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Figure 53: Bar graph showing heatsink and their corresponding thermal resistances.

"HSYYO8HS (H)*'+",-

)F (#FH(

' oo(FaCT)
&'F™ opopr g F%S %SFaH 8 So%FY
$)F&s Flgrc
e &F*% $F$*SSF&)

$F #HFG&
#'F"

=

Figure 54: Bar graph showing heatsink and their corresponding pressure drops.



4.4. Result Discussion

Data results from Figure 61 collected from the numerical simulation
run was analyzed using bar graphs. For better heatsink performance, a low
thermal resistance and pressure drop value is desired. The heatsinks simulated
were compared to the traditional rectangular plate heat sink widely used in
electronic cooling. Based on the thermal resistance performance parameter of
heatsinks, the square zig-zag plate heat sink shown in Figure 29 performed the
best. Meaning this heatsink model in comparison to the other heatsinks simulated
in this study possessed the least resistance to the transfer of thermal energy
between the heatsink (conduction from heat source) to the working fluid(air). The
separated short plate heat sink according to the simulation run on the other hand
possessed the lowest pressure drop. Meaning, for the heatsink models generated,
the separated short plate heatsink requires the smallest (usually cheaper) fan size
for operation at the simulation parameters set. This factor is mostly important
when the cost of operation in using a heatsink is considered since a bigger fan

would usually cost more.
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CHAPTER 5: CONCLUSION

The overall goal of this research project was to generate a numerical
method of testing different heatsink geometries using CFD software and also
generate simple and exotic heatsink fin designs that improve the thermal
performance of the heatsink studied in this project. Some proposed models by
other researchers in this field were tested for verification. The traditional
rectangular plate fin heat sink widely used by thermal engineers for electronic
cooling was set as the base of performance comparison since most researchers
believe this model heatsink to be efficient both in performance and ease of

manufacturability.

The two performance evaluating parameters were thermal resistance and
pressure drop. The thermal resistance and pressure drop values for the base case
rectangular plate heatsink were 0.45 K/W and 33.27 Pa respectively. Thirteen
models were simulated and compared to the rectangular plate fin heatsink.
Considering the thermal resistance performance parameter four out of the thirteen
models generated performed better. These models and their thermal resistance
values are the separated short plates (0.40 K/W), Airfoil plate (0.40 K/W), Airfoil
pin (0.37 K/W), and square zig-zag plate (0.25 K/W). For the pressure drop
evaluating parameter, eight of the heatsinks tested were found to require a lower
pressure drop. These models are the radial plate heatsink (27.44 Pa), cross pin
heatsink (24.83 Pa), hexagonal pin heatsink (29.76 Pa), mixed shapes plate
heatsink (25.89 Pa), pin-plate heatsink (32.41 Pa), separated short plates heatsink

(11.94 Pa), airfoil plate heatsink (22.28 Pa), and airfoil pin heatsink (22.47 Pa).
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From the results obtained, it can be concluded that numerical simulation
methods/tools including CFD software (STARCCM+) proves to be a cheaper,
safer and viable way of testing heatsink performance. Also, with improved
manufacturing methods like 3D/ additive printing techniques, complex and exotic
heatsink fin models that improve cooling of electronic devices can be

manufactured.
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CHAPTER 6: FUTURE WORK

Future works include optimizing heat sink performance by running

simulations on exotic or more complex heat sink designs using knowledge from

heat transfer, fluid mechanics, and additive manufacturing/ 3D manufacturing

capabilities. Other suggestions for future work include:

Conduct study by running simulation using different working fluid.
Determine the optimal number of fins for both plate and pin fin heat sinks
geometries for maximum performance.

Run CFD simulation with the flow in the Turbulent regime and analyzed
the difference in result between laminar regime.

3D print and conduct experimental test on heat sink models generated.
Conduct flow analysis to better understand flow mechanism through the

fins of heat sinks.
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CHAPTER 7: APPENDIX

7.1. Reynolds-Average Navier-Stokes Equation

The Reynolds-Average Navier Stokes equation represents a method of
depicting fluid flow within a system. This equation is derived from the Navier-
stokes equation and is capable of predicting the flow velocity without averaging
it across a time-step. A combination of the RANS, conservation of mass, and
energy equations formulate the basic equations used in modeling practical fluid
flows in CFD software tools. With right turbulence models selected this solver or
method can be adopted for future work on simulating heatsink models with

turbulent flow in STARCCM+.

