced heat transfer can reach up to six times as compared to the unenhanced one [1].
A variety of heat transfer enhancement techniques are being used extensively in heat
exchanger applications. There are two main types of heat transfer enhancement techniques:
active and passive. Active methods require external energy input in addition to the
pumping power required. Active methods are not so common in applications because of
extra energy requirements. Passive methods require no additional energy and are built in
to the system as its integral part. Passive methods increase the heat transfer by introducing
turbulence and/or increase in surface area [2].

The drawback of these enhancement techniques is the increase in frictional losses due
to turbulence and area increase. This requires a trade-off between the desired heat transfer
enhancement and pumping power required. Because of higher frictional losses due to
pressure drop, extensive research has been done and still going to find passive methods,
which will reduce pressure drop as much as possible while increasing the heat transfer
as much as possible [3]. Table 1 provides a summary of literature review of passive heat
transfer enhancement techniques.
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Table 1. Literature review of passive heat transfer enhancement techniques.

Enhancement Technique Analysis Technique Working Fluid Parameters Observations
3255 < Re < 19,580 Heat transfer performance of 3- and 4-pieces blossom fin is greater than 2-pieces
. . . . 0.34 < P¢/Dy, <0.98 .
Blossom shape internal fins [4] CFD/Experimental Air 078 < e/Dy < 1.51 blossom fin.
Y= h = - Numerical correlation had a mean deviation of 8.69% in Nu and 6.76% in f.
D; = 6 mm, 8 mm, 10 mm
Arc shape fins with Y-shape 4108 < Re < 14,500 Nu is 2.1~4.3 times higher than smooth tube.
pinserts 5] p Experimental Water e =0.7 mm, P; = 0.6 mm, Y-insert L = 30.5 mm f is 6.89~9.25 time more than smooth tube.
D; =19.05 mm Overall thermal performance is 1.02~2.22 times more than smooth tube.
8 62%O<§PR§§ 1<6f g(; Highest Nu was obtained using ring type ribs as compared to other rib geometries.
Internal repeated ring ribs [6] CFD Air 7 = T~ Nu was within +10%, f within +15% and performance evaluation criterion was
0.025 < e/D; < 0.069 - o .
within £15% of experimental results.
D; =13.8 mm
300 < Mass ﬂux[kg-m’z-s’l] < 500 83% and 893% increase recorded in heat transfer coefficient and friction
. . } 10 < Heat flux[kW-m~—2] < 20 factor respectively.
Dimples [7] Experimental Water, R-134 a 0.5 mm < Dimple depth < 1.0 mm The efficiency index is less than 1 for all configurations, which limits the use of
D; = 8.1 mm, Quality = 0.1-0.8 dimpled tubes for special applications.
70 < Mass ﬂux[kg-m’z-sfl] <150
Dimples & longitudinal Experimental Water, R-410 a 32.6 < Heat flux[kW-m 2] < 37 Enhanced tubes increase the heat transfer coefficient with increasing mass flux.
grooves [8] P ’ Groove pitch = 3.4 mm At constant mass flux, heat transfer coefficient increases by increasing heat flux.
D; = 11.07 mm, Quality = 0.1-0.9
< <
400 < Re < 114(,)(; As the twist ratio decreased, the Colburn j-factor increased and caused
. . . 2 < Heat flux[kW-m™“] < 4 i
Twisted tape inserts [9] Experimental Water . . early transition.
3 < Twist ratio < 5 . . R ..
- Increasing twist ratio decreased the friction factor.
D; =19.0 mm
75 < Mass flux[kg-m~2-s~1] < 1000 Twisted inserts }ncreased heat transfer by causing earlier transition to turbulent ﬂpw.
- Mass fluxes higher than 400 and heat fluxes higher than 100 caused no change in
. . . 5 < Heat flux[kW-m~=] < 250 >
Twisted tape inserts [10] Experimental R-134 a 3 < Twist ratio < 14 heat transfer coefficient.
D, =10,1 2.7,*1 5.9 mm, Qu aTi ty = 0.01-0.95 Improvements in heat transfer w}eire measured for low to moderate mass and
eat fluxes.
Annular metal foam ' 20 < Vapor mass flow rate [kg-h~1] < 100 Heat transfer unit mass eff1c1ency coeff.1c1ent' is 1.3 times greater than the
. Experimental Water Vapor . corresponding micro-fin tube.
inserts [11] D; =22 mm, Quality = 0.5-0.8 I . . O,
ncreasing metal foam size, increases the pressure drop.
Metallic foam. circumferential 50 < Mass flux[kg-m~2-s71] < 150 Average increase in heat transfer coefficient for the enhanced tubes is 2 times
4 Experimental R-134 a Saturation pressure = 11.6 bar, 13.4 bar the plain tube.

