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ABSTRACT: In the present study, effects of wall functions available in the Fluent software on the fluid
flow and heat transfer characteristics of a plate fin and tube heat exchanger are investigated in the range
of 500 <Re <6000 for a non-dimensional fin spacing of F, =0.233 and the results are compared with

experimental data. As it is well-known, wall functions are used to bridge the viscosity-affected region
between the wall and the fully turbulent region in the flow domain. Both Standard k-& and RNG k-¢
turbulence models are employed in order to predict the flow and heat transfer characteristics inside the
flow passage of the plate fin and tube heat exchanger comprised of four-row of staggered tube layout
with wavy fin configuration. The test heat exchanger model is selected from the experimental work
exists in the literature and the best wall function that has close agreement with the experimental data is
chosen as Enhanced Wall Treatment.
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Kanat - Borulu Is1 Esanjérlerinin Akim ve Is1 Transfer Ozelliklerinin Belirlenmesinde
Farkl1 Duvar Fonksiyonlarinin Etkisi

OZET: Bu calismada, Fluent yazilm programinda mevcut bulunan duvar fonksiyonlarmin, kanat
borulu 1s1 esanjorlerinde akim ve 1s1 transfer ozelliklerinin belirlenmesindeki etkileri Reynolds
Sayilarinin 500 < Re < 6000 araliginda ve F, =0.233 boyutsuz plaka acikliginda arastirilmis ve sonuglar

deneysel calisma ile karsilastirilmistir. Bilindigi tizere duvar fonksiyonlari, viskoziteden etkilenmis
bolge ile tamamen tiirbiilansh akisin hakim oldugu bolge arasinda bir koprii gorevi kurmaktadir. D6
sirali, saptirmali boru konfiglirasyonuna ve dalgali plakaya sahip bir kanat- borulu 1s1 esanjoriindeki
akis ve 1s1 transfer Ozelliklerinin belirlenmesinde Standard k-& and RNG k-¢ tiirbiilans modelleri
kullanilmistir. Bu 1s1 esanjor modeli literatiirdeki bir deneysel calismadan alinmis ve deneye en yakin
sonucu veren duvar fonksiyonu Tyilestirilmis Duvar Fonksiyonu olarak belirlenmisgtir.

Anahtar Kelimeler: Tiirbiilans modelleri, duvar fonksiyonlari, kanat-borulu 1s1 esanjorii.

INTRODUCTION boundary layers at the channel entrances;

continuous creation, destruction, separation and

The plate fin and tube heat exchangers that
consist of plain or specially configured parallel
fins located on the outside of the tube bundle
result in a very complex geometry. This complex
geometry causes formation of a highly complex
and three dimensional flow and heat transfer
characteristics. This complex flow behavior
includes developing velocity and thermal

reattachment of new boundary layers due to the
presence of the fins and the existence of large
amount of tubes; formation of horseshoe vortices
in front of the tubes; interaction of secondary
flows of opposite vorticity at the front and sides
of the tubes; recirculating tube wakes; vortices in
the wake of the fins; improved air mixing and
thinning of boundary layers along with lateral
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swirl mixing due to the corrugated geometry
formed by the wavy fins. Saboya and Sparrow
(1974), and Goldstein and Sparrow (1976)
measured local and average heat transfer
coefficients using naphthalene mass transfer
technique for various heat exchanger models.
Seshimo and Fujii (1991), and Kim et al. (1997),
investigated effect of geometrical parameters
such as fin spacing, fin length, fin configuration,
tube diameter, distance between tubes, and tube
row number on the heat transfer and friction
performance of heat exchangers in the range of
300<Re<2000. Madi et al. (1998), Yan and Sheen
(2000), Lozza and Merlo (2001), Valencia et al.
(1996), tunnel tests to
investigate the heat exchanger performance.
Critoph at al. (1999) measured local heat transfer
coefficient on the fin and compared steady state
and transient measurement results by using

conducted wind

liquid crystal thermography. Some investigators
including Barsamian and Hassan (1997), Rocha
et al. (1997), Wung and Chen (1989), Mendez at
al. (2000) performed numerical studies to
understand flow details that occur in the heat
exchanger passages. According to Kundu et al.
(1992), for the plate fin and tube heat exchangers,
the flow attains turbulent characteristics when
the Reynolds number is larger than 400 based on
their pressure measurements and numerical
calculations. Shah et al. (1997) indicated that for
plate fin and tube heat exchangers, there is no
clear evidence yet that the flows in the operating
Reynolds number range (100<Re<2000) are

Wall Function Approach

o The viscosity-affected region is not resolved,
instead is bridged by the wall functions.

