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ABSTRACT

There has been continuous research on improvineffroeency
of heat exchange devices using fins involving radtur
convection. Early experimental work on natural caxtion in
horizontal and vertical fin arrays was conducted Byarner and
McManus (1), Welling and Wooldridge (2), Harahapdan
McManus (3), Jones and Smith (4), Van de pol arsngy (5),
and Bar-Cohen (6). These literatures on fin heathamge
devices in natural convection concern mostly pfatealthough
pin fins provide better performance as reportedspgrrow and
Vemuri (7), Zografos and Sunderland (8), and Aahet al (9).
Park et al (10) carried out a numerical study ofurs
convection of heat transfer from plate heat exckangith
staggered pin fin arrays. They utilized a comméréiaite-
volume CFD code with the sequential linear programgm
method and weighting method to obtain an optimaligte of
heat exchangers for a fixed volume.

A finite-volume-based computational study of stekayginar
natural convection from a finned isothermal vettiptate

with different fin arrays has been carried out ¢bedmine the
heat transfer augmentation factor with differemt &spect
ratio, fin spacing and inclination of fin. Heat risder
behaviors with the fins have been analyzed by exammi
variations of the local and average Nusselt numbets/o-

dimensional flow. Four different fin arrays heigtfts = 6,

12, 18, 24 mm) and four different angles of indiioa (6 =

45°, 60°,75°, 90°) are considered.

In order to understand the heat transfer charatiesiof this
problem, a total of 96 cases for each of conduciveé non-
conductive fins are considered. It is found thghiicant
heat transfer augmentation is obtained for condei¢20%
higher augmentation factor when the fin aspecbriat6, and

angle of inclination is 60° and pitch-to-lengthioats 0.2) NOMENCLATURE
and non-conductive fins (10% higher augmentatiatofa at
fin aspect ratio of 8, angle of inclination at 4%fd pitch-to- , )
length ratio at 0.5). A general correlation hasnbeéeveloped A [m] Surface area of the vertical plate
to predict the average Nusselt number for fin @rag a Gr (-] Grashof number based on L,
function of different fin configurations. gﬁ(TW —Tm) |_3/|/2
H [mm] Height of the fin
INTRODUCTION L [m] Length of the vertical flat plate
Basic understanding of the characteristics of flflidv and mu H tlgcg?ilruzgfelﬂsnumber
heat transfer from plate-fin heat exchangers iy iraportant —Y
to determine optimum heat exchanger configuratians, to Nu [1] Average Nusselt number
find reliable and efficient methods for the cooling heat P [m] Pitch, center-to-center distance of
exchan%e.dewqes. rl:lormalfly such typfe platg h?;nmmgeh rs two seeutive fins
are used in paint shops of car manufacturing they :
are limited to a height of 0.7 m and at best a &naore Pr [ Pran.dtl ’numberl//a'
difference of 25 °C exists between the plate and th  Ra [-] Raleigh’s number
surroundings where it is expected that the flomuatbthe T (K] Absolute temperature
plate would be laminar (Ra < %Gand the heat transfer would Hit [-] Aspect ratio of the fin
be governed by laminar natural convection. PIL -] Fin spacing
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Co [ IkgKY] fluid specific heat

