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Extended Surfaces - Fins: Motivation for Application

Procedures to increase the rate of heat transfer

T h

‘{{/ (q) from a wall at a constant temperature (Ts)
to an adjoining fluid:
§=hAT,-T.)

Y e Increase the convection heat transfer

<y coefficient (h) and/or decrease the fluid
temperature (T, ) — costly and impractical
solutions; and

¢ Increase the effective surface area (A).

Motivation for Fin Application

Extended surfaces aim to enhance heat transfer by an increase in the
available surface area for convection (and/or radiation). Highly rec-
ommended when h is small (gases under free-convection conditions).
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Extended Surfaces - Fins: Practical Applications

Air-cooled Engines

Ears (Elephant and
Desert Fox)

. Plates
Car Radiators | > | ¢ 3 s (Stegosaurus)

Pipeline Passive
Cooling System

\" Heat Sinks (Electronic Components)

: Heat nsfer From Extended Surfaces



Extended Surfaces - Fins: Configurations

Fin Configuration

Typical Configurations:
e Straight fins:
o Uniform Cross Section
o Non-uniform Cross Section
e Annular fins (non-uniform
cross section)
e Pin fins (non-uniform
cross-section)

a(en S
N yji\\

v

.

The selection of the fin design depends on: space, weight, cost, effect
on fluid motion (and consequently on h and pressure drop).
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Fin Equation: Governing Energy Balance Equation

e Equation derived from the
application of an energy balance to a
differential element.

e Assumptions:

o one-dimensional conduction;
steady-state conditions;

constant thermal conductivity;
constant convection coefficient;
no thermal energy generation; and
negligible radiative heat losses.

O O O O O

Fin Equation - General Form

2
d T+(1 dAC) dT (iﬁdAs)(T—Too):O

dx® " \Ac dx ) dx
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Fin Equation Applied to Uniform Fins

Fin Equation - General Form

d’T 1 dA.\ dT 1 hdAs
a (=7 T — To) =0
+< ) (Ack dx)( )

dx? Ac dx ) dx
Considering'
For fins of uniform cross section: ® m? = kA (P = dAs/dx)
[ ] % = 0 [ ] 5 = X/L

0 T(€)-Tw
BRIGREARE = =

Fin Equation for Uniform Fins

d’e

el — (mL)?© =0
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General Sol. for the Fin Eq. Applied to Uniform Fins

General Solution of the Fin Equation for Uniform Fins

© (f) = Cleng + Cg(—l'_’m'é

Boundary conditions (BCs)

1. Fin base (£ =0):
o ©(0) =1 (Fixed temperature - Dirichlet BC)
2. Fintip ((£=1):
° % 1 0 (Adiabatic tip - Zero Neumann BC)

o —k 92

dE |y = hipLO(1) (Active tip - Convection BC)

FIN |

=0
[£=0

T, §
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Fin Eq. Solution for Uniform Fin with Adiabatic Tip

QCOI'IV

/‘//‘////‘//%
\\\\\\\\\

COIlV

Normalized Excess Temperature Note that

07 () — cosh [mL (1 — ¢&)] o mL= /2L
(€)= cosh (mL) e M = \/hPkAZO)

—

Fin Heat Transfer Rate o M corresponds to the

heat rate observed for
= Mtanh(mL) an infinite fin (q%)
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-
Fin Eq. Solution for Uniform Fin with Adiabatic Tip

Normalized Excess Temperature

Normalized Heat Transfer Rate

0% () = cosh [mL (1 — &)] a7 — tanh(mi)

cosh (mL)

