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Abstract  

Power electronics are used for a wide variety of purposes, including in electric 

vehicles and e-VTOL aircraft. Nonetheless, thermal oscillation of the junction temperature 

due to transient load conditions remains a significant problem. In this study, an 

intermittent jet impingement was applied, along with transient heat flux boundary 

conditions of 100W, 200W, and 300W, to a thermal test chip at a frequency of 0.5 Hz 

(70% duty) to examine whether such an approach can successfully minimize junction 

temperature fluctuations, and thus, increase the durability of the Si chips. The findings of 

the experiments combining intermittent pulsation with varying heat fluxes show reduced 

hot spot temperature oscillations of 10%, 12.5%, and 16.7% at 100W, 200W, and 300W, 

respectively, at a Reynolds number of 8850. Hence, the use of pulsating jets provides 

better control over temperature fluctuation compared to steady jets. An enhancement 

factor is employed to characterize the merits of using pulsating jets. Compared to steady 

jets, the temperature oscillation coefficient shows that the use of pulsating jets enables a 

higher reduction in temperature oscillation at the same time averaged Re number. A 

correlation is proposed to calculate the enhancement factor for pulsating jets. 

Then, a transient numerical model is developed to estimate the frequency effect of the 

intermittent jet impingement to minimize temperature fluctuations due to transient heat-

flux boundary conditions. To this end, pulsating-jet-velocity and heat-flux frequencies 

ranging between 1 Hz and 25 Hz are examined. Compared to the steady jet, the use of the 

intermittent jet provides excellent control of the maximum temperature limit across the 

studied frequencies. In addition, the vorticity rings introduced during the jetôs off period 

enable lower minimum temperature limit values compared to the steady jet approach, 
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reaching as low as 5 Hz. However, below 5 Hz, the minimum temperature becomes higher 

than that obtained in the steady jet approach. Furthermore, 19.2 Hz is the threshold 

frequency below which the intermittent jet effect can be exploited to reduce temperature 

oscillation. No noticeable reduction in temperature fluctuation occurs above 19.2 Hz due 

to the higher time constant of the studied chip than the periodic times of the studied 

frequencies above 19.2 Hz. A temperature oscillation coefficient (Ẽ) is then introduced to 

demonstrate the intermittent jet approachôs effectiveness for reducing temperature 

oscillation in isolation from the maximum temperature limitation effect. The results 

further reveal 8.2 Hz as the critical frequency below which the reduction in temperature 

oscillation is much more pronounced for the intermittent jet approach compared to the 

steady jet approach. A transient heat-transfer coefficient (HTC) study is also conducted to 

understand the role played by the vorticity rings in enhancing the HTC during the off 

period of the jets in the intermittent pulsation approach. To this end, a reduced model is 

generated to calculate the transient HTC during the decay of temperature during the off 

period of the pulsation. 

Direct jet impingement on silicon-based chips results in variations in spatial 

temperature between the center of the jet and the jet outlet location. This study introduces 

a jet outlet design that facilitates a more uniform spatial temperature distribution. To this 

end, the steady state numerical model is used to study the outlet configuration effect on 

spatial temperature reduction. The resultant data show that reducing the outlet size by 30% 

results in a 31% decrease in the spatial temperature variance between the stagnation point 

and hot spot locations. 

Five outlet configurations are also investigated: eight circular top outlets; eight 

circular side outlets; four square top outlets; eight square top outlets; and eight square side 
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outlets. Analysis of the temperature profiles of these designs reveals that the configuration 

featuring eight top circular outlets produces the highest spatial temperature difference, 

while the configuration featuring four top circular outlets (1.4 mm diameter) produces the 

smallest difference. Specifically, the four top circular outlet design enables a 42% 

reduction in the spatial temperature difference, with a 3.8% decrease in the pressure drop 

between the main inlet and outlet. Additionally, the findings show that this configuration 

produces a higher increase in the hot spot heat-transfer coefficient compared to the eight 

top circular outlet configurations (from 18500 W/m2 0C to 22300 W/m2 0C, an increase of 