¢ High-Re turbulence models can be used.

mrbuolent cove

buffer &
sublayer

A. AKKOCA, B. SAHIN, M. TUTAR

unsteady laminar or low Reynolds number
turbulent flows; although it is possible that
gradually the unsteady laminar flows associated
with the interruptions become low Reynolds
number turbulent flows. Turbulent flows are
significantly affected by the presence of walls.
The mean velocity field is affected through the
no-slip condition that has to be satisfied at the
wall. The turbulence is also changed by the
presence of the wall. Very close region to the
wall, viscous damping reduces the tangential
velocity fluctuations, while kinematic blocking
reduces the normal fluctuations. Toward the
outer part of the near wall region, the turbulence
is rapidly augmented by the production of
turbulent kinetic energy due to the large

gradients in mean velocity.  Accurate
representation of the flow in the near wall region
determines successful predictions of wall-

bounded turbulent flows (FLUENT, 1998).

Numerous experiments have shown that the
near-wall region can be largely subdivided into
three layers. In the innermost layer, called the
“viscous sublayer”, the flow is almost laminar,
and the (molecular) viscosity plays a dominant
role in momentum and heat or mass transfer. In
the outer layer, called the fully-turbulent layer,
turbulence plays a major role. Finally, there is an
interim region between the viscous sublayer and
the fully turbulent layer where the effects of
molecular viscosity and turbulence are equally
important.

Near-Wall Model Approach

o The near-wall region is resolved
all the way down the wall.

o The turbulence models ought to be valid
throughout the near-wall region.

Figure 1. Near-wall treatments (FLUENT, 1998).
Sekil 1. Yakin-cidar uygulamalar: (FLUENT, 1998).
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Traditionally, two approaches for modeling
the near-wall region are given in Fig. 1. In one
approach, the viscosity-affected inner region
(viscous sublayer and buffer layer) is not
resolved. Instead, semi-empirical formulas called
“wall functions” are used to bridge the viscosity-
affected region between the wall and the fully-
turbulent region. The use of wall functions
obviates the need to modify the turbulence
models to account for the presence of the wall. In
most high-Reynolds-number flows, the wall
function  approach  substantially = saves
computational resources, because the viscosity-
affected near-wall region, in which the solution
variables change most rapidly, does not need to
be resolved. The wall function approach is
popular because it is economical, robust, and
reasonably accurate. The wall functions
comprise;

e laws-of-the-wall for mean velocity and
temperature (or other scalars),
e formulas for near-wall turbulent quantities.

FLUENT offers three choices of wall
function approaches (FLUENT, 1998):

e standard wall functions,
e non-equilibrium wall functions,
e enhanced wall treatment.

Wall effects can also be taken into account by
using a very fine mesh near the solid walls in
order to properly resolve the sublayer. The first
grid point must be placed in either the viscous
sublayer or in the inertial sublayer.

It is known that wavy fins accelerate the air
flow and intensifies the turbulence of the air
flow and enhance the heat transfer rate (Madi et
al., 1998). According to Tzanetakis et al. (2004),
boundary layers continuously created and
destroyed due to the corrugation geometry of
the wavy fins result in improved air mixing. The
surface waviness-induced periodic disruption
and thinning of boundary layers along with
lateral swirl mixing produce high local heat
fluxes near the wall peak regions (Zhang et al.,
2004). Therefore in the present study, all of the
wall functions available in the FLUENT finite
volume code are tested and heat transfer as well
as pressure drop results are compared with the
experimental data and the best wall model is
determined.

