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Abstract - In this paper, three dimensional study has been investigated on finned-tubes cross flow heat exchanger. The investigation
takes into account the outer cold fluid flow (air). The inner hot fluid flow (water) and the conjugated solid domain. The hot water flowing
inside the tube is considered laminar while the air flowing outside the tubes inside the fin passages is treated as turbulent. All heat transfer
and fluid flow parameters have been studied at different velocities for air in the range between 1-to-6 m/s with fixed Re =1200 for inner
water flow. In this study, the heat transfer coefficients and pressure drops on both sides of fluids are calculated numerically for both the
conventional size and the selected micro size heat exchangers with plain-tube and finned-tubes arrangements. The results declare that the
micro tube has higher performance with controllable pressure drop as the heat flux ratio is increased by 20% whereas, the heat per unit
volume ratio is increased by 800-1200% with the increase of air velocity from the given lower to the higher one. It is found that the
effects of using fins are profitable only for the conventional exchanger but not for the micro size exchanger. The most interesting results

obtained from this study is the superiority of the micro tube heat exchangers over the typically conventional one in regards of the heat
transfer rate per unit volume.

Keywords: Finned tube heat exchanger, CFD simulation, turbulent flow, conjugate heat transfer, plain fin, micro channel
heat exchanger.

Nomenclature

A Base area, m? X, Y, Z coordinate axes

Co specific heat, J/kg.K S center to center fin spacing

d diameter, m W width of domain( pass of the air)

h  heat transfer coefficient, W/m?K ATy, Logarithmic mean temperature difference
k thermal conductivity, W/m K Greek symbols

L length of tube, m v viscosity

N no of tubes n efficiency

NTU  number of transfer unit ) density

Nu  Nusselt number Subscripts

P pitch, m i index notation for Cartesian coordinates
Q rate of heat transfer, W in inlet

q Heat flux, W/m? out outlet

Re Reynolds number f fin

t Fin thickness, mm wf av average of fin surface

T temperature, K aav air passage average

u Velocity vector, m/s bf av base of fin on tube average

U Inlet velocity, m/s
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1. Introduction

Designing highly compact and micro heat exchanger is under focus research recent years. The configuration of one
fluid flow inside regular circular cross section tube and the other fluid crossover the tubes is the most configuration used
nowadays.

The previous studies show that the performance can be influenced by many factors like tube diameter size, pitch in
transverse and longitudinal direction, thickness of fin, material of fin, fin geometry, etc. the tube bank with fins has been
investigated by [1,2]. And this investigation carried out on the outer fluid only and different pitch sizes. Wang et al, [3-
5] studied the finned tube experimentally and numerically for plan fin and wavy type for the conventional size.
Pirompugd et al, [6] studied the effect of the wetting surface of the wavy fin. Rocha et al [7] have been developed a
numerical simulation to make comparison between two tube geometry which is the circular and elliptic one at low
Reynolds number. They show that the elliptic configuration performance is better than the circular performance. Despite
that, the manufacturing and costing are favour of circular tube and against of the elliptic one. Chi-Wen Lu et al [8] have
been conducted numerically the influence of the fin pitch, tube diameter, longitudinal and transverse pitch, fin thickness
for two tube rows only. His study concluded that decreasing the diameter will increase the heat transfer per pressure
drop. The study didn't take into account the inner fluid and go to mini channel scale or micro scale. And also the
investigation didn't mention the bare tubes and the performance as NTU or overall heat transfer or fin efficiency.

Zukauskas [9] performed experimental work which is the major and the base pivot for all coming researches in all
type geometrical flow across tube bank without fins. This study came out with powerful correlation with an error up to
15% for Nusselt number. The most researches prior to 2000 were experimentally and after that the numerical becomes
dominant because of enormous growth in computing power. Buyruk [10] studied the inline and the staggered
arrangement in low Reynolds number from 80-400 for fixed longitudinal and transverse pitch ratio of 2 and for two rows
only.

From the above research studies, it is clear that the previous research works on micro heat exchangers had
concentrated on the study of heat transfer only in the fluid flow on the outer-side of the tubes numerically and
experimentally without considering the participation of the fluid flowing inside the tubes. There assumption was done
by considering the outer tube surfaces subjected to isothermal boundary condition.

