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ABSTRACT

NUMERICAL AND EXPERIMENTAL ANALYSIS FOR COMPARISON OF
SQUARE, CYLINDRICAL AND PLATE FIN ARRAYS IN EXTERNAL
FLOW

Inci, Aykut Baris
M.S., Department of Mechanical Engineering

Supervisor: Asst. Prof. Dr. Ozgiir Bayer

March 2018, 105 pages

Geometrical optimization of square, cylindrical and plate fins for heat transfer
augmentation is numerically performed in the external flow. Heat transfer performance
of fins with different profiles are compared with same Reynolds number. The relation
between the thermal characteristic of fins and boundary conditions like free-stream
velocity and heat input are investigated.

Experimental studies are performed using manufacturable fins to validate numerical
model. Heat transfer correlations are derived in order to find average heat transfer
coefficient of square, cylindrical and plate fins at a certain range of Reynolds number

and non-dimensional geometric parameters like spanwise and streamwise spacings.

Radiation included numerical analyses for fins having optimum configuration are
conducted to increase the accuracy of numerical results. Uncertainty analysis is also

performed to define the level of confidence for experimental work.



Superiority of cylindrical fins to ones with square and plate profiles are observed in

terms of heat transfer performance.

Keywords: Heat Transfer Augmentation, Optimization, Comparison, Fin, External

Flow, Heat Transfer Correlation, CFD.
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DIS AKISTAKI KARE, SILINDIR VE PLAKA KANATCIK DiZILERININ
SAYISAL VE DENEYSEL KARSILASTIRILMASI

Inci, Aykut Barig
Yiiksek Lisans, Makina Miihendisligi Bolimii
Tez Yoneticisi: Y. Dog. Dr. Ozgiir Bayer

Mart 2018, 105 sayfa

Is1 transferi artirnmi igin kare, silindirik ve plaka finlerin geometrik olarak
optimizasyonu, dis akis etkisi altinda sayisal olarak gergeklestirilmektedir. Ayni
Reynolds Sayisinin etkisi altinda ti¢ farkli kanatin 1s1 transfer performansi
karsilastirilmistir. Finlerin termal karakteristikleri ile serbest akis hiz1 ve 1s1 yiikii gibi

sinir kosullart arasindaki iliski arastirilmastir.

Sayisal modeli dogrulamak igin iiretilebilir finlerle deneysel ¢aligmalar yapilmistir.
Kare, silindirik ve plaka seklindeki finlerin belirli bir Reynolds Sayist ve boyutsuz
finler arasi bosluk gibi parametreler araliginda ortalama konveksiyonel 1s1 aktarim

katsayisini bulmak icin genel korelasyon denklemleri tiiretilmistir.
Sayisal sonuglarin dogrulugunu artirmak icin, optimum konfigiirasyona sahip finler
i¢cin radyasyon dahil edilmis sayisal analizler yapilmistir. Deneysel ¢alisma i¢in gliven

seviyesini tanimlamak amaciyla belirsizlik analizi yapilmistir.

Silindirik finlerin 1s1 transferi performansi agisindan diger finlere gore daha etkili
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oldugu gozlemlenmistir.

Anahtar Kelimeler: Is1 Transferi Arttirimi, Optimizasyon, Karsilastirma, Fin, Harici

Akis, Is1 Transferi Korelasyonu, Hesaplamali Akiskanlar Dinamigi.
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CHAPTER 1

INTRODUCTION

Nearly 50 years ago Moore [1], co-founder of Intel, empirically observed and predicted
that the number of components in a chip would double in every two years while
dimensions and manufacturing costs would not change. This estimate was justified by
recent technological advancements. From this point of view, heat generated by
electronic equipments drastically increased and removal of excess heat in more

efficient ways became a necessity.

There are various cooling methods in electronic packaging. Cengel [2] classified these

techniques as follows:

e Natural convection (gas) and radiation,
e Forced convection (gas),
e Indirect liquid cooling (cold plate),

e Immersion liquid (direct) cooling (natural convection or boiling).

Conduction cooling is inherently an active heat transfer mechanism included in all
three methods mentioned above. Basically, heat is transferred from the heating element
through the high conductive material by the diffusion mechanism in conduction
cooling. Natural convection (gas) and radiation are used for low power applications.
Buoyancy effect is the main mechanism of natural convection and there should be no
obstacle for the fluid motion. Radiation also plays a role in such a cooling application
by virtue of the obstacle-free environment. The difference between air forced

convection and natural convection is the existence of a fan or blower. This method is



applied when the cooling with natural convection is insufficient. Radiation is mostly
omitted in forced cooling applications due to its low cooling capacity and surroundings
created for the airflow around the heating element. Liquid cooling is preferred in high-
power applications. However, it is more expansive and difficult to handle than other
cooling methods. Liquid cooling is divided into two subgroups called for indirect
cooling and direct or immersion cooling. Cold liquid passes inside of a cold plate and
heating element is bonded to this cold plate, so there is no direct contact between the
cooling liquid and heating element in indirect cooling. Otherwise, it is called as
immersion cooling. The heating element is immersed in a tank which is partially filled
with dielectric liquid. Depending on the working fluid and operation temperatures,
heat can be removed from the object by natural convection or boiling. There are
different applications depending on the condensation methods of vapor. Heat pipe and
spray cooling are other well-known thermal management methods. Heat removal
capacity of different cooling methods with respect to the temperature difference

between heating object and the cooling medium is illustrated in Figure 1.1 [2].

Temperature difference, “C

Ll L1l
001 002 004 0.1 0.2 04 l 2 34 6 810 20

Surface heat flux, W/cm?

Figure 1.1 Cooling performance of different methods [2]



Extended surfaces as shown in Figure 1.2 increasing heat transfer area are called as
heat sink or fin. Fins are widely used in electronic cooling applications. There are

various types of fins with different dimensions, profiles and orientations.

Figure 1.2 General view of a heat sink [3]

Fins are classified into four groups with respect to the cooling method in the study of
Lee [4]. Passive fins are the components operating in natural convection applications.
Semi-active fins are used at the existence of a fan, whereas active fins have their own
fans. Moreover, liquid cooled cold plates including machined or brazed passages in

where cooling liquid circulate are assumed as a fin.

Fins can also be classified according to manufacturing method [4]. Stampings are
widely used in mass production and suitable for copper and aluminum materials.
Extrusions are preferred for high wattage applications. Complex two-dimensional
shapes can be produced by the extrusion method. Fractions of fin thickness to height,
fin height to inter-fin spacing determine extrusion limits. In bonding method, extruded
plates are bonded to a base plate with an epoxy-based adhesive, but adhesive material

creates a thermal resistance for the fin. This method is more expensive than other



manufacturing techniques. Folded sheet metal is attached to the base plate in the
folding method. This operation is done by brazing or soldering. Bended parts of the
sheet metal become straight during brazing operation and perfectly attach to the base
plate. So, there will not be any contact resistance problem. Folding method like
bonding offer design flexibility for usage of different materials. Another
manufacturing method is forging. The raw material is punched into a molding die.
Additional treatment like etching or polishing may be required due to choking. Durable
fins with low tolerances can be produced by this method. Forging, skiving and

machining are other known production methods.

1.1  Present Study

High performance requirements in military radar and electronic warfare systems result
in demanding high amount of energy and exposing excess heat. Maintaining an
electronic component’s temperature at its operating range in an efficient and a reliable
way is vital for performance and durability of the component. The present study aims
to perform geometrical optimization and comparison of heat transfer performance of
fins with different profiles in forced external flow both numerically and

experimentally.

Navier-Stokes equations and fundamental formulas related to the conduction,
convection and radiation heat transfers are presented in CHAPTER 3. Moreover,
parametrization of geometrical and boundary condition variables of square, cylindrical

and plate fins are done in this chapter.

The numerical domain is introduced in CHAPTER 4. Finite Volume Method, which
is the discretization technique of FLOEFD CFD software, is briefly explained. Then,
boundary conditions and numerical setup are explained in details. Meshing and mesh

independency procedure are represented, too in this chapter.

The experimental work is performed to validate numerical results. Experimental setup

is constructed at ASELSAN Golbasi Campus. Experimental setup and components



used in the experiments are presented in CHAPTER 5.

Numerical and experimental results are presented in CHAPTER 6. Comparison
between the numerical and experimentel results are done. Average heat transfer
coefficient for the tested fins are calculated. Then, heat transfer correlations are derived
at a certain range of Reynolds number and non-dimensional geometrical parameters.
Then, uncertainty analysis is done to define deviations at average heat transfer

coefficient and Nusselt number.

A brief summary is presented, discussion related to the numerical and experimental
results are done in CHAPTER 7. Radiation included numerical analyses for optimized
fin configurations are conducted to increase the accuracy of numerical results.

Recommendations about possible future work are presented in this chapter, too.

1.2 Motivation

Majority of the electronic failures in military applications are due to temperature
related problems, as presented in Figure 1.3 [5]. Customer’s need and demand about
the capacity of Radar (Radio Detection and Ranging) and EW (Electronic Warfare)
systems increase day by day. This situation increases not only power consumption of

systems but also the amount of heat generated.

Temperature
55%

Humidity
19%

Dust Vibration
6% 20%

Figure 1.3 Failure mechanisms in military applications [5]



Capacities of different cooling techniques are already shown in Figure 1.1. Liquid
cooling’s capacity is much higher than the capacity of natural convection and forced
convection with air, but there are some difficulties related to this application. it is much
more expensive than air cooling. it requires regular maintenance like changing particle
filter. there are some operational risks like leakage at the fittings, failures caused by
overpressure. It is really difficult to compensate high pressure drop of cooling liquid
especially at the naval platforms due to elevation difference between the pump and
antenna chassis mounted on the top of foremast or aftmast., there is a corrosion
problem inside of the piping. The rust may pass to the cooling fluid and this rust may
clog the fluid channels. Therefore capacity of air cooling should be improved and air
cooling can be used in possible cases. Fins are the key elements of air cooling
applications. There are lots of studies in the literature about the heat transfer

performance of fins. Researches in literature can be summarized as:

o Geometrical optimization of fins having monotype cross-section
(cylindrical, square, etc.) for heat transfer augmentation is studied,

o Heat transfer performance comparison of fins with different profiles is
investigated,

o Fins are mostly in internal (confined flow or flow with zero bypass) and rarely

in external (unconfined or flow with bypass) flow.

The present study, conducted both numerically and experimentally, aims to investigate
the geometrical optimization of the square, cylindrical and plate fins for heat transfer
augmentation in the transition regime external flow at steady state conditions. As a
continuation, comparison of heat transfer characteristics of optimized geometries is
performed. Furthermore, heat transfer correlations including thermal, hydraulic and

geometrical parameters are derived for tested fins with different profiles.

Results of this study can be used for thermal management of a military electronic
equipment placed at the outside of military vehicles like combat ships, trucks,

helicopters or aircrafts and being exposed to unconfined flow due to the wind.



CHAPTER 2

LITERATURE REVIEW

There are numerous studies in the literature which investigate and aim to increase heat
transfer performance of fins. Relations between parameters like inter-fin spacing, base
plate dimensions, number of fins, height of fin, hydraulic diameter of fin, fin geometry,
fin material, thermal resistance, heat flux, base plate temperature, fin alignment as
inline or staggered, free-stream velocity, pumping power, flow type as external or
internal, Reynolds number, heat transfer coefficient, Nusselt number, pressure loss,
friction factor, blockage area are studied in [4], [6]-[26]. Some of these parameters in
literature are changed to get optimum design points for heat transfer augmentation, to
compare the thermal or hydrodynamic performance of fins with different profiles with

respect to each other and to create correlations between these parameters.

Researchers numerically compared the heat transfer performance of fins with different

profiles in internal flow [6]-[8].

Sahiti et al. [6] classified fins according to two geometric comparison criteria groups.
One of them consists of equal hydraulic diameter, coverage ratio and fin length, the
other one consists of equal blockage area, distance between fins and fin length. Free-
stream velocity is changed from 1.5 m/s to 4 m/s. The ratio of fin length to the diameter
is taken as 10. Reynolds number was kept below 1000 and the flow was assumed

laminar according to the study of Zukauskas [7].

Sahiti et al. [6] observed that fins with cylindrical profiles have better heat transfer
performance than ones with NACA, drop form, lancet, elliptic and square profiles



when the first group of comparison criteria is applied for in-line arrangement, whereas
the thermal performance of elliptic fins is better than others for the second comparison
group with in-line arrangement. Moreover, elliptic fins are superior to the others

according to both comparison criteria groups with a staggered arrangement.

Behnia et al. [8] compared circular, square, elliptic and plate in terms of their thermal
and hydrodynamic performance, too. Ratios of cross-sectional area to base area and
wetted surface area to base area and flow passage area are kept constant to make a fair
comparison. Free-stream velocity is changed from 0.5 m/s to 5 m/s. It is figured out
that pressure drop observed at plate fin is much lower than fins with other profiles.

Circular fins in staggered arrangement have the highest heat transfer coefficient.

Numerical studies including Taguchi method or minimization of entropy generation
were employed to optimize thermal or hydrodynamic performance of fins by

researchers, too [9]-[11].

Yang et al. [9] studied about the heat transfer enhancement of square fins in air jet
flow. Taguchi Method with three levels is implemented to rank four design parameters
(a, b, c and H in Figure 2.1) according to order of importance on thermal resistance.
k — € turbulence model is used. Heat input of 20 W is applied. Simplec algorithm is
used to solve Navier-Stokes Equations. Design parameters are rankedasa>H >c>b
with decreasing importance on overall thermal resistance. Increasing inter-fin spacing
“a” leads to decrease thermal performance, however increasing inter-fin spacing “c”
enhances thermal performance. Because there is pressure drop problem near the fins
around edges, but flow reaching the centre is much enough to overcome pressure
losses. Inter-fin spacing “b” has an optimum value around 4.2 mm. A value lower or

higher than this worsens the thermal performance.