h [W/mPK™ ] Local heat transfer coefficient

h [W/mZK'1 ] Average heat transfer coefficient

k [ W/mK™] Thermal conductivity of fluid

q W] Heat transfer rate

t [mm ] Thickness of the fin

v [m/s ] Velocity vector

Y1 [mm ] Location of fin in span-wise
diriect

Greek

a [mZ/s ] Thermal diffusivity

£ [KY Thermal coefficient of expansion

6 [degree ] Angle of inclination

U [Pa-s ] Dynamic viscosity of fluid

v [mZ/s ] Kinematic viscosity of fluid

Yo, [kg/m3] Density

Subscripts

Comp computed

Max maximum

Pred predicted

Pp plain plate

w wall

0 surrounding

i X-component

j y-component

PHYSICAL DESCRIPTION OF THE PROBLEM

The schematic diagram of a heated vertical flatepleith fins
is shown in Fig 1. The co-ordinate system in whiud plate is
fixed and the computation would be carried outss ghown in
the Fig 1. The plate is fixed with some fins whiwwe a height
of H, thickness of t and fin separation pitch beswewo
consecutive fins is P. The plate length is L artth#é a constant
temperature of JJ. The objective is to find out the net heat
transfer from the plate in laminar natural convactand hence
determine the average Nusselt number for the platefinally
predict the heat transfer augmentation factor fasietion of fin
configuration. If a heat transfer augmentationtdacfor
different fin configuration is known then fins caccasionally
be used on the plates or even permanently withdding any
extra cost to the device.
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Fig.1 Schematic diagram of the heated plate withigtt
and inclined fin

Mathematical Formulation

In order to solve the flow and the temperaturedfistound
the finned plate we would use the Navier-Stokesatqn
with buoyancy driven terms in the y-momentum ecurati
along with the energy equation which will solve fitre
temperature field in the domain as well as in the f
(provided it is conductive). If the fin is non-camdive (k =
0) we will simply take out the non-conductive portiof the
fin from the computational domain and attach a lolauyn
condition on the surface of the non-conductive fin.

The assumptions in the mathematical formulation el
solution process are the following based on whibk t
governing equations are written.

1. The flow field is steady, laminar and incompressibl
with the fluid stresses being Newtonian.

2. The properties of the fluid (air, ifs k, g, and p ) are
kept constant at free stream conditions in all the

equations except for the density of aif?, in the
buoyancy term of the momentum equation only where
it is assumed to be a function of temperature abttie
buoyancy force can be induced in the fluid. The
Boussinesq approximation for the buoyancy is not
assumed in the present study; rather density ofsair
taken to be a straight function of temperature ugho
the ideal gas law and is provided as a table to the
computing software. The temperature difference
between the plate and the surroundings fluid ishef
order of 25 °C, so Boussinesq approximation is not
used. The computation of density from the ideallgas

is done by assuming the pressure to be atmospheric
only since the equipments work in the atmospheric
conditions.



3. Radiation from the plate and from the fin is alseglected
because the plate temperature is hardly 25 °C rf@me the

ambient temperature

With the above assumptions the governing equationthe
flow field and heat transfer around the verticatelwith fins
would be the following in tensorial notations as:

Continuity Equation

° (u)=0

6_)§ 1)

Momentum Equation

p 0 ou,  0u,
—(ou)=—T+— —+—L|+(p- (2
5, (ou) 7% "ox ,U(axj o (p-r.)a ()
p in Egn.(2) is a modified pressure defined as

p=p,+0,9Z, where p is the static pressure in the fluid
domain. p in the domain will vary sinc@ is a function of
temperature in the buoyancy term (else wheredbrstant).

Energy equation in fluid

D d(, dT
( DT):_ k——

Dt ox | 0x ®)
Energy equation in fin

0 (0T

| = |= 0

ax | o @

Boundary Conditions

The boundary conditions for the solutions of Ecurai(1), (2)
and (3) are shown pictorially in Fig. 2.

At the wall (Heated plate)

All velocity components are zero antl, =T, (5)
At the inlet

U=0, V=0, andT= T (6)

At the pressure outlet boundary
Top pressure outlet
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P=0, V determined from local pressure field and U

found out to satisfy continuity equatio%I:O, On

y
the pressure outlet boundary the flow can com®in t
the domain or can go out of the domain depending on
the local pressure field. The velocity perpendictida
the boundary can be computed from pressure
conditions and a realistic flow field can be
established through this boundary condition. Other
boundary conditions can not be applied to a boyndar
where the flow either goes out of the domain or
comes in to the domain.

