<]
TUDelft

Delft University of Technology

Parametric CFD study for finding the optimal tube arrangement of a fin-and-tube heat
exchanger with plain fins in a marine environment

Valikangas, Turo; Folkersma, Mikko; Dal Maso, Miikka; Keskitalo, Tuomo; Peltonen, Petteri; Vuorinen, Ville

DOI
10.1016/j.applthermaleng.2021.117642

Publication date
2022

Document Version
Final published version

Published in
Applied Thermal Engineering

Citation (APA)

Valikangas, T., Folkersma, M., Dal Maso, M., Keskitalo, T., Peltonen, P., & Vuorinen, V. (2022). Parametric
CFD study for finding the optimal tube arrangement of a fin-and-tube heat exchanger with plain fins in a
marine environment. Applied Thermal Engineering, 200, Article 117642.
https://doi.org/10.1016/j.applthermaleng.2021.117642

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.applthermaleng.2021.117642
https://doi.org/10.1016/j.applthermaleng.2021.117642

Applied Thermal Engineering 200 (2022) 117642

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/ate

Research Paper ' ,.)

Check for

Parametric CFD study for finding the optimal tube arrangement of a o
fin-and-tube heat exchanger with plain fins in a marine environment

Turo Vilikangas ®*, Mikko Folkersma °, Miikka Dal Maso ?, Tuomo Keskitalo ¢, Petteri Peltonen ¢,
Ville Vuorinen ©

a Aerosol Physics Laboratory, Physics Unit, Tampere University, Finland

b Faculty of Aerospace Engineering, Delft University of Technology, Netherlands
¢ Neste Engineering Solutions Oy, Finland

d Technical Research Centre of Finland, FI-02044 VTT, Finland

¢ Department of Mechanical Engineering, Aalto University, Finland

ARTICLE INFO ABSTRACT
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In the past, fin-and tube heat exchanger (FTHE) tube pattern ratios have been largely based on ad-hoc
design principles. Here, we investigate the optimal tube arrangements for a FTHE with plain fins in marine
environments represented by two different air types; one for unfiltered air with high condensation rate and
one for clean dry filtered air conditions. The thermal-hydraulic efficiency of the FTHE design is measured by
comparing a modified ratio of Colburn j-factor and Fanning friction factor. The regression model generated
from the CFD data is then used to identify the maximum efficiency for two design specific fin pitches separately.
We identified two optimal tube patterns: one for a large fin pitch for unfiltered air, and another for a small
fin pitch for filtered air. Manufacturing restrictions were found to significantly limit the maximum achievable
efficiency of a tube pattern. By neglecting the related manufacturing restrictions, 4% higher efficiency for a
fin pitch of 1.5 mm and 23% higher efficiency for a fin pitch of 3.5 mm is achieved. Without any application
specific limitations or manufacturing restrictions the fin pitch 1.5 mm can have a 36% increased efficiency than
fin pitch 3.5 mm. These novel results show that development in manufacturing have potential for significant
improvements in thermal-hydraulic efficiency.

1. Introduction The performance of the FTHE can be adjusted by changing the fin

pitch [4], size of the tubes [5], longitudinal tube pitch [6], transverse

The heating ventilation and air conditioning (HVAC) system is
the second largest energy consumer in a cruiser ship following the
propulsion system [1]. The energy consumption of the HVAC system
is highly dependent on the outside temperature, but in some estimates
the energy consumption of the HVAC system can be up to 13%-
16% [2,3]. Due to the COVID19 pandemic, it is possible that the use
of fully separated fresh-exhaust air conditioning systems will increase
in the future. Such designs can be achieved by using fin-and-tube heat
exchanger (FTHE) -based heat recovery systems. In a FTHE-based heat
recovery system the heat is transferred by a fluid in such a way that no
mixing between fresh and exhaust air occurs. Unfortunately, this may
lead to the overall decrease of efficiency in HVAC systems due to lack
of recycled air. As the need for more efficient air conditioning units is
evident, it is essential to improve the thermal-hydraulic efficiency of
the heat exchanger inside the units.

*  Corresponding author.

tube pitch [7], number of tube rows [8], number of fluid circuits [9],
the mass flow of the fluid [10] or the fin shape itself [11]. The challenge
in comparing the performance of different fin shapes is the difficulty
to reproduce the thermal-hydraulic efficiencies in a comparable man-
ner. Experimental results of the performance of different fin types by
multiple authors have been compiled into correlation studies [12-16].
In these, the results of multiple experimental studies are expressed
in terms of correlation equations. This enables the fin designs to be
intercompared in the whole design space with other variables that
affect the thermal-hydraulic efficiency, such as fin pitch, tube diameter,
tube pattern and fin thickness. Naturally, in the experimental studies,
the authors are reporting values of real existing FTHE designs that are
manufactured with applicable machinery. This means that data from
uncommon combinations, which are rare in the industry, are absent. In
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Nomenclature

Symbols

1 Mass flow, kgs™!

h Overall average heat transfer coefficient,
Wm=2 K~!