NUMERICAL STUDY
Numerical Method

In the present study, all simulations are
carried out by using FLUENT finite volume code
written in the C computer language. FLUENT
solves the governing integral equations for the
conservation of mass, momentum, energy, and
for other scalars such as turbulence and chemical
species by using finite volume based technique.
In the finite volume method the solution domain
is sub-divided into a finite number of discrete
control  volumes and the
conservation equations are applied to each

continuous

control volume. The governing conservation
equations are integrated on the individual
control volumes to construct the algebraic
equations for the discrete dependent variables
such as velocity, pressure, temperature, and
scalars. The discretized equations are linearized
and the resultant linear system of equations are
solved to yield updated values of the dependent
variables. In the present investigation, the
segregated solution method is used to solve the
governing  integral  equations for  the
conservation of mass, momentum, and energy.
All fluid properties including density, viscosity,
specific heat, and conductivity are assumed
constant. In all simulations, second order
upwind scheme is used for higher order
accuracy to be achieved. The under relaxation
factors are set as 0.2, 0.5, and 0.9 for pressure,
momentum, and energy, respectively. The
convergence criterion for the continuity and
momentum equations is set as 103 while it is set
as 10 for the energy residual.

Governing Equations for Fluid Flow and Heat
Transfer in the Plate Fin and Tube Heat
Exchangers

In the absence of external body forces, for a
three-dimensional,
Newtonian fluid of constant density and
constant viscosity, the governing time averaged
continuity, momentum and energy conservation

incompressible and

equations respectively take the following forms:
o,
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Reynolds averaging introduces additional
terms in the momentum and energy equations
which are known as “Reynolds (turbulent)

stress”, —pu;u'j , and the “Reynolds (turbulent)

heat flux”, —_qj, which appear on the right-

hand side of the momentum and the energy
equations, respectively. The task of turbulence
modeling is to model these unknowns, higher-
order, extra terms in the mean flow equations
and thus close the system of equations.
Domain  and

Computational Boundary

Conditions

In the present study, a heat exchanger model
having dimensions of Fs = 0.233, Lr =19.05, W =
12.7, D, =103 mm (Fig. 2) and comprised of 4

rows of staggered tube layout, and having wavy
fin configuration is from the
experimental study (sample no: 8), Wang et al.
(1997). The geometry and the mesh distribution
of this sample heat exchanger are developed

selected

using Fidap finite element code and imported to
the fluent finite volume code. All physical
properties, conditions and flow
characteristics are set up in the experimental

boundary

data. The grid independency tests are carried out
by wusing different number of grid nodes
distributed along the x, y, and z-axes in order to
test the effect of grid distribution as well as grid
independency in the computational domain.
Figure 3 illustrates detail of mesh around the
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cylinder surface for the selected heat exchanger
model.

During the grid generation, the 3-
dimensional domain is
decomposed into 2-dimensional sub-surfaces.
Then, the finite element mesh is generated on
each surface and throughout the flow domain.
The three-dimensional finite element mesh with
eight-noded brick elements are used to mesh the
whole computational domain while four-noded
quadrilateral control volume elements are used
to mesh the sub-surfaces. At the cylinder and the
tube wall surfaces, and in regions close to those
surfaces, a very fine mesh is used in order to
accurately resolve the pressure, velocity, and
temperature gradients adjacent to those regions.
207162 nodes are used to mesh the whole
computational domain.

geometry of the

All  simulations are carried out by
considering the following velocity and
temperature boundary conditions: Inlet velocity
boundary conditions are used at the inflow
section to define the velocity and temperature of
the flow at inlet boundaries. It is assumed that
only a constant and uniform streamwise-
direction velocity component exists and other
velocity components are assumed to be zero. The
outflow boundary condition is used to model the
flow exit where the details of the flow velocity
and pressure are not known prior to solution of
the flow problem. Wall boundary condition is
used to bound fluid and solid regions at the fin
and tube surfaces: The boundary conditions are
no-slip («=v=w=0) and costant temperature at

the solid walls. Wall temperature is set to a value
of 65 °C as in the related experimental study.
Symmetry boundary conditions at the symmetry
zones which are also known as the repeating
boundaries are used to reduce computational
effort.