Figure 2.1 Geometrical parameters used in Taguchi Method [9]

Khan [10] determines all independent variables affecting fin thermal performance at
the beginning of study. Some of these parameters like length and width of the base
plate, heat input or base plate temperature and ambient temperature are restricted by
designer or manufacturer. Therefore, fin height, density, diameter and free-stream
velocity are left as design parameters affecting optimization criteria like minimum
base plate temperature, pressure drop, fin weight. Variable parameters and design
criteria are connected to each other by a mathematical relation. Similarly, geometrical
and flow parameters, heat input and material properties are optimized to determine the
minimum base temperature at plate fin in the study of Culham and Muzychka [11].
First and second laws of thermodynamics are combined to derive a mathematical
relation. The heat input (Q), fin thermal resistance (Rg;,k), drag force (Fy), free-stream
velocity (U) and ambient temperature (Tg,,-) are connected to entropy generation rate

(Sgen) With this formula:

: QZRsin FU
Sen =77 ‘ +—Td (2.1)

surr surr
After setting derivative of entropy generation rate with respect to variables to zero and
doing iterative solutions, optimized values of fin numbers, free-stream velocity and

height of the fin are found to be 19.07, 1.21 m/s and 122 mm, respectively.



Besides numerical works, researchers also experimentally studied about the heat
transfer performance comparison, geometrical or hydrodynamic optimization of fins

in internal (confined or no bypass) flow [12]-[15].

Deshmukh [12] analytically and experimentally optimized and compared the
performance of circular and elliptical fins placed in the direction of gravity and in
mixed convection. Mixed convection flow is defined as the forced convection assisted
by natural convection. Fraction of Grashof and Reynolds numbers must be between 1
and 100 for a mixed convection flow. Void fraction, which is the ratio of the area
between fins to the total fin cross-sectional area, free-stream velocity and arrangement
as in-line or staggered are changed to observe fin’s thermal resistance. Minimum
thermal resistance is observed when the value of void fraction is 0.702. Beyond this
point, thermal resistance tends to increase in all cases. Elliptical fin in the staggered
arrangement is much more effective than the fin combinations including cylindrical

fins or in-line arrangement.

Diani et al. [13] experimentally and numerically investigated the performance of plate
and cylindrical fins. The numerical model is created for a sample plate fin. Then, an
experimental study is performed for this sample fin and the numerical model is
validated. Validated analysis settings are kept constant for whole analysis. Only one
channel of fins is analyzed due to symmetry. Decreasing pitch distance and increasing
fin thickness lead heat transfer coefficient to increase. However, fin height does not
have any effect on it. Dimensionless streamwise spacing has a poor effect on the heat

transfer coefficient, however dimensionless spanwise spacing has a major effect on it.

Babus’ Haq et al. [14] aimed to find optimum streamwise and spanwise spacings of
cylindrical fins and compare heat transfer performance of different materials. Different
steady state heat fluxes are applied and base temperature of fin is kept constant at 40°C
for each experiment. Effect of different free-stream velocities, arrangements as in-line
or staggered and fin materials on optimum spanwise and streamwise spacings were
studied. Decreasing fin to fin spacing increases heat transfer area, but it increases

pressure drop for a fin structure whose base area is fixed. Optimum streamwise and
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spanwise spacings are shown in Figure 2.2 for different free-stream velocities and fin

materials.
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Figure 2.2 Optimum (a) streamwise, (b) spanwise spacing [14]

A geometrical correlation between streamwise spacing, fin material and fin diameter

is created:

S, o /0 =0.59+6.67 x10?e™* (2.2)
Furthermore, pressure drop increased with the increasing free-stream velocities and

decreasing the streamwise spacing between fins.

Tahat et al. [15] researched the heat transfer performance of cylindrical fins in
staggered and in-line arrangements. Optimum spanwise and streamwise spacing
values leading heat transfer augmentation were found. Heat transfer correlations are

derived:
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Nu =9.02x10"°Re*™ (S, /W)°25(S, / L)°% (inline) (2.3)

Nu =7.04x10°Re*™ (S, /W)*®*(S, / L)**®(staggered) (2.4)

Unlike above researches, following experimental studies are about thermal and

hydrodynamic performance of fins in external (unconfined, bypass) flow [16]-[21].

Matos et al. [16] numerically and experimentally investigated on the optimization and
comparison of cylindrical and elliptical fins’ thermal performance in the external flow.
Cylindrical and elliptic fins in the fixed volume are placed in the staggered
arrangement. Ellipse eccentricity values are changed from 0.4 to 1 (cylindrical fin).
Non-dimensional inter-fin spacing value is set to maximum 1.5. This value is reduced
to find an optimum design point. Equivalent pressure drop across the cylindrical and
elliptic fins is the constraint for a fair comparison. Reynolds number based on swept
length of fins varies from 852 to 8520. Non-dimensional inter-fin spacing value
resulting in maximum heat transfer performance for 0.5 eccentricity is observed
around 0.3. Increasing eccentricity pushes optimum inter-fin spacing up to 0.7 with
%20 decrease thermal performance. Higher Reynolds number enhances the heat

transfer performance as expected but does not change optimum design point.

Heat transfer performance comparison of fins with elliptic, square, cylindrical and
plate profiles in staggered or in-line arrangements was studied in terms of fin numbers
in the study of Yang et al. [17]. Fin density can be defined as the number of pins per
base area. Major dimension, which is the diameter of a cylindrical fin, the edge length
of a square fin, the minor diameter of an elliptic fin are taken as 2 mm. Free-stream
velocity varies between 1 m/s and 5 m/s. Cylindrical fins with in-line arrangement
have higher heat transfer coefficient than other fins. Superiority of cylindrical fins is
explained by Coanda effect. Ishigai and Nishikawa [18] define Coanda effect as
attachment of flow field to the bodies with curvature. Increasing number of fins for in-
line arrangement leads to increase heat transfer coefficient of circular and elliptic fins.

However, any significant increase is not observed for square fins as shown in

12



Figure 2.3. In staggered arangement, higher fin density increases the heat transfer

coefficient for fins with four different profiles as presented in Figure 2.3.

180 200
% o plate, N=10 . ] 200 |~ plate, N=10 (H=20 mm) -
™ 8¢ plate, N=15 (H=20 mm) #¢- plate, N=15
160 |—— A inlinc elliptic, N=25 1180 160 |——A— staggered elliptic, N=25 —1180
_ - inline elliptic, N=49 - | —w—staggered elliptic, N=41 [} 1
- inline square, N=25 el - - staggered square, N=25 —160
140 & - inline square, N=49 0 < % 140 @ staggered square, N=41 l -
|- @ inline circular, N=25 * |- @ staggered circular, N=25 [+] ]
120 © - inline circular, N=49 o = _: 140 120 © staggered circular, N=49 l A j 140
= = a L
= o N A o h< —120
bl (1) v 1 T : B
S r ¥y qoo 2 5 —w0 £
< 80 o /X x 1 = T8 g x 1 =
- B S P LY - B & —180
- + —{60 B i % % —60
40 * ] 40— + I
140 ~ap 140
ﬂ —=PAP | S “AP
4 y -
2~ = —» 20— o 2 —w
- H L T 4 N
4 H ~ § @
o = O | o ——8,
b | ; L3 A R R
(a) o 1 2 3 4 5 6 (b) o 1 2 3 4 5 6
Vi, (m/s) Vi, (m/s)

Figure 2.3 Heat transfer coefficient and pressure drop relation with changing free-

stream velocity (a) in-line arrangement, (b) staggered arrangement [17]

Fowler et al. [19] numerically and experimentally investigated optimum geometrical
configuration of parallel plates in forced convection flow. Plates in the staggered
arrangement were placed in a tunnel. Flow is classified as external because the plates
are not bounded. Geometrical parameters like spanwise spacing, number of plates in
one row, swept length along streamwise direction are variable. The non-dimensional
term like Reynolds number based on swept length changes from 1000 to 6000.
Non-dimensional optimum spanwise spacing term is observed around 0.09 in the

specified Reynolds number range.
Azar and Mandrone [20] aimed to find hydrodynamic and geometrical optimum design

points for cylindrical fins to increase heat transfer performance. The base plate

temperature of fins is kept constant. Fin density and free-stream velocity are changed
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to seek optimum design points. Both natural convection and forced convection exist
as flow type. Increasing free-stream velocity leads the thermal resistance to decrease,
but decrease of the thermal resistance is getting slower after a certain velocity.

Increasing fin density after a certain point worsens the thermal performance of pin fins.

Jonsson and Moshfegh [21] compared thermal and hydrodynamic performance of
cylindrical, square and strip fins in both staggered and in-line arrangements. Moreover,
plate fins are studied. Fin’s height and clearance ratio of the duct are changed to
investigate flow bypass around fins while the height of the duct and width of the base
plate are kept constant. Free-stream areas of fins with different profiles at the same
number of fins are also kept constant to make a fair comparison with respect to same
Reynolds number. Reynolds number varies between 2000 and 16500. In narrowest
duct condition, high Reynolds number causes pin fins to experience more pressure
drop and less thermal resistance decrease rather than plate and strip fins in both
staggered and in-line arrangements. Therefore, pin fins are not suggested to be used at
high Reynolds number. Plate and strip fins which longer than pin fins in flow direction
perform lower pressure drops because there is only one contraction and expansion area
along the fin, whereas other fins which have multiple discontinuities have lots of
contraction and expansion area. Similarly, in-line arrangement and circular fin have
lower pressure drop than staggered arrangement and square fin. Thermal resistance
values of all fin types except plate fin decrease and converge with increasing Reynolds
number. Decreasing free flow area in the duct by changing fin height or/and width of

the plate increases pressure drop.

In literature, there are some other experimental studies searching for heat transfer
performance of fins in both internal and external flows [4], [22]-[24]. Effects of
changing flow condition on the thermal and hydrodynamic performance of fins were

researched.
Optimization and characterization of a plate fin were analytically done with respect to

different design parameters in the study of Lee [4]. The analytical method was

experimentally validated with a sample case. The number of fins are changed and their
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effects on heat transfer performance are investigated in unconfined flow. Heat transfer
performance enhances up to some point with the increasing number of fins, but if the
number of fins continues to increase, pressure drop phenomenon becomes dominant.
The thermal resistance reaches its minimum value when the number of fins at spanwise
direction is around 11 as shown in Figure 2.4. Then flow regime is changed to
confined. Heat transfer performance significantly increases according to the case with
bypass flow. Increasing number of fins decreases thermal resistance and any optimum
design point is not observed as shown in Figure 2.4, but the pressure drop increases so

much that the pumping power is needed to be increased to keep free-stream velocity

constant.
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Figure 2.4 Thermal and hydrodynamic performance relation with changing fin

numbers (a) unconfined flow, (b) confined flow [4]

Jubran et al. [22] investigated the effect of inter-fin spacing on cylindrical fins and
focused on finding optimum spanwise and streamwise spacing with different shroud
clearance above fins in staggered and in-line arrangements. Cylindrical fins have an
optimum fin to fin spacing values in both directions and arrangements at 2.5d.
Increasing shroud clearance causes to decrease heat transfer performance of cylindrical
fins. The correlation between Nusselt and Reynolds number was derived for the shroud

clearance ratio value of “0”:

15



Nu = 0.45Re®™(S, /W)**(S, / L)°* (inline) (2.5)

Nu =0.30Re*®(S, /W)**(S, /L)*** (staggered) (2.6)

The correlation for the shroud clearance ratio value of «“1” :

Nu = 0.58Re*!(S, /W)***(S, / L)°* (inline) 2.7)

Nu =0.31Re*#*(S, /W)*?*(S, /L)** (staggered) (2.8)

Chapman et al. [23] numerically and experimentally compared thermal performance
of rectangular, elliptical and plate fins in both confined and unconfined flow. In
unconfined flow, elliptical fins reach highest bypass values, whereas minimum bypass
occurs at plate fins. In parallel with these results, the thermal resistance of plate fins
has the minimum value. Rectangular and elliptic fins have surprisingly similar thermal
resistance characteristic. This result shows that, elliptical fins have higher heat transfer
coefficient than rectangular fins. Switching flow type from bypass to no bypass
condition most significantly improves the thermal performance of elliptical fins,
because elliptical fins are most affected by bypass phenomenon. Similarly, lowest

refinement happens at plate fins due to low bypass effect.

Samarth and Sawankar [24] studied the heat transfer and hydrodynamic performance
of perforated and solid cylindrical fins. Clearance ratio and non-dimensional
streamwise spacing change from 0 to 1 and 1.208 to 3.417, respectively. Reynolds
number varies from 13500 to 42000. Heat transfer and pressure drop comparison of
perforated and solid fins within each other and with respect to nonfinned base plate
are done. Perforated cylindrical fins perform better than solid ones in both manners.

Some of these parameters like base plate dimensions, fin height, base plate temperature
or heat flux and Reynolds number should be fixed in order to be able to make a fair

heat transfer comparison based on the fin shape.
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Definition of Reynolds number plays an important role affecting parametrization of
fins. There are different Reynolds number definitions related with fin studies in
literature [6], [7], [10], [16], [19], [21], [25], [26]. Free-stream velocity and diameter
of a cylindrical fin are selected as the main parameters in Reynolds number definition
in the study of Kobus and Oshio [25]. Free-stream velocity and length of the base plate
are taken into consideration in the studies of Matos et al. [16] and Fowler et al. [19].
Moreover, Matos et al. [16] used inter-fin spacing as a characteristic length to define
an another Reynolds number. It was kept below 6000 in these researches [16], [19].
Maximum flow velocity based on minimum flow area in the tunnel is used instead of
free-stream velocity in the research of Jonsson and Moshfegh [21]. Hydraulic diameter
of wind tunnel is taken as a characteristic length instead of a dimension related to fin
and Reynolds number can reach up to 10000 in this study [21]. Li et al. [26] used
maximum flow velocity and circumference diameter of an elliptic fin to determine
Reynolds number between 1000 and 10000.

Defining flow type as laminar or turbulent according to Reynolds number in fin
problems is not easy like in flat plate or pipe problems due to the geometry of fins. In
literature, researchers [6], [10] making studies about fin problems benefit from the
study of Zukauskas [7] in order to classify flow type. Zukauskas [7] conducted an
analytical and experimental study about hydrodynamic and thermal characteristics of
single tube and tube banks in crossflow. Reynolds number is defined in terms of
maximum flow velocity based on minimum flow area and diameter of the cylinder in

this study. According to Reynolds number, flow type is classified:

o flow is predominantly laminar if Re < 103,
o flow is in transition regime if 5x 102 < Re < 2 x 10°,
o flow is dominantly turbulent if Re > 2 x 10°.