A Wet area, m?

Afree flow Free flow area, m?

A ront Front inlet area, m?

C; Specific heat of the air, Jkg~! K~!

C, Specific heat of the fin, Jkg™! K~!

D Tube diameter after expansion, m

D, Hydraulic diameter, based on free flow and
wet area, m

D, Tube collar diameter, m

D, Tube inner diameter, m

f Fanning friction factor

F, Fin pitch, m

Gy Production term for k, kgm™'s3

G, Production term for », kgm™>s~2

J Colburn j-factor

JF JF performance ratio

k Turbulence kinetic energy, m?s~2
Depth of the heat exchanger in flow
direction, m

Nu Nusselt number

P, Diagonal tube pitch, m

P, Longitudinal tube pitch, m

P, Transversal tube pitch, m

Pr Prandtl number

(0] Overall transferred heat to the air, W

q Heat flux, Wm™2s~!

Rep, Reynolds number, based on hydraulic di-
ameter D,

Rep, Reynolds number, based on hydraulic di-
ameter D,

T Temperature, K

T, Temperature of the fluid, K

T, Temperature on the surface, K

T, Temperature at the wall, K

Tintet Temperature at the inlet, K

Tim Logarithmic mean temperature difference,
K

T outtet Temperature at the outlet, K

u Velocity in the direction of x axis, ms™!

u; Velocity in the direction of each cartesian
directions, ms™!

Ueore Velocity in the minimum -cross-sectional
flow area, ms™!

v Velocity in the direction of y axis, ms™!

w Velocity in the direction of z axis, ms™!

X; Cartesian coordinates x,y,z, m

addition to this, not all possible combinations have been measured and
therefore the real relation between the fin shape and design parameters
and their effect on the thermal-hydraulic efficiency is obscured. In other

words, the variables used in the designs are not selected evenly to

Greek symbols
Ap Pressure loss, Pa
n Fin efficiency
Turbulent viscosity, kgm™'s™!
K Air thermal diffusivity, Wm™!s~!
As Thermal conductivity of the air, Wm™'K~!
A Thermal conductivity of the fin, Wm™'K~!
H Dynamic viscosity of air, kgm™!s~!
v Kinematic viscosity of the air, m?s~!
5} Turbulence specific dissipation, s™!
P Density of the air, kgm™
0 Non-dimensionalized temperature
Subscripts
f Fluid
i,j.k Cartesian coordinate directions, -
s Solid
Superscripts
p Constant pressure

cover all parts of the design space in an equal and unbiased manner.
Therefore, such literature data may be biased towards certain designs.

Ameel et al. [17] showed that a lighter and smaller FTHE can be
made with a smaller fin pitch. However, there is often an application
specific threshold that enforces the use of a wider fin spacing. There-
fore, in cooling coils with high condensation rates, often only plain
fin types with relatively high fin pitches are used. Such occasions are
for example hygiene-related applications that are used in hospital en-
vironments. Other examples include applications with higher amounts
of condensate rate [18], hazardous air with increased fouling propen-
sity [19] or the risk of ice formation [20] on the fins. Hence, the tube
arrangement needs to be specifically optimized for each application-
specific fin spacing and inlet velocity. Therefore, as noted in the present
study, it may be important for the manufacturer of the FTHE to know
which tube arrangements are the best for a given application.

As mentioned earlier, in experimental FTHE studies the designs
are very often biased towards the pre-existing portfolio that is be-
ing manufactured already in the industry. In contrast, in CFD-based
FTHE studies the manufacturing restrictions or difficulties are often
neglected. For example, a very common rule that is followed in the
industry is to use a tube pattern that has the ratio of traversal tube
pitch to longitudinal tube pitch P,/P, = 1.1547. This enables the
manufacturer to use only one kind of U-bend tubes in the process of
soldering the circuits. Experimental studies found in the literature on
the thermal-hydraulic efficiency of FTHE with plain fins [13,14,21-25]
have a 61% portion with the aforementioned ratio. Another popular
tube arrangement ratio was P,/ P, = 1.333 with 24% of all the designs.
We do not have an explanation for the use of the latter ratio but
the first one is further analyzed in Section 4 where its effect on the
thermal-hydraulic efficiency is illustrated.

Based on the literature, previous dimensional characterizations of
FTHE’s have been done mostly on ad-hoc principles following tradi-
tional guidelines. Here, we make an attempt to systematically assess
such FTHE design by CFD, utilizing a novel open source meshing
tool called Swiftblock along with the open source CFD library Open-
FOAM. The main objectives of this study are as follows: 1) Develop
a parametric computational conjugate heat transfer model to explore
different fin spacings and tube arrangements. 2) Carry out a systematic
parameter sweep for transverse (P, = 14-38mm) and longitudinal
(P, = 14-78 mm) tube distances. Repeat the parametric sweep for two
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Fig. 1. Illustration of the simulated geometry between the fins and tubes of the fin-and-tube heat exchanger. The main parameters studied herein are P, and P, for two different

fin pitches F,.

different fin pitch values. A typical marine application design point
with the velocity of u = 3ms~! was chosen for the inlet boundary
condition. Other variables such as number of tube rows N = 4, tube
diameter D, = 10.00mm and the fin thickness + = 0.2mm are kept
constant. 3) Create a regression model based on performance ratio
data. 4) Find the optimal tube pattern value from the model when the
manufacturing restrictions have to be followed and when they can be
arbitrarily selected based on the goodness of the design.