1 " T T 1
Fins of Uniform Cross Section = T T c é i
\ Boundary Conditions Lol Fins of Uniform Cross Section |
o) 3 - - . Boundary Conditions
g’ 04\ ©(0)=1  dO/df1=0 | Eosk Soundary Conditlons |
. \ % O(0)=1  dO/dE1=0
£ W\ S o4f 1
£ W\ £o
s \ &
g.osr \ 1 g o2 ]
\ S
& \ i E—— - - ‘
2 \ . (mL) = 1 0.99
Zoat \ s 4 =0k : _
\ . o | YM@L=2.65)=0.99
-] = <
K] AN 2 o6 ol ]
= \ g
£ = El
5020 om0 N E = 04 | 1
z mL=3.0 AN = ‘
— mL=40 ~ E 02f 4
——- mL=s0 S~ zZ |
N . Rt e . | .
0 02 04 0.6 08 1 0 1 2 3 4 5
Dimensionless axial position - & [-] mL[-]




Fin Eq. Solution for Uniform Fin with Convective Tip

qCOnV
[/ 1111
FIN 7 Geonw
BRI
| qCOnV . E
Normalized Excess Temperature
Note that
oF (€) = cosh [mL (1 — &)] + (hgip/km) s%nh [mL(1—¢)] o hyp = 0
cosh (mL) + (hip/km) sinh (mL) adiabatic tip
solution
. (htip/ mk) + tanh (mL) * Generally
qr =M hiip = h
1+ (hgip/mk) tanh (mL)
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-
Adiabatic vs. Convective Tip Solutions

Fins ‘ol' Unifor"m Cross‘ Section

= \\\fil .

EEA\ . 1 The difference ©? () — ©° (§)

g D N .

g O S increases by:

‘E‘_O.G W

& . .

N * increasing hyip, for a constant mL;
5 04r \\\ q .

N N S e decreasing L for a constant h;p,.
o [ pmmme

Active Tip (huy/mk=0.4)
Active Tip (huy/mk=0.6)

0 0.2 04 0.6 0.8 1

Dimensionless axial position - § [-] I ncrea SI ng htlp :
125 Fins of Uniform Cross Section | L] q? — q? i NnCreases;

de ; ; .
° % - increases, .e. gr tip
increases, since

_ Ac d©
af tip = —kaT de =1’

0 0.5 1 L5 2 2.5 3




Relative Importance of Tip Convection on the Overall
Fin Heat Transfer Rate (1/2)

100! 100
0 T s | e The adiabatic tip solution becomes
_ N ’ e hig/(mk)=1 . . .
S - | o2 |4, 22 suitable approximation for an
o - ip/ (k)= = . .
= ., = actual active tip for low values of
JLoAor = .
£ Qf tip/df or high values of g7 /q5.
201 20
0 ‘ \ _ 95 —af
0 0.5 1 15 2 25 3 o i —
mL[-] qf tip 1—2sech(mL)sinh( %L )2
° Grtip ~ qf — qi for low mL
c . values.
qr tip/ qf decreases: )
® qrtip = htipAceb@ (€ = 1)
* increasing the fin length (L 1); . G (huip /km)

e decreasing the convection 9 (huip/km)cosh(mL)+sinh(mL)
coefficient at the fin tip (hep ).
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-
Relative Importance of Tip Convection on the Overall
Fin Heat Transfer Rate (2/2)

The adiabatic tip solution becomes
a suitable approximation for an
actual active tip for low values of

ar tip/ qf or high values of qf /qf.

° g7 _ tanh(mL)[1+(heip/km)tanh(mL)]
q (hsip /km)+tanh(mL)

q7/qyf increases:
e increasing the fin length (L 1);

e decreasing hip;

e increasing m, that is:

o increasing h/k;
hap/(mk) [-] o increasing P/A..
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Fin Thermal Performance Parameters

Fin Effectiveness (e¢) Fin Efficiency (n¢)
o= 9f _ 4
F 7 A ho, = Ao,
ef — ratio between the actual fin nf — ratio between the actual fin

heat rate (gr) and the heat rate heat rate (gr) and the heat rate
observed W|thout the fin applica- that would be observed if the en-

: NoFin
tion (g, ™). tire fin were at the fin base tem-
® The application of an extended perature (maximum — idealized
surface may increase the heat _ fin heat rate )
transfer resistance (fin resistance) 1 Gmax )- )
in relation to the convection
resistance of the bare surface Without Fin With Fin