In the study of Sahiti et al. [6], heat transfer performance of fins with different profiles
was compared. Refering to Zukauskas [7], flow was laminar with Reynolds number
value below 1000. Moreover, Khan [10] addresses this study [7] in terms of

hydrodynamic matters. On the contrary, Khan [10] mentions that creating an analogy
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between fin studies and Zukauskas’s tube bank study [7] is not appropriate in terms of
thermal issues due to two reasons. Fluid passes inside of the tubes and tube wall
temperature is kept uniform. However, temperature gradient occurs at the fin surface.
Moreover, tubes are relatively longer than fins and end wall effects are neglected near

the base plate, but end wall effects are an important phenomenon in fin problems.
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CHAPTER 3

METHODOLOGY

3.1  Governing Equations

Conducted numerical analyses are based on Favre-Averaged Navier-Stokes (FANS)

Equations [27], [28]. In Favre-Averaging, a variable can be decomposed into following

form:
b=9+¢ (3.1)
where;
1) : variable,
@ : density weighted time average value of the variable,
Q" : fluctuation of the variable.
FANS Equations can be expressed as:
Continuity:
dp  o(pu;)
—+——==0 3.2
ot OX; 32
Momentum:

ot.
P, % 3.3)

8 0
—(pu)+—(puu,)=——"—+—
o (Pu) + 2~ (puuy) o, ox

J

19



Energy:

;[ (e+ U )} [pu (h+ U )} ,( t,)- % (3.4)

j
Viscous stress tensor (tij) can be expressed as:

_lou

=2u(S: 0 3.5
H(s; T30k, i) (3.5)
Strain-rate tensor (sij) can be stated as:
5, =< M, M (3.6)
2 ax OX;
where
p : density,
t : time,

Ui, Ui : velocity in tensor notation,

h : specific enthalpy,

e : specific internal energy,
i : dynamic viscosity,

i : Kronecker delta.

Beside Favre-Averaged Navier-Stokes Equations, conduction, convection and

radiation equations are used [29]:

1-D Conduction :

G, =—k— (3.7)
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where;

k : thermal conductivity,
T : temperature,
x - heat flux in x direction,
Convection:
q” =h (Tbase_ave _Tsurr ) (3.8)
where;
q” - heat flux
h : convection heat transfer coefficient,

Thase ave - average temperature of base plate,

Tsurr : temperature of surrounding.

Alternatively, convection heat transfer rate can be written as [17]:

Qconv =~ g ArnoATlm (39)

where;

h,yg  :average heat transfer coefficient,

At : total heat transfer area,
Mo - overall efficiency of fin array,
ATy, :logarithmic mean temperature difference.
Radiation :
O-(Tbise ave _Tsﬁrr)
= - 3.10
Qrad 1_ gfm 1 1_ gsur ( )
+ +

8fin Aad Aad I:(fin)(surr) gsurr A%urr
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where;

o : Stefan Boltzmann constant (5.67 x 108 W/m?K#),

€fin» Esurr : emissivity of fin and surrounding, respectively,

Araq, Asurr - radiation heat transfer area of fin and surrounding, respectively,

Fifin)>(surr) - View factor of fin to surrounding.

Following equation can be written on the basis of energy conservation [30]:

Qinput :Qconv + Qrad + Qins (311)

where;

Qinput - heat input,

Qeonv : CONvection heat transfer rate,
Qraq : radiation heat transfer rate,

Qins : heat transfer rate through insulation layer.

3.2 Parametrization

Square, cylindrical and plate fins as illustrated in Figure 3.1 are used in the present
study. The geometrical optimization procedure is applied for heat transfer
augmentation, then heat transfer performance comparison is done between
geometrically optimized fins with three different profiles. Dimensions of the base plate

and height of the fins are constant in this study.

Fin height is an important parameter due to the manufacturing and heat transfer
efficiency concerns. According to infinite fin approach [2], higher fin height increases
heat transfer rate of a single fin upto some point, heat transfer performance will not
significantly improve beyond this point as temperature value of the fin tip converges
to the ambient temperature. According to Cengel [2], fin height values, which transfer
76.2 percentage of the maximum heat transfer rate that infinitely long fin perform, are

found as 41 mm, 35 mm and 70 mm for a single square, cylindrical and plate fin,
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respectively after the numerical and experimental studies. However, increasing fin
height results in higher pressure drop for a fin array. So, thermal performance of the
fin array worsens. In manufacturing concerns, The ratio between the fin height and
inter-fin spacing value can be at a maximum value of 10 for aluminum alloys to get
desired inter-fin spacings in milling which is most common, fast and cheap production
technique for a fin array. Moreover, higher fin length will increase the weight and cost.
Furthermore, researchers [17], [21], [26] used fins whose height varies from 10 mm to
20 mm in their experimental studies. Fin height (H) is taken as 20 mm, when the factors
mentioned above are considered together. Overall surface efficiency is found around
0.97 for all three fin arrays. Base plate whose edge length (L and W) is 100 mm has a

square cross-section and its thickness (B) is taken as 10 mm.

SQUARE FINS CYLINDRICAL FINS
H=20mm H=20 mm
L =100 mm L =100 mm
2
L2mm <
P
>
Sr W =100 mm St
VARIABLE VARIABLE
Si - >
VARIABLE S
VARIABLE
— (a) Base Plate — (b) Base Plate
FLOW DIRECTION PLATE FINS FLOW DIRECTION
L =100 mm
t=2 mm'\‘
St .
VARIABLE |
W =100 mm
—l Base Plate
FLOW DIRECTION (c) H=20mm

Figure 3.1 Geometric parameters for (a) square, (b) cylindrical, (c) plate fins
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Non-dimensional spanwise (St/W) and streamwise (S;,/L) spacings have 5 different
values. 25 different geometries presented in Table 3.1 and Table 3.2 are obtained for
square and cylindrical fins. Plate fins have only 5 different geometries as tabulated in

Table 3.3. Parametrization results in 55 different geometries.

Table 3.1 Non-dimensional spanwise and streamwise spacing values for square fins

Non-dimensional S /L
Parameters 0.0500 0.0316 0.0208 0.0138 0.0088
0.0500 Geom. 1 Geom. 2 Geom. 3 Geom. 4 Geom. 5
0.0316 Geom. 6 Geom. 7 Geom. 8 Geom. 9 Geom. 10
S+/W 0.0208 Geom.11 Geom. 12 | Geom. 13 | Geom. 14 Geom. 15
0.0138 | Geom. 16 | Geom.17 | Geom. 18 | Geom. 19 Geom. 20
0.0088 | Geom.21 | Geom. 22 | Geom. 23 | Geom. 24 Geom. 25

Table 3.2 Non-dimensional spanwise and streamwise spacing values for cyl. fins

Non-dimensional SU/L
Parameters 0.0500 0.0316 0.0208 0.0138 0.0088
0.0500 Geom. 26 Geom. 27 Geom. 28 | Geom. 29 Geom. 30
0.0316 Geom. 31 Geom. 32 | Geom. 33 | Geom. 34 | Geom. 35
St/W 0.0208 Geom.36 Geom. 37 | Geom. 38 | Geom. 39 | Geom. 40
0.0138 Geom. 41 Geom. 42 Geom. 43 | Geom. 44 Geom. 45
0.0088 Geom. 46 Geom. 47 Geom. 48 | Geom. 49 Geom. 50

Table 3.3 Non-dimensional spanwise and streamwise spacing values for plate fins

Non-dimensional S./L
Parameters N
0.0500 | Geom. 51
0.0316 | Geom. 52
St+/W 0.0208 | Geom. 53
0.0138 | Geom. 54
0.0088 | Geom. 55
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Diameter of a cylindrical fin (d), strip thickness of a plate fin (t) and edge length of a
square fin (s) are assumed as characteristic length (Dn) and taken as 2 mm. Equalizing
thickness or diameter of fins result in same free-stream area. Reynolds number is
calculated based on maximum flow velocity and characteristic length of a single fin as
in literature [7], [10]. So, Reynolds number is kept constant for fins with different
profiles and same spanwise spacing as illustrated in Figure 3.2 for a fair comparison.
Free-stream velocities of 3 m/s, 5 m/s and 7 m/s are selected to observe the effect of

Reynolds number on the optimum design points.

Characteristic Length Flow Direction:
2mm S +2 S Normal to Page

Due to Symmetry

H=20mm

Figure 3.2 Fin orientation normal to flow direction

Equations used during Reynolds number calculation can be written as:

Re = —max (3.12)
1%
u_—y3*? (3.13)
ST
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U : free-stream velocity (3 m/s, 5 m/s and 7 m/s),

Unax - maximum velocity,

Dy : characteristic length (2 mm),
St : spanwise spacing (5 mm, 3.16 mm, 2.08 mm, 1.38 mm and 0.88 mm),
v : kinematic viscosity of air (15.89 x 10° m?/s @ 300 K) [29].

Reynolds number varies between 528.6, for St =5 mm and U = 3 m/s case, and 2883
for St = 0.88 mm and U = 7 m/s case. Therefore, the flow in present study can be

defined in transition regime according to Zukauskas [7] .

Products’ data sheets of Intel world biggest CPU supplier are considered in order to
define a heat input boundary condition which is close to current technological trends
and limits as an order of magnitude. Thermal design power (tdp) defined as heat
dissipation amount of a processor when all cores are active under high-complexity load
is taken as reference for heat boundary condition [31]. Intel Xeon Platinum 8164
processor with 26 cores introduced in the 3rd quarter of 2017 and used in high-

performance workstations has 150 W thermal design power [31].

The dependency of non-dimensional spanwise spacing values which result in
minimum T, at the base plate on heat input rate is researched. In order to define
higher heat inputs than 150 W, technological limits are investigated and it is observed
that Intel Xeon Phi 7290F processor [32] with 72 cores introduced in 2016 dissipates
260 W which is the maximum thermal design power (tdp) among the other processors
[33] commercially available by Intel. Therefore, heat input values of 200 W and 250
W with free-stream velocities of 3 m/s, 5 m/s, and 7 m/s are applied to geometries
optimized in streamwise direction for each fin with different profiles. Tmax of fins are

compared with each other for different boundary conditions.
Geometrical, hydraulic and thermal parameters used in numerical and experimental
studies are presented for square, cylindrical and plate fins in Table 3.4, Table 3.5 and

Table 3.6, respectively.
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Table 3.4 Numerical and experimental study matrix for square fins

Numerical Experimental

Q (W) Q (W)

Square 150 200 250 150

U (m/s) U (m/s) U (m/s) U (m/s)
SJ/L | S\ W | 3 | 5|73 |57 |3 |5]|7]| 3 5 7
00500 | va| v |v|OP|O|O|O|O|O| v |v|wv
0036 v | v |v|O|O]|]O|O|O|O]| v v v
0.0500 00208 v | v|wv|O|lO|O|lO|O|O]| v v v
00138 v |[v|v | |O]|]O|]O]|]O|O|O]|X]| X | X
00088| v | v | v | O|O]|]O]|]O|O|O]| X | X | X
00500 v | v | v |O|O|]O|O|O|O]| v v v
00316| v |v|v|O|O|]O|]O|O|O]| v v v
0.0316 |00208| v | v |¥v|O]|JO|O|]O|O|O]| v v v
00138| v | v |v | O|O]|]O]|]O|O|O]| X | X | X
00088| v | v |v | O|O|]O|]O|O|O]| X | X | X
0.0500 | v viv | 0O|lO0O|O0O]|]O0O|O0|O0]| v v v
0.0316 | v viv | O|lO0O|O0O]|]O0O|[0|O0]| v v v
0.0208|100208| v | v |v|O]|]O|O|]O|O|O]| v v v
00138| v | v | v | O|O]|]O]|]O|O|O]| X | X | X
00088| v | v |v | O|O|]O|]O|O|O]| X | X | X
0.0500 | v vivi|iv| iv|iv]| v v | v ]| X| X]X
0.0316 | v vivi|iv| iv|iv]| v v | v ]| X]| X]X
0013800208 v | v |v |v |[v | v | v |v | v | X ]| X]|X
00138| v | v | v | v | v | v v @ v]|v ]| X ]| X]|X
0.0088 | v vivi|iv| iv|iv]| v v | v ]| X]| X]X
00500 | v | v | v |O|O]|]O]|]O|O|O]| X | X | X
00316 | v | v |v | |O|O]|]O]|]O|O|O]| X | X | X
0.0088|0028| v | v |[v|O]|]O|O]|]O]|]O|O]| X | X | X
00138| v | v | v | O|O]|]O]|]O|O|O]| X | X | X
00088| v | v |v | O|O|]O]|]O|O|O]| X | X | X

2 performed or manufactured

b : not necessary to be performed

¢ : not manufacturable
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Table 3.5 Numerical and experimental study matrix for cylindrical fins

Cylindrical

Numerical

Experimental

Q (W)

QW)

150

200

250

150

U (m/s)

U (m/s)

U (m/s)

U (m/s)

SUL | St/W

ol

0.0500

0.0316

0.0500 | 0.0208

0.0138

0.0088

0.0500

0.0316

0.0316 | 0.0208

0.0138

0.0088

0.0500

0.0316

0.0208 | 0.0208

0.0138

0.0088

0.0500

0.0316

0.0138 | 0.0208

0.0138

0.0088

0.0500

0.0316

0.0088 | 0.0208

0.0138

0.0088

el ||| ||| |w
el ||| |||V

el ||| ||| ||«

MRS RS ES AN (o] [a] (o] (o] e] (o] [e] (o] (o] (o] (s} e} (o] (e} (o] =] (o] (=] (e} (o] [oV)

AN AN AN RSN (o] (o] (o] (o] (s} (] [e) (e} (e} (e} (o] (o} (o] (o} (o} (o] (o] o] o] (] {6

MRS RS ES AN (o] [a] o] (o] e] (o] (o] (o] (o} (o] (s} (] o] (e} (o] =] (o] (=] [a] (o Y]

AN S AN AN =] [=][=]=]{=]{=]l=]le] (=] o] (o] (o] (o] (o] =) o] (o] () () (o) [PV

AN S AN AN =] [=][=]=]{=]{=]l=]le] (=] o] (o] (o] (o] (o] (o) ] (] (] (o) (o) [3)

AN S AN AN =] [=][=]=]{=]{=]l=]le] (=] o] (o] (o] (o] (o] (o) ] ] (] (o) (o)

XX XXX XXX XX XX« <[« | X X[«]|e] ¢ X|X]|<|«]€|~N

XX XXX XXX XXX X<« |« | X X[«]|«| ¢ X|X]|<|«]|< |

XXX XXX XIX|X| XXX« <[« X|X|€|C] €| X|X|€]|€]|€|w

Table 3.6 Numerical and experimental study matrix for plate fins

Numerical Experimental
Q (W) Q (W)
Plate 150 200 250 150
U (m/s) U (m/s) U (m/s) U (m/s)
S/L|{S/wW | 3|5|7|3|5|7|3|5|7]| 3 5 7
00500 | v | v v |v | v v v v ]|v]wv v v
00316 | v | v | v |v | v | v v v ]|v]wv v v
- 00208 | v | v | v | v | v | v |v | v ]|v v v v
00138 | v | v | v | v v | v |v | v | v ]| X ]| X]| X
00088 | v | v | v | v v v |v | v | v ]| X]|X]|X
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CHAPTER 4

NUMERICAL STUDY

4.1 Numerical Domain

A channel whose dimensions are 400 mm (height) x 600 mm (width) x 500 mm
(length) is placed in a numerical domain whose dimensions are 750 mm (height) x 800
mm (width) x 750 mm (length) as shown in Figure 4.1. An insulation layer which has
same width and length with channel and 150 mm height is placed below the channel.
Fin, gap pad and heater are placed to the 250 mm in front of the inlet of the channel.