This study offers a novel approach for creating the computational
model with automatic open source meshing, so that larger parametric
design spaces can be studied. The study offers a valuable data set
outside the previously investigated ranges available in the literature.
The published data set can be used to find optimal solutions for various
FTHE designs. Additionally, this study illustrates that for maximizing
the JF performance ratio, the best design is not found within the current
design portfolio broadly used in the industry.

2. Details on the numerical domain and performance parameters
2.1. Plain fin-and-tube heat exchanger simulation domain

The computational domain is designed in a way that it represents
the characteristics of the air side heat transfer in any size of heat
exchanger inlet area but requires a feasible amount of computational
resources. It is expected that by multiplying this to match the face
area of arbitrary sized heat exchanger, the air side heat transfer rate
scales equally. Therefore, only one flow section between the tubes and
the fins is simulated. In Fig. 1 is an illustration of the FTHE and the
computational domain that is modeled.

Before and after the heat exchanger we model an inflow and an out-
flow region with the length of one and two longitudinal tube pitches,
respectively.

2.2. Data reduction and performance parameters

In this study, the Reynolds number is defined in two different ways.
The first one in Eq. (1) is based on the hydraulic diameter D,
A frecsiowk [26] as the reference length scale and the used reference
velocity is the average velocity in the minimum cross section called

the core velocity u,,,,-

Upore D
ReDh — cor\c; h (1)

The second is used when the CFD values are compared to the

experimental results in Section 3.3 and is therefore defined as:
R Ueore D,
e =
D, »

core (2)
where D, = 10.00mm is the collar tube diameter, which can be calcu-
lated as D, = D +2 = t. The overall average heat transfer coefficient in
the case of a FTHE is calculated as:

0
AAT,,,

h= ®3
where Q = mc;(Tl.,,,e, — T, is the overall transferred heat to the air
and AT, is the logarithmic mean temperature difference between the
inside diameter of the tube and the air.

The results in this study are illustrated in the form of a non-
dimensional pressure drop, the Fanning friction factor f [27,28], and
the non-dimensional heat transfer, Colburn j-factor [29], which are
calculated as follows.

hp,
; Nu A 2/3
= = P
/ ReD Pr1/3 Plcore D r (4)
h u
4p Dy
e ®
zﬂ core

In general, increase in heat transfer yields an increase in pressure
drop. This means that one must consider the trade-off between the
increase in heat transfer and increase on the pressure drop when
evaluating the performance of the heat exchanger. Traditionally the
performance of the fin shapes are compared with goodness factors such
as area [30,31] or volume goodness [30,32,33]. However, using these
presents some difficulties when the reference length and/or velocity
scales are different between the cases [34]. In this study, all the
reference variables change between the cases. Therefore, it is desirable
to use a performance criterion that has a numerical value that increases
with improved performance, regardless of reference scales. One such
performance criterion is the JF performance rate, as defined by Shi
et al. [35] and Yun and Lee [36] (see references for the derivation).
We apply a version of the JF performance ratio in which the reference
variables are not subtracted from the equation. JF is defined as the
ratio of two other important ratios obtained between a studied heat
exchanger and a reference heat exchanger. One is the ratio of the heat
transfer rate per unit temperature difference, per unit surface area, and
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Fig. 2. Illustration of the two different blocking strategies used for the fin and air mesh.
00275 } } } Therefore, we define the JF performance ratio as
' - *— 3 ° A S (Ren,/Dy)
0025  RREEEEEEEEE e RREREEEE e i jr " (Rep, /Dpg
- F= (P/A1; = (Rep. /Dy - ®
0.0225 ””’.’;’.’L/.’””W”J ”””””””” w (W)l/3 I —eDh hn _Af""" XA_R)1/3
; ! ! R IR (Rep, /D)y~ Agromr A
020 e P U E— I 4 . . . .
0.0 ! ! ! where the A, is the inlet area of the flow domain and A is the
0.0175 o de o [ — heat transfer area of the FTHE. The subscript R refers to the reference
—o- ), = 3.5mm P =26.0mm P, =32.0mm design, which is chosen as the one with P, = 14mm, P, = 14mm and
0.015 1~ —A—F, = 1.5mm P, =18.0mm P, =26.0mm |~ | F. =15mm
- F,=15mm P, =22.0mm P,=26.0m P : :
0.0125 {-------- b R ABREEEEEES
‘ ‘ 1 2.3. Governing equations and boundary conditions
R I B EREEEE S R EREEEEE R oo
0.0075 - i\é B — A e ——— s | The equations describe a steady-state, incompressible,
! ! ! three-dimensional flow with no sink or source terms. The governing
2,000,000 1,000,000 6,000,000 equations that describe the conjugate heat transfer process in the

Number of cells

Fig. 3. Mesh sensitivity of the non-dimensional pressure drop (Fanning friction factor
/) and heat transfer (Colburn j-factor j). Overall root mean square percentage error
respect to the finest grid was 1.97% for 800k mesh, 1.4% for 1.7 million cell mesh
and 0.79% for the 3.5 million cell mesh.

the other is the ratio of the friction power dissipated per unit surface
area.