pin fins, twisted pin fins [12]

D; =8.7,12.7 mm, Quality = 0.3-0.9

Head impact flow configuration for eight-fin tube is measured to be the best.
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Table 1. Cont.

Enhancement Technique Analysis Technique Working Fluid Parameters Observations
=21
. . . 160 < Mass ﬂu)f[kg m s 1 =310 42% and 235% increase in heat transfer coefficient and pressure drop measured as
Twisted tape inserts [13] Experimental R-1234 yf 6 < Twist ratio < 12 compared to smooth tube
D; = 8.7 mm, Quality = 0.12-0.84 p :
Delta winelet vortex 5000 < Re < 25,000 Nu and f increase by increasing winglet height and attack angle.
& Experimental Water Winglet height = 5 mm, 7.5 mm and 10 mm Maximum of 73% increase in Nu and 2.5 times higher f is measured as compared to
generator [14] -
D; =52 mm smooth tube.
100 < Re < 1000
Micro-finned tube [15] CFD Oil 0.2mm <e<0.5mm,5° < & < 45° 44% increase in heat transfer and 69% increase in friction factor at 1000 Re.
D; =8.62 mm
. : . Water/ 5650 < Re = 17,000 Nu and f increased by 1.5 times and 2 times respectively as compared to plain tube.
Micro-finned tube [16] Experimental CuO nanofluid Pr/Dj = 0.05 was observed to be more than unity across the whole range of Re
e/D; = 0.019, D; = 8.64 mm n ty 8 :
5725 < Re < 25,353
Micro-finned tube [17] Experimental Water P¢/D; =0.045, e/D; = 0.027 Pressure drop measured on average to be 2 times more than the smooth tube.
D;=6,8,7.48 mm
. . . 8000 < Re < 24,000 S o
Micro-finned tube [18] Experimental Water e/D; = 0.020, D; = 8.92 mm Heat transfer coefficient increased 33% as compared to smooth tube
4000 < Re < 20,000
Helical Groove [19] CFD Water 7.1 mm < Groove Pitch < 305 mm Maximum 1 of 1.2 achieved at Re 15,000 and pitch length of 130 mm.
D;=7.1mm
10,000 < Re < 70,000
Micro-finned tube [20] Experimental Water 0.007 mm < e/D; < 0.085 mm, 0° < ¢ < 45° Increase in Nu was measured 15-180% and f 50-500% more than the smooth tube.
D; =21.18-24.41 mm
2300 < Re < 20,000 S . . .
Micro finned tube [21] Experimental Water P¢/D; = 0.052, e/D; = 0.022 Heat transfer coefficient increased 2.9 times and pressure drop increased 1.7 times as
_ compared to smooth tube for Re >10,000.
D; =9.52 mm
3000 < Re < 40,000 . N
Micro-finned tube [22] Experimental Water 0.12mm < e < 0.15mm, 9° < o < 25° Maximum n calculated was 1.35 for Re ~10,000
1 became less than unity for Re > 30,000
D; =19 mm
Micro-finned tube [23] Experimental Water, Oil 2500 < Re < 90,000 Heat transfer coefficient more than twice that of the smooth tube.

e/D; =0.017, D; =17.5 mm

Friction factor 40-50% more than that of the smooth tube.
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Table 1. Cont.