Channel inlet
(free stream velocity b.c.)

~.
~.
-1
-
-
-
-

Numerical Domain

i
i
i
i
[
i
i
i

750 mm T |———————+ Channel

— Fin + Gap Pad + Heater

I
i
I
|

T Insulation

=
=T

|
. |
s N
150 mm — ) |
T T I
,/// =~. - -
— ./"'/ —¥
- . - - o
| - T
. P T
I T
750 mm i - §00 mm

Figure 4.1 General view of the numerical domain
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Preliminary analyses are conducted to see the effect of the channel on the free-stream
air velocity. Channel’s width and height that do not accelerate flow in contracting areas
around fin are assumed as channel’s cross-section dimensions normal to the flow.
Free-stream velocity of 7 m/s, which is maximum velocity in present study, is applied
to a square fin having 0.0088 non-dimensional spacing in both stream and spanwise
directions and velocity distribution are presented in Figure 4.2. Channel’s height and
width value of 600 mm and 400 mm, respectively are assumed to be sufficient for

external flow condition in the channel.

600 mm e
g19
ri1e7
6143
5119
4005
aon

400 mm

2048
1024

velocay (vs)

Figure 4.2 Flow pattern around fin (a) top view of channel, (b) side view of channel

4.2  Numerical Approach

FLOEFD 14 is used as a commercial CFD software to conduct analyses. FLOEFD
solves the Navier-Stokes equations based on Finite Volume Method (FVM) [27].
FLOEFD store all variables at the mass center of the cells. This method is known as
cell-centered Finite Volume Method [34] .

In FVM, the domain is discritized into control volumes, and governing equations
specified in section 3.1 are integrated over these control volumes.
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General conservation equation for a variable (¢) can be denoted as [34]:

%+ v.( pVp)=V.(I*Vg)+Q* (4.1)
where;
Q®  :source term,
v : velocity vector,
re  :diffusion coefficient,
t : time,
p : density.

First and second term on the left-hand side in equation (4.1) are transient and
convective terms respectively, while first and second term on the right-hand side are
diffusion and source terms. In present study, transient term is neglected and equation
(4.1) turns into following form [34]:

V.(p§¢) =V.(r'vg)+Q’ (4.2)

Equation (4.2) is integrated over the control volume C seen in Figure 4.3 and this

operation can be stated as [34]:

jv.( p\7¢)dv = [V.(I*Vg)dV + [Q%dV (4.3)

V, V,

c 4

where;

fV : volume integral over the volume V..
c
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0O

Diffusion

Figure 4.3 Control volume [34]

By applying Gauss’s Divergence Theorem, equation (4.3) turns into following form
[34]:

$(pvg).ds= P (r*ve).ds+PQtdv (4.4)

v,

(o))

where;

¢, - surface integral over the volume V..
c

Discretization of convective terms are done by second order upwind scheme. In second
order upwind scheme, a linear profile for the value of ¢ is constructed between the

node U and C as shown in Figure 4.4. Then, value at face (f) is extrapolated. Arrow

14
(—f>) indicates the direction of flow [34].
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A.DD

Figure 4.4 Upwind scheme [34]

Central difference scheme is used for discretization of diffusive terms. Value of ¢ at

face e is estimated by an interpolation between node C and E as seen in Figure 4.5.

SO—0
Y

Figure 4.5 Central difference scheme [34]

After discretization procedure, Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) is used for solving linear algebraic systems obtained from Finite Volume
Method [27].

4.3  Numerical Analyses
Analyses are conducted at steady state conditions. Radiation is neglected. Ambient
temperature and pressure are set to 25 °C and 1 atm, respectively. Free-stream

velocities are set to 3 m/s, 5 m/s and 7 m/s at the inlet of the channel. 1 atm pressure

is defined at the outlet of the channel.
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The heater and gap pad is placed below the fin as illustrated in Figure 4.6. Dimensions
of heater are 100 mm (width) x 100 mm (length) x 10 mm (height). Heater is defined
as a volumetric heat source with power values of 150 W, 200 W and 250 W. Gap pad
material is placed between the heater and fin. Gap pad material, whose thickness is 0.5
mm, has thermal conductivity and specific heat values of 5 W/mK and 1 kJ/kgK,
respectively [35]. Fins are placed above the gap pad. Fin material is selected as 6063-
T6 series aluminum alloy having thermal conductivity and specific heat values of 200
W/mK and 0.9 kJ/kgK, respectively [36]. Sides and bottom of the heater are covered
with an insulation material having thermal conductivity and specific heat values of
0.048 W/mK and 0.84 kJ/kgK, respectively [37].

v v v
~Insulation Fin  GapPad Heater

Free Stream Velocity

Figure 4.6 Section view of the channel

FLOEFD uses Favre-Averaged Navier-Stokes equations to model turbulent flow [27].
k — € turbulence model is used in software. Dong et al. [38] and Yuan et al. [39]
mention the agreement of k — ¢ turbulence with the experimental results in their

studies related to heat transfer investigation about fins.
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Goal is a hydraulic or thermal parameter which is monitored during the iterations and

used for finishing calculations. The convergence criteria for a goal is automatically

calculated by FLoEFD and goal is assumed as converged, when the dispersion between

last iterations is below the convergence criteria [40]. Maximum temperature on the

upper surface of the base plate is considered as the goal in the present study. Mesh

refinement is applied after the convergence of goal as presented in Figure 4.7. After

the second refinement, solution is ended by software when goal converges. Mesh

refinement procedure in more details is discussed in section 4.4.

Temperature (Solid) [°C]

160,00

140,00

120,00

100.00

60.00

40,00

2000

SG Max Temperature (Solid) 1

Goal converges Goal converges Goal converges
> >

;\/_\‘_ -
/ /' A
7 /
/ /
/ /
/ /
y /
) /
15t mesh 2nd mesh End of solution
refinement refinement

Tterations [ ]

4.4

Figure 4.7 Convergence of a goal

Meshing and Mesh Independency Procedure

FLOEFD uses cartesian rectangular cells [40]. There are 3 types of cells called as solid
cells, fluid cells and partial cells. Solid and fluid cells are constructed in solid and fluid

mediums, respectively. Partial cells occur near the solid/fluid boundaries and have
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region both in the solid and fluid mediums. Denser mesh is used near the fin region as

shown in Figure 4.8 as important part of the problem is solved here.

A\\VA\VAWALVAWAW 4

\

S

/L\v S
V), VAVAWA\VAWA\

\W X

JAWAW: )

WY XX
A

-
VA\WA\VAW/AY

(a)

Figure 4.8 View of the mesh (a) for numerical domain, (b) from top of fin, (c) from

side of fin

FLoEFD software has a solution adaptive meshing technique which can be used to get
mesh independent solutions [40]. Mesh is constructed over the whole domain before
the solution and mesh near the fin region is locally refined during the solution in
present study. Local truncation error between neighbour cells (LTE) is calculated by
software at refinement stage. If this error is large enough, the cells are divided into

maximum 8"ref subcells [40]. If LTE is small, cells are merged.

where;
Nref IS the refinement level.
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Refinement level is taken as 2 in present study and refinement is done twice during the

solutions. Mesh and Tmax details for the most intense geometries of square (St/W &
S./L =0.0088), cylindrical (St/W & S./L =0.0088) and plate (St/W = 0.0088) fins with

free-stream velocity of 3 m/s and heat input value of 150 W are presented in Table 4.1.

Table 4.1 Mesh refinement results

Fin Mesh Tmax Tmax Tmax
Geometry Type Initial (°C) 1% ref. (°C) 2" ref. (°C)
Total | 2503361 3721011 3999450
Solid | 1416539 1627279 1642591
Square i 282340 | 18060 [—grosae 17215 [—oeioe— 172,02
Partial | 804473 1283833 1372210
Total | 1797222 2789654 5995017
o Solid | 1119078 1319465 2233301
Cylindrical |—2i——aooar 152,33 [—eaonia 159.04 [gossro 159.37
Partial | 377288 780976 1935697
Total | 2339246 3871462 5899530
Solid | 1562472 2049330 2739495
Plate Fluid | 213534 | 21287 5g5708 | 21781 y503680 | 21790
Partial | 563240 1226334 1936355
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CHAPTER 5

EXPERIMENTAL WORK

5.1  Experimental Setup

Experimental setup presented in Figure 5.1 and Figure 5.2 is constructed in Heat
Transfer Laboratory at Aselsan Golbast Campus. Width of the tunnel is 600 mm,
height of the tunnel is 400 mm and length of it is 1500 mm. Base plate of the wind
tunnel is constructed with 3 mm sheet aluminum, whereas other sides of the wind
tunnel are made width 5 mm thick plexiglass for possible future studies like application
of flow visualization techniques to investigate the hydrodynamic behaviour of airflow
around the fin. Plexiglass panel is also used to be casing for fans at the inlet of the

tunnel. Outlet of the tunnel is open to atmosphere.

1 WIND TUNNEL
2 FANx2 8 THERMAL CAMERA
3 POWER SUPPLY 1 9  COMPUTER
4 HONEYCOMB x4 10  HEATER and GAPPAD
5 DATALOGGER 11 POWER SUPPLY 2 / 9
D |
6 HOT WIRE ANEMOMETER x 14 12 FIN 3 %ﬁz
7 THERMOCOUPLES x 6 13 INSULATION —
MATERIAL LN N 2
1
2
Flow Direction
,,‘r
4
3

Figure 5.1 Experimental setup schematic

39



FANx2 || HONEYCOMBx4 |  WINDTUNNEL | | ohonal | DATALOGGER

CAMERA

HOT WIRE
ANEMOME

= S . FIN. GAPPAD
POWER ! MATERIAL and HEATER

SUPPLY 1
COMPUTER

Figure 5.2 Experimental setup

Pumping power is supplied by two identical axial fans located at the inlet of the tunnel
as shown in Figure 5.3. Fan maximum speed and airflow capacities are 7000 rpm and
710 m3/h, respectively [41].

Figure 5.3 Fans
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Fan’s nominal voltage value is 24 VDC and it can operate in a voltage range between
16 VDC and 36 VDC [41]. The fans are connected in parallel to Power Supply 1.
Power Supply 1 seen in Figure 5.4 has voltage capacity up to 40 VDC and current
capacity up to 5A.

Figure 5.4 Power supply 1

Flow straighteners are used to get uniform velocity profile along the tunnel. In the
present study, aluminum honeycomb panels with 18 mm thickness and 6 mm cell size
are used. The number of aluminum honeycomb panels is determined as 4 after
iterations and measurements. End of honeycombs is placed at x = 255 mm as illustrated
in Figure 5.5. Velocity profile of the channel is measured by hot wire anemometers
placed at x = 950 mm. Fin is placed at x = 1200 mm.

ANEMOMETERS x 7 at
FRONT PLANE

Figure 5.5 Honeycomb and velocity measurement positions
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Seven different hot wire anemometers are placed at y = 50 mm, 150 mm, 250 mm, 300
mm, 350 mm, 450 mm and 550 mm positions as shown in Figure 5.6. Position of the
bar holding anemometers are shifted from z = 10 mm to z = 50 mm with 10 mm

increments and from z = 50 mm to 400 mm with 50 mm increments.

Figure 5.6 Hot wire anemometer locations (a) side view, (b) back view

It is aimed to establish 3 m/s free-stream velocity profile around the fin region.
Velocity values are measured for each point and their averages are tabulated in Table
5.1. The region shown in red refers the effective velocity area for 3 m/s free-stream
velocity. The free-stream velocity tends to decrease at the outside of this region
through the walls of the channel. It is clearly seen from Table 5.1 that fin that has 30
mm height and 100 mm width remains inside the effective velocity area. Same

measurements are done for other free-stream velocities of 5 m/s and 7 m/s, too.
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Table 5.1 Velocity measurements for the honeycomb integration

VELOCITY (m/s) Y (mm)
50 150 250 300 350 450 550

400 05 04 04 05 05 0.6 05

350 05 04 04 05 06 06 0.6

300 0.6 04 04 0.5 0.6 0.7 0.6

250 0.6 05 04 0.5 0.6 0.6 0.6

200 0.6 10 0.9 038 08 0.7 0.6

150 0.9 21 24 1.9 23 15 0.6

Z (mm) [__100 038 34 3.0 35 31 3.0 038
50 0.9 33 32 35 30 33 09

40 0.9 32 31 34 2.9 36 L1

30 0.9 29 32 34 29 36 12

20 0.9 25 30 33 30 35 11

10 0.9 23 23 32 2.7 3.0 12

Fin width
Effective velocity area

raIe A)I00[3A QAT

Plate heater that can operate up to 300 W is produced by casting aluminum over

resistance. The heater has 100 mm x 100 mm cross-section and 10 mm height. The

heater is connected to Power Supply 2 presented in Figure 5.7. Power Supply 2 can

provide maximum 75 A at 115 VAC. Voltage and current are measured with

multimeter and clamp meter, respectively [42], [43].