7.2. Procedure for running heatsink CFD simulation in STARCCM+:

e Generate CAD model in Solidworks or Preferred CAD software.
o Save file as .x_tor .x_b file. (Parasolid format)
e Import or Load Heatsink file into STARCCM+.
o Right-click on 3D-CAD Model
= [mport
= CAD model
e C(Create Fluid domain around heatsink(solid).
o Create rectangular sketch around the heatsink.
= Right-click yz plane
= (Create a sketch to the preferred dimension.
o Extrude sketch.
= Right-click on sketch 1

= Create Extrude
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= Make sure body intersection is “None” for conjugate heat
sink method.

Extract External Volume.
o Right-Click on Body 2
= Extract external volume
= Click OK
Rename Body parts.
o Body 1: Solid
o Delete Body 2
o Body 3: Fluid
Name Boundaries.
o Flow Inlet

o Flow Outlet

O

Right
o Left

o Top

O

Bottom (Fluid region bottom surface)

O

Solid bottom (Representing heatsink bottom where heat source is
applied)

Load Simulation
o Close 3D CAD
o Right click on 3D CAD model
=  New Geometry Part
= OK
Assign Parts to Region
o Right click on Parts under Bodies
o Fluid

= Assign Parts to Region



Make sure to select both fluid and solid
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Click on Create a region for each part and Create boundary

for each part surface

Select Meshing Models

o Click on Continua

Mesh 1
Models
Select the following meshing Models
e Surface remesher
e Polyhedral mesher
e (Generalized cylinder
e Extruder
e Embedded thin mesher
Click on continua
e Reference value

o Base size

= Select appropriate base size

(0.001m)

Select Physics Models

o Click on Continua > Select Physics twice for Physics 1(Fluid) and
Physics 2 (Solid)

o Select the following models for Physics 1 (Fluid):

Three Dimensional
Steady

Gas

Segregated Flow
Gradients

Laminar

Ideal Gas



= Segregated Fluid Temperature
= QGravity

o Select the following models for Physics 2 (Solid):
= Constant Density
= Qradients
= Segregated Solid Energy
=  Solid
= Steady
= Three Dimensional

e Set Physics Continuum for Solid and Fluid region

o Click on Solid under Regions Tab

= Change Physics continuum to (Physics 2)

= Keep Physics continuum of Fluid as (Physics 1)

e Set Boundary Conditions

o Set Fluid boundary conditions as:
=  Bottom (Wall)
= Default (Wall)
= Flow Inlet (Velocity inlet)
= Left (Symmetry plane)
= Qutlet (Flow-Split Outlet)
= Right (Symmetry Plane)
=  Top (Symmetry Plane)

o Set Solid boundary conditions as:
= Solid bottom (Thermal Specification > Heat source)
= Heat Source (100W)

e Run Mesh

o Click on Cube next to green flag to generate mesh



e Setup Results Display (Scalar Scene)

o Click on Derived parts>New Part>Section>Plane
e Initialize Solution

o Click on initialized solution

o Click run

7.3. Additional validation case heat sink results.

Experimental
| Velocity (V) |AP Pressure Drop(Pa) |
1 11
1.5 18
2 25
2.5 35
3 48
3.5 57
4 70
Simulated
Velocity (V) |AP Pressure Drop(Pa) | Inlet Pressure(Pa) I Outlet Pressure(Pa) |
1 10 101330 101320
1.5 20 101340 101320
2 22.5 101342.1 101319.6
2.5 30.7 101348.3 101317.6
3 50 101360 101310
3.5 60 101370 101310
4 71.9 101380 101308.1

Figure 55: Validation case heatsink numerical and experimental data results.
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7.4. Preliminary Results for simple geometry heatsinks simulations run.

‘ 'Ibi ‘i iy
2L
BARAAA

Temperature (K)
315.79 318.47 321.15 323.83 326.50 329.18

Figure 56: Semi-Circle pin heatsink temperature result.

Temperature (K)
316.74 317.65 318.57 319.49 320.40 321.32

Figure 57: Trapezoidal plate heatsink temperature result.
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Temperature (K)
338.29 340.18 342.06 343.94 345.83 347.71

Figure 58: Mesh sensitivity test rectangular plate heatsink temperature result.

Temperature (K)
2.7 1648.2 2093.8 2539.3

311.65 757.18

Figure 59: Sample Shark-fin heatsink test simulation results.