Enhancement Technique Analysis Technique =~ Working Fluid Parameters Observations
12,000 < Re < 60,000 Highest Colburn j-factor achieved for tube with N = 45, x = 48°, e/D; = 0.0244.
Micro-finned tube [24] Experimental Water 0.0199 < e/D; < 0.0327, 25° < o < 48° Lowest friction factor achieved for tube with N = 10,
D; = 15.57-15.65 mm « =48°,e/D; = 0.0244.
. A 12,000 < Re < 57,000 Highest heat transfer coefficient and friction factor obtained for N = 45, « = 48°,
Micro-finned tube, 5 o e/D; =0.024.
CFD Water e/D; =0.024, 25° < x < 48 . .
Corrugated tube [25] _ Corrugated tubes showed intermediate performance between smooth and
D; = 15.62-18.0 mm .
finned tubes.
o . . 5300 < Re < 49,200 Heat transfer increase of 80-90% observed as compared to plain tube.
Longitudinal finned tube [26] Experimental Fe3O4, Water e/D; =0.15, D; =26 mm Friction factor increased 3—4 times as compared to plain tube.
75 < Mass flux [kg-m*Z-sfl] <191
. . . . 1.5 < Heat flux[kW-m~2] < 17.25 Coiled micro-finned tube showed 160-255% and 69-155% higher heat transfer
Micro-finned coiled tube [27] Experimental R-134a e/D; =0.02, c = 18° coefficient and pressure drop respectively, as compared to straight smooth tube.
D; = 8.58, 8.92 mm, Quality = 0.1-0.8
Micro-finned tube with Experimental Water 4000 < Re < 14,000 Heat transfer coefficient increase measured 6.4 times than that of smooth tube.
porous copper fiber insert [28] P e/D; =0.052, D; = 19 mm n value of 2.29 evaluated.
100 < Mass flux [kg~m’2-s’1] < 450 .. .
Micro-finned tube [29] Experimental R410 A 10 < Heat flux[kW-m~2] < 20 Heat translfe;;greféglf;t aerclg‘felieSlelIf()ifogrgéc:zi;ejsﬁoi‘;ﬁrfug;ed 1.34and
e/D; = 0.033, D; = 7.4 mm, Quality = 0.1-0.9 ' P y P :
130 < Mass flux [kg~m’2-s’1] < 550
Micro-finned tube [30] Experimental R22 Saturation Temperature = 45 °C Heat transfer coefficient increased from 46.3-63.6% as compared to the smooth tube.
e/Dj =0.026, D; = 5.98 mm, Quality = 0.1-0.8
500 < Mass flux [kg-m~2-s71] < 700 Enhanced heat transfer coefficient in healically micro-finned tubes as compared to
Micro-finned tube [31] CFD R410A Saturation Temperature = 47 °C stratight finned tubes.
e/Dj =0.032, D; = 4.6 mm, Quality = 0.45-1.0 The heat transfer coefficient shows maximum increase for vapor quality <0.6
500 < Mass flux [kg-m’z-s’]] < 1000
Mirco-finned tube [32] Experimental R1234 yf Saturation Temperature = 40 °C, 43 °C, 45 °C Heat transfer coefficient and pressure drop of micro-finned tubes increased