The ratio of the heat transfer rate per unit temperature, per unit
area of studied heat exchanger and reference heat exchanger is shown
in Eq. (6).

j _ (Rep, [Dy)

" Jr " (Rep, /Dp)g

The ratio of the friction power dissipated per unit area of studied
heat exchanger and reference heat exchanger is shown in Eq. (7).

(P/A) _ [ (Rep, /Dy)?
(P/Mr  fr" (Rep, /Dy

L ®)
hR

A A
front % AR

(7)
A frontR A

fin-and-tube heat exchanger are the continuity equation in Eq. (9),
momentum equation in Eq. (10) and the energy equation for fluid in
Eq. (11) as well as for solid regions in Eq. (14). Turbulence is modeled
with the k — @ Shear-Stress Transport (SST) model, which considers
the enhanced wall treatment as default and is widely used in FTHE
simulations [37-39]. The transport equation for turbulence kinetic
energy is shown in Eq. (12) and for the specific turbulence dissipation
rate in Eq. (13).

1. Continuity equation

(pu;
(Pu,) -0 9
ox;
2. Momentum equation
d o, Ou; dap
—(puju;)) = —(U—)— — 10
o, (pu;juy) ox, (u 6x,-) ox; 10
3. Energy equation for fluid region
0 0 oT
—(pCPuT)= —(A, — 11
()xi(p il ) 6x,-( fax,-) an
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Fig. 4. Temperature profile comparison between the analytic and CFD results for laminar channel flow with conjugate heat transfer in a 2D channel flow with constant heat flux

for which an analytic solution exists.

Table 1
Boundary conditions used for the computational model.

Boundary name Boundary condition

Inlet u = constant,v =w =0,T =273 K
o _ oT _
Outlet == 0
Inflow and outflow regions
Top and bottom %:%,W:O,%:O
. u _ ov o _ o o _
Left and right =0V =05=0
Fin region
Top and bottom j{:%,w:O,‘%:O
Left and right Tube inner surface u=v=w=0, T =333 K
Fin region u=v=w=0, % =
i jon & = dw T _
Fluid region 5= % ’ar'jy =0
Fluid-solid interface T, =T, =4, % =-i-t

4. Transport equation for the turbulence kinetic energy, k
d

0x; a2

0 ok
ku) = —(T,=—)+G
(pku;) axj(kaxj)‘l' k

5. Transport equation for the specific turbulence dissipation rate,

w

d d Jdwo

—(pou)) = —(T,~—=)+G 13

ox, (poou;) axj( » axj) w 13
6. Energy equation for solid region

0 oT

—((4y=—)=0 14

0x,-( Sax,-) a4

The boundary conditions used in the computational domain are
defined in Table 1. Please see the locations of inlet, outlet, top, bottom,
left and right boundaries in Fig. 1.

The governing equations are solved with a solver called conjugate-
HeatSimpleFoam from the foam-extend 4.0 [40] a community driven
version of the OpenFOAM library.

3. Meshing and model validation
3.1. Parametric structured meshing

Altogether 198 simulations are carried out by varying the fin pitch
and tube pattern inside the FTHE. In a parametric FTHE study, where

- Experimental 12 j-factor
—- Experimental 12 fanning friction factor
o CFD 12 j-factor
10-1 - CFD 12 fanning friction factor
.
102

500 1000

Rep,,

2000 4000 8000

Fig. 5. Model validation by comparing the results of CFD pressure drop and heat
transfer to the experimental results by Wang et al. [27].

only a few of the parameters are changed at once and rest of the design
stays the same, parametric structured meshing can be superior over
unstructured meshing strategies. For this purpose, a novel parametric
open source meshing tool Swiftblock developed by the authors (https:
//swiftblock.readthedocs.io/) was used. The authors have successfully
used the meshing tool in multiple different studies in the past [41-
43]. The blocking strategies that were created for the plain fin FTHE
are illustrated in Fig. 2. The lower two blockings for fin and air are
used for cases with P, = 14.00-22.00mm in conjunction with P, =
14.00-20.00mm. The upper two figures are used for the rest of the
designs.

