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Abstract

This thesis focuses on the thermal management using jet cooling for rectifier diodes used in the
aerospace industry. Jet impingement cooling is an excellent method to dissipate heat from
electronic components considering its high heat transfer efficiency. To investigate the feasibility
and effectiveness of jet cooling in maintaining the temperature of rectifier diodes within acceptable
limits under aerospace operating conditions, the study consisted of two phases: a preliminary
examination using a simplified model to determine the suitable nozzle size, number of nozzles,
and the nozzle configuration, followed by a compressive analysis on the real diodes to evaluate

the cooling performance using the identified optimal parameters.

In the preliminary study, a simplified diode model and a proposed bus bar were utilized to
understand the impact of nozzle diameter, number of nozzles, and different nozzle configuration
on the cooling efficiency. Computational Fluid Dynamics (CFD) simulations were employed to
analyze the maximum temperature, pressure drop, and the heat transfer characteristics at same
flowrate condition and same impinging power condition. The results obtained from the simulations
aided in determining the number of nozzles, their configuration, and the nozzle diameter that

provided enhanced cooling effectiveness.

Building upon the findings of the preliminary study, the subsequent investigation involved real
rectifier diode and updated bus bar to evaluate the cooling performance using the optimal design
parameters determined earlier. For the final study, a nozzle size of 0.762 mm (0.03 in) diameter

was chosen, corresponding to the minimum required spacing between the bus bar and the manifold.
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Additionally, the bus bar was modified to ensure control over nozzle-to-target spacing. Numerical

simulations were also performed at three different nozzle-to-target spacing.

The outcome of this research contributes to the understanding of jet cooling as an effective thermal
management solution for complicated geometry bodies. The knowledge and insights gained from
this study can guide future research efforts aimed at enhancing optimization of jet cooling systems

to facilitate improved thermal management of rectifier diodes in aerospace.
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Nomenclature

Uys

Nup

Nu,

nozzle diameter.

nozzle-to-target spacing.

radius of circular hydraulic jump.

Reynolds number based on diameter of nozzle.

acceleration due to gravity.

flow rate.

kinematic viscosity.

jet velocity.

diameter of target surface.

radius of the target surface.

local average Nusselt number.

average Nusselt number on the target.

stagnation point Nusselt number on the target.

viscous boundary layer thickness.
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Pr

IP

IpP*

thermal boundary layer thickness.

film thickness.

Prandtl number.

dimensionless velocity gradient.

heat transfer coefficient.

thermal conductivity.

Impingement power.

Dimensionless impinging power.

fluid density.
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1. Introduction

A jet impinging cooling system consist of a focused stream of fluid released against a surface
for increasing the effectiveness of heat transfer between the target surface and the fluid. It
might consist of an array of jet arrangement in many applications. When fluid of same chemical
composition and phase as the ambient fluid is aimed at the surface it is called submerged jet
while jets having dissimilar characteristics are called free jets. Furthermore, impinging jets can
be classified as unconfined and confined jets. Unconfined jets allow more interaction with the
surrounding fluid as the jets are free to expand after they have struck the target surface while

confined jets are bounded between two surfaces.

Jet impingement is utilized in a range of industrial and engineering applications as it
provides an attractive mean to obtain large heat transfer coefficients on a solid target surface
[1]. Some heat transfer applications include heat exchangers in automotive and aeronautical
industry, drying of paper, cooling of turbine components, de-icing of optical surfaces, cooling
of photovoltaic cells, etc. It is also used in drying and removal of small surface particulates in

mass transfer applications [1].

With the recent development in electronic microchips or integrated circuits, a need for
cooling technique has arisen that is capable of absorbing very high heat fluxes under compact
hardware arrangements. Jet impingement cooling can be a very decent choice in this matter,
however when developing such a cooling system the influence of jet velocity, fluid properties,
jet dimensions, target surface dimension, the nozzle-to-surface spacing, etc. must be fully

understood.



1.1 Research Objectives

Jet impinging can enhance cooling in the aerospace industry as the electrical systems are
taking over hydraulic systems which has caused in rise of electrical power levels in all
aircrafts [2]. Growing use of radar systems directed energy weapons (laser), electronic
jamming, etc. also contribute to the growing demand of electrical power in aerospace. High
Voltage DC generators can achieve higher power with less weight but there are significant
challenges still present. One of those challenges includes heat generation in the rectifier

module when converting AC to DC internally within the generator.

The goal of this project is designing a jet impinging cooling system for diodes used on

rectifier modules. The objectives of the research include:

1. Design and manufacture a cooling system for rectifier diodes using jet impingement
that can remove maximum amount of heat generated during the conversion of AC to
DC power in a reliable, efficient, and cost-effective manner.

2. Numerical thermal modeling to analyze and quantify the performance of the cooling
system and to determine the heat transfer coefficient on the target surface.

3. To perform parametric studies on the cooling efficiency using different nozzle sizes,
flow rates, and nozzle-to-plate spacing and validate the numerical simulation with
experimental results.

4. Toprovide new insights and findings in the field of impinging jet cooling and provide

recommendations for their effective implementation.



2 Literature Review

Numerous studies have been done on the physics of impinging jets. The geometric parameters
of most importance for an impinging jet analysis are nozzle diameter (d) and nozzle-to-plate
spacing (h). Fluid properties such as density, viscosity and surface tension have also been part

of the problem while studying an impinging jet.

When a high velocity liquid flow is slowing down to lower velocity, there is a rise in the
fluid’s film thickness. This sudden rise in thickness of the fluid is termed as hydraulic jump
and can be seen in open channel flows like rivers and canals, and in industry and
manufacturing processes. This phenomenon is mostly dependent on the initial speed of the

fluid which implies that there is a critical speed at which hydraulic jump to appears [3].

2.1 Flow-Field

Liquid jets flowing perpendicular to a flat surface spread radially into a thin film which
increases the heat transfer due to convection on the target surface. Watson [4] subdivided the

jet impingement the jet impingement flow into four regions:

1. The stagnation region where the fluid impacts the solid surface directly.

2. The boundary layer region where the thickness of the viscous boundary layer is less
than the thickness of the liquid sheet.

3. The fully viscous region where the thickness of boundary layer is same as liquid sheet

thickness.



4. The hydraulic jump where the interaction between higher velocity fluid and lower

velocity fluid results in an increase in the thickness of the fluid's film.

<«— Free jet

Stagnation region

Hydraulic jump

\ \f

Boundary Layer | Fully Viscous

Target : i
Region Region

Figure 1: Jet impingement flow field regions.
He found a theoretical solution for the region 2 and region 3 by a similarity solution of the
boundary layer equation which led to Blasius type similarity solution for the fully viscous
region. He also noted that for velocity profile in the similarity solution for two-dimensional
case 1s same as the in axisymmetric case. He applied inviscid theory to analyze the hydraulic

jump.