e/D; =0.057,0.071,

2.53-3.67 times and 1.95-2.49 times respectively as compared to smooth tube.
D; = 3.5 mm, Quality = 0.2-0.8
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Every passive method for enhancing the heat transfer has limitations because of
the increased pressure drop. The selection of enhancement method is based upon the
application and operational requirements. A lot of research is being done to develop passive
techniques to reduce the thermal and hydraulic loses as much as possible. Among the
variety of methods, micro-finned tubes are widely used in many heat transfer applications
because of their relatively low pressure drop, stable performance, and low production
cost [1]. The current study mainly focuses on the application of internal micro-finned
tubes for the enhancement of heat transfer. Two types of micro fin geometries have been
used i.e., equal fin-to-fin height and alternating fin-to-fin height with height ratios of 1:1
and 1:2, respectively. The alternating fin height is being introduced to study its effect on
the reduction of pressure drop while keeping the heat transfer coefficient relatively the
same as compared with the equal fin height. The geometrical parameters of the studied
tube are taken from the experimental investigation of micro-finned tubes by [24]. The
experimental setup consisted of a shell and tube counterflow heat exchanger. The tube
had both internal and external micro fins with different fin parameters. Cold fluid flowed
through the shell and hot fluid through the tube. We only chose the tube side fluid domain
with only internal micro fins and constant wall temperature at outside of the tube. This
was done to validate the numerical results with the work of [25], because they used the
same fluid domain and boundary conditions in their computational fluid dynamic analysis.
Numerical simulations were performed using ANSYS Fluent to calculate the heat transfer
coefficient and pressure drop for different flow rates. The results were compared for both
tube geometries to determine their relative thermal and hydraulic performance.

2. Methodology

The thermal and hydraulic flow characteristics of helically finned tubes are investi-
gated numerically using ANSYS Fluent. The software uses the Navier—Stokes equation
for with control volume method to numerically calculate the flow variables across the
whole grid. Steady, three-dimensional turbulence flow and heat transfer characteristics
for helically finned tubes and smooth tube are numerically calculated in this work. For
turbulence, the Realizable k-¢ model is used due to its accuracy, economy, and popularity
for turbulent flow problems that are related to micro-finned tubes. It is also considered to
be relatively accurate and robust when compared to standard model for the numerical flow
of helically finned tubes [25].

2.1. Domain Definition

The geometrical specifications of the studied tubes are presented in Table 2. Figure 1
shows the 3D geometry along with cross- section of the finned tube and fin.

Table 2. Geometric parameters of studied tubes.

Tubes/ L Do D; e b ¢ @ P N 5
Specifications [mm] [mm] [mm] [mm] [mm] [mm] [deg] [mml] D;
Smooth 2740 18.82 15.64 - - - - - - -
Equal fin height 2740 18.82 15.64 0.38 0.48 0.2 25 102 10 0.024
Alternating fin height 2740 18.82 15.64 0.19-0.38 0.48 0.2 25 102 10 0.012-0.024
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@ PN O

Figure 1. Helically finned tube geometry (a); Equal fin height tube cross-section (b); Alternating fin
height tube cross-section (c); and, 3D tube geometry.

The geometry of micro finned tubes is helically symmetric, which means that the whole
domain is not needed for numerical computation. For this reason, a helically symmetric
sector of the tube is used as the fluid domain for reduction in grid size and computational
time. The smooth tube is modelled considering the full domain. Figure 2 shows the CAD
model of fluid domain and tube sector cross-section.

(a) (b)

(d)

Figure 2. Fluid domain CAD model and sector cross-section geometry (a); Equal fin height sector (b);
Equal fin height fluid domain (c) Alternating fin height sector; and, (d) Alternating fin height
fluid domain.

2.2. Meshing and Boundary Conditions

The meshing of the model was done using sweep meshing algorithm with local
mesh controls on the edges. The mesh was kept fine at the fin edges, because this is the
critical area where rapid changes in the flow will occur. Rotational periodic boundary
condition is applied at the angled sides of the fluid domain. Water with uniform velocity
and temperature of 55 °C enters the tube and a constant wall temperature of 20 °C is
applied as a boundary condition to the wall of the tube. Figure 3 shows the mesh grid
of smooth and helically finned tubes. The number of grid cells used for smooth, equal
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fin height, and alternating fin height tubes were approximately 600,000, 1,600,000, and
2,800,000, respectively.