20.5%), thus flattening the spatial heat-transfer coefficient radially. 
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1. Chapter 1: Introduction  

Power Electronic equipment like inverters are used in our life in different fields and 

are becoming increasingly powerful, concerning power consumption. These devices are 

composed of many electronic components like resistors, capacitors, inductors, 

transformers, and transistors. All  these components consume electric power to operate and 

to deliver different functions. The increasing power demands of these devices lead to an 

increase in losses due to the resistance of different components, the winding and eddy 

current losses in inductors, and/or the switching between the on-off states of the 

transistors.  

Chips or dies are in the order of several millimeter squares in size and can house 

millions of tiny transistors that consume power and dissipate heat. This small footprint 

area leads to high heat fluxes which necessitate effective cooling methods to prevent an 

unfavorable increase in the component temperature. The high heat dissipation rates, and 

the associated high-level temperatures, can have adverse effects on the system efficiency 

and service life, if not properly managed and controlled.[1] 

1.1) Background and Motivation 

1.1.1) General Background 

Electronic packaging of chips on printed circuit boards (PCBs) is composed of 

different materials other than silicon-semiconductors including aluminum wires, solders, 

and silicon carbide substrates, Figure 1.1. 
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Figure 1.1: The different components of the electronic chip, adapted from [1]. 

There are various modes of temperature-dependent failures of electronic chips. These 

temperature-dependent failure modes can be classified into mechanical- and electrical-type 

failures. 

The chip experiences mechanical fracture at the joints due to the difference in thermal 

expansion coefficients of the constituent materials. This typically leads to thermal fatigue 

arising from successive exposure to different tensile and compressive shear stresses during 

operation, as shown in Figure 1.2. 

 

Figure1.2: Mechanical failure of electronic chip, adapted from [2]. 

As the temperature of the power transistor increases, the on-state resistance increases 

(which is the resistance of the transistor when current passes through it during its on state), 

leading to higher power dissipation and eventually ñthermal runawayò that may lead to 
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component damage. Moreover, the resistance of silicon decreases as the temperature rises, 

leading to higher current passage, and hence, higher heat losses. This may result in the 

melting of the components if the temperature is not properly controlled. 

With the increased demand for improved functionality, efficiency, and compact sizes, 

for electronic devices, higher power consumption is needed, which is associated with 

higher heat flux densities. This has become a major challenge for the advancement of 

high-performance, low-weight power electronic systems. Properly designed thermal 

management techniques are needed to improve the reliability and performance of 

electronic devices [1].  

Many cooling techniques have been used for the thermal management of power 

electronics. The most common technique is the forced-air convection cooling using a fan, 

however, there are several disadvantages including increased weight, noise level, cost, and 

limited reliability due to potential fan failure. Another cooling technique uses an 

aluminum heat sink block or fins, attached to the power module to facilitate heat 

dissipation by increasing the heat transfer surface area and system thermal capacitance. 

However, such a technique often leads to increased weight and cost of the electronic 

device [1]. 

In the past two decades, significant research effort has been dedicated to novel 

thermal management methods for power electronics cooling.  

Few studies explore passive Phase Change Materials (PCM) and Nano-PCM on the 

finned heat sink to control the temperature of electronic devices, which proved to be a 

viable technique in intermittent heat flux conditions. However, it acts to introduce an 
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additional thermal insulation layer to the heat spreader [3]. Another way introduced a 

carbon-foam heat sink to improve the thermal contact with air for enhanced cooling of the 

chips [4]. However, it showed an increase in the pressure drop on the airside and hence, 

required larger installed fan power. Heat pipes were extensively used to enhance heat 

dissipation from chips [5], however, it doesnôt adapt the transient operation of different 

power electronic applications.  