In the present work, the heat transfer analysis considered the variations of flow parameters in the entire regions of
the micro and conventional cross flow heat exchangers, including the inner fluid region, the tube and fin passages, and
the outer fluid region. Analysis for heat transfer and fluid flow in each passage of air and water flow inside tube are
solved numerically using CFD software model.

2. Problem statement and numerical methodology

In this study, the simulations are investigated with commercial code fluent 6.3(ANSYS17) on finned-tube heat
exchanger with plan fin configuration and without fin to make comparison between both cases. In the program it has
been selected laminar flow for the inner water and turbulent flow with realizable K—¢ turbulent mode with enhanced
wall treatment to have more accurate results at the wall [8]. The influence of velocity and tube diameter has been studied
and summarized in Table 1. A schematic of the heat exchanger is shown in Fig 1 and the analysis of all cases is carried
out with some of considered assumptions:
o Incompressible flow for both fluids and constant thermo-physical properties is to be considered.
Laminar flow for inside tube as range of Re is less than 2300.
Turbulent flow for the outer fluid as the range of Re is in the turbulent mode as mentioned before.
Steady state condition, Three-dimensional flow inside and outer the tube.
The axial conduction is neglected across the thin tube wall thickness and thus the tube wall is handled
as interface between the inner fluid and outer fluid.
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Fig. 1: Schematic of the computational domain with extended inlet and outlet domains.

Table 1: Studied parameters, all lengths in mm, temperature in K.

Parameter d U(m/s) | Pdd | Pu/d | t W L S | Nt | Ne| Re | Tain| Twin

value 1,10 1-6 2 2 |04 |6%P.|015|20|75| 6 | 1200 | 300 | 363

The boundary conditions for air domain in velocity inlet at the beginning of the inlet domain and pressure outlet at the
end of outlet domain as shown in Fig 1 in Z- direction. The above and bottom surfaces is symmetrical boundary condition
in Y-direction. Each passage of air contained by wall fin surface from sides, this is interfacing boundary condition for
conjugate solution. The boundary condition of water is mass flow inlet and pressure outlet in X-direction. The bottom surface
is symmetrical the circumference of the tube is interface boundary condition with air in segments and fins in the other
segments as illustrated in equations (6-12).
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Mesh independence was created carefully and make sub domains to insure good mesh at interfaces which the most
variation of fluid flow and heat transfer rates. The modal assessed by residual 10-6 for all parameters except energy 10-
solving equation continuity, momentum equations in three direction and two turbulence equation and energy equation.
equations is solved by applying SIMPLE algorithm which is performed with Least Squares Cell-Based discretization
with second order upwind accuracy for all parameters (pressure, momentum, turbulent kinetic energy, turbulent
rate and energy. And also checked the total summation of mass flow rate and energy balance for the all domain which
is less than 0.1% from lowest value.

3. Governing equations

The governing equations of the water and air flow through the heat exchanger, Fig 1 define by the continuity and
momentum equations in vector form, kinetic and turbulent dissipation equations [11] and energy equation are written
as follows:

ou;
a—xi = 0.0 1)
d P 0 ou; Jy; 0 -
pa—xj(uzuj) = —a—xi+a—xj #<6—xj+a—xi>l +a—xj(—pulu,) )
d d U\ 0K
pa—xj(uil()=a—le(,u+a—k)a—jl+Gk+Gb—ps+Ym+Sk ©)
0 d Up\ 0 £ g2
p ax (we) = o I(# + G_g> a—Jl + Cie X (Gy + C3:Gp) — CzeP? + Se (4)
0Tu; d aT
pc”a—xiza_xi(k—i_kt)a_xi (5)
Inlet boundary condition for air domain, mass flow inlet for water domain based on fixed Re=1200
u=U wv=w=0 T=Talin (6)
Re x u ,
w = o d v=u=0 T=Tw_.n @)
Pressure outlet boundary condition for air and water domain
u OJdv ow 0T (8)
9z 9z 0z 0z "
au_av_aw_aT_O 9)

ax oax ox ox
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Symmetrical boundary condition at upper and lower surfaces in Y-Direction for air, water and fins.

u_ow _ o _ (10)
ay_ay_o v=20 ay—O
aT

ay (11)

u=v=w=20

Tube wall surface interface between water to fins base in some segments and air to water in the other segments. Fins
interface to air at its outer surface

aT aT aT oT oT
u=v=w=20 kf%—kwg ka%—kwa kfa—k

aT (12)

@ on

The above governing equations (1-5) together with their boundary conditions equations (6-12) is solved numerically
for obtaining velocity, pressure, temperature distribution for the inner and outer fluid using the above defend software. Taking
into consideration that the properties of the fluid and solid is constant at the following Table2.