Liu and Lienhard [5] investigated jet impinging heat transfer using uniform heat flux on the
surface. They found that after exiting the nozzle, the jet spreads in a radial direction
developing into viscous and thermal boundary layers while hydraulic jump or boiling might
also occur depending upon the jet Reynold’s number, temperature at nozzle exit, target’s heat
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flux, and fluid properties. Following the work of Watson [4], the authors subdivided radial
flow of an impinging jet into four different regions: the stagnation zone, boundary layer zone,

fully viscous sheet, and the hydraulic jump.

Baonga et al. [6] utilized nozzle diameters 2.2 mm and 4 mm to conduct their experiment and

suggested a co-relation for hydraulic jump radius as a function jet’s Reynolds number.
Rl]/d = 00061R€d082

The jets Reynolds number was in the range 600 - 9,000 for their experiments. Above equation
predicts the hydraulic jump radius with an error of 15% (average) compared to the
experimental measurements done by Steven and Webbs [7] who suggested the following

equation for the jump radius:
R;;/d = 0.046ReJ*®?

The above equation predicted the radius or the location of hydraulic jump with 15% error
without not including the influence of nozzle-to-plate spacing. To correlate nozzle-to-plate
distance with the hydraulic jump, Brechet and Neda [8] studied the circular hydraulic jump
both theoretically, and experimentally to propose an equation based on the flow rate, drop

height, and fluids kinematic viscosity:

1
27g 4 B B

hj = T Q2/3h 1/6V 1/3
24351




However due to experimental scatter, they were not able to conclude the exact effect of nozzle-

to-plate distance on the radius of hydraulic jump.

To understand the effect of nozzle diameter on the radius of circular hydraulic jump, Choo et
al. [9] investigated seven different nozzle diameters (0.381-8mm). Interestingly, it was
concluded that there was almost no effect of nozzle diameters on hydraulic jump under fixed
impingement power condition however, under fixed jet Reynolds number the decrease in
nozzle diameter increases the radius of the circular hydraulic jump. The pumping power is
also an important constraint for an impinging jet problem as it has an effect on operating cost.

They suggested the following equation for jump radius:

1

Rij_ s u;dz 4 4
d _Is v7/3g1/3

In the impingement region or the deflection zone a significant drop in axial velocity and an
increase in static pressure was observed. Tani and Komatsu [10] performed a series of
experiments on a low speed round circular jet to show that the deflection zone extends two
nozzle diameters from the point of impingement on flat solid target surface. However, Giralt

et al. [11] found the size of this region to be 1.2d.

Several numerical simulations methods have been applied to model the hydraulic jump radius.
For a laminar circular jet of radius 1.6 mm, Wang and Khayat [12] studied the impacts of
gravity as well as surface tension on the circular hydraulic jump for highly viscous fluid called
silicon oil and water. They concluded that due to strong hydrostatic pressure gradients in high

viscosity fluid, gravity is the predominate factor in the occurrence of hydraulic jumps.
6



Whereas, for the low viscosity liquid (water), circular hydraulic jump was mainly induced by

the influence of surface tension.

Raghav [13] studied impinging jet with water on a hot flat aluminum plate under turbulent
condition with a constant nozzle-to-plate spacing and compared various CFD transient models
of an impinging jet using ANSYS FLUENT. Using k-¢ RNG model he was able to best
correlate his work with the existing experiment, but the Nusselt number was overestimated.
The axisymmetric liquid sheet thickness along the radial direction had good agreements with
the work of [5]. Using the same turbulence model, Hosain [14], found similar results. The
velocity profile with was in good with available literature however, the Nusselt number was

not accurate although following similar trends.

K-o turbulence model can be considered good alternative to Reynolds Stress Model (RSM)
with a little compromise in the accuracy [1]. Also, low Reynolds k-o model can produce
promising results by matching the shape of the experimental geometry Zuckerman and Lior
[1]. Balachandar et al [15] compared turbulence models such as k-¢ Realizable, k- SST, and
RSM. The centerline velocity profile was best estimated by k-0 SST for h/d = 180.5 and

Rey; = 100,000 on comparison with the experimental work of Giralt et al. [16].

2.2 Heat Transfer

In 1965, Brdlik and Savin [17] recommended a correlation for submerged jet which was
applicable for h+ R < 6.2d, h/d <6.2, 1.67 <D/d <18.75, and 2,000 < Re; <

20,000.



Nup = 10.54 Re3%5pr033 5

The characteristic length they chose here was the diameter of the plate that the jet was
impinging on. Another correlation for local Nusselt number was suggested by Martin [18].

Range of validity: 2,000 < Re; < 400,000,20.5<R/d <70.5,and2 <h/d <12.

F(Rey) Pro42

d) 1-1.1(d/R)

Nu = (E 1+ 0.1((h/d — 6)(d/R)

Where,

F(Rey) = 1.36Re3%57* for 2,000 < Re; < 30,000
F(Regy) = 00.54Ref%%7 for 30,000 < Re; < 120,000

F(Rey) = 0.151Re277% for 120,000 < Re; < 400,000

With a smooth curve fitting F(Re,) can be better represented as:

00.5

Re
F(Rey) = 2 Re°° (1 —d)

Watson’s [4] work was utilized by Chaudhary [19] to find the temperature profile along a
wall with uniform temperature, at the locations where similarity solution of the momentum
equation was available accounting the effects of viscous heating, initial heating, and wall

heating condition separately.

Lienhard et al. [5] also sub-divided the heat transfer regions into six different regions and

provide analytical solution for the region 2, 3 and 4 for liquids with Pr > 1.



Viscous boundary layer

Thermal boundary layer

F‘I - E - f = F = - . — L

Figure 2: Jet impingement heat transfer regions

. Region 1: The stagnation region.

. Region 2: § < t region: Outside of viscous the boundary layer, the velocity of the fluid
is unaffected by the solid surface and is therefore equal to the fluid velocity exiting the
jet.

. Region 3: § =t and §; < t region: The temperature of the fluid outside the thermal
boundary layer remains unaffected by the heat transfer taking place at the solid surface.
. Region 4: § =t and §; =t region: The thermal boundary layer extends up to the
surface of the liquid sheet.

. Region 5: This region might include nucleate boiling, burnout, and dry surface in the
presence of sufficiently high heat flux.

. Region 6: The hydraulic jump.