(€f - Rt,b/Rt,f)- NoFi > H
orm
® |n general, ¢ < 2 do not justify q” Aeahth)
the fin application. -1, %M
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Performance for the Uniform Fin with Adiabatic Tip

Fin Effectiveness (f)

Uniform straight fin of

100 . . rectangular cross section/
Uniform straight fin of /
T sop rectangular cross section |
=
&
"
e 60
g 8
1) L
& 40 .
z 36
= 20p m
8
, ‘ . ‘ ‘ i
0 05 1 L5 2 25 2
L (0/(kA,)" -] BN
0
3/2 1/2
mL 2 132 [2h) (kA)]M?, w >> t ) 3
W)y
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Exploring the Software Module (1/2)

Software module — HTTextnd. exe

Visualization of normalized
excess temperature

00 Normaiized axial position 10

o Data gul

OUTPUT: Visualization
of each fin longitudinal OUTPUT: Results\ profiles
cross-sectional W Tertnd - Extended Surface Heat Tanser \ P=r= )
profile N\ [ )\
Tin Crose secions | Tenperate Proties |
AL
|
e !
INPUT INTERFACE s — |
|
|
|
J

Cond 00 oo Leegh Woah Tk D e O
v ETEExo  os  [osw  [oow

200 500 o000 (0500|0010

Input Data 200 00 (oo losow |oo !
(transport properties and - B s |
geometrical parameters) w0 lmo o Josom oo | O] BN/ =4 KO B O)
—-—

dgmp] el femad Jued 0 B

Fin Type Selection Update results @) Quota = ¥

(RUN) Performance " '
parameters (1) 1}/? (UT,) ® Ruy=2

® The module solves the fin equation through a finite-volume approach.

Extended Surfaces



https://fenix.tecnico.ulisboa.pt/downloadFile/1689468335655363/HTTextnd.exe

.
Exploring the Software Module (2/2)

Software module — HTTextnd. exe

. - . . ViFua[ization of normalized
OUTme Configurations — — Fin Type Selection ——
of ea Rectangular Fin Cylindrical Pin UTPUT: Results Convective tip BC
9 ; P o= \ Adiabatic tip BC
. I W ShectFin Type / = = ]
| L p= = S T A—
I Yoz e | © Rectangular Rectangular (adiabatic tip) 1
I m“l’::'m F— © Cylindrical Pin l Cylindrical Pin (ldiabnﬁcﬁp)l
angular Fin
l : I l © Annular || Annular (adiabatic tip) i
INPI [ R
I ) Rectangular w/profile described by polynomial
e ) Annular with profile described by polynomial
I 12 D ) Pin with profile described by polynomial
L e
T R s
(transport properties and L ——
geometrical parameters)

) [

Select Fin. Defaults Clear All ! Plot m
Fin Type Selection Update results 2) Quotal = 3!
(RUN) Performance .
parameters (1) 1Y ()" ®) Rur =7

® The module considers active and adiabatic tip BCs for different fin types.
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Problem Statement

Consider a pin fin of uniform cross section with
dimensions L = 0.05m and D = 0.005m. The fin
is made of 2024 aluminum alloy. All fin surfaces
(lateral and tip surfaces) are surrounded by a fluid
medium with a constant convection coefficient (h)
and temperature (Too) equal to 250 W.m™2. K™+
and 20 °C, respectively. The fin base temperature
(Tb) is equal to 90°C.

1. temperature profile along the fin longitudinal direction, T (x);

2. total fin heat transfer rate, gr;
3. fin efficiency, nf; and
4

. fin effectiveness, e¢.
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Module Application and Results
Module Input Data

1- Fint 2 - Fin transport properties
TCylindrical pint K (Cond.): 178 W.m " K~
h (Hconv): 250 W.m 2. K~!

3 - Fin geom. parameters
L (Length): 0.05m
D (Diam): 0.005m

Module Results

Fin Cross-sections

Temperature Profiles

+50 1.0

-.50!