(b)

Figure 5.7 (a) Heater, (b) Power supply 2, (c) multimeter and clamp meter
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Gap pad shown in Figure 5.8 is made of fiberglass-reinforced filler and polymer. It is
placed between fin and heater to compensate surface irregularities and improve
thermal conductivity from heater to fin. It has a thickness value of 0.5 mm, a thermal

conductivity value of 5 W/mK and a specific heat value of 1 kJ/kgK [35].

Figure 5.8 Gap pad

Stone wool which has 150 mm thickness, 750 mm length and 600 mm width is placed
under and near the heater for insulation. Insulation material can operate up to 600°C
and has a thermal conductivity value of 0.048 W/mK, a specific heat value of 0.84
kJ/kgK [37]. Velocity and temperature measurements are stored a data logger shown
in Figure 5.9 [44]. The data logger can be managed from its own software installed on
a computer. J type thermocouples are used for temperature measurements at fin, heater
and insulation material. J type thermocouples perform better at low-temperature
applications and nonoxidizing atmosphere [45]. Hot wire anemometers are used for air

velocity and air temperature measurements.
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Figure 5.9 Data logger

The thermal camera shown in Figure 5.10 is used to monitor temperature distribution
over the upper surface of the base plate and determine maximum temperature. It has

640 x 480 resolution and can be managed from a computer installed its own software
[46].

Figure 5.10 Thermal camera
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Six J type thermocouples are used. T1, T2, Tsand T4 are used to measure temperature
of the base plate, at the front side, back side, right side and left side, respectively as
presented in Figure 5.11. Tsis placed the bottom of the heater. Te is used to measure

bottom temperature of the insulation material.

INSULATION
MATERIAL

Figure 5.11 Thermocouples position (a) fin, (b) heater, (c) insulation material

15 different fins (6 square, 6 cylindrical, 3 plate) are manufactured from 6063-T6
aluminum as shown in Figure 5.12. Tape whose emissivity is known as 0.95 is stuck
to the base plate of the fins. So, more accurate results are taken from the thermal
camera. Some of the fins can be used by changing their streamwise and spanwise axis.
More details related to the geometrical parameters of fins are presented in Table 5.2.
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Figure 5.12 General view of manufactured fins

Table 5.2 Geometrical properties of fins

Fin Shape | N. [ Nt | S (mm) | Sy (mm) | Index

15| 15 5.00 5.00 a

15 | 20 5.00 3.16 b

15 | 25 5.00 2.08 c

20 | 15 3.16 5.00 b

Square 20 | 20 3.16 3.16 d
20 | 25 3.16 2.08 e

25 | 15 2.08 5.00 c

25 | 20 2.08 3.16 e

25| 25 2.08 2.08 f

15| 15 5.00 5.00 g

15 | 20 5.00 3.16 h

15 | 25 5.00 2.08 i

20 | 15 3.16 5.00 h
Cylindrical | 20 | 20 3.16 3.16 j
20 | 25 3.16 2.08 Kk

25 | 15 2.08 5.00 i

25|20 2.08 3.16 K

25| 25 2.08 2.08 |

- |15 - 5.00 m

Plate - | 20 - 3.16 n
- | 25 - 2.08 0
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CHAPTER 6

NUMERICAL AND EXPERIMENTAL RESULTS

Numerical analyses are conducted for square, cylindrical and plate fins with 150 W
heat input value of 150 W and free-stream velocities of 3 m/s, 5 m/s and 7 m/s. Then,
non-dimensional streamwise spacing values resulting in minimum Tmax at the base
plate for all fins with three different profiles are chosen for further numerical analyses
with higher heat input values (200 W and 250 W) and heat transfer performance
comparison. Geometries which have non-dimensional stream and spanwise spacing
values higher than 0.02 are manufactured. These geometries are experimentally
studied with heat input value of 150 W and free-stream velocities of 3 m/s, 5 m/s and

7 m/s to validate numerical model.

6.1 Numerical Results

Analyses are done on a HP Z 820 workstation which has 32 cores and 64 gb RAM

[47]. Calculations were conducted in around three months.

6.1.1 Square Fins with 150 W and 3 m/s, 5 m/s and 7 m/s Boundary Conditions

Numerical analyses are done for square fins with non-dimensional streamwise and
spanwise spacing values varying between 0.0088 and 0.0500 for heat input value of
150 W. Tmax relation with geometrical parameters are plotted in Figure 6.1, Figure 6.2
and Figure 6.3 for free-stream velocities of 3 m/s, 5 m/s and 7 m/s, respectively. Square
fins, whose non-dimensional streamwise spacing value is 0.0138, satisfy minimum

Tmax at the upper surface of the base plate among other square fins.

49



- @-- §;/1.=0.0500 --® --S/1.=0.0316 S1/L.=0.0208 S1/L =0.0138 —@—S1/L =0.0088

180
170 R
)
_ 160 A\.'_‘\ o
O -
< v
] 150 \ ". /‘
H \e Rt
\ ".. et /I”
140 \ .'-... .'...-"' ”4’
NS SRTRR I o« -7
130 N =8
>3-
120
0.005 0.015 0.025 0.035 0.045 0.055
SHW (-)
Figure 6.1 Square fins with U =3 m/sand Q = 150 W
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Figure 6.2 Square fins with U =5 m/sand Q = 150 W

50




<+ @+ S/L=0.0500 --®~- S1/L =0.0316 — @ - Si/L =0.0208 S/L =0.0138 —@— Si/L =0.0088

105
00— L)
T ——
—~ ‘.' ........ ‘—"
& R R ¢ T _ .
\-«% 90 « e TP FE == P e
g \\ ......... P —__—— -~
- ‘ \\ —__.'— - - - — i
85 \ N e T -o-a;’— —_—
N == 7T
80 T e
75
0.005 0.015 0.025 0.035 0.045 0.055

Sy

Figure 6.3 Square fins with U =7 m/sand Q = 150 W

Temperature and velocity profiles of the square fin (S./L=0.0138, St/W=0.0208) at 7

m/s free-stream velocity are illustrated in Figure 6.4.

Velocity [mis]

(c)

(@)

Flow Direction

Figure 6.4 Square fin (SL/L = 0.0138, St/W = 0.0208) temperature profile from
(a) side, (b) top view and velocity profile from (c) side, (d) top view
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6.1.2 Optimum Square Fin Configuration (S./L = 0.0138) in Streamwise
Direction with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W, 200 W, 250 W Boundary

Conditions

Numerical analyses are already done for square fins with changing non-dimensional
streamwise and spanwise spacing values from 0.0088 to 0.0500 with heat input value
of 150 W. Square fins whose non-dimensional streamwise spacing value satisfying
minimum Tmax among others are chosen for further analyses. The behaviour of these
fins are studied in this section with heat input values of 200 W and 250 W. Tmax relation
with non-dimensional spanwise spacing value and different free-stream velocities are
plotted in Figure 6.5, Figure 6.6 and Figure 6.7 for heat input values of 150 W, 200W
and 250W, respectively.
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Figure 6.5 Square fins (S./L = 0.0138) with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W
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Figure 6.6 Square fins (SL/L = 0.0138) with U =3 m/s, 5m/s, 7 m/s and Q = 200 W
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Figure 6.7 Square fins (S./L = 0.0138) with U =3 m/s, 5 m/s, 7 m/s and Q = 250 W
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6.1.3 Cylindrical Fins with 150 W and 3 m/s, 5 m/s and 7 m/s Boundary

Conditions

Numerical analyses are done for cylindrical fins with non-dimensional streamwise and
spanwise spacing values varying between 0.0088 and 0.0500 for heat input value of
150 W. Tmax relation with geometrical parameters are illustrated in Figure 6.8, Figure
6.9 and Figure 6.10 for free-stream velocities of 3 m/s, 5 m/s and 7 m/s, respectively.
Cylindrical fins, whose non-dimensional streamwise spacing value is 0.0088, satisfy
minimum Tmax at the base plate among other cylindrical fins. So, these fins have been
used for further analyses with heat input values of 200 W and 250 W.

S1/L =0.0500 St/L =0.0316 S1/L =0.0208 S1/L.=0.0138 —@— Si/L =0.0088

165
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Figure 6.8 Cylindrical fins with U =3 m/s and Q = 150 W
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Figure 6.10 Cylindrical fins with U =7 m/s and Q = 150 W

55




Temperature and velocity profiles of the cylindrical fin (S./L=0.0088, St/W=0.0316)
at 7 m/s free-stream velocity are illustrated in Figure 6.11.

6429
62.86
6143
60.00

(a) Temperature [*C]

| (b)

Velocity [m/s)

() — ‘ (a)

Flow Direction

Figure 6.11 Cylindrical fin (S./L = 0.0088, St/W = 0.0316) temperature profile from

(a) side, (b) top view and velocity profile from (c) side, (d) top view

6.1.4 Optimum Cylindrical Fin Configuration (S./L = 0.0088) in Streamwise
Direction with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W, 200 W, 250 W Boundary

Conditions

Cylindrical fins whose non-dimensional streamwise spacing value satisfy minimum
Tmax among others are chosen for further analyses. Behaviour of these fins are studied
in this section with heat input values of 200 W and 250 W. Tmax relation with non-
dimensional spanwise spacing value and free-stream velocities are illustrated in Figure
6.12, Figure 6.13 and Figure 6.14 for heat input values of 150 W, 200 W and 250 W,

respectively.
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Figure 6.12 Cyl. fins (S./L = 0.0088) with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W
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Figure 6.13 Cyl. fins (S./L = 0.0088) with U = 3 m/s, 5 m/s, 7 m/s and Q = 200 W
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Figure 6.14 Cyl. fins (S./L = 0.0088) with U =3 m/s, 5 m/s, 7 m/s and Q = 250 W

6.1.5 Plate Fins with 150 W and 3 m/s, 5 m/s and 7 m/s Boundary Conditions

Numerical analyses are performed for plate fins with non-dimensional streamwise and
spanwise spacing values varying from 0.0088 to 0.0500 with heat input value of 150
W. Tmax relation with non-dimensional spanwise spacing and free-stream velocities are
figured out in Figure 6.15. Temperature and velocity profiles of the plate fin at 7 m/s

free velocity are illustrated in Figure 6.16.
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Figure 6.15 Plate fins with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W
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Figure 6.16 Plate fin (St/W = 0.0138) temperature profile from (a) side, (b) top view

and velocity profile from (c) side, (d) top view
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6.1.6 Plate Fins with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W, 200 W, 250 W

Boundary Conditions

Heat transfer characteristic of plate fins are studied in this section with higher heat
input values (200 W and 250 W). Tmax relation with non-dimensional spanwise spacing
value and free-stream velocities are presented in Figure 6.17, Figure 6.18 and Figure
6.19 for 150 W, 200W and 250W heat inputs, respectively.
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Figure 6.17 Plate fins with U =3 m/s, 5 m/s, 7 m/s and Q = 150 W
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Figure 6.18 Plate fins with U =3 m/s, 5 m/s, 7 m/s and Q = 200 W
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Figure 6.19 Plate fins with U =3 m/s, 5 m/s, 7 m/s and Q = 250 W
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6.1.7 Heat Transfer Performance Comparison of Square, Cylindrical and Plate

Fins

Since square and cylindrical fins with non-dimensional streamwise spacing values of
0.0138 and 0.0088 respectively have shown a better heat transfer performance among
others, these set of samples and plate fins are compared with each other when free-

stream velocity, heat input and Reynolds number values are kept constant.

Tmax for all three fin profiles with heat input value of 150 W are illustrated in
Figure 6.20, Figure 6.21 and Figure 6.22 for free-stream velocities of 3 m/s, 5 m/s and

7 m/s, respectively.
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Figure 6.20 Comparison of square (S./L = 0.0138), cylindrical (S/L = 0.0088) and
plate fins with U =3 m/s and Q = 150 W
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Figure 6.21 Comparison of square (S./L = 0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =5 m/sand Q = 150 W
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Figure 6.22 Comparison of square (S./L = 0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =7 m/s and Q = 150 W
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Higher heat input value (200 W) is applied and Tmax Of fins with three different profiles
are figured out in Figure 6.23, Figure 6.24 and Figure 6.25 for free-stream velocities

of 3m/s, 5 m/s and 7 m/s, respectively.
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Figure 6.23 Comparison of square (S./L =0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =3 m/s and Q =200 W
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Figure 6.24 Comparison of square (S./L =0.0138), cylindrical (S./L = 0.0088) and

plate fins with U =5 m/s and Q =200 W
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Figure 6.25 Comparison of square (S./L = 0.0138), cylindrical (S./L = 0.0088) and

plate fins with U =7 m/sand Q =200 W
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Tmax for all three fin types with 250 W heat input are plotted in Figure 6.26, Figure
6.27 and Figure 6.28 for 3 m/s, 5 m/s and 7 m/s free-stream velocities, respectively.
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Figure 6.26 Comparison of square (S./L = 0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =3 m/sand Q =250 W
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Figure 6.27 Comparison of square (S./L = 0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =5 m/s and Q = 250 W
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Figure 6.28 Comparison of square (S./L =0.0138), cylindrical (S./L = 0.0088) and
plate fins with U =7 m/s and Q = 250 W

6.2  Experimental Results

Experiments are conducted to validate numerical results. Geometries defined in Table
3.4, Table 3.5 and Table 3.6 are tested. Experiments are conducted with heat input

value of 150 W at steady state conditions and ambient temperature is kept 25°C.