Moreover, thermal interface materials (TIM) were used to decrease the contact 

resistance between the chip and the substrate, thus enhancing heat dissipation to the heat 

sink. A modified microstructure of the substrate material had also been proposed, to 

enhance heat dissipation from the chip [6]. Most of the cooling techniques studied so far 

can be considered as passive techniques with limited cooling capabilities. 

 

Figure 1.3: Ranges of cooling rates and heat transfer coefficients for different cooling modes, adapted from [7]. 

As power electronics capabilities advance, more active techniques are essential for 

efficient and reliable cooling of power electronics. Figure 1.3 shows the different 
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capabilities of different cooling methods commonly used for thermal management of 

power electronics. 

1.1.2) Jet Impingement as a Potential Cooling Technique 

One of the promising techniques uses direct liquid jet impingement for electronic chip 

cooling. Jet impingement is vastly investigated throughout the second half of the past 

century to assess its technical feasibility in practical engineering applications [8-18]. It is 

characterized by enhanced convective coefficients [19,20] for heating and cooling in many 

industrial applications like turbomachinesô blades cooling, glass tempering, annealing of 

metallic sheets, and drying processes in textile industries.  

Jets are turbulent-structured flows that exit from a circular or a planer nozzle with 

uniform average velocity (if impinged from long pipes to account for entry developing 

length) as shown in Figure 1.4. Due to the momentum exchange between the still fluid and 

the moving jet, the area of the free jet increases, and the uniform velocity is contracted and 

conserved only in a potential core that extends from 6 to 8 times the nozzle diameter based 

on the exit velocity from the nozzle. Beyond this region is the ñfree jet regionò in which 

the velocity profile is no longer uniform and follows a bell-shaped distribution, with a 

maximum velocity at the centerline, but lower than the original exit velocity from the 

nozzle. Then, the effect of the target surface acts to decelerate the axial velocity of the 

flow till reaching the stagnation point, while accelerating the radial or transverse 

component of the flow into what is called the ñimpingement jet regionò. Then, this 

accelerating component of the jet diminishes due to further entrainment from the 

surrounding stagnant fluid, thus attaining a maximum value followed by the ñwall jet 

regionò where deceleration of the radial flow takes place until the spent fluid exits from 
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the outlet of the fluid domain. The stagnation point possesses the highest heat transfer 

coefficient (HTC), and hence, the highest Nu number. Beyond the stagnation point, the 

local HTC decreases in the radial direction [21]. 

 

Figure 1.4 : Illustration of the different jet regions, adapted from [22]. 

1.1.3) Motivation  

For traction power modules that are used in hybrid and electrified vehicles, the 

required torque, speed and current from the electric motor vary depending on the road 

conditions. Based on such variable operation of the electric motor, the power modules 

operation varies to adapt to the variable transmitted powers and currents. Such variable 

operation leads to transient fluctuation of the junction temperature of  metal oxide 

semiconductor field-effect transistors (MOSFETs) during the drive cycle.  Figure 1.5 

shows the MOSFET junction temperature of a power module of a vehicle based on an 

urban dynamometer driving schedule (UDDS) for electrified vehicles. 
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Figure 1.5: Variation of MOSFET junction temperature through UDDS, adapted from [24] 

 

From Figure 1.5, it can be observed that the transient fluctuation of the MOSFETôs 

junction temperature of the power module during the UDDS varies between 78 0C and 140 

0C. This temperature difference can lead to high thermal stresses and reduction of the 

reliability of the power module over a short period of operation.  

Power modules experience thermal cyclic stress due to temperature oscillation [23], 

which can give rise to thermal fatigue with time. This temperature fluctuation is mainly 

caused by the transient heat flux across the power module, associated with the varying 

torque and speed demands of the vehicle. 

1.2) Thesis Contributions 

Current investigations focus only on a constant heat flux boundary condition applied to the 

silicon chips of the power electronic components based on a constant operation behavior 

corresponding to the peak condition, without consideration for the dynamic operation profiles 

for such components. Such boundary condition fails to predict the true behavior of silicon-

based power modules [29-30].  