(c)

Figure 3. Mesh grid of fluid domain sector (a); Equal fin height; (b) Alternating fin height; and, (c¢) Smooth tube.

2.3. Solution

The coupled solution algorithm is chosen, because it provides accurate results for
turbulent single-phase steady-state flows. Therefore, because all of the governing equations
are solved simultaneously in this method, the convergence rate is faster as compared to
pressure-based segregated algorithm, but at the expanse of the computational cost.

Fanning friction factor, heat transfer coefficient, Nusselt number, and thermal perfor-
mance index were calculated using the formulas from [15]

The fanning friction factor is calculated from the pressure field generated by the

numerical solver.
__ APDy,

U TIE

)
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Equation (2) calculates the overall heat transfer coefficient using the average values of
temperature at the inlet and outlet of the fluid domain.

. mcp (Tout — Tin)
h= 7'[DiL (Tw - Th) (2)

Equation (3) is used to calculate the Nu and Thermal Performance Index, which
determines the overall thermohydraulic performance of the system.

o hfinned /hsmooth

= 3
ffinned/fsmooth ©)

The numerical error in the solution is computed using the discretization of grid as the
main parameter. Three different grids are chosen with each fine grid double in size. After
computing the solutions for each grid, Richardson extrapolation method Equation (4), is
used to calculate the order of rate of convergence and Equation (5) is used to calculate the
numerical error. The error represents the numerical accuracy of the simulation i.e., how
accurate the solution is as compared with exact solution of mathematical model.

ln[ (fn—fe) ]
p_ _ LUrfm)

Inr @
|:(ff_f6)}
error = [rpfif—l] (5)

Here, P = order of convergence rate, ff = fine mesh, f. = coarse mesh, f,, = medium
mesh and r = grid spacing ratio. These numerical errors are represented as error bars in
the figures.

3. Results and Discussion

Passive cooling techniques provide an overall good solution for improving thermohy-
draulic performance of heat exchangers. These techniques make use of both the surface area
increase and flow disturbance for heat transfer enhancement. Normally micro-finned tubes
with equal fin heights are common in heat exchanger applications. In this study, helical
micro-finned tubes with same and alternating fin heights are numerically investigated to
analyse the comparative thermohydraulic performance.

3.1. Grid Independence Study

A grid independence study was carried out to analyse the variation of friction factor
and heat transfer coefficient with increasing grid size. Three grid sizes were chosen
for both the micro-finned tubes. The plots presented in Figure 4 show no significant
improvement in flow characteristics with increasing grid size. Therefore, the grid size of
1,600,000 and 2,800,000 elements were chosen for equal fin height tube and alternating fin
height tube, respectively.

3.2. Numerical Procedure Validation

The results that were obtained from numerical simulations for the studied tubes were
compared with the experimental results from [24] and numerical results from [25]. The
experimental setup consisted of eight different micro-finned tubes and a smooth tube with
pressure drop and heat transfer measurements for a range of Reynolds numbers. In the
current study, only one of micro-finned tube and smooth tube from experimental study
were chosen for numerical simulation. Figure 5 shows a comparison of friction factor and
Nu between current study and experimental results.
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0.009 -
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@ 5100 |
0.0085 +.
0.008 - * - 5000 - - * -
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Number of grid elements %108 Number of grid elements %108
Figure 4. Grid size dependence of (a) friction factor; (b) heat transfer coefficient, with respect to the number of grid cells.
(a) (b)
0.02 T T 180 T T T v v
¥ Equal fin height, Current study ¥ Equal fin height, Current study
0.018 | ® Smooth, Current study ® Smooth, Current study v
: ¥  Equal fin height, Numerical(2s] 160 [ o Equal fin height, Numericall2s] 1
O smooth, Numericall2s] O Smooth, Nt 11251 M
0.016 yitg |
= <
©
S 0.014 | -
E—' § 120 1
50012 g
= 3 100 f vo ]
£ 0017 2% 3 +4%
8 o~ 80 o ® J
< 0.008 s
9 o
% 2% £ wl ]
-2 0.006 - 4 -14%
w
0.004 A ]
0.002 20 1
0 * * * 0 * * + + * + + *
0 0.005 0.01 0.015 0.02 0 20 40 60 80 100 120 140 160 180