Maximum temperatures on the upper surface of the base plates (Tmax) are monitored
with a thermal camera and it is read on the tape at the middle section of the fins. Tmax
of the square fin (S./L = 0.0208, St/W = 0.0208), cylindircal fin (S./L = 0.0208,
St/W = 0.0316) and plate fin (St/W =0.0208) at 7 m/s free-stream velocity boundary
condition are illustrated in Figure 6.29, Figure 6.30 and Figure 6.31, respectively.
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Figure 6.29 Tmax for the square fin (S./L = 0.0208, St/W = 0.0208) with U =7 m/s
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Figure 6.30 Tmax for the cyl. fin (S./L = 0.0208, St/W = 0.0316) with U =7 m/s
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Figure 6.31 Tmax for the plate fin (St/W = 0.0208) with U =7 m/s

Thase ave Can be expressed as:

T _T1+T2+T3+T4

base_ave —
- 4

(square and cylindrical fins) (see Figure 5.11) (6.1)

T _L ;TZ (plate fins) (see Figure 5.11) (6.2)

base_ave

Temperatures at the bottom of the heater and insulation material are monitored with
thermocouples Tsand Ts, respectively. Free-stream velocities (U), air inlet (Tair ;) and
outlet temperatures (Tair o) are monitored with the hot wire anemometers placed front
and back side of the fins. The error between numerical and experimental results are
calculated as:

Toox (8XP) =T, o (num)|
T (NUM)

=%

x100 (6.3)
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Experimental results for the square, cylindrical and plate fins are tabulated in Table
6.1, Table 6.2 and Table 6.3, respectively.

Table 6.1 Experimental results for square fins

Tmex Tmax
Tair_i Tair_o (eXp) (num) & Tbase_ave Ts Ts

SUL  SHW U(mfs) (C) (C) (C) (C) % (C) (°C) (°C)
0.0500 0.0500 3.1 248 57.1 1421 1578 100 1376 1813 24.2
0.0500 0.0316 2.9 246 50.0 1299 1392 6.7 1235 1655 235
0.0500 0.0208 2.9 247 46.1 127.0 1356 6.3 120.1 162.0 235
0.0500 0.0500 49 251 471 109.6 1190 7.9 104.8 139.8 255
0.0500 0.0316 4.8 248 412 988 108.3 8.7 94.2 127.8 24.6
0.0500 0.0208 4.9 252 380 960 1026 6.5 90.3 126.3 24.9
0.0500 0.0500 7.1 254 441 940 1004 64 90.9 1229 25.7
0.0500 0.0316 6.9 254 38.0 86.1 923 6.7 81.1 112.8 24.8
0.0500 0.0208 6.8 255 354 843 878 4.0 789 109.3 24.9
0.0316 0.0500 2.9 254 585 1358 1494 9.1 1286 1721 25.3
0.0316 0.0316 3.0 242 513 1164 1315 115 1083 1485 236
0.0316 0.0208 3.2 243 447 1145 1289 111 1054 1456 231
0.0316 0.0500 49 255 46.0 100.6 1123 104 9438 1285 26.1
0.0316 0.0316 5.0 249 420 925 1020 93 84.1 120.7 25.3
0.0316 0.0208 49 247 38.8 89.8 985 8.9 80.1 1165 244
0.0316 0.0500 6.8 258 379 873 937 6.8 81.7 1153 245
0.0316 0.0316 6.9 252 389 797 869 83 73.2 1055 25.0
0.0316 0.0208 7.2 251 368 788 834 55 70.0 103.1 24.8
0.0208 0.0500 3.0 256 533 1322 1475 104 1241 1689 26.3
0.0208 0.0316 2.9 231 532 118.7 1305 9.1 111.7 1494 23.3
0.0208 0.0208 2.9 24,2 440 1157 1251 75 107.3 148.6 23.2
0.0208 0.0500 51 253 423 99.1 1100 9.9 89.5 128.7 26.5
0.0208 0.0316 4.9 24.7 43.3 89.6 99.3 97 82.8 116.7 244
0.0208 0.0208 4.8 247 375 853 94.2 9.4 78.3 111.2 235
0.0208 0.0500 6.8 258 372 86.2 914 57 79.8 113.7 26.7
0.0208 0.0316 7.2 250 410 784 836 6.2 72.2 1021 249
0.0208 0.0208 7.1 249 353 743 799 7.0 67.4 98.6 24.4
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Table 6.2 Experimental results for cylindrical fins

Tmax Tmax

Tair_i Tair_o (eXp) (num) & Tbase_ave Ts Ts

SUL  S/W U@m/s) (C) (C) (C) (C) % (°€) (°C) (°C)
0.0500 0.0500 2.9 242 512 1278 1495 145 1216 1646 23.2
0.0500 0.0316 2.9 243 509 1213 1308 7.3 1123 1564 222
0.0500 0.0208 3.0 249 485 1245 1335 6.7 1183 1599 236
0.0500 0.0500 4.9 24.7 451 100.2 1108 95 94.9 133.8 23.7
0.0500 0.0316 4.8 248 408 939 988 5.0 85.2 121.1 235
0.0500 0.0208 5.0 253 391 942 988 47 87.0 1232 249
0.0500 0.0500 6.9 251 390 878 947 7.2 823 1142 249
0.0500 0.0316 7.1 253 370 824 853 34 76.3 108.6 24.7
0.0500 0.0208 6.9 256 369 80.7 826 23 749 107.7 23.6
0.0316 0.0500 2.9 254 59.1 1251 1469 149 1178 1614 254
0.0316 0.0316 3.2 245 46.8 1132 1254 9.7 1080 1464 232
0.0316 0.0208 3.1 248 46.6 1169 1239 56 1095 1480 229
0.0316 0.0500 4.9 254 419 896 997 101 822 116.6 26.4
0.0316 0.0316 5.1 247 399 876 932 6.0 81.0 1149 245
0.0316 0.0208 5.0 253 401 875 938 6.8 80.7 1146 24.4
0.0316 0.0500 7.0 257 379 778 86.0 95 726 1024 26.5
0.0316 0.0316 6.9 252 366 764 80.1 4.6 705 101.3 24.9
0.0316 0.0208 6.8 255 361 756 789 4.2 69.0 1004 249
0.0208 0.0500 2.9 256 573 1239 1361 9.0 1133 168.2 264
0.0208 0.0316 2.8 253 504 1109 1193 7.0 1045 1428 232
0.0208 0.0208 2.9 25.1 457 1152 1228 6.2 1073 1474 224
0.0208 0.0500 4.9 257 46.1 889 954 6.8 82.8 1159 26.6
0.0208 0.0316 4.8 255 426 848 914 7.2 79.5 110.2 245
0.0208 0.0208 5.1 255 386 852 909 6.2 78.1 112.4 239
0.0208 0.0500 7.0 2600 393 759 808 6.1 70.2 100.7 27.3
0.0208 0.0316 7.0 255 376 721 767 6.0 66.8 96.4 24.9
0.0208 0.0208 6.9 255 357 733 761 37 66.6 08.2 2438

Table 6.3 Experimental results for plate fins
Tmax Tmax

) Tair_i Tair_o (EXP) (num) & Tbase_ave Ts Ts

SU/L St/W  (mls) (°C) (°C) (°C) (°C) % (°C) (°C)  (°C)
- 0.0500 3.0 249 50.0 1352 1482 8.7 1284 173.7 235

- 0.0316 2.9 257 51.0 1167 1268 7.9 1114 1526 264

- 0.0208 3.1 256 499 118.7 1284 7.5 109.7 1541 26.4

= 0.0500 5.2 247 375 113.0 1220 7.4 1066 146.6 249

- 0.0316 4.8 259 454 954 1035 78 90.8 123.8 26.5

- 0.0208 4.9 259 412 898 941 45 847 1159 26.5

- 0.0500 7.1 247 375 885 965 82 836 1154 265

- 0.0316 6.9 260 399 854 906 58 812 1126 26.6

- 0.0208 6.7 256 387 779 845 78 724 103.7 26.5
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Experimental results are compared with the numerical ones to validate the numerical
model. Error between the numerical and experimental results for the Tmax varies
between %2.3 for the cylindrical fin (S./L = 0.05, St/W = 0.0208 at 7 m/s free-stream
velocity) and %14.9 for the cylindrical fin (S./L = 0.0316, St/W = 0.05 at 3 m/s free-
stream velocity).

Tmax Of square and cylindrical fins with non-dimensional streamwise spacing value of
0.0208 and plate fins occurring at numerical and experimental studies are compared
and plotted in Figure 6.32, Figure 6.33, Figure 6.34 at 3 m/s free-stream velocity,

respectively to illustrate aggreement of numerical and experimental results.
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Figure 6.32 Square fins (S./L = 0.0208) with U = 3 m/s and Q = 150 W
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Figure 6.33 Cylindrical fins (SL/L = 0.0208) with U =3 m/sand Q = 150 W
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Figure 6.34 Plate fins with U =3 m/sand Q = 150 W
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6.3  Determination of Average Heat Transfer Coefficient

Heat input supplied to the finned surface can be calculated by Eqn. (6.4).

Qe =VI (6.4)
where;
V  :voltage,

| : current.

Measurements are done for the power supplied to the heater with respect to the
equation (6.4). Average voltage and current are measured as 82.68 V and 1.81 A,

respectively. So, Qinpy: is found as 149.66 W.

Convection heat transfer rate (Qconv) can be calculated baed on equation (3.11).

Heat transfer rate from the insulation layer (Qins) can be determined from following

equation as Ayli et al. [30] did in their study:

AT

=k
Qms IHSAHS L

(6.5)

ins

where;
Kins  : thermal conductivity of insulation material [37],
Ains - insulation area (base plate bottom area) (0.01 m?),

Li,s  :insulation thickness (0.15 m).

Temperature difference between top and bottom layer of the insulation material (AT)

can be expressed as:

AT =T, -T, (6.6)
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Thermal conductivity of insulation material (k;,s) is expressed in terms of average

insulation temperature (Ti,s ave) With third order polynomial fit [37]:

Kins =—4.2X1072 (T, 1e)° +4X007 (T, o)’ —1.2XA07°T, . +0.032  (6.7)
Tins_ave = TS ZTG (68)

Radiation heat transfer rate can be determined from equation (3.10). Variables in

equation (3.10) can be described as:

€fin : emissivity of unoxidized aluminum (0.2) [46],

Esurr : emissivity of plexiglass (0.86) [48],

Arag : fin is assumed to be a solid quadrangular (0.022 m?),

Agurr : fin is assumed to be almost surrounded by plexiglass walls as presented

in Figure 6.35 (1.32 m?),

F(fin)-(surr) - fin is almost surrounded by plexiglass walls (1),

Tsurr - inlet air temperature (T ;).
400 mm
Flow,
600 mm
600 mm

Figure 6.35 Schematic representation of enclosure for radiation calculation
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In literature, researchers [13], [21], [49], [50] used classical fin equation in order to
find average heat transfer coefficient (h,,g). Diani et al. [13] and Mon et al. [49]
described the temperature difference in logarithmic mean temperature form and made
iterative solutions to find h,,,. Mon et al. [49] and Wirtz et al. [S0] assumed that
average heat transfer coefficient is equal to heat transfer coefficient of a single fin and
uniform for the fin array, while Jonsson and Moshfegh [21] assumed fin efficiency
(n¢) is % 100.

In the present study, average heat transfer coefficient is assumed to be equal to the heat
transfer coefficient of a single fin, and the temperature difference between the fin and

ambient is expressed in terms of logarithmic mean.

In order to find average heat transfer coefficient (h,,,), equation (3.9) can be

considered and logarithmic mean temperature difference (AT;,,) can be evaluated as
[13], [49]:

T,-T.  )-(T.-T, ;
AT|m :( 2 alr_o) ( 1 all'_l) (69)
T2 _Talr 0
In

Tl _Talr i
where;
T2 : temperature at the back of base plate,
T1 : temperature at the front of base plate,

Tair o : @verage air temperature at the outlet,

Tair i :average air temperature at the inlet.
Overall efficiency of fin array (n,), fin efficiency (n¢) and geometrical parameters
related to fins with convection tip condition are calculated based on equations

presented in [2], [29].

Equation (3.9) results in a non linear equation which can be solved by numerical
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methods. False position method mentioned in Appendix A is used to obtain h,y,.

Convection heat transfer rates and average heat transfer coefficient values for square,
cylindrical and plate fins are presented in Table 6.4, Table 6.5 and Table 6.6,

respectively.