In region 2, the local Nu number was given as:

1 /R 0.5
Nug = 0.632Re3°Pr3 (3)

1
When R = R, = 0.1773 Re d, region 2 end and region 3 begins. In region 3 the local
Nusselt number was determined to be:

2

0.407 Re3 Pr3 (%)

NuR =

[0 1713 + > 147Rl [2

Redd + C3]

Here, the constant C5 is a constant of integration given by:

1
d\2
) 0.267 (z) 1R
= dy\? 5147R,]° 2\d
—_ =_ "' o
[0.1713 (Ro) + 2 perd l
For region 4,

y 0.25

Ug = 2 2

1 R?\ (R 3 tr, 10
TR%@ _ ﬁ) (E) +0.130 7+ 0.0371

Region 4 starts at R = R, which is defined as:

10



Rp\? R,

(7) +P(7)+5—0
B —2C;
~(0.2058 Pr—1)

p

_ 0.00686ReyPr
S =0.2058 Pr — 1)

It was also pointed out that, region 4 only occurs at critical Prandtl number, Pr < 4.859.

Extensive experiments have been done characterized to Nusselt number for an impinging
jet. Stevens and Webb [7] expected the stagnation zone to extend up to a dimensionless
distance of R/d < 0.75 and quantified the local heat transfer coefficient at stagnation for
jet impinging with a round nozzle on a surface with uniform heat flux solid surface. They
were able to propose a correlation for the stagnation point Nusselt number which was able
to predict the experimental outcomes with a maximum error ranging from 5 to 14 percent

across all nozzle sizes tested in the experiment. The suggested co-relation is that follows:

—0.0336 uf —0.237

Nu, = 2.67Re30567 pro4 (E) (_) 11

Above equation is valid for 4,000 < Re; < 52,000. It can be noticed that the nozzle-to-
plate spacing has least influence on the stagnation point Nusselt number. Based on this
correlation another correlation for local Nusselt number along the surface was also

proposed by [7].

11



Nu(R) R\\\
N =1+ (aexp <b (E))) 12

Equation (11) has been found to be sensitive of nozzle sizes. For same Reynolds number,
difference up to 40% has been observed on the local Nusselt number [20], as for turbulent
jets the mean radial velocity gradient had more influence in determining the Nusselt
number. So, incorporating the dimension less velocity gradient in the [20] suggested the

following co-relation for the stagnation region Nusselt number.
Nu, = 0.69(BRe,)%>Pro4 13

It was also mentioned that equation (13) should not be used in thermal design of impinging

jets without the proper understanding of hydrodynamic condition at the stagnation region.

The dependency of nozzle-to-plate on fluid flow and heat transfer for a range of spacing
(h/d = 0.1 — 40) were investigated by Choo et al. [21]. They divided the range of nozzle-
to-target spacing into jet deflection region for h/d < 0.6, potential core region extending
from 0.6 < h/d <7, and free jet region from 7 < h/d < 40. In jet deflection, the
normalized stagnation Nusselt number increases as the h/d decreases. In potential core
however, minimal effect h/d on the stagnation Nusselt number was observed and in the
free jet zone, monotonical decreases in the normalized stagnation Nusselt number with the
increase in h/d was seen during the experiment. They proposed a relation for stagnation

Nusselt number solely in terms of h/d:

12



h/d) — 15
Nug = \/4exp(—(h/d)/0.14) + {00.57 — 00.5tanh (%)} 14
Experimental results of Baughn and Shimizu [22] showed that at h/d = 6 heat transfer
occurs at its maximum at the stagnation point. Also, at h/d = 2, maximum heat transfer
occurs at stagnation point followed by other maxima at R /d = 1.8. The heat transfer has

a minimum value at the dimensionless distance of R/d = 1.3.

Significant progress has been made in numerical modeling of heat transfer as well as flow
for an impinging jet. Till date the best performing turbulence model for impinging jet
application is V2F model (normal velocity relaxation model). This model aims to capture
both the near-wall and free-stream turbulence characteristics by incorporating turbulent
stress which is normal to the streamlines and referred as v2, to find turbulent eddy viscosity

ie., v = Cu?T.v2

For a constant Re; = 23,000 (0.5 < h/d < 14), Behnia et al. [23] investigated the
effectiveness of V2F model and k — &€ model in predicting the heat transfer and flow field
characteristics. Their results were consistent with the findings of [22] when using V2F
model. It was found that k — & model (which uses k to determine the turbulent viscosity)
over-predicted the stagnation Nusselt number and flow characteristics. This flaw was due
to k — € model overpredicting turbulent kinetic energy 80% higher than V2F which instead
should be low. Similar results were found by same sets of researchers [24] when studying

confined and unconfined jets who reported k — & producing excessive turbulence.

13



Balachandar et al. [25] were able validate their results, using SST k — w turbulence model,
with co-relation provided by [7] with error of 30.5, 5, and 8 for respective nozzle sizes of
1, 2 and 4 mm. In addition to turbulence modeling, they utilized Volume of Fluid (VOF)
multiphase model to capture the interface between the fluids (air and oil). The paper
suggest that larger nozzle size produce more uniform temperature distribution (in other
words, more uniform cooling was observed with larger nozzle) while smaller nozzle
produce more efficient cooling at the stagnation zone. Based on the results from their

simulation they provided following co-relation for stagnation Nusselt number.
Nu, = 0.0142Re, °6> pr0-4p341 15

In equation (15), the quantity B is based on the analytical solution provided by [26] and
was calculated using equation (16). This approach relies on inviscid or laminar theory and
does not incorporate a well-established method for evaluating the radial velocity gradient

in turbulent jets. Consequently, the effects of turbulence were not accounted for.

g=22 (dur> 16
- uf dR

And the velocity gradient at the stagnation zone was evaluated as:

()15 g
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3 Governing Equations

3.1.1 Turbulence model equation

The commercial ANSYS FLUENT solves the conservation of mass and momentum
equation for any given flow. For turbulent flows another set of transport equations are
introduced to the equations. For laminar flows, equation of mass conservation for both

compressible and incompressible fluid is given as:

dp ,
E"‘ V.(pV) = S 18

S represents the mass source term from any user defined source and mass source included
to the continuous phase from the dispersed phase. The momentum equation used in

FLUENT is described by following equation:
a - - > = - =
a(pv)+ V.(pov) =—Vp+ V.(T) + pg + F 19

Where, p is the static pressure, T represents the stress tensor, pg is the gravitational body

force and F is the external body force. The form of T is given below:
= - - 2 -
T=u|V.o+ \7.vT—§\7.v1 20

Here, I and V. ¥ represent the unit tensor and effect of volume dilation respectively.

ANSYS FLUENT has various turbulence model listed for different applications. For

impinging jets application most of literature [1] [24] [27] [28] suggest v? — f model, this
15



model has been discontinued by ANSYS FLUENT. Thus, k — w SST was picked for the

current simulation. The transport equations for k — w SST model is given below:

a(k)+a(k)—arak +G,— Y, +S 21
dx p axi prei _axj kax] k & &
a( )+a( )—a Faw + Gy —Y,+Dy+S >
ot pw axi pwu;) = an waxj w w w w

The term Gy, is production of turbulent kinetic energy due to the mean velocity gradient,

G, is the generation of w and are given as:

o O
Gy = P 5
L

w
Gw :aEGk

S, and S, are the user defined source term. Further details of the of these equation, terms,

and modeling can be found in FLUENT Theory Guide and User Manual [29].