Temperature (K)
313.14 584.07 855.00 1125.9 1396.9 1667.8

Figure 60: Sample Shark-fin heatsink Test2 simulation temperature result.
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Heatsnk geometry \Velocity(m/s)]APPressureDrop(Pa] \ThermalResistance(K/W)‘InletPressure(Pa)\0ut|etPressure(Pa)\ Templ(K)\TempZ(K)\ Power(W) \Lowtemp\

Rectangular Plate | 3 04 10133348 1013052 w W

Arc plte heatsnk ! %3 046 06576 0004 N WK
Radial plate Heatsnk ! I 04 (7SN JRNMNS 171/ N 1
Crogspin Heatsink 1 U8 052 7EE] BTN 71 R
Draft pin Heatsink | 6186 05 1013%6.72 10129486 MW 3556
Heragonal i Heatsnk ! 2876 0% (7613 WA 17 S 11
Mived hapes Plate Heatsnk ! 1589 08t 0B85 0896 W %W
Pinplate Heatsnk 1 4 050 033 0808 W B0t
Separated Short Plates | 119 040 10133495 10132301 MW 39608
Airol plate Heatsnk ! 0 040 085 0809 W M0
Airol pin Heatsnk ! Iy 03 03368 0BuR W B
RectangularPin Heatsink 1 %40 0 033649 1080039 00 373863
Square Zg-Zag Plate Heatsnk | kEM) 05 10135641 10131684 0 U0
tectangularplte mesh ity 1 B 048 03648 08B W M

Figure 61: Data results from STARCCM+ heatsink simulations.

10

3018158
333664581
330,680756
28491547
33357765
347081635
A
33,9143
326860931
330864655
30456635
549118
317630737
33.294556



75

REFERENCES

[1] S. Lee, M. Early, M. Pellilo, Thermal interface material performance in

microelectronics packaging applications, Microelectron. J 28(1) (1997) xiii-xx.

[2] M. A. Ismail, M. Z. Abdullah, and M. A. Mujeebu, 2008, "A CFD-based
experimental analysis on the effect of free stream cooling on the performance of
micro processor heat sinks," International Communications in Heat and Mass

Transfer, vol. 35, no. 6, pp. 771-778, 2008.

[3] R. Mohan and P. Govindarajan, 2011, "Experimental and CFD analysis of heat
sinks with base plate for CPU cooling," Journal of Mechanical Science and

Technology, vol. 25, no. 8, pp. 2003-2012,.

[4] ANSYS Fluent Software: CFD Simulation. (n.d.). Retrieved January 18, 2018,

from http://www.ansys.com/products/fluids/ansys-fluent.

[5] STAR-CCM. Retrieved January 18, 2018, from

https://mdx.plm.automation.siemens.com/star-ccm-plus

[6] S. Subramanyam and K. E. Crowe, 2000, "Rapid design of heat sinks for
electronic cooling using computational and experimental tool.," Institute of
Electrical and Electronics Engineers no. Sixteenth IEEE SEMI-THERM

Symposium, p. 8,.

[7] D. Gupta, V. Venkataraman, and R. Nimje, 2014, "CFD & Thermal Analysis
of Heat Sink and its Application in CPU.," International Journal of Emerging

Technology and Advanced Engineering Journal vol. 4, no. 8, p. 5.



[8] X. Yu, J. Feng, Q. Feng, and Q. Wang, 2005, "Development of a plate-pin fin
heat sink and its performance comparisons with a plate fin heat sink," Applied

Thermal Engineering, vol. 25, no. 2-3, pp. 173-182.

[9] 2017, “Advanced thermal solution,”. Retrieved January 23, 2018, from,
https://www.qats.com/cms/2017/08/22/what-are-benefits-of-using-pin-fin-heat-

sinks-in-thermal-management-of-electronics/

[10] Heat Pipe Technology: Passive Heat transfer for Greater Efficiency.

Retrieved January 23, 2018, form, http:/www.thermacore.com/thermal-

basics/heat-pipe-technology.aspx

[11] Korpys M., Dzido G., Wojcik J., 2012, “Experimental and CFD investigation
of commercial PC heat sink performance using water and nanofluids.,” /4"

European Conference on Mixing, no. 6, pp. 229-234.

[12] Majumder, S., Majumder, A., & Bhaumik, S. (2016). “3-Dimensional
numerical study of cooling performance of a heat sink with air-water flow through

mini-channel.” American Institute of Physics, doi: 10.1063/1.49584.

[13] De Stadler, M.B., “Optimization of the Geometry of a Heat sink,” University

of Virginia, Charlottesville, United States.

[14] Lee, S. Optimum design and selection of heat sinks. Eleventh IEEE SEMI-
THERM Symposium.
[15] Dogan M., Sivrioglu M., Experimental investigation of mixed convection

heat transfer from longitudinal fins in a horizontal rectangular channel: In natural



convection dominated flow regimes, Energy Convers. Manage. 50 (2009) 2513—

2521.