P = RS T

Figure 2. Schematic representation of the geometrical parameters for the
four rows of staggered tube layout and wavy fin configuration.
Sekil 2. Dalgal: plaka ve 4-sirali saptirmal: dizilise sahip boru konfigiirasyonu
icin geometrik parametrelerin sematik gosterimi.
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Figure 3. Detail of mesh around the cylinder.
Sekil 3. Silindir etrafindaki ag yapisimin detay:

Turbulence Models

The Standard k-¢ and the RNG k-¢
turbulence models are used to predict the flow
and heat transfer characteristics occuring in the
plate fin and tube heat exchanger flow passage.

Standard k-& Turbulence Model: In this model,
the turbulent viscosity is correlated with the
turbulent kinetic energy (k) and the dissipation
rate of turbulent kinetic energy (&) obtained from
the following transport equations:
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where v, is the effective kinematic viscosity,
Vgy =v+v,. The constants in the above
equations are o,=10, o,=13, C =144,
C, =1.92. The turbulent kinematic viscosity is
computed by

k2

vi=Cu— (6)

where C,=0.09.

RNG k-¢  Turbulence Model: The
Renormalization Group (RNG) k-¢ model differs
from the standard model by the inclusion of an
additional sink term in the turbulence

dissipation equation to account for non-
equilibrium strain rates and employs different
values for the various model coefficients. The
form of the k equation remains same. The
turbulence dissipation, & equation of the RNG k-
& model includes the following sink term

Ch;73(1—%0)i 7

1+pn &k @)
In the above term the extra term employs the
parameter 7, which is the ratio between the
charesteristic time scales of turbulence and mean
flow field as follows:

k
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The primary model coefficients of the RNG
k-¢ turbulence model are C,, C1, C2, or, o.and
Von Karman constant k. Recommended values
of this model coefficients are as follows:

C, =0.085,C, =1.41,C, =1.68,

9
0, =0.7179,0, =0.7179, xk = 0.3875 ®

RESULTS AND DISCUSSION

It is known that wall functions are used to
bridge the viscosity-affected region between the
wall and the fully turbulent region. In FLUENT,
three different wall functions are available: i)
Standard Wall Function, ii) Enhanced Wall
Function, and iii) Non-equilibrium Wall
Function. Figures 4 and 5 show pressure drop
coefficient, K, as a function of Reynolds number
obtained from Standard k-¢ and RNG k-¢
turbulence model simulations, respectively. The
coefficient of pressure drop is calculated as

K = pio — Pexit (10)
2 oU 2
2,0 ®

where p,, and p,,, are the pressures at the inlet

and exit sections of the heat exchanger,
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respectively and U, is the free stream velocity.

These pressures are obtained by firstly creating
iso-surfaces at the inlet and outlet sections of the
heat exchanger, secondly, getting average static
pressures at the specified surfaces using Eq. 11.
From figures 4 and 5, it is clear that K decreases
as the Reynolds number increases. The Non-
equilibrium wall function gives higher K values
while the Enhanced wall function gives lower K
values compared to the other wall functions for
Standard k-¢ turbulence model simulation (Fig.
4). There is no significant difference between
Standard and Enhanced wall functions on the
determination of the K when Re >3000 for RNG
k-¢ turbulence model as shown in Fig. 5.

The average heat transfer coefficients are
considered as the area-weighted averaged values
of these data and are computed by the present
finite volume code for both the fin and the tube
surfaces from the computation of the surface
integrals at the specified surfaces as follows:

%J‘WA:%;MAJ (11)

where ¢ is the selected field variable for the flow
or heat transfer, A is the total surface area and A:
is the heat transfer surface area. It is clear from
Fig. 6 that average heat transfer coefficient
increases as the Reynolds number increases.
Higher heat transfer coefficient values are
obtained from Non- equilibrium wall function
compared with the Standard and Enhanced wall
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functions for the Standard k-¢ turbulence model.
Non-equilibrium wall function gives higher
average heat transfer coefficients for the RNG k-¢
turbulence model simulation. When Re>3000,
the Standard and Enhanced wall functions give
very similar results in the calculation of average
heat transfer coefficients as shown in Fig. 7.