3.1.2 Heat Transfer equations
To model the thermal effects, FLUENT adds the energy equation in the computation. The

energy conservation in fluids and solids is solved using separate equations in FLUENT.

For fluids,

a - =4 - -
J
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ks r=effective conductivity

ijdiffusion flux of species j

kesr VI=energy transfer due to conduction.
Xih ijSpecies diffusion

TespU=viscous dissipation

Sy= volumetric heat source.

h is the enthalpy defined as:

The mass fraction of species j is represented by the term, ¥; and h; is given as follows:

T
Tref

The reference temperature, Ty r=298.15K.

For solids, the energy equation is given as:

17



0
a(ph) + V.(Vph) = V.(kVT) + S}, 24

The terms V. (¥ph) and V. (k VT) are the convective energy transfer due to the motion of

the solids and heat flux due to conduction in the solids respectively.

The conductive heat transfer coefficient from the heat flux at the wall is calculated using

equation (25).
q" = U(Ts — Trer) 5

T and T..5 are the temperature of the wall surface and fluid inlet temperature respectively.

From the Fourier law of heat conduction, the heat flux can be found using.

& kaT 26
q" =—k—
oy

The Nusselt number is based on the heat transfer coefficient, nozzle diameter, and the

thermal conductivity and given as follows:
Nu = — 27

3.1.3 Multiphase model equation

There are mainly four types of multiphase phenomena that are encountered in nature and
technology: the three phase flows, liquid-solid flows, gas-liquid or liquid-flow, and gas-solid

flows. The first step to analyze multiphase flow is to determine the flow regimes.

18



Commercial ANSYS FLUENT provides three distinct Euler-Euler multiphase models

available: the mixture model, the Volume of Fluid (VOF) model, and the Eulerian model.

VOF model was used in this work as it evaluates the volume fraction of fluid in all control
volumes which is generally used for time dependent solutions, but it is sensible to use VOF
model for steady-state solutions [29]. VOF model application includes predicting jet
breakup, analyzing the motion of large bubbles in a liquid, studying the behavior of liquid
after a dam break, and tracking the steady or transient motion of any liquid-gas interface
[29]. Volume of Fluid model solves the following equation to track the interface(s) between

any given phases.

110

n
E ox (“qpq) + W (“qpqﬁq) =Sq, T z Mpq — Mgy 28

p=1

Where, m,,, represents the transfer of mass between phase g to phase p. The source term
Sa, is set to zero by default, however a user-defined or a constant mass source term can be
defined in FLUENT. The above equation is for gth phase (secondary phase), VOF equation
does not solve for the pth phase, instead it uses following constraint to evaluate the volume

fraction of primary phase.

n
Zaqzl

q=1

VOF equation can either be solve implicitly or explicitly, however with explicit scheme a

time dependent solution has to be exercised. For the current simulation, implicit

19



formulation was used as steady-state solutions were required. The implicit VOF equation

solves the following equation which requires the volume fractions at current time step:

n+1 n+1 __

p" +Z apftpgtt UMt = Saq+2mpq—mqp 4 29

Along with this compressive interface tracking scheme was used for the solution method.
This is a high-resolution differencing scheme, suitable particularly for flows where the

viscosities of the phases differ significantly [29].

3.1.4 Dimensionless impinging power
When a jet of fluid, strikes a surface, it transfers a certain amount of energy to that surface.
This energy transfer can be quantified over time as power, which represents the rate at which
energy is transferred. The impinging power is a measure of how much power is being
transferred from the jet to the surface per unit of time. Impinging power can be calculated

using following equation [9]:
I, = APQ 30

Where, AP is difference in pressure between inlet and the impinging point or the stagnation
point which can be evaluated using Bernoulli’s equation and Q is the fluid flowrate, given

as

AP = = pu;} 31
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32

T 2
Q = Zufd

The factor used to non-dimensionalize the impinging power is given below:

33

W

©

Wl
W=

=

which is the reciprocal of units of watts, which is what the

The units of f factor is =

Joules
impinging power is measured in. Thus, the dimensional impinging power is given as:
IP* = f X IP 34

Impinging power is an important constraint while studying impinging jets as it is directly
related to the cooling performance of the jets and the cost of operation. Researchers often

take impinging power under consideration while studying impinging jets [9] [30].
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4 Computational Methodology

4.1 Geometries

In this section, discusses the detailed geometry and dimensions of all the components that
have been utilized in the analysis. This includes information on their cross-sectional
profiles, shapes such as circular, rectangular, or any other specific geometrical
configuration related to the study. Moreover, the section highlights any significant
differences between the geometries that were used for the preliminary study and final

study.
4.1.1 Rectifier diodes

There were two types of rectifier diode geometries used in the analysis. The left pair of
images in Figure 3 depicts the actual geometry of the diode, while the right pair represents
idealized diodes used for preliminary studies. The color coding applied to each picture
follows a specific pattern: in each pair of pictures, the first picture is color coded based on

the components, while the second picture is color coded based on the materials used.

Terminal lug Terminal lug .
<+——— Terminal lug
Glass Seal ) Glass Seal
Casting Silicon Wafer Casting Silicon Wafer
Molybdenum Molybdenum
Stud Stud ——»

Figure 3: Rectifier Diode real geometry (left) and simplified geometry (right)
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The major differences between diodes revolve around the outer casting. In the simplified
model, the diode featured flat faces, whereas the actual diode had curved faces on the outer
casting, as illustrated in Figure 4. Transitioning from the simplified to the real diode, both
the height and length of the outer casting increased. Furthermore, the fillets at the corners
of the hexagonal part in the real diode was half the size of the ideal diode. This difference
resulted in the target face of the real diode being approximately 2.71 mm longer than that

of the simplified diode.

10.03 mm 9.73 mm

Side vi 17.19 mm
R 1.65 mm iae view />R3.81 min

_—

mm R3.81 mm R 3.81 mm

R 381 mm

N

\z/

R 1.65 mm R 3.81 mm
Top view

Figure 4: Outer casting real diode (left) and simplified diode (right)

Another distinguishing factor among the diodes lay in the varying shapes of their target
faces as shown in Figure 5. The maximum height of the target surface increased by 0.3 mm
in the real diode compared to the ideal diode. Slight change in the width and length of the
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stud can also be noticed. Additionally, the total surface area of the real diode target face

measured 27.23 mm?, which was 26% larger than that of the ideal diode.

3.64 mm

11.5mm 11.9 mm

“ 824 mm

6.35 mm 6.82 mm 2-3 mm

Figure 5: Comparison between target faces of real (right) and ideal (left) diode.

Additional components inside the diode casting include glass seal, silicon wafer, and

molybdenum which remained unchanged along with the terminal lug, shown in Figure 6

in respective manner from left to right.