[16] Zheng, N., Wirtz, R. A., 1999, “Cylindrical Pin-Fin Fan- sink Heat Transfer
and Pressure drop correlations,” 5" ASME/JSME Joint Thermal Engineering

Conference, p.6.

[17] M. Lindstedt, K. Lampio, R. Karvinen, Optimal shapes of straight fins and

finned heat sinks, ASME J. Heat Transf. 137(6) (2015) (061006-1-8).

[18] Devansh S., Doom J., 2017, “Simulation of Impinging Jets with a range of
configuration,” American Institute of Aeronautics and Astronautics.p.12.DOI:

10.2514/6.2017-0751.

[19] Soni A., 2016,” Study of Thermal Performance between Plate-fin, Pin-fin,
Elliptical fin Heat sinks in Closed Enclosure under Natural Convection,”

International Advanced Research Journal in Science, Engineering and

Technology, 3(11), pp.133-139. DOI 10.17148/IARJSET.2016.31126.

[20] Lampio, K., & Karvinen, R. (2017). “Optimization of convectively cooled
heat sinks,” Microelectronics Reliability, 79, 473-479. doi:

10.1016/j.microrel.2017.06.011.

[21] R. Mohan and P. Govindarajan, 2010, "Thermal analysis of CPU with
composite pin fin heat sinks," International Journal of Engineering Science and

Technology, vol. 2(9), pp. 4051-4062,.

77



[22] Sukumar Sam R., Sriharsha G., Arun Bala S., Dilip kumar P., Ch. Sanyasi
Naidu, 2013, “Modelling And Analysis of Heat sink with Rectangular Fins having
Through Holes,” International Journal of Engineering Research and Applications

(IJERA).vol 3. Issue (2), pp.1557-1561.

[23] Dede, E. M., Joshi, S. N., & Zhou, F. (2015). Topology Optimization,
Additive Layer Manufacturing, and Experimental Testing of an Air-Cooled Heat

Sink. Journal of Mechanical Design, 137(11). doi:10.1115/1.4030989.

[24] Wits, W. W., Weitkampa, S. J., and van Esb, J., 2013, “Metal Additive Manu-

facturing of a High-Pressure Micro-Pump,” Procedia CIRP, 7, pp. 252-257.

[25] D.B. Tuckerman, R.F.W. Pease, High-performance heat sinking for VLSI,

IEEE Electron Device Lett. 2 (5) (1981) 126—129.

[26] Zhang Y., Wang S., Ding P., 2017, “Effects of channel shape on the cooling

performance of hybrid micro-channel and slot-jet module”, International Journal

of Heat and Mass Transfer. 113.pp. 295-309.

[27] Barrau J., Chemisana D., Rosell J., L. Tadrist, Ibafiez M., 2010, “An
experimental study of a new hybrid jet impingement/micro-channel cooling

scheme”, Appl. Therm. Eng. 30. pp. 2058-2066.

[28] Chen Y., Zhang C., Shi M., Wu J., 2009,” Three-dimensional numerical
simulation of heat and fluid flow in noncircular microchannel heat sinks”, Int.

Commun. Heat Mass Transfer 36 (9) pp.917-920.

78



[29] Lee P.S., Garimella S.V., 2006, “Thermally developing flow and heat
transfer in rectangular microchannels of different aspect ratios”, Int. J. Heat Mass

Transf. 49 (17-18) pp. 3060-3067.

[30] Lim F.Y., Abdullah S., Ahmad I., 2010, “Numerical Study of Fluid Flow and
Heat Transfer in Microchannel Heat Sinks using Anisotropic Porous Media

Approximation,” Journal of Applied Sciences. 10(18): pp. 2047-2057.

[31] Mudawar, 2001, Assessment of high-heat-flux thermal management

schemes, IEEE Trans. Compon. Pack. Technol. (2001) 122-141.

[32] Huang, X., Yang, W., Ming, T., Shen, W., & Yu, X., (2017) “Heat transfer
enhancement on a microchannel heat sink with impinging jets and
dimples”.International Journal of Heat and Mass Transfer, 112, 113-124.

doi:10.1016/5.1.2017.04.078.

[33] Barik A.K., Mukherjee A., Patro P., 2015., “Heat transfer enhancement from
a small rectangular channel with different surface protrusions by a turbulent cross

flow jet”, Int. J. Therm. Sci. 98. pp. 32-41.

[34] Feng, S., Shi, M., Yan, H., Sun, S., Li, F., & Lu, T. J. (2018). “Natural
convection in a cross-fin heat-sink™. Applied Thermal Engineering.