00
0.0 Normalized axial position 1.0 0.0 Normalized axial position 10
Design Data: Cylindrical Pin Fin Performance Data: Cylindrical Pin Fin
Cond () Hoonv  Lengh  Diam
1780 [2500 00500 [oos0 | — 0859 [s45 |24

Fin Param. _Eificiency Hffectiveness Qtotal Resistance
[0.1099 [9.100 |

Computational Lab
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Results Analysis (1/4)

1. Temperature profile along the fin longitudinal direction, T (x)

-Primary Results

Axial Position, x [m]

02f

l\)’(){ 001 002 003 00400
RS

Y © ([E )

CETIERY

£

£ ,

g ¥

g o6 53:\

] RS

2 ‘:.

Z 04 .'"J;-

= RS S

E

E

5

z

<« Module (Numerical) Solution

—-- Analytical Solution

02 04 0.6 08 1.0
Dimensionless Axial Position, & [-]

Post-Processed Results

Axial Position, x [m]

! 001 002 003 00400
RS
so- T (.CU )
RS
.
- 70 S
g ",
= S
s 00 SN
H <
S Ty
27 -, |
£ RRT TS
= 4ok
30| === Analytical Solution
< Module (Numerical) Solution
0.0 02 04 06 08 Lo

Dimensionless Axial Position, & [-]
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Results Analysis (2/4)

2. Total fin heat transfer rate, gr

[Qora = 0.1099 W K]

, T,=90°C"
Qtotal = g_i <

‘Too:20°C'

7.69W 1

0(, (qf)AnalytiC Sol. ~TT0W
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Results Analysis (3/4)

3. Fin efficiency, n¢

E-nif = 54.6% H
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Exploring the Software Module - Uniform Pin Fin

Module Application Example I: Results Analysis (4/4)

4. Fin effectiveness, e

D ep =224 1
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Exploring the Software Module - Uniform Pin Fin

Module Application Example Il: Problem Statement

Consider for the same fin configuration, fin
dimensions and temperatures of Example | the
combination of three values of thermal
conductivities — 5 (k1), 178 (k2), and 300 (k3)
W.m™*. K™ — with three values of convection heat
transfer coefficients — 10 (hy), 250 (h2), and 1500
(hs) Wom™2. K™

1. fin efficiency, nf;

2. fin effectiveness, ef;

3. the suitability of the adiabatic tip assumption for the prediction of
the fin heat rate for an actual active tip situation, g7/qy; and

4. the suitability of the 1D conduction assumption on the fin equation
formulation in relation to the 3D conduction problem (advanced).
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e
Exploring the Software Module - Uniform Pin Fin

Module Application Example Il: Results Analysis (1/4)

L. Fin efficiency, nr — Num.(anaiyt.) [%] Temp. Profiles, © and T — Analyt.

hy h2 hs Axial Position, x [m]
ki | 47.2473)  9.9010.2) 4.3(4.9 1400001 002 003 004 005
kz 96~2(96.2) 54.6(54.7) 23.8(24'0) _ i — o —
k3 97.7(97.7) 65.6(65.6) 30.8(30.9) ) go.g o :d:'; ---- :l:::{ o oy | %0
2. Fin effectiveness, er — Num.(analyt.) [-] g " 'E
=3 =
£ g
hy h hs & "
k]_ 19.4(19'4) 41(42) 182‘20) 2 50 ':
k2 39.5(39_5) 22.4(22_4) 98(93) g " 3
ks | 40.140.1) 26.926.09) 12.6(12.7 E
_ The combination (ki, h3) is = *
not recommended (and should be 00 : 120
. 5 0.0 0.2 0.4 0.6 0.8 1.0
avoided) because the calculated fin Dimensionless Axial Position, & [-]
effectiveness value (1.8) is less than 2.0. %
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e
Exploring the Software Module - Uniform Pin Fin

Module Application Example Il: Results Analysis (2/4)

The ratio q7/q7 is equal to Qfoear/ Qeotal- Temp. Profiles, ©® and T - Analyt.