Side pressure outlet

P =0, U determined from local pressure field and V
found out to satisfy continuity equation (Dash, 899

oT
eitherT =T or o =0 could be used.
X

Pressure outlet

Heated

Symmeiry  plate

@

==
-1

I

=

[=

I

=

|
1
i
Pressure outlet

Velocity inlet
U,¥=0,T=T
Fig, 2 Boundary conditions

At the symmetry boundary

—a(V’T)zo andU =0 7)

0X
At the fin

The base of the fin is having a known temperatfifg,at x
= 0. At x = H; -kdT/dx = heat lost to surroundinlyidl
which is taken care of by the fluid flow near thdjagent
cell at the tip of the fin. Near the surface ygs and y the
heat lost by conduction from the fin is convectedhte



ambient fluid. So, the specification of heat transfoefficient
is not required at the fin surfaces which are tat@m® of by the
fluid flow and energy equation through a conjugdteat
transfer mechanism. For a non-conductive fin théases of
the fin are assumed to be adiabatic since no heatdccurs
from the fin to the ambient.

NUMERICAL SOLUTION PROCEDURE

Two-dimensional equations of mass, momentum andggne

have been integrated over the control volume anel th

subsequent equations have been discretized ovecatfieol
volume using the finite volume technique to yieldset of
algebraic equations which could be solved by thgeladaic
multi grid solver of Fluent 6.3 in an iterative manner by
imposing the above boundary conditions. First ongarind
scheme (for convective variables) was considered tlie
momentum as well as for the discretized equatidrenergy.
After a first-hand converged solution could be oted (with
4363 cells) the grids near the plate and fins vastepted to
half of its size (total cells = 12688), the celhginsion was
made half in both the directions so that the nucatrerrors
can reduce very much, and the solution process aga
made to converge where it was seen that the avétagselt

number only changed by 0.5%. Then a second rodnd o

refinement in grids were done near the plate ansl fhich
could result in 27 712 cells in total and the ager&usselt
number changed only by 0.1%. Then a second ordemdp
scheme was adopted for the final convergence oédnations

where the average Nusselt number hardly changeis Th

average value is reported and has been used feothalation
to predict the Nusselt number as a function of mdiffgrent
fin configurations.

Semi-Implicit Method for the Pressure Linked Eqoas
(SIMPLE) algorithm with a PREssure STaggering Qptio
(PRESTO) scheme for the pressure interpolatiorfirftb cell
face pressure from cell center pressure) was usedhe
pressure correction equation. Under relaxationofacof 0.3
for pressure, 0.7 for momentum and 1 for energyewesed
for the convergence of all the variables. Rectaamguells
were used for the entire computational domain éatangular
fins. The cells were also mostly rectangular fag thclined
fins but they were paved at the plate because st tva only
choice in such a geometry. There were few triarrgotdls
near the tip of the inclined fins, but they did romse any

convergence problem. Convergence of the discretized

equations were said to have been achieved whenvitode
field residual for all the variables fell belowi€or u, v, and p
(since these are non-linear equations) whereasrfergy the
residual level was kept at 20( energy being a linear
equation).

708

RESULTS AND DISCUSSIONS
Grid Independence Study

In the numerical solution procedure we have ouditiee grid

sensitivity of the solution process. In Fig.3 tivermge Nusselt
number of the plate with three fins have been shawra
function of grid refinement or number of cellBhe three fins
were having different heights of 2, 4, 6 and 8 snué their

thickness with a P/L = 0.25. The fins are at @0the plate and
the average Nusselt number sharply increases hétfthhange
in grids (cells becoming smaller). After a cell 20 000 the
average Nusselt number increases very slowly aedetls

practically no change in the Nusselt number when ttital

cells increased from 27 712 to 45 552. For our adaton

we chose roughly a total number of cells aroun®@0 which

gives pretty accurate Nusselt number.