132,3037.do1:10.1016/j.applthermaleng.2017.12.049.

[35] Ledezma G., Bejan A., Heat sinks with sloped plate fins in natural and forced

convection, Int. J. Heat Mass Transf. 39 (9) (1996). pp.1773—1783.

79



80

[36] Kim Dong-Kwon, Thermal optimization of plate-fin heat sinks with fins of
variable thickness under natural convection, Int. J. Heat Mass Transf. 55 (4)

(2012). pp.752-761.

[37] Elshafei E.A.M.,2010 Natural convection heat transfer from a heat sink with

hollow/ perforated circular pin fins, Energy 35 (7) (2010). pp.2870-2877.

[38] Karimpourian B., Mahmoudi J.,2005 “Some Important Considerations in
Heatsink Design,” 6" International Conference on Thermal, Mechanical and
Multiphysics Simulation and Experiments in micro-Electronics and Micro-

Systems, IEEE, pp.406-413.

[39] Iyalla I., Umah K., Hossain M., 2010, “Computational Fluid Modelling of
Pipe-Soil Interaction in Current,” World Congress of Engineering., 2, p.5. ISSN:

2078-0966.

[40] Solidworks, Retrieved January 23, 2018, from http://www.solidworks.com/

[41] The Midlands Dahlia Society. Retrieved January 23, 2018, from

http://www.dahlia-mds.co.uk/Topics/Propagation 2011 6.htm

[42] D. J. C. C.K. Loh, "Comparative Analysis of Heat Sink Pressure Drop Using

Different Methodologies.pdf.".p. 6, 2012.

[43] FlIoTHERM. Retrieved January 23, 2018, from

https://www.mentor.com/products/mechanical/flotherm/flotherm/

[44] Thermal Resistance Calculator for Plate Fin Heat Sink. Retrieved January



23, 2018, from https://www.myheatsinks.com/calculate/thermal-resistance-plate-

fin/

81



82

GLOSSARY
This section of the thesis provides definitions and descriptions of the

primary engineering related terms used.

e Additive Manufacturing/3-D Printing: process used to create a three-
dimensional object by using layers of materials under computational
control.

e Aspect Ratio: the ratio of width to height.

e Computational Fluid Dynamics (CFD): is a branch of fluid mechanics
that uses numerical analysis and data structures to solve and analyze
problems that involve fluid flows.

e Computer Processing Unit: an electronic component within a computer
that carries out instructions that is input into it.

e Conjugate Heat transfer: Method of heat transfer modeling that allows
simulating of both solid and fluid interaction simultaneously to provide
accurate results.

e Heat Flux: Amount of heat transfer per unit area to or from a surface.

e Heat Source: Object that can heat up another object or space.

e Kinetic Energy: energy possessed by an object or body due to its motion.

e Laminar Flow: occurs when fluid flows in parallel layers with no
disruption between the layers.

e Mean Absolute Percent error: Measure of comparing accuracy of

results in a study.



Nanofluid: a fluid containing nanometer-sized particles typically made of
metals, carbides, oxides, or carbon nanotubes.

Nusselt Number: the ratio of convective to conductive heat transfer
across a boundary.

Pressure Drop: difference in pressure between two points within a fluid
carrying medium or object. (inlet and outlet).

Reynolds Number: dimensionless quantity used to predict flow patterns
in different fluid flow situations.

Simulation: imitation of a situation or process.

Thermal Resistance: the ability of a material or device to resist the flow
of thermal energy (heat).

Topology: Study of geometric and space properties that are preserved

under continuous deformation.
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NOMENCLATURE
A = heat transfer surface area
b = Width of the heat sink gap (m)

CAD = Computer Aided Design
CFD = Computational fluid dynamics
CHT = Conjugate Heat Transfer
CPU = Central Processing Unit

D = Diameter

Dy = Hydraulic diameter (m)
H = Height of fin (m)
f = Fully developed laminar flow friction factor
fapp = Apparent friction
K. = Coefficient of contraction
K. = Coefficient of expansion
Ky = Kinetic energy
L = Total length of fin (m)
MAPE = Mean Absolute Percent Error (%)
N = Number of fins

© = Thermal impedance

Pin = Inlet Pressure (Pa)
Pout = Outlet Pressure (Pa)
AP = Pressure Drop (Pa)
p = Density (kg/m’)

Q = Power supply (W)
Re  =Reynolds Number

T pase = base temperature (K)
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T amp = ambient temperature (K)
n = dynamic velocity
V = Velocity (m/s)
V= Heat sink channel velocity (m/s)

V = Gradient operator
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