Figure 6: Unchanged components in real and simplified diode
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The glass seal and molybdenum components had a round shape, with a thickness of 20.52
mm and 1.27 mm, respectively. The silicon semiconductor, on the other hand, had a
thickness of 0.64 mm and a rectangular shape. Lastly, the terminal lug, serving as a

connection point for external electrical circuitry, had a thickness of 2.03 mm.

4.1.2 Copper Bus Bar

For the study, two distinct copper bus bars were tested. The preliminary bus bar, depicted
in Figure 7 was used for the 2 mm and 0.5 mm nozzle diameter geometries while the final

bus bar, Figure 8 was designed for 0.762 mm nozzle diameter geometry.

4.1.2.1 Preliminary Bus Bar

~
24.66 mm

—~

—»
18.43 mm 8.64 mm
Top view Side view Front view

Figure 7:Copper Bus bar 1

Figure 7 shows the first initial design of the copper bus bar that was proposed. It was a T-
shaped heat sink with two bumps on each side. The bumps were made to aid the heat

transfer from the angled nozzle. The mass of initial copper bus bar was 22.41 grams.

25



4.1.3

4.1.2.2 Final Bus Bar

N
1.65 mm

y

6.82 mm
21 mm

I I :

‘/'—'__-_-—'—‘—-—H -« > «
TN 15.98 mm 11.76 mm 11.76 mm

. . . Front view
Top view Side view

Figure 8: Final bus bar

The final copper bus bar was modified such that the weight was reduced by a factor of 3.7
(5.94 grams). As significant heat transfer was expected to occur only at the diode target,

the T-section was removed for the finalized design.

Preliminary CFD Geometries

The computational geometry for the preliminary model is shown in Figure 9. It consisted
of two nozzles targeting the diode faces while the third nozzle was aimed at the bumped
section of the copper bus bar. The distance between the nozzles and their targets were
maintained at 5 mm. The only difference between the two models lie in the size of the

nozzle.

26



Two straight nozzles

[ A 7
10 n _

60°
d=2 mm

mim

CE——
. #=5 mm
. ;1 10 mm
Top view Angled nozzle—»%  gide view
Two straight nozzles 60°

d=0.5 mm

i 10 nux ’//I’O mm

Angled nozzle —» : ;
Top view Side view

Figure 9:Preliminary geometries with 2 mm nozzles (left) and 00.5 mm nozzles (right)

The orientation of the diode was crucial in the analysis. Specifically, the diode was rested
on the bus bar in a manner that ensured the straight nozzles, arriving at a 60° angle, would
impinge upon the center of the target surface. To achieve this alignment, an angle of 9°
was imposed between one of the diode’s faces and the outer face of the bus bar. The round
bodies shown in purple are the body of influences that allowed having a denser mesh near
the target region of the diodes. These bodies of influences were made 30.5 mm in diameter

and extended from the exit of the nozzle to the target surfaces.
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4.1.4 Final CFD Geometry

Two straight nozzles

1.524 mm 1.524 mm

Top view

Figure 10:Final geometry top view

The final CFD model comprised of two straight nozzles coming at 60° towards the diode.
The target faces of the diode were aligned parallel to the faces of the bus bar, both of which
were facing the jet flow. This alignment was done to maintain the same orientation of the
diode as in the preliminary geometry. Furthermore, a separation distance of one nozzle
diameter was maintained between those two faces. The body of influences here were 10

times the nozzle diameter.

d=0.762 mm

0.762 mm

k—bl/// 16.952 mm

Side view

Figure 11: Final geometry side view
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As shown in Figure 11, the nozzle was made in such a way that it allowed variable spacing
between the jet and the target surface so that analysis at different nozzle-to-plate spacing
could be performed. The walls of the manifold were also modeled for the final CFD

geometry to test its effects on the heat transfer. The dimensions of the manifold walls are

as follows:

8 mm

0.762 mm

0.762 mm

Figure 12: Manifold walls for 0.762 mm nozzle geometry.

4.2 Mesh

After completing the modeling of the CFD domains, the geometries were transferred to
Design Modeler available in ANSYS Workbench package, where the naming convention
was established. To generate meshes, ANSYS FLUENT Meshing was employed, utilizing
a watertight geometry approach. By appropriately assigning names to prominent surfaces
and bodies, FLUENT Meshing facilitates local sizing to specific regions. The resulting

meshes were refined to ensure accurate representation and resolution of the desired flow

and thermal features.
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5 mflation layers

5 mflation layers 5 inflation layers

Figure 13: Mesh for 2 mm nozzle geometry
A consistent method was employed in meshing all three CFD geometries, involving the
implementation of smaller mesh elements within the nozzle and around the target faces.
To maintain consistency, certain mesh parameters were kept constant for the tested meshes.
This included the first layer height, orthogonality, and the shape of the elements

(polyhedral).

Inflation layers were employed within the nozzle walls and at the target surfaces to

accurately capture the heat transfer and flow field in the boundary layer.
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5 mflation layers

5 mflation layers 5 mflation layers

Figure 14:Mesh for 00.5 mm nozzle geometry

5 mflation layers

8 mflation layers

Figure 15: Mesh for 0.762 mm geometry
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The critical meshing parameters are listed in Table 4-1

Table 4-1: Mesh parameters

2 mm 0.5 mm 0.762 mm
nozzle nozzle nozzle
No. of elements 1,580,298 | 2,981,860 5,667,567
First Layer Height [mm] 0.02 0.02 0.02
Orthogonality 0.2 0.2 0.2

4.3 Boundary Conditions

The boundary conditions were carefully defined and applied consistently across all the

models.
|
4‘—Wal[
(o =
F Y |
Inlet 1 ! Inlet 2

| .

Periodic surface

el

Outlet 1

Periodic surface

Outlet 2

Wall

Outlet 3

Inlet 3

Figure 16: Boundary conditions on 2mm nozzle geometry

A unique boundary condition that was applied at the side surfaces was periodic boundary

condition. When the expected flow, thermal solution, and the physical geometry exhibit a repeating

nature periodically, this boundary conditions is employed [29]. With this approach, the simulation

of smaller representative domain can be used to capture the periodic behavior which reduces the

computational requirement. The reason for using periodic boundary conditions in the models is

that in an aerospace generator there would be multiple diodes that need cooling at the same time.
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== ) _ .
Alr inlet
<« Wall

Outlet 2
Periodic surface

Wall

Outlet 3

Inlet 1 Inlet 2

BN

Inlet 3

Figure 17: Boundary Conditions on 0.5 mm nozzle geometry.