Figure 5. Validation of results with experimental and numerical data from literature, (a) friction factor; (b) Scaled Nu, Nu/ Prl/3,

Friction factor, f(experimental)[24]

NwPr'?, Nu(experimental) [24]

The friction factor that is obtained from the numerical results shows good agreement
with the experimental and numerical results for both the smooth and micro-finned tube.
The numerical results remain within £12% of the experimental results validating the
numerical procedure. The scaled Nu deviates around +£14% from the experimental results
and it also shows a good agreement with the numerical results that were performed
by [25] using the same micro-finned tube geometry and boundary conditions. The current
study scaled Nu overpredicts the experimental result by 14% due to the simplified fluid
domain selection and constant temperature wall boundary condition as compared to the
experimental setup. However, the results consistently capture the trend across the whole
range of Re and even show better consistency than the numerical result from literature.
This validates the model and solution method selected for the current geometry. This
deviation is due to the simplified fluid domain and boundary conditions selection.
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3.3. Effect of Micro Fins on Pressure Drop and Heat Transfer

The inclusion of micro fins in tube flow increases the heat transfer by introducing flow
disturbances e.g., rotations and turbulence. However, this also increases the resistance to
flow causing more pressure drop. The goal is to increase the heat transfer while keeping
the pressure drop under acceptable levels. For carrying out the comparative analysis
of pressure drop and heat transfer characteristics of the micro-finned tubes, numerical
simulations were performed for Re ranging from 12,000 to 54,000. All of the simulations
were performed under steady state using turbulence modelling. Figure 6 provides the
temperature contours at the outlet cross-section for Reynolds number 12,000 and 54,000.

Temperature [K]

—T"[“'I“‘rl“["“\""_

A > ® S > % A
B G AN P LR P O R A S SR R A Gt

(a) | //"A"\\\ (b) / ,\ (c) /

() € 0

Figure 6. Temperature contours at outlet cross-section (a) Smooth tube, Re 12,000; (b) Fin-to-Fin
height 1:1, Re 12,000; (c) Fin-to-Fin height 1:2, Re 12,000; (d) Smooth tube, Re 54,000; (e) Fin-to-Fin
height 1:1, Re 54,000; and, (f) Fin-to-Fin height 1:2, Re 54,000.

The temperature contour plots show that, as the Re number increases, the temperature
drop becomes less and less, which agrees with the theory. The finned tubes have higher
temperature drop as compared to smooth tube. Both of the helically finned tubes show
relatively similar temperature drop at the outlet as the Re increases. This shows that the
finned tube with fin-to-fin height ratio of 1:2 is a promising solution for heat transfer
enhancement. Figure 7 presents the pressure contours of the three studied tubes for Re
12,000 and 54,000 at the inlet cross-section.

The contours clearly show that the pressure drop for helically finned tube with fin-to-
fin height ratio of 1:2 is relatively less than the tube with fin-to-fin height ratio of 1:1. This
indicates a better hydraulic performance for the fin-to-fin height ratio of 1:2. Keeping in
view that the temperature drop for both helically finned tubes was almost similar. Both of
these results indicate that a fin-to-fin height ratio of 1:2 has relatively better performance in
terms of the pumping power required to obtain the heat transfer enhancement.