3.2. Mesh sensitivity

As no wall function were used in the simulations, a fine mesh was
used at the wall to assure accurately resolved boundary layer on the
heat transfer surfaces. A y-value that translates to the average y*-value
of 0.25 was chosen with the maximum of around y* = 2 in the whole
domain. Then a mesh sensitivity analysis was performed by changing
the maximum cell size and keeping the y-value constant at the wall.
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Fig. 6. Fanning friction factor observed in the present 198 simulated data points. The left cluster corresponds to the smaller fin pitch F, = 1.5 mm while the right cluster corresponds
to the larger pitch value F, = 3.5mm. No clear difference in pressure drop can be seen between the fin pitches.

e Fp=1.5mm

0.009 = Fp=3.5mm
0.008
u Dp [m]
0.007 ¢ = 0.0021
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T 0.004] S EH 0.0033
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Fig. 7. Colburn j-factors observed in the present 198 simulated data points. Left cluster for smaller fin pitch F, = 1.5mm and right cluster for larger F, = 3.5mm. No clear

difference in heat transfer can be seen between the fin pitches.

The results are shown in Fig. 3 for pressure drop and heat transfer over
the heat exchanger with the studied design variables.

Overall root mean square percentage error respect to the finest
grid was 1.97% for 800 k mesh, 1.4% for 1.7 million cell mesh and
0.79% for the 3.5 million cell mesh. For a feasible trade off between
computational resources and accuracy, first the data simulations for
the surrogate models are made with 1.7 million cell mesh and then
the maximum values are simulated with the 3.5 million cell size mesh.

3.3. Solver verification and model validation

In Fig. 4, the solver was verified by comparing the CFD results
computed with foam-extend to the analytical results for conjugate heat
transfer of laminar channel flow with constant heat flux boundary
condition illustrated in Eq. (15) for air and for solid in Eq. (16). [44,45]

2
3q y4 y2 SF[) 17qu qP
Ti(x,y) =T, — — (= — = + += 15
1) =T = G T e 1s)

Zy 16)

Ty(x,) =Ty + 7
s

All the material properties used for the solver validation in this
study are identical to the ones tabulated in Appendix in Table 2 and

the used fin pitch was F, = 3.5mm and fin thickness ¢ = 0.2 mm.

In Fig. 5, the computational model is validated by comparing the
results over the heat exchanger to the experimental values created
by Wang et al. [27]. The compared design was the number 12 in the
study with D, = 10.23mm, ¢ = 0.2mm, F, = 1.77mm, P, = 25.4mm and
P, = 22.0mm. As opposed to all other calculations in this study, for
the model validation, the fin efficiency n = 0.93 — 0.85 was excluded
from the heat transfer coefficient calculation to be consistent with the
experimental results [27]. All other parameters and numerical details
were chosen to be identical with the ones used in this study.

Acceptable agreement was seen between the CFD and the experi-
mental results with the root mean square error of 0.00067 (5.0%) for
j-factor and 0.003 (6.4%) for friction factor. Therefore, a conclusion is
made that the model can be used for the analysis of thermal-hydraulic
efficiency of the FTHE.
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Fig. 8. JF performance ratio respect to the Reynolds number observed in the present 198 simulated data points. Left cluster represents a smaller fin pitch F, = 1.5mm while the
right cluster the larger value F, = 3.5mm. Left cluster clearly outperforms the right cluster in terms of the JF performance ratio.

1
§ 0.8
=
06
o
3z
S04
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Degree of polynomial

Fig. 9. Coefficient of determination R? and predictive R? with different degrees of
polynomial regression models.

4. Results and discussion
4.1. Thermal-hydraulic performance of the simulated designs

In order to understand the thermal and hydraulic features of the
different designs simulated in this study, all the CFD-results are first
plotted as a function of the Reynolds number and colored with the hy-
draulic length scale D), = 4A/’”+“’L. Traditionally this is the standard
approach for investigating the characteristics of different FTHE designs.
In fact, FTHE correlation equations are commonly based on Rep, , Dj,
and other physical parameters. The Fanning friction factor for all the
simulated cases at different Reynolds numbers is shown in Fig. 6 (see
Eq. (5)).

In Fig. 6, it is noted that friction factor values with the larger fin
pitch seem to span a larger area than with the smaller fin pitch. When
the coloring of the values is investigated in more detail, it can be seen
that the larger hydraulic length scale values tend to accumulate in the
north-east of the stack where as smaller hydraulic length scale values
are seen on the south-west side of the stack. This observation applies
to the bigger fin pitch as well but with a few outliers in the data. Due

to the different length scales and reference velocities in each design,
no clear correlation between the friction factor, Reynolds number and
hydraulic length scale can be observed. The non-dimensional heat
transfer parameter, the Colburn j-factor (see Eq. (4)), calculated for all
cases is shown in Fig. 7 and the data points are again colored with
the hydraulic length scale. Similar to the above, no clear correlation
between j-factor and Reynolds number can be observed.

In order to see if the best performing tube pattern correlates with
the Reynolds number or the hydraulic length scale, the JF performance
ratio of the plain fin shape with all the different tube arrangement com-
binations calculated in this study are shown in Fig. 8. The left cluster
with the smaller fin pitch F, = 1.5 mm can be seen to clearly outperform
the right cluster with the larger fin pitch F, = 3.5mm. In other words,
the larger the distance between the planar fins, and therefore larger
heat transfer area, the worse the JF performance indicator for majority
of the studied data points.