Air inlet

<« Wall

Outlet 2

Periodic surface

Periodic surface Wall

Inlet 1 Inlet 2

Outlet 1

Figure 18: Boundary Conditions on 0.762 mm nozzle geometry.
In the preliminary models, four inlets and three outlets were incorporated, while the final
model was modified to have three inlets and two outlets. The top section of the
computational domain was set-up as an air inlet though ambient air was entering the
domain at a low velocity of 0.1 m/s. The inlet air temperature was set at 150°C while the
jets entering the domain had an inlet temperature of 135°C. These inlet conditions were
choosen to closely replicate the thermal environment encountered in aerospace generators

along with a turbulent intensity of 5% imposed at the inlet.
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Terminal lug

k=0.9301038 W/(mK) |} 0.05mm

Si to molybdenum

Silicon

k=7.884569W/(m K) Io.1 -

Terminal lug to Si

Molybdenum

k=4.041278 W/(m K) I 0.1 mm

Molybdenum to copper casting

Stud to bus bar ———»

k=4.041278 W/(m K)—*

0.1 mm

Figure 19: Thermal Contact Surfaces
Figure 19 shows the contact resistance that were applied at various contacts between
diode’s components. During the examination of the cross-section diode, it was observed
that the terminal log and Si wafer exhibited a perfect contact and were effectively soldered
together. Therefore, the contact thickness between these two components was
approximately half the size of other contact materials. The soldering material employed for
silicon, such as S-bond 220M, had a thermal conductivity of approximately 48 W/ (m K)
[31]. Nevertheless, factors such as microcracks, intermetallic layers, and the crystal grain
morphology at the solder-substrate interface affect the thermal conductivity, resulting in
the solder joint's thermal conductivity being only around 14% of the expected value [32].
Based on these findings the thermal conductivity of terminal lug-Si contact material was

set up in FLUENT.
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4.3.1

A thermal load of 51 W was applied to the silicon wafer, serving as a heat source within
the system. This heat is then transferred through thermal conduction to all other
components, including the diode casting, the copper bus bar, and the jet target surface.
Thus, the heat source is acting as a remote heat source for the jet target surface.
Additionally, the jets are aimed horizontally towards the target surface which is different

than most literature on jet impingement cooling [7] [25].
Material Properties

The oil used for cooling is aerospace Mobil Jet Oil 254. The material properties of the oil
were variable with temperature. They were either a polynomial or a piecewise polynomial

function of the temperature. The material properties are as follows:

e Density

p=-—0.7231089 x T + 1210.454 35

e Thermal Conductivity

k = 0.000318049 x T + 0.09434249 36

e Specific Heat

C, = -0.000122087+ x T3+0.1342287 x T?-45.04763 x T

+ 6583.77 37
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Dynamic Viscosity

Range 1 (311K - 422K)

u=1.88879% — 10 x T* — 3.18417e

— 07 x T34+0.000200614 X T?-0.0560492T 38
+ 5.868354
Range 2 (422K - 500K)
4 =-1.89368e-05 x T + 0.01025524 39
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5 Results

To better show the interactions between the two phases (oil and air) in the flow and the solid
bodies two cross section planes were created. One is a horizontal cross section through the
center of the nozzle. The other is a vertical cross section through the center of the diode in the
radial direction. The contours presented in the following sections are from the cross-sections

shown in Figure 20 and Figure 21.

A A

0.5 mm 0.762 mm

Figure 20: Cross-section 1.

2 mm I 0.5 mm l 0.762 mm

Figure 21: Cross-Section 2.
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5.1 Grid Convergence Test
Grid Convergence was performed for the final model at 1 GPM flowrate. The results are

listed below:

Table 5-1:Results from Grid Convergence.

1 o Max Si Wafer Temp %
Grid Size [°C] Difterence
358,351 174.40 9.18%
2,868,762 177.03 3.12%
5,667,567 178.38 Baseline

The % difference in temperature between two grid size was calculated using equation 40.

Tmax - Tmax
AT = 221 T2
Trmax, — 135 40

Where, T4y, 1 the maximum temperature of Si wafer for the given grid and T4y, 1s the

maximum temperature of the Si wafer from the baseline grid.
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5.2 Direction of heat transfer:

Figure 22: Direction of heat transfer from Si Wafer.

Based on the simulation results, it was observed that a significant portion of the heat
generated was transferred to the diode casting and the copper bus bar. In the preliminary
cases, approximately 70% of the thermal load was directed towards the diode casting, while
29% was absorbed by the bus bar. However, with the final design, these percentages shifted
to 76% for the diode casting, 17% for the bus bar, and about 2% for the terminal lug. This
change can be attributed to the reduction in size of the bus bar, resulting in a greater

proportion of the thermal losses absorbed by the diode casting.
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5.3 Preliminary geometry results

The 2 mm nozzles geometry and 0.5 mm nozzle geometry were run with four different
configurations keeping the total flow rate constant. In first configuration all three nozzles
were turned on. The second configuration used one of the two horizontally aimed nozzles.
The third configuration used the angled nozzle, while the fourth configuration used the two
horizontally aimed nozzles. The comparison was done based on the maximum temperature
of the silicon wafer and pressure drop across the nozzle required for each configuration. The
maximum temperatures from 2 mm and 0.5 mm nozzle with all four configurations are

shown below.

5.3.1 Three nozzles

200

—_— —_— —_—
co O O
n < n

p—
o0
<

Max temp of Si wafer [°C]

175 -
0 0.2 0.4 0.6 0.8 1

——-d=2mm -—4&-d=0.5 mm

Flowrate per nozzle [GPM]

Figure 23: Maximum Temperatures with three nozzles.
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153
151
148
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145
143
141
139
137
135

[C]

Flowrate/nozzle=0.33 GPM Flowrate/mozzle=0.08 GPM

Figure 24: Temperature Contour with three nozzles for 2 mm and 0.5 mm nozzles.

5.3.2 One Straight Nozzle

200

190 \
04 0.6 0.8 1

0 0.2

—0—-d=2mm —A—d=0.5 mm
Flowrate per nozzle [GPM]

—
\D
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Max temp of Si wafer [°C]
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Figure 25: Maximum Temperatures with one straight nozzle.
41



(€]

Flowrate/nozzle=1 GPM Flowrate/nozzle=0.25 GPM

Figure 26:Temperature Contour with one straight nozzle for 2 mm and 0.5 mm nozzles.

195
190
185

175

5.3.3 Angled Nozzle

Max temp of Si wafer [°C]

0 0.2 0.4 0.6 0.8 1

—0—-d=2mm -4&—-d=0.5 mm
Flowrate per nozzle [GPM]

Figure 27: Maximum Temperatures with angled nozzle.
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Flowrate/nozzle=1 GPM Flowrate/nozzle=0.25 GPM

Figure 28:Temperature Contour with one straight nozzle at 1 GPM and 0.25 GPM.
5.3.4 Two Straight Nozzles

200
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Figure 29: Maximum Temperature with two straight nozzle configurations
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[C]

5.3.5

- 139

d=0.5 mm d=0.5 mm

155
153
151
149
147
145
143
141

137
135

Flowrate/nozzle=0.5 GPM Flowrate/nozzle=0.125 GPM

Figure 30:Temperature Contour with two straight nozzles at 1 GPM and 0.25 GPM.