When the Re is low, the flow in both micro finned tubes remains attached to the wall,
even though the micro fins have a significant effect on the introduction of turbulence. The
strength of turbulence kinetic energy is higher in 1:1 tube as compared to 1:2 tube due
to which the heat transfer and pressure drop is higher. The heat is being transferred to
the wall from hot fluid in two ways. First. there is turbulence that transfers heat to the
wall from rest of the fluid and second is the heat transfer in the vicinity of wall through
the attached flow. When Re is small, the heat is being transferred through both ways in
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micro finned tubes. Therefore, because the turbulence kinetic energy is higher in 1:1 tube,
the heat transfer is higher. At higher Re, the flow separates from the wall in 1:1 tube due
to very high turbulence kinetic energy, but it still remains attached to the wall in case
of 1:2 tube because of the smaller height of half of fins. Hence, less heat is now being
transferred in 1:1 due to the separation of flow from the wall as compared to 1:2 tube. But
the turbulence kinetic energy is still much higher in 1:1 tube. Accordingly, the overall heat
transfer is balanced in both micro finned tubes at higher Re. That is why the temperature
drop is almost equal in micro finned tubes at higher Re. Figures 8 and 9 show the effect of
turbulence kinetic energy on the attachment and detachment of flow in micro-finned tubes.

Pressure [kPa]

E— -

I O T T S R RS RN Sy W SN

Figure 7. Pressure contours at inlet cross-section (a) Smooth tube, Re 12,000; (b) Fin-to-Fin height 1:1,
Re 12,000; (c) Fin-to-Fin height 1:2, Re 12,000; (d) Smooth tube, Re 54,000; (e) Fin-to-Fin height 1:1, Re
54,000; and, (f) Fin-to-Fin height 1:2, Re 54,000.

(@)

(d)

M2 sh-2)
o, O
‘0, 0O,
> %z

(7}
"0,
%

Attached Flow

0,
-

9,

Q%Q%Q% Q%)?% ?o% ?o/'a

Turbulence Kinetic Energy
o, 0,
% %

o, 0, 0O,
%% %

Figure 8. Turbulence kinetic energy contours at Re 12,000 for (a) Equal fin height; (b) Alternating
fin height.
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[m*2 s7-2]

Attached Flow

Separated Flow

e, e, .0, 0,0, 0,80, 0, ¢, 06 0
%%, 0, "0, 0. 0, 0, %0, %, %0, 0, %,

Turbulence Kinetic Energy
9, @,
%,

o, 0

Figure 9. Turbulence kinetic energy contours at Re 54,000 for (a) Equal fin height; (b) Alternating
fin height.

Figure 10 shows the local pressure contours at the half length cross-section of both
micro-finned tubes. The figure clearly shows slightly higher pressure drop values for equal
fin height tube.
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Figure 10. Turbulence kinetic energy contours at Re 54,000 for (a) Equal fin height; (b) Alternating fin height.

Figure 11 shows the relative thermal and hydraulic performance of studied tubes.
Nusselt number of micro-finned tubes is relatively greater than the smooth tube indicating
a higher thermal performance across the whole range of Re. Both of the micro-finned tubes
showed similar thermal performance. Thermal performance index of micro-finned tubes is
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Thermal Perfomance Index
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greater than smooth tube for lower range of Re and it is less than smooth tube for higher Re.
This indicates that micro-finned tubes show optimal performance for limited range of Re
outside which they have poor performance as compared to smooth tubes. The figure also
shows the improved thermal performance of tube with alternating fin height as compared
with equal fin height tube. The range of Re in which the finned tubes perform better than
smooth tube is also greater for alternating fin height tube.
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Figure 11. (a) Thermal performance index and (b) Nusselt number of the studied tubes.