A Comparison of Average Nusselt Number with
Similar Experimental Correlations

The study on grid independence has been discussée iast
section. From the results obtained in the lastiGedt can be
told that the numerical simulation can be accumtevided
one adopts a suitable grid resolution near theepkatd
chooses a right external domain. However it is girva good
practice to match the result with available experits or with
experimental correlations. There are a number péemental
correlations for a vertical flat plate which debes the local
Nusselt number as a function of Prandtl number @rashof
number and can predict the average Nusselt nurhberlocal
Nusselt number for the un-finned plate was matching
extremely well with the given correlation of Eck¢t950) as
shown in Fig. 4. So a good degree of confidence loan
attached to the present computation about its acgutaking
the uncertainty of the experimental correlation®iaccount.
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Fig. 3 Average Nusselt number as a function of the grid
size with three fins of height, H = 6, 12, 18 ardr2m
with P/L = 0.25.
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Fig. 5 Streamlines near the isothermal plate with
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Fig. 4 Comparison of local Nusselt number between
the present computation and the correlation of E¢R€50).

Flow Field near the Plate with Different Fins

Fig.5 shows the streamline patterns near the heattital flat
plate with different fins. Fig.5 (a) shows a 6 migthfin where
the ambient fluid diverts a bit from its straighdth and then
again attaches to the vertical plate. Due to tl&taehment the
local Nusselt number on the plate rises a bit. Wtien fin
height is 24 mm (H/t = 8) the stream of fldiderts much
away from the plate and reattaches to the plat lkigher
length compared to the case of the fin having ghteif only 6
mm. Due to a large deflection of the stream inht® ambient,
the stream gets cold air from the ambient whiclitaehes to
the plate thus increasing the local Nusselt nunoimethe plate
in the un-finned portion. Fig.5(c) shows the striaenpattern
of the fluid near the plate having fins of 24 mmighe but

inclined at an angle of 45Here, the stream does not get

deflected much in to the ambient but the reattactinemgth of
the diverted stream is longer compared to the o&sestraight
fin shown in Fig.5 (b). Due to a relatively longeattachment
length (the wall shear stress on the heated phateases from

negative value to positive just after the fin. Htess increases

to a maximum and then falls to zero again befoeertbxt fin
and then again becomes negative. The length gbldte from
zero stress to another zero stress is normatyled the
reattachment length between two successive fins.

2.05e-01 1.88e-01
2.05e-01 1.87e-01

different fin configurations (a)H/t =2, (B)/t=
08 8;6=90°(c)H/t=8p =45°

Variation of the Local Nusselt Number with Conductive Fins

Fig.6(a) and 6(b) show the variation of local Nalsaumbers
on the plate when H/t varies from 2 to 8 (fin heiglaries
from 6 to 24 mm). The fins are conductive (k=219"MAK)

and straight. At the fin base the local Nusselt bemshoots
up sharply and it can be marked that there are tfime on the
plate. The local Nusselt number on a plain flatical plate
(without fins) is also shown on the same plot foretative

comparison between the two cases. The local Nusaeiber
in the un-finned portion (inter-fin portion) is igr compared
to that of the same location for a plain flat veatiplate due to
the reattachment of the newly drawn ambient flwst near
the fin base the local Nusselt number is lower cameg to an
un-finned case because the convection around thbeafe is
poor due to the obstruction created by the firhtorising fluid

stream.
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Fig. 6Local Nusselt number distribution along a vertigkaite
with conductive fins (a)H /t=2 and (b) H/t #R/L = 0.25,
6= 90°.

For both the case of H/t = 2 and 8 the average élluss
number for the plate will be higher compared to¢hse
of a plain plate. So there is certainly advantage i
keeping the fins on the plate.