Effects of nozzle configuration and number of nozzles

The results indicate that among the four configurations, the angled nozzle yielded the least
favorable outcomes in terms of maximum temperature. On the other hand, one of the
straight nozzles performed well and achieved the best cooling results. When comparing the
results from various configurations of 2 mm and 0.5 mm nozzles on the same graph, a
notable observation emerges: the angled nozzle for the 0.5 mm diameter shows a

significantly higher temperature compared to the other configurations.
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Figure 31: Maximum Temperature from all configurations for 2 mm nozzle at different

flow rate.
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Figure 32: Maximum Temperature from all configurations for 0.5 mm nozzle at different
flow rate.
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The inferior thermal performance of the 0.5 mm angled nozzle can be attributed to the

inadequate delivery of oil to the diode surface illustrated in Figure 33. This deficiency

hampers the diodes’ ability to effectively transfer heat to the incoming oil jet.

d=2 mm

d=0.5 mm

k

d=2 mm

0.125 GPM

Figure 33: Volume fraction of oil with angled nozzle at 1 GPM flowrate.

d=0.5 mm

However, it was also important to consider the pressure drop when selecting the optimal

configuration. The pressure drop across the nozzles during the preliminary study is shown

below:

Table 5-2: Maximum pressure drop through each case from preliminary study.

All three nozzles One straight Nozzle Angled nozzle Two straight nozzles
Flow Max pressure Flow Max pressure Flow Max pressure Flow rate Max pressure
rate per drop [psi] rate per drop [psi] rate per drop [psi] per drop [psi]
nozzle f g=p | d=0.5 | mozzle | 4=p [ d=0.5 | mozzle | 4= [ d=0.5 | mozzle | 4=2 [ d=0.5
[GPM] mm mm [GPM] mm mm [GPM] mm mm [GPM] mm mm
0.33 1.2 463.0 1 7.6 3443.7 1 7.7 3407.3 0.5 22 960.9
0.17 0.5 145.8 0.5 2.2 980.2 0.5 2.2 961.2 0.25 0.9 279.7
0.08 0.2 53.2 0.25 0.9 280.8 0.25 0.9 279.9 0.125 0.3 94.3

While pressure drop through the nozzle was not initially a constraint in the project, it would

still be preferable to have a lower pressure drop. This is because in an aerospace generator,
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5.3.6

it is anticipated that there are other components that use the same cooling oil and supplied
pressure is limited. By minimizing the pressure drop across the nozzle, it ensures that a
significant portion of the pressure is retained for efficient operation of the other
components in the system. From Table 5-2, it is clear that one nozzle configuration
produced the highest pressure drop which confirms that pumping power requirement will
be higher. On the other hand, the three nozzles configuration produced decent results in
terms of temperature, but having a nozzle coming at an angle will complicate the
manufacturing process. Straight nozzles can be easily drilled or bored using standard
drilling or milling process which are well-established and widely available. On the other
hand, drilling angle holes raises issues like securing stock material in correct position,
requirement of expensive tools, and inaccuracy might arise. Thus, to keep manufacturing
as simple as possible and to reduce the pumping pressure the two straight nozzle

configuration was chosen.

Effects of nozzle diameter
An additional observation that emerges distinctly from the results is that at a given flowrate,
the cooling performance of the smaller nozzle (0.5 mm) was better than the bigger nozzle

(2 mm). This can be credited to the higher impinging power that 0.5 mm diameter produces.

Table 5-3: Dimensionless Impingement power per nozzle for 2mm and 0.5 mm nozzles.

Flow rate per nozzle Dimensionless impinging power per nozzle
[GPM] d=2 mm d=0.5 mm
0.5 4.18E+09 1.07E+12
0.25 5.22E+08 1.34E+11
0.125 6.53E+07 1.67E+10
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The dimensionless impingement power of the 0.5 mm nozzle was 256 times greater than
that of 2 mm nozzle at a given flowrate. Higher impingement power results in efficient
heat transfer improving the cooling performance, however it might not always be
beneficial. Along with the risk of damaging the target surface (due to excessive stress),
high impingement power comes with high energy consumption. This impacts the overall
efficiency and operational cost of the system. So, while designing an impinging jet
cooling system, it is necessary to lower the impinging power without compromising heat
transfer performance to reduce the overall cost. Comparison of the two nozzle diameters
in question at the same impinging power is shown in Figure 34. which clarifies the

influence of impinging power.

215
' 210 h
205
200
195 A
190
185
180

175
1.00E+07 2.01E+09 4.01E+09

—0—-d=2mm -—4—d=0.5 mm
Dimensionless Impinging Power per nozzle

Max temp of Si wafer [°C]

Figure 34: Comparison of max temperatures between 2 mm and 0.5 mm nozzle at the same
impinging power.

The 2 mm nozzle outperforms the 0.5 mm nozzle even though the impinging power was
the same. The better performance of 2 mm diode was because of the larger diameter being
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able to cover more surface area of the diode as seen in Figure 35. This means that at the
same flow rate condition, 0.5 mm nozzle will result in better cooling of the diode but higher
impinging power, while at the same impinging power the 2 mm nozzle produces lower
temperatures but at higher flow rates which requires larger pumping power. The table

below shows the corresponding flowrate per nozzle at the given impinging power.

Table 5-4:Flow rate per nozzle for 2mm and 0.5 mm nozzles.

Dimensionless Impinging Flow rate per nozzle [GPM]
power per nozzle (IP*) d=2 mm d=0.5 mm
4.18E+09 0.5 0.08
5.22E+08 0.25 0.04
6.53E+07 0.125 0.02

d=2 mm d=0.5 mm

Figure 35: Volume fraction of oil at IP* 4.18E+9.

5.4 Final design results

From the learnings of preliminary research, a systematic pursuit of design refinements was

done to achieve optimal performance, efficiency, and functionality, while meeting the
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desired standards and constraints. The main geometric difference was the diameter of the
nozzle which was changed to 0.762 mm. This was the minimum spacing required between
the heat sink and the manifold. The surface of the bus bar facing the jets was carefully

angled to match the inclination of the target surface.

Figure 36 showcases the results obtained for the 0.762 mm diameter nozzle at a specific

nozzle-to-target spacing of 2 for flow through one nozzle and two nozzles.
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Figure 36: Maximum temperature of Si Wafer at various flow rates for 0.762 mm nozzle

at h/d=2.
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Figure 37: Temperature contour for 0.762 mm nozzle with flow through 2 nozzles.