Figure 12 shows the normalized friction factor and heat transfer coefficient with
respect to smooth for both micro-finned tubes. The normalization is done to analyse the
relative performance of micro-finned tubes with respect to the smooth tube and each other.
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Figure 12. (a) Friction factor and (b) Heat transfer coefficient, normalized with respect to smooth tube.
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As compared to smooth tube, both of the helically finned tubes show higher heat
transfer coefficient and pressure drop. As the Reynolds number increases, the flow is more
dominated by pressure drop instead of heat transfer coefficient. When compared to equal
fin height tube, alternating fin height tube has lower friction factor across the whole range
of Re whereas the heat transfer coefficient is almost the same for both of the finned tubes.
We can conclude, from the above discussion, that helically finned tube with alternating
fin heights is a better choice for heat transfer augmentation because of the same thermal
performance and relatively good hydraulic performance.

4. Conclusions

In this study, numerical simulations of turbulent flow for smooth and internal helically
finned tubes with equal and alternating fin height were carried out. Water as working fluid
was used with 55 °C inlet temperature, and walls of the tube were kept at a constant tem-
perature of 20 °C. A simplified fluid domain was selected instead of complete experimental
geometry to demonstrate the proof of concept. The computational solution was validated
with the corresponding experimental and numerical work from literature, and the results
showed relatively good agreement.

It was observed that heat transfer and pressure drop is increased in the case of
helically finned tubes as compared to smooth tube. An average increase of 32% and 20%
in friction factor and heat transfer coefficient, respectively, is observed in comparison
with the smooth tube. The increase in heat transfer and pressure drop occurs due to
helically swirling secondary flow near the fins of the micro finned tubes. The flow is
dominated by pressure drop at higher Reynolds numbers. Thermal Performance Index of
alternating fin height tube is relatively higher than the equal fin height tube. Additionally,
the range of Re in which the Thermal Performance Index is greater than the smooth
tube is also broader for alternating fin height tube. The comparative analysis of micro-
finned tubes showed that alternating fin height tube has relatively better thermohydraulic
performance. An average decrease of 5% in the friction factor was achieved at an average
cost of <1% loss in heat transfer coefficient for alternating fin height tube as compared
with equal fin height tube. Further investigation may focus on an optimized fin-to-fin
height ratio. The number of fins and helix angle is kept constant in this study to benchmark
the benefits of alternating fin heights. A better passive cooling solution may be achieved
by incorporating all of the geometrical parameters of helically finned tube and using a
competitive optimization technique.
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Nomenclature

b fin base width, [m] P, turbulence kinetic energy due to buoyancy, [J/kg]

C fin top width, [m] Py turbulence kinetic energy due to mean velocity gradients, [J/kg]

Cp specific heat, [J/kg.K] Pr Prandtl number

Cy,C1¢,C3e  User defined constants Re Reynolds number

D tube diameter, [m] S strain tensor

e fin height, [m] Sy heat source term, [W/m?]

E total energy, [J] Si,Se turbulence source terms, [J/kg]

f friction factor T 3D temperature array, [K]

? external forces, [N] T temperature, [K]

; gravitational force, [N] u time averaged velocity

h heat transfer coefficient, [W/m2.K] u inlet uniform velocity, [m/s]

@ sensible enthalpy, [J] v velocity vector, [m/s]

Ji diffusion flux, [kg/ m2.s] X Cartesian vector

K turbulence kinetic energy, [J/kg] Y fluctuating dilatation, [J/kg]

k thermal conductivity, [W/m.K] Greek Symbols

kers effective thermal conductivity, [W/mK] « helix angle, [deg]

L tube length, [m] € turbulence energy dissipation, [J/kg]

m mass flow rate, [kg/s] 1 thermal performance index

Pr helical Fin pitch, [m] H dynamic viscosity, [Pa.s]

N number of fins I8 Eddy viscosity, [Pa.s]

Nu Nusselt number Teff deviatoric stress tensor

P fluid static pressure, [Pa] v kinematic viscosity, [m2/s]

Ok/0c turbulence Prandtl numbers 0 fluid density, [kg/m3]

T stress tensor

Subscripts

b bulk fluid in inlet

finned finned tube o outer

h hydraulic out outlet

i inner w wall
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