Variation of the Local Nusselt Number with Non-
Conductive Fins

Fig.7 shows the local Nusselt number distributiom the
vertical isothermal plate with three non-conducfives having
heights of 12 mm each P/L = 0.25. The average Nusse
number for the plain plate is 80.9 whereas forglate with 3
non-conductive fins the average Nusselt numbebif@B At
the base of the non-conductive fins there is nd haasfer
from the plate to the fin or to the ambient sinoaductivity of
the fin is assumed to be zero. So the local Nusseitber will
be zero there which can be seen from Fig.7. Btiéninter-
fin space the local Nusselt number rises compard¢de same
location on a plain vertical plate as a resultalierage Nusselt
number remains higher compared to a plain platentdtly a
common man thinks fins must be conductive so they tan
serve as an extended heat transfer surface whitinceease
the net heat lost from the surface. But, here weuamg non-
conductive fins which do not take away any heatnfrihe
surface but still helps to increase the net hestt fiom the
surface. This happens due to the breaking of thendery
layer on the vertical flat surface created by thes.f Non-
conductive fins are some time very helpful if itvinted to
increase the heat loss from a vertical plate hectanger very
quickly. One has to just glue some non-conductive
thermocoals (packing material used in computers)th®
vertical plate. If it is wanted to increase the thiess by a
certain factor then one has to follow the -correladi
developed here. Fixing non-conductive fins are veasy
compared to conductive fins because conductive &nes
essentially metals and have high weight which cah be
stuck to the metal plate heat exchanger so easily.
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Fig. 7 Local Nusselt number distribution on the vertical
isothermal plate with three non-conductive finsihgv  H/t
=4, P/L=0.25, an® = 90°

Variation of Average Nusselt Number with Fin Spacig
(Conductive Fins)
Figure 8 shows the variation of the average Nussafhber
for the plate with different fin spacing and vanyimclination
of the fins. The average Nusselt number rises imitheasing
fin spacing, attaining a maximum value of 97.644t = 0.2
at © 60°. It then decreases slowly as the fin spacing
continues to increase. As the fin spacing risesethdll be
less number of fins on the plate and the reattaohieagth of
the stream will be longer causing the local Nussethber to
be less and hence the average Nusselt numberalilFor a
particular fin spacing the average Nusselt numberattain a
maximum value which can be told to be the optimum f
spacing. In Fig. 8 the average Nusselt numberatgd with
the inclination of the fins and it can be seen thate exists an
optimum inclination of the fins (60°) to get highes/erage
Nusselt number. When the inclination of the fatenge, the
flow around the fin gets deflected and tries taglalong the
vertical plate so the reattachment length of theash changes
on the plate. The reattached fluid stream can dsétiv
different amount of heat from the plate, dependory its
length, thus causing the averagasselt number for the plate
to change with the inclination of the fin and heriighest
average Nusselt number can be obtained for a phatic
inclination of the fin.
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Variation of Average Nusselt Number with Fin Spaciig
(Non-Conductive Fins)

The variation of average Nusselt number for thdeplaith
non-conductive fins is very much different from tited the
conductive fins. In Fig.8 the average Nusselt nunigbshown
as a function of P/L for conductive fins and in.Fgthe same
variation is shown for non-conductive fins (althbugr H/t =
8 but a plot for H/t = 6 shows exactly the samendrdut
different numerical values). The two figures areyvenuch
different from each other. There is a maxima in #verage
Nusselt number with the conductive fins where as rfon-
conductive fins the average Nusselt number inceeadth fin
spacing and attains a constant value after P/L33.0The
inclination of the fins have probably less effentthe average
Nusselt number compared to the case of condudtigenthere
the fin inclination have an appreciable effect orerage

Nu

Nusselt number. However, the maximum of the average

Nusselt number for the plate could go up to 89.@firsst the
value of 80.90 for the case of plain plate withfins.
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Fig. 9 Effect of fin spacing on average Nusselt numbiehe
plate with non-conductive fins, H/t = 8.