Qa1 (Qfotar) is directly given by the
module selecting the adiabatic Axial Position, x [m]

(convective) fin tip boundary condition. 190 oo 002 003 004 005
ot “
‘.\‘:‘\— g:; — Et}ﬁ; —_— Elﬁ:; 180
3. g7/af - Num.(Analyt.) [ 03‘{' W Ny =+ (kb sm=s (koh) === (kuh)

=
S

| h1 h2 h3

=Y
S

k]_ 1.00(1.00) 1.00(1'00) 1.00(1'00)
ka | 0.990.08y 0.9900.99) 1.00(1.00)
ks | 0.970.08)y 0.99(0.009) 1.00(0.99)

o
3
[D,] L “damyeaaduway,

40

Normalized Excess Temperature,® [-]

The adiabatic tip assumption becomes
well-suited for high values of g7/qf, i.e., P B S . .
as the ratio h/k increases — in full 0 o2 o oo > 1

Dimensionless Axial Position, & [-]
accordance with Slide 13.
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e
Exploring the Software Module - Uniform Pin Fin

Module Application Example Il: Results Analysis (3/4)

4(2). 2D temperature distribution

4(1). 1D vs. multi-dim. heat conduction

® The 1D heat conduction assumption behind h1 . e B
the fin equation formulation may be kl Chy 1
inadequate for accurate predictions under Chs |
specific fin conditions. | |0/ —————

® Since the fin configuration is axisymmetric ihl _
the heat conduction may proceed along the k2 +ho I :
longitudinal and radial directions (2D heat +hs I T
flow). h1 ' o

® 2D axisymmetric simulation results for the kg Chy
nine (k, h) combinations are presented at Lhs IR
the right figure. For ease of visualization Temperature [QC] """""
the vertical (radial) direction was stretched — o
by a factor of 2. | 20 34 48 62 76 90
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Exploring the Software Module - Uniform Pin Fin

Module Application Example Il: Results Analysis (4/4)

4(3). Temp. profiles - extreme cases

Axial Position, x [mm] Axial Position, x [mm]
1020 30 40 s

oo (ki, hi) %

=00 ]

g 60}

2

g sof

2

g a0f

&

o
{9 . 4 -
=70
g 60 1
2
g sof ]
E
g a0l 1k 1
]
= - -
30p (ks, hy)
0 10 20 30 40 500 10 20 30 40 50

Axial Position, x [mm] Axial Position, x [mm]

<~ Analytical Solution - 1D
-=-= Numerical Solution - 2D (r=0)
— - Numerical Solution - 2D (-=R)

4(4). Extreme case (ki1, h3)

7 [mm] (kl , hg)
2.5
0 I]
0 5 o [mm]
Temperature [°C]

| .
20 34 48 62 76 90

® The 1D conduction assumption on the
formulation of the fin equation is less
adequate for high h/k ratios.

® The multi-dimensional conduction
effects are more pronounced near the
fin base surface.
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Useful Relations

1. Fin Temperature Profile - ©,0, T 3. Fin Effectiveness - ef

0(8) _ T()—Tw __a A
e = = Ef = =nf
© 0p T(0) - T Ac,bh0s Ac,b
© (&) — Normalized excess temperature gNoFin

0 — Excess temperature at the fin base

¢ (= x/L) — Dimensionless axial position Fins with e < 2 are not rec-

L — Fin length ommended for application
2. Fin Heat Rate - gr 4. Fin Efficiency - nf
_ ar _ Qtotal
ar = 9bh/ © (§) dAs = Ach0, ~ Ach
Ar N——
dmax

Qtotal:%:Rg:
gmax — Heat transfer rate that

would be observed if the entire
fin were at the base tempera-
ture
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q7 — Fin heat rate considering an adiabatic tip
qf — Fin heat rate considering a convective tip
As — Convective fin area