The friction factor f is known as a good
design parameter for the plate fin and tube heat
exchangers since it determines the pressure drop
across the heat exchanger It is calculated as
follows:

it — Fo Fs
S ) (12)
PY s

In Figs. 8 and 9, the calculated values for the
friction factor (f) as a function of the Reynolds
number are presented for the Standard k-¢ and
RNG k-¢ turbulence models, respectively. The
experimental data of Wang et al. (1997) are also
included for the sake of comparison. All
numerical model simulation results overestimate
the experimental result. It is clearly seen in these
figures that the wall function that has close
agreement with the experimental data is the
Enhanced wall function.

Figure 10 illustrates averaged vorticity
contours around the first cylinder at Re = 1500
obtained from RNG k-¢ turbulence model
simulation. The flow is in the X- direction. The
location of the horseshoe vortex system in the
forward part of the cylinder is clearly seen.

14 -
12 ~ —X— Standard wall function
—O— Enhanced wall function
¥ 10 - —2&— Non-equilibrium wall function
8
6
4 \ \ \ \ \ \
1000 2000 3000 4000 5000 6000 7000
Re

Figure 4. Pressure drop coefficient between the inlet and outlet sections of the heat exchanger
as a function of Reynolds number obtained from Standard k-¢ turbulence model simulation.
Sekil 4. Is1 esanjoriiniin giris ile ¢ikisi arasindaki basing kayip katsayisimin Reynolds sayist ile
degisiminin Standart k-¢ tiirbiilans modeli simiilasyonlarindan elde edilen sonuglari.
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Figure 5. Pressure drop between the inlet and outlet sections of the heat exchanger
as a function of Reynolds number obtained from RNG k-¢ turbulence model simulation.
Sekil 5. Is1 esanjiriiniin giris ve ¢ikisi arasindaki basing kayip katsayisimin Reynolds sayist ile
degisiminin RNG k-& tiirbiilans modeli simiilasyonlarimdan elde edilen sonuclart.
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Figure 6. Heat transfer coefficient as a function of Reynolds number obtained
from Standard k-¢ turbulence model simulation.
Sekil 6. Is1 transfer katsayisimin Reynolds sayist ile degisiminin Standart k- tiirbiilans modeli
simiilasyonlarindan elde edilen sonuglari.
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Figure 7. Heat transfer coefficient as a function of Reynolds number obtained
from RNG k-¢ turbulence model simulation.
Sekil 7. Is1 transfer katsayisinin Reynolds sayist ile degisiminin RNG k-¢ tiirbiilans
modeli simiilasyonlarindan elde edilen sonuglar1.
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Figure 8. Friction factor as a function of Reynolds number obtained from
standard k-¢ turbulence model simulation.
Sekil 8. Siirtiinme katsayisimin Reynolds sayist ile degisiminin Standart k-¢
tiirbiilans modeli simiilasyonlarindan elde edilen sonuglari.

—i#— Standard wall function
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Figure 9. Friction factor as a function of Reynolds number obtained from
RNG k-¢ turbulence model simulation.
Sekil 9. Is1 transfer katsayisinin Reynolds sayist ile degisiminin RNG k-¢ tiirbiilans

modelisimiilasyonlarmdan elde edilen sonuclart.
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Figure 10. Averaged vorticity contours around the first cylinder for
Re=1500 obtained from RNG k-¢ turbulence model simulation.
Sekil 10. Re=1500 i¢in ilk silindir etrafindaki ortalama girdap dagiliminin RNG k-¢
tiirbiilans modeli simiilasyonlaridan elde edilen sonuclar1.
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Figure 11. Averaged velocity vectors and corresponding streamline patterns around the third
and the fourth cylinders for Re=1500 obtained from RNG k-¢ turbulence model simulation.
Sekil 11. Re=1500 i¢in iiciincii ve dordiincii silindirler etrafindaki ortalama hiz vektorleri ve akim
cizgilerinin RNG k-¢ tiirbiilans modeli simiilasyonlarindan elde edilen sonuclari.

Figure 11 shows averaged velocity vectors
and corresponding streamline patterns around
the third and the fourth cylinders obtained from
RNG k-¢ turbulence model simulation for Re =
1500. It can be seen that horseshoe vortex system
forms upstream of the third and the fourth
cylinders and a recirculation region occurs
downstream of the fourth cylinder.

CONCLUSIONS
The Standard k-¢ and the RNG k-¢

turbulence models are employed to determine
pressure drop and heat transfer coefficients in
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