Ph.D. Thesis- Mohamed Samy Hefny       McMaster University-Mechanical Engineering 

8 

 

Moreover, little to no consideration was given for the natural dynamic heat flux behavior and 

the associated dynamic temperature of the operation of chips that may accelerate the fatigue 

or cause damage to the different components of the chip. 

Steady jet impingement failed to eliminate the oscillating temperature behavior of power 

electronics as indicated in [24]. It helps only in reducing the temperature fluctuation due to 

the cooling configuration change from the conventional pin finned heat sink attached to the 

power module, to the jet impingement on the base plate of the power module. 

Intermittent pulsation of jet as a controlling method can show better performance towards 

minimizing the temperature oscillation due to the dynamic jet behavior which can interfere 

with the transient heat flux boundary condition of power electronics. 

Spatial temperature difference over the impingement surface is one of the drawbacks of using 

jet impingement due to formation of hot spots in the silicon chip, away from the stagnation 

point in the wall jet region, which is affected by the outletôs locations, shape, and size. 

Hence, the objectives of the current research are set up to address these gaps. 

1.3) Thesis Outline 

This thesis composed of six chapters. Starting with chapter 1 which gives a brief background 

and motivation behind the research gaps and contribution discussed through this thesis. 

Then chapter 2 gives more insights about the thermal cycling behaviour problem 

accompanied with the dynamic operation of silicon chips for power electronic inverters. 

Moreover, it covers the recent literature reviews done in the field of cooling using confined 
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jet impingement to adapt the high heat dissipations accompanied with power electronics 

application. 

Chapter 3 introduces the experimental test setup that is used to assess the feasibility of 

combining the pulsating jet impingement in-phase with the transient heat flux boundary 

conditions. It shows the comparison between the steady and pulsating jets for the transient 

heat flux boundary condition at different time-averaged Reynolds numbers, to highlight the 

effect of reducing the temperature fluctuation of the silicon chips, using a mimic thermal test 

chip, which will help in reducing the thermal stresses consequently and increase lifetime of 

silicon-based power modules. 

Chapter 4 presents a numerical model that has been validated with a steady jet impingement 

validation case. This numerical model is used to predict the transient response of the silicon 

chip for various frequencies of intermittent pulsation of jets in-phase with transient heat flux 

boundary condition to show the effect of frequency over the temperature oscillation, which is 

dominated by the chipôs time constant. 

Chapter 5 illustrates numerically through a numerical model, which was validated against 

experimental case, the effect of outletôs design parameters like location, shape, and size on 

minimizing the spatial temperature difference across silicon chips subjected to direct steady 

jet impingement. Different outlet configurations were proposed to get the best configuration 

for reducing the spatial temperature difference, taking into consideration the accompanied 

pressure drop as well. 
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Chapter 6 summarizes the conclusions from chapters 3, 4 and 5 and the outcomes from the 

numerical and experimental work done, in addition to proposal for further future 

investigations. 
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2.  Chapter 2: Transient Temperature in 

Power Electronic Applications 

2.1) Inverterôs Theory of Operation 

Inverters are power electronic devices that convert the DC power from batteries into 

AC power to drive motors, that are commonly used in electrified vehicles and helicopters. 

An inverter mainly consists of three half-bridges (power module) circuits, each half-bridge 

circuit controls one of the three phases of the AC motor via two MOSFETs ñMetal Oxide 

Semiconductor Field-Effect Transistorò. MOSFET is a silicon or silicon carbide 

semiconductor that is composed mainly of a gate, a source, and a drain. When voltage is 

applied between the gate and the source, an electric current is allowed to pass between the 

drain and the source. The gate driver governs the operation of the MOSFET, by 

controlling the on-off cycle or the ñswitching frequencyò of the voltage applied between 

the gate and the source, based on a reference signal that is programmed in the controller of 

the gate driver. This switching between the on-off modes of the MOSFET, typically 

happening at high frequency, results in the conversion of the DC into an AC to drive the 

motor [25]. Figure 2.1 shows an illustration of the inverter operation. 