Table 2: the fluid and fins properties.

property air water fins
p 1.164 965.3 2719
Co 1007 4206 871
u 1.872x10° 0.315x10° | -
k 0.02588 0.675 202.4

Fig 2 shows the meshing and its adaption to have low skewness value less than 0.6 and orthogonal quality more than

0.4. The approximate number of cells is 9.13x10° cells.

A) (B)
Fig. 2: Schematic of the mesh grid (A) part of the domain (B) the mesh in tubes and around it.

4. Mesh independence and validation

To be confident of grid, Fig 3 shows the rate of heat transfer for diameter 1 mm and 1 cm. The satisfied number of grids
is 4x106 for pipe diameter of 1 mm and 9x106 for pipe diameter of 1 cm. In addition the present numerical solution is
validated with experimental work [4] and also numerical work [13], Fig.4. The comparison shows good agreement between
the present code and previous results with maximum deviation only up to 8%.
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Fig. 3: Grid independence. Fig. 4: Validation results.

Before presenting the results, the following definitions of the thermal analysis will be introduced representing
system parameters such as Reynolds number, heat transfer coefficient, logarithmic mean temperature, Nusselt number,
fin efficiency as follow:

PUmax a4 q (Ti—Tw av) = (Tout—Tw av) hd Twf av—Ta av (13)
€ ' h m1 im M ’ u nf Typfav—Ta av

u ATy
(Tout=Tw av)

In

5. Results and discussions

With the aids of Eq. 6, comparison between conventional inline heat exchanger with mini channels including extended
surface like straight fins with micro channels with the same conditions except the pipe diameter. The comparison includes
the effect of surface temperature change in the tube surface against isothermal assumption in the most previous studies. Fig
5 represents the effect of the air velocity on the amount of heat transfer rate; it is found that the rate of heat transfer is
proportionally with the surface area, in other words, mini channels with finned tube gave the largest heat transfer rate. This
results do not mean the mini channels are favorable than the micro. The good comparison will be preferable if the heat rate
is replaced by heat flux rate, Fig. 7. The results in Fig. 7 demonstrate that the micro channel with high air velocity (weak
heat transfer coefficient side) gives high heat transfer rate in compared to the other configurations. The high heat transfer
rate for finned tube micro channel could be explained via the air side heat transfer coefficient (h=Nu k/w), Fig. 6 and the
water side heat transfer coefficient ((h=Nu k/d), Fig. 9. The air side heat transfer coefficient is not affected with the tube
diameter due to its dependence on the channel width while the heat transfer coefficient of approximately increases via 10
times for micro channel than the mini one. The results in Fig. 9 shows that for micro channels the heat transfer coefficient
is more than the heat transfer coefficient for mini channels in the absence of the fins utilization. The problem in the utilization
of micro channels is the pressure drop penalty in the water side which has been investigated in previous studies. the water
pumping power is very small in compared to the air pumping power that is given in Fig. 8, the micro channels tubes gives
responsible pressure drop penalty with high heat transfer flux.

Fig 10 gives the mean average temperature considering both heat transfer working medium (air and water). Bare tube
in both micro and mini channels could be considered as isothermal wall conditions assumption while in the finned tube this
assumption is not accurate enough. The fin efficiency varies from 0.97 to .91 for d=10 mm domain and from 0.9998 to 0.999
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for d=1mm as the effective length of the fin is about 1 mm for a pitch as twice diameter. So the resistance of the fin is very
low compared to the conventional one.
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6. Conclusion

The following concluded results could be carried out from the present investigation.

e The micro tubes performance is much better than the conventional tubes with realizable pressure drop due to lower
surface area of fins.

¢ Plan straight fins have a limited effect on the conventional cross flow heat exchanger due to the pulling down of heat
transfer coefficient with respect to shear stress.

e Bare micro tubes have better performance than the finned one, so it is recommended over finned one.

e Isothermal wall boundary condition gives a higher value of heat transfer coefficient which could be established with
phase change inside the tubes (boiling or condensation).
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