Table 6.4 Convection heat transfer rates and average heat transfer coefficient values

for square fins

SUL  SHW  U(M/5) Qeony (W) hayg (W/m2K)

0.0500 0.0500 3.1 144.0 31.2
0.0500 0.0316 2.9 145.0 28.3
0.0500 0.0208 2.9 145.2 24.5
0.0500 0.0500 4.9 146.2 45.0
0.0500 0.0316 4.8 146.8 41.6
0.0500 0.0208 4.9 147.0 36.8
0.0500 0.0500 7.1 147.0 56.3
0.0500 0.0316 6.9 147.5 52.4
0.0500 0.0208 6.8 147.6 45.0
0.0316 0.0500 2.9 144.7 28.4
0.0316 0.0316 3.0 146.0 28.5
0.0316 0.0208 3.2 146.1 22.8
0.0316 0.0500 4.9 146.8 42.9
0.0316 0.0316 5.0 147.3 40.0
0.0316 0.0208 4.9 147.5 34.8
0.0316 0.0500 6.8 147.4 51.7
0.0316 0.0316 6.9 147.8 49.8
0.0316 0.0208 7.2 148.0 45.1
0.0208 0.0500 3.0 145.0 23.4
0.0208 0.0316 2.9 145.7 22.0
0.0208 0.0208 2.9 146.0 18.7
0.0208 0.0500 5.1 147.0 37.0
0.0208 0.0316 4.9 147.4 33.9
0.0208 0.0208 4.8 147.6 29.5
0.0208 0.0500 6.8 147.5 41.8
0.0208 0.0316 7.2 147.9 43.0
0.0208 0.0208 7.1 148.1 38.1
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Table 6.5 Convection heat transfer rates and average heat transfer coefficient values
for cylindrical fins

SUL  StW U (M/S) Qeony (W) hayg (W/mZK)

0.0500 0.0500 2.9 145.1 42.7
0.0500 0.0316 2.9 145.7 38.9
0.0500 0.0208 3.0 145.4 30.8
0.0500 0.0500 4.9 146.7 61.3
0.0500 0.0316 4.8 147.2 58.5
0.0500 0.0208 5.0 147.2 47.3
0.0500 0.0500 6.9 147.4 74.9
0.0500 0.0316 7.1 147.7 67.6
0.0500 0.0208 6.9 147.8 61.6
0.0316 0.0500 2.9 145.4 38.6
0.0316 0.0316 3.2 146.0 33.7
0.0316 0.0208 3.1 145.9 27.0
0.0316 0.0500 4.9 147.4 61.9
0.0316 0.0316 5.1 147.4 50.8
0.0316 0.0208 5.0 147.5 42.8
0.0316 0.0500 7.0 147.9 76.4
0.0316 0.0316 6.9 148.0 63.3
0.0316 0.0208 6.8 148.0 54.0
0.0208 0.0500 2.9 145.6 34.1
0.0208 0.0316 2.8 146.2 30.6
0.0208 0.0208 2.9 146.0 23.4
0.0208 0.0500 4.9 147.4 55.0
0.0208 0.0316 4.8 147.5 45.6
0.0208 0.0208 5.1 147.6 37.4
0.0208 0.0500 7.0 148.0 69.6
0.0208 0.0316 7.0 148.1 59.6
0.0208 0.0208 6.9 148.1 48.8

Table 6.6 Convection heat transfer rates and average heat transfer coefficient values

for plate fins

SUL St/W U (M/5) Qeony (W) hayg (W/m?K)

- 0.0500 3.0 144.7 215
- 0.0316 2.9 145.8 21.3
- 0.0208 3.1 145.9 17.7
- 0.0500 52 146.1 26.2
- 0.0316 4.8 147.0 28.5
- 0.0208 4.9 147.3 25.3
- 0.0500 7.1 147.3 38.3
- 0.0316 6.9 1475 32.7
- 0.0208 6.7 147.9 324
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6.4 Heat Transfer Correlation

There are different Nusselt number definitions in literature in terms of characteristic
length [15], [21], [22], [50], [51]. Tahat et al. [15] and Jubran et al. [22] studied with
cylindrical fins and described diameter of cylinder as characteristic length (Dn). Kadle
et al. [51] worked with plate fins and described inter-fin spacing as characteristic
length. Jonsson et al. [21] and Wirtz et al. [50] studied with fins with different profiles

and assumed base plate length and width as characteristic length, respectively.

In present study, characteristic length, which is explained in Section 3.2, is constant
for all fins and taken as 2 mm. Therefore, Nusselt number is only function of the

average heat transfer coefficient [21]. So, Nusselt number can be defined as:

h,,. D,

Nu =—2 6.10
kair ( )
Thermal conductivity of air (k,;,.) is interpolated as [29]:
k,, =0.0257 +(0'0057J(Ta"_m ~20) (6.11)
Tair i+Tair 0
Tair_ave = = 2 = (612)

Kinematic viscosity of air (v) is expressed in terms of average air temperature (T,ir ave)

with third order polynomial fit [29]:

+8.45x10°°T,

air _ave

+1.34x107°T;2

air _ave

v =-10"T2

air _ave

+13.36x10°  (6.13)

Experimental Reynolds and Nusselt number are calculated by using equations (3.12),
(3.13) and (6.10) and presented in Table 6.7, Table 6.8 and Table 6.9 for square,
cylindrical and plate fins, respectively.

79



Table 6.7 Experimental Reynolds and Nusselt numbers for square fins

SU/L St/W U (m/s) Re Nu
0.0500 0.0500 3.1 509.2 2.3
0.0500 0.0316 2.9 567.2 2.1
0.0500 0.0208 2.9 688.1 1.8
0.0500 0.0500 4.9 8271 34
0.0500 0.0316 4.8 962.1 3.1
0.0500 0.0208 4.9 1187.8 2.8
0.0500 0.0500 7.1 1207.7 4.2
0.0500 0.0316 6.9 13935 3.9
0.0500 0.0208 6.8 1659.5 34
0.0316 0.0500 2.9 4738 2.1
0.0316 0.0316 3.0 585.3 2.1
0.0316 0.0208 3.2 763.1 1.7
0.0316 0.0500 4.9 828.6 3.2
0.0316 0.0316 5.0 999.3 3.0
0.0316 0.0208 4.9 1187.0 2.6
0.0316 0.0500 6.8 1176.0 3.9
0.0316 0.0316 6.9 13905 3.8
0.0316 0.0208 7.2 17522 34
0.0208 0.0500 3.0 4969 1.7
0.0208 0.0316 2.9 5645 16
0.0208 0.0208 2.9 693.1 1.4
0.0208 0.0500 5.1 8721 28
0.0208 0.0316 4.9 9765 25
0.0208 0.0208 4.8 1166.9 2.2
0.0208 0.0500 6.8 11785 3.2
0.0208 0.0316 7.2 14431 3.2
0.0208 0.0208 7.1 1736.5 2.9
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Table 6.8 Experimental Reynolds and Nusselt numbers for cylindrical fins

SU/L  St/W U (mls) Re Nu
0.0500 0.0500 2.9 485.1 3.2
0.0500 0.0316 2.9 566.3 2.9
0.0500 0.0208 3.0 706.7 2.3
0.0500 0.0500 4.9 8327 4.6
0.0500 0.0316 4.8 963.1 4.4
0.0500 0.0208 5.0 1208.2 3.6
0.0500 0.0500 6.9 1191.8 5.6
0.0500 0.0316 7.1 1438.2 5.1
0.0500 0.0208 6.9 1676.4 4.6
0.0316 0.0500 2.9 473.0 2.8
0.0316 0.0316 3.2 631.7 25
0.0316 0.0208 3.1 7341 2.0
0.0316 0.0500 4.9 838.7 46
0.0316 0.0316 5.1 1026.2 3.8
0.0316 0.0208 5.0 1204.7 3.2
0.0316 0.0500 7.0 1211.0 5.8
0.0316 0.0316 6.9 1399.6 4.8
0.0316 0.0208 6.8 1656.0 4.1
0.0208 0.0500 2.9 475.1 25
0.0208 0.0316 2.8 5459 23
0.0208 0.0208 2.9 688.0 1.7
0.0208 0.0500 4.9 8279 4.1
0.0208 0.0316 4.8 956.5 3.4
0.0208 0.0208 5.1 12332 2.8
0.0208 0.0500 7.0 1205.1 5.2
0.0208 0.0316 7.0 14145 45
0.0208 0.0208 6.9 1682.7 3.7

Table 6.9 Experimental Reynolds and Nusselt numbers for plate fins

SU/L  St/W U (m/s) Re Nu
- 0.0500 3.0 502.6 1.6
- 0.0316 2.9 5639 1.6
- 0.0208 3.1 7258 1.3
- 0.0500 5.2 9029 20
- 0.0316 4.8 9478 21
- 0.0208 4.9 11747 1.9
- 0.0500 7.1 12329 2.9
- 0.0316 6.9 1383.4 25
- 0.0208 6.7 1619.3 24

81



Least square linear regression can be used for determination of heat transfer correlation

[30], [52]. General form of correlation equation can be written as [52] :

Nu,,, = aRe" GV—T) (S—LL) (6.14)

Equation (6.14) can be linearized by taking logarithm of both side [30]:

log (Nu,,, )=log(a)+blog(Re)+clog GV—TJJF zlog (S—LLJ (6.15)
Error definition is done between experimental Nusselt number and correlated Nusselt
number [52] :

n

e :(Iog(Nuexp)—Iog(Nucorr)) (6.16)

i=1

where;

n : 27 for square and cylindrical fins, 9 for plate fins.

Squares of both side are taken to avoid error minimization effect of different datas
which have positive and negative values. So, sum of the squares of residuals can be

written as [52]:

n

S, =Y = (Iog(NueXp)— Iog(Nucm))2 (6.17)

i=1

If correlated Nusselt number in equation (6.15) is placed into equation (6.17), modified

S,- can be expressed as:

n

S,=>e :(Iog(Nuexp)—Iog(a)—blog(Re)—cIog(jv—Tj—zIog(S_LLDZ (6.18)

i=1
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Equation (6.18) is differentiated with respect to all unknown coefficients (a, b, ¢ and
z). Their derivatives are set to zero in order to minimize error and solved by Gauss
Elimination Method [52].

Error calculations related with the heat transfer correlations are done based on

equations presented in [52]:

Mean value of Nugyp,:

ZNuexp
Nu, = (6.19)

2
S =>" (Nu,, —Nu,, | (6.20)
Standart deviaton:
S
S = ! 6.21
7 \n-1 (6.2
Coefficient of variation:
S
CV.=—2-100% (6.22)
Nu

exp

Summation of squares of residuals between data points and correlation points:

S, =3 (Nu,, —Nu,,, )’ (6.23)
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Standart error of estimate:

S, = i (6.24)

where;
Predictor variable (y) is 3 for square and cylindrical fins and 2 for plate fins.

If, Sy/x < Sy, linear regression model has merit. So, coefficient of determination (r?)

y/x
and correlation coefficient (r) can be determined as:

r?= st;s, 100% (6.25)

t

r= |2 (6.26)

Heat transfer correlation for the square fins is plotted with in Figure 6.36.
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Figure 6.36 Heat transfer correlation for square fins

84



Range for the correlation can be defined as:

509.2 <Re<1752.2

0.0208 < S <0.0500
W

S

0.0208 < —-
L

<0.0500 (6.27)

Table 6.10 Error analysis of heat transfer correlation for square fins

Nuexp zst zsr Sy Sy/x Sy/x < Sy C.V.% I'Z % r
2.75 15.79 0.61 0.78 0.16 v 28.29 96.13 0.98

Heat transfer correlation for the cylindrical fins is plotted in Figure 6.37.
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Figure 6.37 Heat transfer correlation for cylindrical fins
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Range for the correlation can be defined as:

485.1< Re <1682.7

0.0208 < S <0.0500
W

S

0.0208 < —-
L

<0.0500 (6.28)

Result of the error analysis for the correlation of cylindrical fins is presented in Table
6.11.

Table 6.11 Error analysis of heat transfer correlation for cylindrical fins

Nueg,, ES¢ 2S5, Sy Syx Syx<Sy CV% r?’% r
371 3381 115 114 0.22 NI 30.73 9659 0.98

Heat transfer correlation for the plate fins is plotted with in Figure 6.38.
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Figure 6.38 Heat transfer correlation for plate fins
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Range for the correlation can be defined as:

502.6 < Re<1619.3

0.0208 < SV—T <0.0500 (6.29)

Result of the error analysis for the correlation of plate fins is tabulated in Table 6.12.

Table 6.12 Error analysis of heat transfer correlation for plate fins

Nug, 2S¢ 2S5, S, Syx Syx<S, CV.% rZ% r
203 203 017 050 0.17 NG 2483 9153 096

6.5  Uncertainty Analysis
Uncertainty analysis is done according to the study of Moffat [53]. First order analysis
is conducted which is interested in only variable (measurement) errors, and fixed errors

related to the sensitivity of the measuring devices are neglected.

Uncertainty of Q.,,,, can be calculated based on equation (3.11):

5Qconv = \/(5Qinput )2 + (_5Qrad )2 + (_§Qins )2 (630)

Uncertainty of Q¢ can be calculated based on equation (6.4):

5Qun =10V ) +(V 1)’ (6.31)

General measurement is done for the uncertainty of the heat input at the beginning of

the experiments. 8Qinpy: is found as 1.43 W.
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ATy, term can be sent to the left-hand side of equation (3.9) and uncertainty at the left-

hand side of the equation (3.9) can be found as:

5(%] _ [5Qc0nv j +( _Qconv2 5ATIm\J (632)
AT, AT, (AT,)

Im

After adding deviations obtained from the equation (6.32), right-hand side of the
equation (6.32) is solved again to find uncertainty at average heat transfer coefficient
(havg) with the numerical method explained in Appendix A. Four numerical
calculations are done with the combinations of positive and negative values of 8Q.onv
and 8AT,,, then absolute maximum deviation value among four results is accepted as
8h,yg.