No similar trend can be found with the JF performance ratio and
hydraulic length scale as was seen with j-factor and friction factor.
As it was seen, there was no big difference between the thermal-
hydraulic characteristics of the two different fin pitches, the difference
in the JF performance ratio has to originate from geometric dimensions
such as the inlet area and heat transfer area of the designs. Evidently,
it is challenging to draw any direct conclusions on the relationship
between the Reynolds number, the hydraulic length scale and the JF
ratio in terms of the thermal-hydraulic performance of the different
tube patterns in each fin pitch. For this reason, next a regression model
is fitted on the data and visualized as a function of P, and P, separately
for both fin pitches.

4.2. Regression model

Next, we aim at finding a polynomial regression to the data points.
The benefit of such a regression model would be to find maximal JF
performance ratio for a FTHE design. The regression polynomial is
illustrated in Eq. (17):

y=by+bP+bP +bI1P12 + b, PP, +b22P,2 +b1|1P,3 +b112PIZPr
+by P P? + bzzzpl3 +on P+ b1112P/3P1 + b1122P12P,2
+b12 PP} + by P} 17)
where y is the response and b;, b

and b,

ijjj

iis biiis Biiiis bijs biijs bijjs buigjs

biiji are the linear regression coefficients. The quality of the
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Fig. 10. (a) JF performance criteria response surface for F, = 1.5mm. The P,/P, = 1.1547 tube pattern ratio is illustrated with a black line. (b) Velocity in the middle of the
channel in the design with F, = 1.5mm, P, = 38.04mm and P, = 26.05mm (c) Temperature in the middle of the channel in the design with F, = 1.5mm, P, = 38.04mm and P, =

26.05 mm.

mathematical models is measured with the coefficient of determination
R? which is the proportion of the variance in the dependent variable
that is predictable from the independent variables. It is defined as

55 as)
SSIOI
where SS,,, = Y,_;(y; — ¥? is the total sum of squares which is
proportional to overall variance of the data and SS,., = Y, —
f;)? is the residual sum of squares. In regression, the R? coefficient
of determination is a statistical measure of how well the regression
predictions approximate the real data points. An R? of 1 indicates
that the regression predictions perfectly fit the data. The predictive
R? is calculated by removing each experiment separately, calculating
the regression coefficients again and determining how well the model
predicts the removed observation. The values of R?> and predictive R?
with different degrees of polynomial regression models can be seen in
Fig. 9.

The 4th degree polynomial regression model was chosen and the
coefficients of the model can be seen in Appendix in Table 3.

R*=1-

4.3. Results and discussions

The regression models are then used to visualize and locate the max-
imum value for the JF performance ratio for each fin pitch separately.
In the present study, a sequential least squares quadratic programming
(SLSQP) algorithm is used [46] to locate the maximum. SLSQP is an
iterative method for constrained nonlinear optimization. In Fig. 10(a),
the JF performance ratio for F, = 1.5mm can be seen to reach its

maximum value of JF = 1.28 (j = 0.0061 , f = 0.0176). This
corresponds to the longitudinal tube pitch of P, = 38.04 mm (3.8D,,
25.4Fp‘-5 mm) and the traversal tube pitch of P, = 26.05mm (2.6D,,
17.4F)3 ™). The velocity and temperature fields of this design at
the maximum JF performance ratio are then illustrated in Figs. 10(b)
and 10(c). The temperature is non-dimensionalized according to the
Eq. (19).

0= T - Tinlet (19)

Tw - Tinlet

In Fig. 11(a), the JF performance ratio surface for F, = 3.5mm
can be seen within the studied design space with the maximum value
of JF = 0.94 (j = 0.0046 , f = 0.0129). This corresponds to the
longitudinal tube pitch of P, = 55.77mm (5.6D,, 15.9F>> ™) and
the traversal tube pitch of P, = 21.56mm (2.16D,, 6.16F), S mmy The
velocity and temperature fields of this design in the middle of the
channel are then illustrated in Figs. 11(b) and 11(c).

It can be seen that the design with the maximum JF performance
ratio for the larger fin pitch has a larger longitudinal tube distance
than with the one with the smaller fin pitch. On the contrary the
best performing smaller fin pitch design has a larger transversal tube
distance compared to the larger fin pitch. The best performing design in
Figs. 10(b) and 10(c) with the smaller fin pitch has a relatively smooth
velocity field with no clearly visible secondary flows that could enhance
the heat transfer process. But in contrast, in the best performing design
with larger fin pitch in Figs. 11(b) and 11(c), there is clearly two
separate flow patterns that most likely increase the rate of heat transfer.
In both design, the recirculation zone behind the tubes reaches the same
level with the next tube row. It was already discussed that a smaller fin
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Fig. 11. (a) JF performance ratio response surface for F, = 3.5mm. The P,/P, = 1.1547 tube pattern ratio is illustrated with a red line. (b) Velocity in the middle of the channel
in the design with F, = 3.5mm, P, = 55.77mm and P, = 21.56mm c) Temperature in the middle of the channel in the design with F, = 3.5mm, P, = 55.77mm and P, = 21.56 mm.
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Fig. 12. Illustration of a one size U-bend in a situation where the P, = P,, therefore the same U-bend can be used to connect tubes vertically as well as tube rows horizontally

to each other.