Development of a New Correlation for Average Nussel

Number

For the two dimensional simulation of the presemtarical
study, an empirical correlation for the average Seltsnumber
is developed for the vertical isothermal plate witinductive
and nonconductive fins based on the present coftiuitdor
the case of conductive fins there are a total ot@puted
data points (average Nusselt number) and similéotythe

case of non-conductive fins there are also 96 coedpdata
points. The objective is to bring out a correlatifor the
average Nusselt number which is a function of PIt,and®

of the fin. The Prandtl number is constant at Ond #he
Grashof number can be up to a maximum df 4@ that the

value of Nup, can be determined from some other

correlation for a plain plate without fin§uch a correlation
will be useful for the actual industry.

Eq. (8) shows the predicted Nusselt number fptage with

fins as a function of different fin configurationmpp is the
average Nusselt number for thiain plate without any fins.

The right hand side term next Ib_lupp is the augmentation
factor which is determined from this study.

_(a+b9+c92) d +e(Ej+ f (EJZ
()

Range oB =174 to1/2, P/L = 0.5t0 0.11 and H/t = 2 to 8 for
which Eq. (8) can be used for laminar natural catige.

=N_upp )8

Pred

It can be seen from Eq. (8) that the dependentieecfverage
Nusselt number is quadratic &nand P/L and logarithmic on
H/t. The average Nusselt number for the condudinehas a
maxima against the variabl@ and P/L so a quadratic

dependence on these variables have been used in the

correlation. The constants a, b, c, d, e, f, g, laade tabulated
in the table 1. The present correlation gives ay vgood
numerical match with the present computed CFD te&iar
the conductive fins all the predicted data poiai Within an

error limit of 5% (CFD N_u is the base). For the non-

conductive fins Eq. (8) predicts thhlu to an error limit of
5% for 92 data points, whereas for only 4 data tscime error
goes to a maximum of 9%. Eq. (8) has been devel@oed
the Engineering Equation Solvers (EES) softwareh vaitir
present CFD result. EES helps tremendously to develich
complicated correlations very easily.

Table 1 The constants of Eq. (8)

Coefficients Conductive fins Non-conductive
fins

a 1.298 1.877

b 0.439 0.154

c -0.186 -0.099

d 1.271 0.748

e 0.736 1.880

f -1.298 -2.426
0.942 0.826
-0.081 0.063
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CONCLUSION heat transfer  performance), im¢ipnal Journal
of Heat and Mass Transfer, Vol. 33, Blopp.1223-

In the present study, the effects of fin geometrg the angle 1232.

of inclination of the fins on the natural convedtihieat [10] Park, K., Choi, D. H. and Lee, K. S. (20,
transfer from a vertical flat plate with fins havgeen Optimum design of plate heat exchangr
investigated numerically. The most important reswf the staggered pin fin arrays, Numer. Heaansfer A{4)
simulation are as follows. pp. 347-361.

(1) The maximum increase in the average Nusselt [11] Dash, S.K. (1996), Heat-line visualiratin

number for a conductive finned plate is around 20% turbulent flow, International JourmélNumerical

as compared to a plain plate for the same operating method for Heat and Fluid Flow, Vol No. 4,pp.

conditions. This is obtained with pitch- to- length 37-46.

ratio (P/L) of 0.2, fin height of 18 mm, and angie [12] Eckert, E. R. G. (1950), Introductionthe Transfer

inclination of 60°. of Heat and Mass, McGraw-Hill Book Quamy,
(2) The maximum increase of the average Nusselt First Edition.

number for a non-conductive finned plate is obsgrve
to be around 10% as compared to a plain plate
operating in similar conditions. This is obtainedhw

a fin spacing of P/L = 0.5, fin height of 24 mm and
angle of inclination of 45°.

(3) A correlation is developed to predict the average
Nusselt number of the plate as a function of fin
spacing , aspect ratio of fins and its angle of
inclination.
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