Uncertainty at Nusselt number can be calculated like that:

sh,. Y (-h ?
SNu \/th [( kavg) +( ” = §kair) ] (6.33)

Uncertainty values of average heat transfer coefficient and Nusselt number for square,

cylindrical and plate fins are presented in Table 6.13, Table 6.14 and Table 6.15,

respectively.
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Table 6.13 Uncertainty values of hayg and Nu for the square fins

u 8Qconv 8ATlm 8hﬁ“’z‘%

SU/L  SYW  (mls) (W)  (°C) (W/m’K) %h,y, §Nu 9%Nu

0.0500 0.0500 3.1 1523 0.571 0.536
0.0500 0.0316 2.9 2.752  0.573 0.756
0.0500 0.0208 2.9 2.958 0.705 0.736
0.0500 0.0500 4.9 1.780 0.664 1.044
0.0500 0.0316 4.3 2.382  0.602 1.157
0.0500 0.0208 4.9 2186  0.681 1.046
0.0500 0.0500 7.1 2134 0.734 1.677
0.0500 0.0316 6.9 2.021 0.770 1.674
0.0500 0.0208 6.8 1.738  0.614 1.195

0.0316 0.0500 2.9 2.609  0.587 0.737
0.0316 0.0316 3.0 2.328 0.818 0.834
0.0316 0.0208 3.2 2.037  0.587 0.527
0.0316 0.0500 4.9 1.871  0.588 1.039
0.0316 0.0316 5.0 1.994 0.715 1.189
0.0316 0.0208 4.9 1.792  0.787 1.065
0.0316 0.0500 6.8 1946 0.771 1.610
0.0316 0.0316 6.9 1711  0.628 1.456
0.0316 0.0208 7.2 1.824  0.596 1.379

0.0208 0.0500 3.0 2766  0.631 0.638
0.0208 0.0316 2.9 2.267  0.846 0.624
0.0208 0.0208 2.9 1.845 0.729 0.444
0.0208 0.0500 5.1 2.068 0.677 1.019
0.0208 0.0316 4.9 1.961 0.608 0.928
0.0208 0.0208 4.8 1.871  0.533 0.757
0.0208 0.0500 6.8 1.756  0.681 1.133
0.0208 0.0316 7.2 1.815 0.644 1.335
0.0208 0.0208 7.1 1.672  0.668 1.218
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Table 6.14 Uncertainty values of hayg and Nu for the cylindrical fins

u 8Qconv SATlm Shavg

SUL  StW (mls) (W)  (°C) (W/m?K) %h,e 8Nu %Nu

0.0500 0.0500 29 | 2212 0.823 1.125
0.0500 0.0316 29 | 2.634 0.748 1.145
0.0500 0.0208 3.0 | 2.470 0.779 0.860
0.0500 0.0500 4.9 | 1.756 0.728 1.582
0.0500 0.0316 4.8 | 2.137 0.552 1.579
0.0500 0.0208 5.0 | 1.838 0.676 1.266
0.0500 0.0500 6.9 | 1.887 0.655 2.103
0.0500 0.0316 7.1 | 1974 0.801 2.283
0.0500 0.0208 6.9 | 2102 0.751 2.149

0.0316 0.0500 29 | 2385 0.710 1.045
0.0316 0.0316 3.2 | 2478 0.626 0.913
0.0316 0.0208 3.1 | 2.256 0.715 0.713
0.0316 0.0500 49 | 1.896 0.785 1.930
0.0316 0.0316 5.1 | 1.780 0.696 1.450
0.0316 0.0208 5.0 | 1.778 0.655 1.182
0.0316 0.0500 7.0 | 1.886 0.552 2.202
0.0316 0.0316 6.9 | 1.592 0.647 1.883
0.0316 0.0208 6.8 | 1.988 0.713 1.886

0.0208 0.0500 29 | 2.544 0.668 0.953
0.0208 0.0316 2.8 | 1.810 0.575 0.680
0.0208 0.0208 29 | 2.726 0.664 0.687
0.0208 0.0500 4.9 | 1931 0.727 1.702
0.0208 0.0316 4.8 | 1994 0.611 1.328
0.0208 0.0208 5.1 | 2.164 0.739 1.243
0.0208 0.0500 7.0 | 1.667 0.772 2.437
0.0208 0.0316 7.0 | 1936 0.784 2.328
0.0208 0.0208 6.9 | 1.961 0.703 1.766

Table 6.15 Uncertainty values of hayg and Nu for the plate fins

u 8Qconv SATlm Shan
SUL StW  (mfs) (W)  (°C) (W/m2K) %h,, &Nu %Nu

- 00500 30 | 2298 0.711 0.520
- 00316 29 | 2073 0.834 0.560
- 00208 31 | 2.086 0.625 0.416
- 0.0500 52 | 2031 0.610 0.591
- 00316 48 | 2136 0.576 0.735
- 00208 49 | 2180 0.818 0.806
- 00500 7.1 | 1928 0.662 1.021
- 00316 69 | 2131 0.626 0.930
- 0.0208 6.7 | 1596 0.653 0.911
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CHAPTER 7

DISCUSSION AND CONCLUSION

Numerical geometric optimization of square, cylindrical and plate fins for heat transfer
augmentation is done. Flow is external in transition regime. Effect of different frontal
velocities and heat inputs on the heat transfer performance of the fins are investigated.
Heat transfer performance of the geometrically optimized fins with different profiles
are compared with each other when Reynolds number values are same. Experimental
studies are also conducted with the manufacturable fins to verify numerical model.
Heat transfer correlations are derived for fins with different profiles between at a
certain range of Reynolds number, non-dimensional streamwise and spacing values.
First order uncertainty analyses are performed to determine range of error in

experimental studies.

Decreasing inter-fin spacing increases heat transfer area while other geometrical
parameters are constant. So, heat transfer performance of fins enhance. If the spanwise
spacing continues to be reduced, the pressure drop begins to dominate over the positive
effect of increasing heat transfer area on thermal performance. Thus, undesired
decrease of the heat transfer performance occurs. This phenomenon is the driving force

of present study.

Numerical analyses revealed that, Tmax Of the square fins having a non-dimensional
spanwise spacing value of 0.0208 reach their minimum values with free-stream
velocity of 3 m/s as plotted in Figure 6.1. In other words, thermal performances of the
square fins having narrower or wider non-dimensional spanwise spacing than 0.0208

worsen. The heat transfer performances of square fins are mostly at the highest level
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at this value with higher free-stream velocities (5 m/s and 7 m/s), too. Heat transfer
augmentation is done in streamwise spacing, t00. Tmax reaches its minimum value
when non-dimensional streamwise spacing value is 0.0138 for all three free-stream
velocities, but geometrical optimization in streamwise spacing is not as sharp as in
spanwise one. Because, flow bypass occurs from the top side of the fin due to hydraulic
resistance and flow field can not efficiently penetrate in spanwise direction as

illustrated in Figure 6.4.

Square fins having the non-dimensional streamwise spacing value of 0.0138, which
satisfies minimum Tmax among other square fins, are chosen for further studies.
Numerical analyses are carried out to see the effect of higher frontal velocities and
heat inputs on the non-dimensional spanwise spacing value as plotted in Figure 6.5,
Figure 6.6 and Figure 6.7. Amount of heat input does not have any effect on the relation
between non-dimensional spacing and thermal characteristic. Higher free-stream
velocities improve heat transfer performance as expected and do not change optimum
spanwise spacing value, but increasing velocity brings the thermal performance to the
hydrodynamic limits and acceleration of the thermal characteristic improvement starts
to decrease.

Heat removal capacity of cylindrical fins maximizes mostly at the non-dimensional
spanwise spacing value of 0.0316 with 3 m/s free-stream velocity as presented in
Figure 6.8. Decreasing non-dimensional streamwise spacing up to 0.0088 improves
thermal performance as illustrated in Figure 6.8, Figure 6.9 and Figure 6.10 for free-
stream velocities of 3 m/s, 5 m/s and 7 m/s. Thermal characteristic of cylindrical fins
is less sensitive to change in streamwise spacing than spanwise spacing as commented

for square fins.

Tmax Of optimum cylindrical fin configuration (S./L = 0.0088) in terms of streamwise
spacing are examined for higher free-stream velocities and heat inputs. Optimum
spanwise spacing is independent of heat input as presented in Figure 6.12, Figure 6.13
and Figure 6.14. Increasing free-stream velocity enhances heat transfer performance

and do not change optimum spanwise spacing, but dependency of heat transfer
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augmentation to spanwise spacing decreases as hydrodynamic limits becomes
dominant with higher free-stream velocities.

Non-dimensional spanwise spacing value of 0.0316 results in minimum Tmax at the
base plate of plate fins with 3 m/s free-stream veloctiy as illustrated in Figure 6.16.
Optimization in streamwise spacing can not be mentioned for plate fins due to the
continuity of the fin strip. Higher velocities result in shift of optimum spanwise spacing
to lower values, because fin configurations, whose heat transfer areas are higher,
benefit better from flow field penetrating through back side of fin. This comment can
be merged with the hydrodynamic limit phenomenon mentioned for square and
cylindrical fins. Heat transfer characteristic of plate fins is independent of heat input

as plotted in Figure 6.17, Figure 6.18 and Figure 6.19.

In order to investigate the superiority of geometries; square (S./L = 0.0138),
cylindrical (SL/L = 0.0088) fins, whose heat transfer performances are better in terms
of streamwise spacing, and plate fins are compared with each other from the point of
thermal characteristic. Beahivours of fins with different profiles are investigated with
changing free-stream velocity from 3 m/s to 7 m/s and heat input from 150 W to 250
W as illustrated in Figure 6.20 - Figure 6.28. Fins, whose spanwise spacings are same,
have same Reynolds number. Increasing heat input does not have any effect on the
optimum spanwise spacing value for all fins with different profiles. Cylindrical fins
perform better in terms of heat transfer characteristic than square and plate ones under
the influence of 3 m/s free-stream velocity as presented in Figure 6.20, Figure 6.23
and Figure 6.26, while square and plate ones have close Tmax values. Coefficients of
heat transfer correlations can be used to comment about heat transfer performance of
fins. Superiority of circular fins can be observed from heat transfer correlation
equations presented in Figure 6.36, Figure 6.37 and Figure 6.38 for all fins with
different profiles. Correlation coefficient “a” of cylindrical fins is found as 0.445,
while it has a value of 0.269 and 0.102 for square fins and plate fins, respectively. Heat
tranfer augmentation of cylindrical fins become more dominant than square and plate
ones with increasing free-stream velocity as illustrated in Figure 6.20, Figure 6.21 and

Figure 6.22. It can be observed from power coefficient of Reynolds number “b” in
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correlation equations presented in Figure 6.36, Figure 6.37 and Figure 6.38, too. It has
values of 0.724, 0.757 and 0.614 for square, cylindrical and plate fins, respectively.
Superiority of cylindrical fins to others can be explained with a phenomenon called as
Coanda effect [17]. Flow field seperation from the curved bodies occurs late. So,
cylindrical fins benefit maximum from flow field, although, total heat transfer area of
cylindrical fins are lower than square and plate ones.

Error between the numerical and experimental results are calculated. Maximum error
IS % 14.9 occurring for the cylindrical fin (S./L = 0.0316, St/W = 0.05) with 3 m/s
free-stream velocity, while minimum error is %2.3 occurring for the cylindrical fin
(SL/L =0.05, St/W = 0.0208) with 7 m/s free-stream velocity. Remaining error values
change between these minimum and maximum points. There are possible causes of
errors between results. Heat transfer rate through insulation layer can be considered as
one of the reasons for disparity between results, although insulation measures are
reflected in the numerical model. Because, the insulation material is placed in layers
in the experimental setup as shown in Figure 5.2, but it is modeled as bulk in numerical
studies. So, contact problems may occur between layers of insulation material and heat
can be transferred outside in the lateral direction to the insulation. Moreover, edges of
the fins are placed 10 mm on each sides away from the bottom aluminum plate of the
tunnel to avoid conduction between fin and tunnel bottom plate as presented in Figure
5.11. The gap between tunnel and fin is filled with insulation material. It is very
difficult to cut and place it in exact dimensions as it is very soft material, so insulation
material is placed in particles to fill this gap and unaccounted losses may occur from
this region, unlike the numerical model. Furthermore, there are rigid cables, which are
not considered in the numerical model, below the heater as shown in Figure 5.11.
Difficulties to insulate these cables could result in the gap around them and undesired
losses may happen. Heater, gap pad and fin are perfectly mounted to each other in the
numerical model, but contact problems may occur between these components in
experimental setup and conduction heat transfer rates to the fin may reduce. The
uncertainty of the heat input is presented in section 6.5 as 1.43 W, so this uncertainty
can be one of the reasons for the difference between results.
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Radiation is neglected in numerical analyses to reduce computational time and storage
needs as Jubran et al. [22] reported that radiation heat transfer rates for heat sink

experiments are around % 2.5 of total heat input.

So, radiation included numerical analyses are conducted to increase accuracy of
numerical results. Analyses are performed for the fins whose spanwise and streamwise
spacings satisfying minimum Tmax among others with 150 W heat input. Optimum fin
configurations do not change with changing free-stream velocity for square and
cylindrical fins, but change for plate fins. Moreover, error between numerical
(radiation not included) and experimental results decrease with increasing velocity as
expected and tabulated in Table 6.1 and Table 6.2 for square and cylindrical fins,
respectively. So, radiation included numerical analyses are done for square and
cylindrical fins with lowest free-stream velocity (3 m/s) and for plate fins with all three
free-stream velocities. Tmax Observed at numerical analyses (radiation not included and

included) and experiments (with manufacturable fins) are presented in Table 7.1.

Table 7.1 Tmax comparison of numerical and experimental studies

Tmax Tmax Tmax
Geometry | S/L | S¢/W | U (m/s) | (num) | (num_rad) | (exp)
Q) Q) Q)

Square | 0.0138 | 0.0208 3 122.7 120.8
Cylindrical | 0.0088 | 0.0316 3 115.1 113.2 -
Plate - 0.0316 3 126.8 124.6 116.7
Plate - 0.0208 5 94.1 92.8 89.8
Plate - 0.0138 7 79.6 78.7 -

Some recommedations can be made for future work. Flow visualization techniques can
be used in experiments to understand flow field around fin. Moreover, streamwise and
spanwise spacing values around optimum point can be discretized more intense to
define more accurate design points in both directions. Furthermore, staggered
allignment of fins can be studied and comparison of heat transfer performance can be
done. Numerical analyses including radiation heat transfer can be performed for all

cases.
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7.1  Updated Numerical Analyses

Numerical analyses are updated with free-stream velocity and ambient temperature
boundary condition values obtained from experiments for the cases whose results are
presented in Figure 6.32, Figure 6.33, Figure 6.34 and experiments are conducted.
Moreover, uncertainty value of the heater is represented by substracting deviation of
power from the mean value. Furthermore, radiation heat transfer is enabled. Maximum
base plate temperatures of square, cylindrical and plate fins with updated numerical

analyses are illustrated in Figure 7.1, Figure 7.2 and Figure 7.3, respectively.
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Figure 7.1 Square fins (S./L = 0.0208)
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APPENDIX A

FALSE POSITION METHOD

If, Q.onv term is sent to the right-hand side, equation (3.9) turns into:

f (Mg ) =0=h, ATLAT, —Qu,

In order to find h,, false position method can be used [52]:

h f (ha\'g(U))(havg(l) - havg(u))

avg(r)™ havg(u) f (havg(l))_ f (haVQ(U))

(A1)

(A2)

Arbitrary h,,, values are chosen for upper (haygq)) and lower (hgygq)) limits.

f(havg(r) value is checked after finding h,yg(r) Value in equation (A.2). If f(hyygr))

value is lower than 0, new h,,g() becomes h,,g(). Otherwise, hayg(r is assigned as

New h,yg(yy. This operation is repeated when relative error is smaller than the preset

stopping criteria (&) . Relative error can be defined as [52]:

h new _ pold
avg(r) avg(r)
h o

g, :‘ 100%

g =107

105

(A.3)

(A4)