pitch enables lighter and smaller heat exchangers to be made [17]. In
this study, the tube pattern with the highest performance ratio with the
fin pitch of F, = 1.5mm can have a 36% higher J F performance ratio
than the best performing tube pattern with fin pitch of F, = 3.5mm.
This observation has a 32.6% higher j-factor and 36.4% higher friction
factor.

In Figs. 10(a) and 11(a), the black and red line represents a manu-
facturing restriction that is widely followed in the industry. By using
tube patterns that corresponds to the ratio of P,/P, = 1.1547, the
transversal tube distance equals to the diagonal distance of the tube
rows P, = P, and therefore only one kind of U-bends can be used in
the soldering process of the tube circuits. This means that the same
U-bend can be used to connect tubes vertically as well as tube rows
horizontally to each other as shown in Fig. 12. The values on along the

line that follows the ratio of P,/P, = 1.1547 in two dimensional space
can be found in Fig. 13.

If the FTHE is designed for an application with dry filtered air a
smaller fin pitch of F, = 1.5mm can be used. Therefore, when the
manufacturing restrictions related to the radius of the U-bends are
neglected (i.e. the ratio P,/ P, = 1.1547 is not enforced), a design with a
4% higher J F performance ratio can be achieved. The observation has
a 7.6% lower j-factor and 6.0% higher friction factor. In an application
with a high condensation rate, requiring a larger fin pitch of F, =
3.5mm, a 23% higher JF performance ratio can be achieved when
deviating from the P,/P, = 1.1547 ratio. The unrestricted design has a
34.3% lower j-factor and 49% lower friction factor than the restricted
design. The final decision of following the tube pattern ratio rule has
to be made based on the extra cost related to manufacturing of two
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Table 2
Thermophysical properties.
Property name Variable Value Units
Fin thermal conductivity A 220 W m! K!
Air density Pa 1.15 kg m—3
Air Prandtl number Pr 0.72 -
Air kinematic viscosity v 1.6e-5 m?s™!
Air heat capacity cy 1007 kg m? s72 K!
Air thermal diffusivity x=p,Clv/Pr 0.025734 W m~! K!

different U-bend sizes and the benefit gained by higher JF performance
ratio of such heat exchangers.

With the wider fin pitch of F, = 3.5mm, there seems to be only
a small difference between different tube patterns. The local maximum
was seen to be JF = 0.77 (j = 0.0070, f = 0.0253 ) with P, = 17.58 mm
(1.76D,, 5.02F;° ™) and P, = 20.22mm (2.02D,, 5.78F;> ™™). With
the smaller fin pitch of F, = 1.5mm, there is a clear local maximum to
be found at P, = 29.79 mm (2.98D,, 19.86F,° ™) and P, = 34.26mm
(3.43D,, 22.84Fp1'5 mm) with the value of JF =1.24 (j = 0.0066 , f =
0.0166 ). Illustration of both these designs are shown in Fig. 14.

The best performing design that follows P,/P, = 1.1547 rule with
the smaller fin pitch in Figs. 14(a) and 14(b) has a similar smooth
velocity and temperature field with only one primary flow in the middle
of the channel. This is similar to the best design without restrictions
in Figs. 10(b) and 10(c). The best performing design that follows
P,/ P, = 1.1547 rule with the larger fin pitch in Figs. 14(c) and 14(d)
in contrast has a much narrower flow path and the re-circulation zone
extends much further downstream when compared to all the other best
performing designs.

In a situation where the P,/ P, = 1.1547 tube pattern rule is followed,
the tube pattern with highest performance ratio with the smaller fin
pitch F, = 1.5mm has a 61% higher JF performance ratio than with the
larger fin pitch of F, = 3.5 mm. The observation can be largely explained
by a 5.7% reduction in j-factor and 34.4% reduction in friction factor.
This is consistent with the literature although such absolute comparison
has not been made before for a specific application that has a collection
of design restrictions. We assume that these findings can be reproduced
for each tube size independently. Only then, a comprehensive compar-
ison can be made between the best performing tube pattern of each
tube size, inlet velocity and fin pitch combination. This would enable
the manufacturers of the heat exchangers to make a direct comparison
between the benefits gained from only changing the tube pattern and
changing both the tube size and the tube pattern.