The influence of two nozzles on the flow rate was found to be more significant as the flow
rate decreased. For the highest flow rate tested (1.5 GPM per nozzle) the difference in

temperature was 0.14°C while at the lowest flowrate (0.03 GPM per nozzle) the was
12.07°C. This finding suggests that the use of multiple nozzles can cool the diode more

effectively.
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Figure 38:Temperature contour for 0.762 mm nozzle with flow through one

nozzle.

5.4.1 Effects of nozzle to plate spacing

In the field of impinging jet applications, a comprehensive examination of the impact of
nozzle-to-target spacing is of utmost importance. In the current study, negligible effects of
nozzle-to-target spacing on the maximum temperature of the silicon wafer was observed.
The change in maximum temperature was found to be minimal, indicating that this
particular parameter has limited influence on the overall outcome. The comparisons were
done at the same dimensionless impinging power that the preliminary models were

compared at in section 5.3.6.
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Figure 39: Maximum Temperature at IP*=4E+10 and Flowrate=0.069 GPM per nozzle for three
different spacing.
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Figure 40:Maximum Temperature at IP*=5E+8 and Flowrate=0.035 GPM per nozzle for three
different spacing.
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Figure 41:Maximum Temperature at IP*=6E+6 and Flowrate=0.017 GPM per nozzle for three
different spacing.
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Figure 42:Temperature Contours for 0.762 mm nozzle at IP*=4E+10 and flowrate=0.069 GPM

h/d=2

per nozzle for three different spacing.
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5.4.2 Effects of manifold walls

To investigate the influence of manifold walls on the maximum temperature of the Si-
wafer, the manifold walls shown in Figure 12 were incorporated as solid bodies in the
simulation. Three different flow rates through two nozzles at h/d=2 were compared to the

case where manifold were not present. The results are presented below.
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Figure 43: Comparison of maximum temperature of Si wafer w/o and with manifold walls.

The results suggest a slight increase in the maximum temperature of the Si-wafer

temperature. However, it is important to note that the difference is less than 1°C.
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Figure 44: Temperature contours for 0.762 mm nozzle w/o and with manifold walls.

5.4.3 Stagnation Point Nusselt Number

The Nusselt number at the stagnation point for target 1 was also measured using equation
(27). To do so, a point at the stagnation point was established in FLUENT and the
maximum heat flux at that point was evaluated. Additionally, the maximum surface
temperature at the stagnation point was also accessed and incorporated into equation (25).
It is important to note that the reference temperature for all cases was the temperature of
the oil at the inlet. The Nusselt number from the simulations were compared with the co-

relation provided by [7] [25].
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Figure 45: Nu number comparison with literature for 0.762 mm nozzle.
The experimental works of [7] and CFD analysis of [25] show power law relationship
between the Reynolds number and Nusselt number however, from the current analysis the
relationship 1s quadratic. This discrepancy can be attributed to the differences in geometry.
While the literature focused on a jet impingement on a flat plate. Although the targets were
flat the current study considers a more complex diode geometry. Furthermore, the gravity

in the current analysis does not align with the direction of jet.

Oil was flowed through only one nozzle as one could say that the interference between the
two jets might introduce variation in the Nusselt number. This interference was eliminated,
and Nu numbers were calculated at the same location. As the figure above suggests the
interference between the jets had minimal impact on the stagnation point Nu number. This
finding is noteworthy as it implies that two jets impinging on two different target surfaces

in close proximity does not affect the heat transfer rate at the stagnation point.
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In the previous studies [7] and [25], the flats plates were maintained at constant heat
condition. However, in the current simulation incorporating the diode, we deviated from
the approach of employing constant heat flux or constant temperature boundary conditions
at the targets. Instead, a remote heat source in the form of a Si wafer was introduced. Thus,
conduction takes place within the diode component, while convection occurs at the target
due to the presence of jets. This avoids diode form getting cooled uniformly as evident in

the following figure.

Lower Temperature than jet
impingement region

(€]

Figure 46: Temperature distribution on the diode casting.
It was also seen that the location where two jets interacted in the case of flow through two
nozzle exhibited lower temperature. Another reason why this location is colder was

because it was farther from the Si wafer compared to the target surfaces.
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Figure 47: Temperature contour for 0.762 mm at IP* and 0.07 GPM.

Extensive exploration of the available literature reveals h/d exerts a minimal influence on
the stagnation point Nusselt number at constant Reynolds number [20] [21] [25]. This
finding is further confirmed by the outcomes derived from our current analysis as shown

in figure.
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Figure 48:Stagnation point Nu number at three different spacing with two active nozzles
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6 Manufacturable Model

A manufacturable model was proposed based on the finding of the simulation. The nozzle to
target spacing was maintained at 2 as no significant changes in the maximum temperature of

the Si wafer was seen at h/d of 3 and 4.

Inlet d=9 mm

Tightening Screws Tightening screws

d=0.762 mm

Lock nuts Lock nuts Plug Lock nuts

Top view Cross-section view

Figure 49: Final Manufacturable Model.
The model consisted of a manifold with an inlet, O-ring channel, and plugs for the oil to
impinge on the diode target surfaces. Additionally, a manifold cover was also built, and all

the components were secured using tightening screws and luck nuts of various sizes.

The pictures of the components that were machined are included in the Appendix along with

their drawing.
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7 Conclusion

1. Findings suggest that the choice of nozzle diameter can significantly impact the cooling
efficiency of the jet. A larger nozzle diameter was found to have noticeable effects, as it
effectively covers a greater surface area of the diode, resulting in a higher heat transfer rate.

2. At identical flowrate conditions, the impinging power is of greater significance as the
smaller diameter nozzle generates higher impinging power compared to the larger diameter
nozzle thus produce better cooling efficiency.

3. A compromise between cooling capacity and pumping power is needed which will impact
the nozzle size and required flowrate.

4. At lower flowrate multiple nozzles have been found to significantly enhance the cooling
capacity of the system by distributing the oil more efficiently.

5. Diode is not cooled uniformly due to conduction within the diode and convection due to
the jets, also heat distribution within the system was not uniform.

6. The interference between the jet do not impact the heat transfer coefficient or the Nu
number at the stagnation point of the target.

7. Upon investigating the rage of h/d (2 to 4), no significant impact on the maximum

temperature of Si wafer was found.
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8 Future Work

1. In order to ensure the accuracy of the simulation results, it is important that they are
validated through a scientific experiment.

2. Through rigorous experimentation, a co-relation needs to develop that quantifies the heat
transfer coefficient at the target surface which will act as base for the future works
involving impinging jets on non-uniform heat flux or temperature surfaces.

3. A wider range of h/d needs to be studied to be studied to understand the significance of

nozzle-to-target spacing on the maximum temperature of Si wafer.
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Appendix

Figure Al: Copper bus bar.

Figure A2: Manifold top view (left) and front view (right).
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Figure A4: Copper bus bar drawing
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Figure A5: Manifold drawing
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Figure A6: Manifold cover drawing
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