From all the numerical data in this study, a conclusion can be made
that the maximum possible performance ratio JF for plain fins with
a tube diameter of D, = 10.00mm is not found in the area of the
current portfolio that is manufactured in the industry and the exper-
imental data available in the literature. Therefore, it is possible that
the correlation equations that are used in the industry and are made
based on the experimental data, cannot predict the performance of
unorthodox tube patterns correctly. This means that by performing an
optimization study based on the correlation equations, as is commonly
done in the industry, it is unlikely to find the same optimal tube
patterns that were shown in this study. As the amount of CFD results
in the literature is increasing with a rapid pace, a similar correlation
study should be performed and correlation equations should be made
for computational results. This study contributes a comprehensive and
systematic collection of 198 data points for the specific part of the
design space with one inlet velocity of u = 3ms~!, two different fin
pitches F, = 1.5mm and F, = 3.5mm, number of tube rows N = 4,
tube diameter D = 10.00 mm, the fin thickness = 0.2 mm and the range
of longitudinal tube pitch P, =
P, = 14-38 mm.

14-78 mm and transverse tube pitch
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Fig. 13. JF performance ratio regression model for following the P,/P, = 1.1547 ratio.

5. Conclusions

In this study, we investigated the optimal tube arrangements for a
fin-and-tube (FTHE) heat exchanger with plain fins for two application-
specific fin pitches F, = 1.5mm and 3.5mm. The smaller fin pitch
represents a FTHE design for dry filtered air. In contrast, the larger
fin pitch represents a typical design with high condensation rate and
unfiltered air. Both cases are relevant to marine HVAC applications
with a typical design inlet velocity of u = 3ms~!. The thermal-hydraulic
efficiency of the FTHE design was measured by comparing the JF per-
formance ratio of each design. The selection of different tube patterns
covered longitudinal tube pitch P, = 14-78 mm and transverse tube
pitch P, = 14-38 mm, resulting in 198 simulated designs. From this,
the following conclusions are made:

1. If application-specific additional constraints, related to air with
high humidity or impurities, are not applied, the smaller fin
pitch F, = 1.5mm may offer 36% better JF performance ratio
than the design F, = 3.5 mm.

2. For unconstrained tube arrangements, the local maximum per-
formance ratio of JF = 1.28 for the fin pitch F, = 1.5mm is
found and for the fin pitch F, = 3.5mm the maximum perfor-
mance ratio of JF = 0.94 can be achieved.

3. For constrained tube arrangements, P,/P, = 1.1547, the local
maximum of the performance ratio is J F = 1.24 for the fin pitch
F, = 1.5mm and for the fin pitch F, = 3.5mm the maximum
performance ratio of JF = 0.77 can be achieved.

4. Thus, by neglecting the manufacturing restrictions related to
the radius of the hairpins in the soldering process of the tube
circuits, a 4% higher JF performance ratio for fin pitch F, =
1.5mm and 23% higher J F performance ratio for fin pitch F, =
3.5mm can be achieved.

5. The results indicate that unconventional tube arrangement ratio
values P,/ P, # 1.1547 may offer better performance with regard
to the JF performance ratio. We propose that such values should
be considered in future FTHE designs.

Regarding all the numerical data in this study, a conclusion can
be made that the maximum possible performance ratio JF for plain
fins with a tube diameter of D, = 10.00mm is not found in the area
of the current portfolio that is manufactured in the industry. Based
on the computational results presented in this study, the new tube
patterns should be manufactured, measured and new improved corre-
lation equations should be created for the industry. This could enable
the industry to manufacture better performing application specific heat
exchangers in the future. The results are shared as a comma-separated
value (csv) file. The data should be used as a part of a data bank
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Fig. 14. (a) Velocity in the middle of the channel with F, = 1.5mm, P, = 29.79mm and P, = 3426 mm (b) Temperature in the middle of the channel with F, = 1.5mm, P,
29.79mm and P, = 34.26mm (c) Velocity in the middle of the channel with F, = 3.5mm, P, = 17.58 mm and P, = 20.22mm (d) Temperature in the middle of the channel with F, =
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Table 3

Coefficients and the quality indicators of the regression models.
Responses F, = 1.5mm F,=35mm

Coefficient Std err Coefficient Std err

by 0.48 0.42 -0.32 0.26
b, —23.69 11.10 23.19 6.98
b, 55.12 64.87 188.13 40.79
by, -659.77 275.31 78.34 173.13
by, —6798.87 767.68 3307.57 482.75
by, —5540.69 3828.94 1240.29 2497.83
by, 17077.78 3665.94 997.29 2305.33
b1y 72750.02 7884.42 —-26166.21 4958.12
by —125539.79 23545.95 —-62106.19 14806.86
by 147477.31 99063.08 303669.22 62295.79
bin -104797.69 19160.09 —6732.87 12048.82
b1 204342.54 40918.26 66435.03 25731.43
by 529892.66 10540.53 261357.07 66284.12
by 816672.01 275148.25 338885.09 173026.90
by 1281645.61 944518.36 —2583721.16 593960.10
R? 0.967 0.985
Pred. R? 0.942 0.979
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for generating more accurate surrogate models for the industry of
manufacturing fin-and-tube heat exchangers.
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