2.2) Thermal Behavior of Inverters  

The operation of inverter is accompanied by heat generation due mainly to two 

thermal loss mechanisms: conduction losses and switching losses. Conduction loss is due 

to the resistance to the current passing between the drain and the source. Switching losses 

are mainly due to the switching behavior between the on-off states of the MOSFET and 
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the high-frequency oscillation of current and voltage values during operation. Both types 

of losses increase as the temperature of the MOSFET rises and this leads to higher heat 

dissipation, which poses serious challenges to the further advancement of inverter 

capacities. Figure 2.2 shows the variation of the conduction heat loss with junction 

temperature, due to the accompanied internal resistance variation of the MOSFET [26]. 

 

Figure 2.1: Illustration of inverter structure, adapted from [25]. 

 

Figure 2.2: Variation of heat loss of MOSFET with junction temperature variation. 
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2.3) Conventional Thermal Management Technique 

The power module (half-bridge circuit) of an inverter is composed mainly of different 

stacked layers, each made of different materials for better functioning of the inverter duty. 

Those layers are starting from the Silicon or Silicon-Carbide chip at the top layer, solder, 

upper copper, ceramic, lower copper, solder, and then ending with the baseplate at the 

bottom layer. Most conventional cooling techniques employ a finned heatsink (either air or 

liquid-cooled) attached to the base plate of the power module.  

Thermal paste or grease (Thermal Interface Material, ñTIMò) is often applied at the 

interface between the base plate and the heat sink to eliminate the air voids that may arise 

and to adhere the heatsink to the baseplate. All  these layers introduce thermal resistances, 

besides thermal capacitances, to the heat flow from the chip through the assembly into the 

cooling fluid. Larger overall thermal resistance will lead to a higher junction temperature 

that may have an adverse effect on the long-term operation and reliability of the inverter.  

Usually, a Cauer thermal network is used to analyze the heat transfer through complex 

configurations to analyze the transient behavior of the various layers of the power module. 

Moreover, the junction temperature can be estimated analytically from this Cauer network 

analysis, provided precise values of the thermal resistances and capacitances of the 

different components [27]. Figure 2.3 shows the layer stack of a power module and its 

corresponding Cauer network. 

Active thermal management techniques are more effective in handling higher heat 

dissipation rates, thus providing better control on the junction operating temperature. As 

such, direct liquid jet impingement can offer a promising solution for the healthy operation 
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of power electronics, allowing for further advancement of the technology. In addition, it 

eliminates the need for a finned heatsink and the TIM, thus reduces the overall thermal 

resistance and capacitance as well as the weight and cost of the entire module. 

 

 

 

 

 

Figure 2.3: Illustration of the inverter layers and Cauer thermal network, adapted from [27] 

2.4) Thermal Cycling of Inverters  

For traction power inverters that are used in electrified vehicles, the required torque, 

current and speed from the electric motor vary depending on the road drive cycle. Based 

on such variable operation of the electric motor, the inverter load varies to adapt to the 

varying transmitted powers and currents. Such variable operation of inverters leads to 

transient fluctuation of the junction temperature of MOSFETs during the drive cycle[28]. 

Figure 2.4 shows the varying torque and speed of the electric motor of a vehicle based on 

an urban dynamometer driving schedule (UDDS) for electrified vehicles and the varying 

diode and IGBT junction temperatures. 
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Figure 2.4: Variation of a) motor torque and speed b) junction temperature of IGBT & diode, adapted from [28] 

At low switching frequencies, inverters experience thermal cyclic stress due to 

temperature oscillation, which can give rise to thermal fatigue with time. This temperature 

fluctuation is mainly caused by the transient heat flux across the power module, associated 

with the switching action between On and Off states of the MOSFETs. 
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2.5) Effect of Switching Frequency on the Thermal Cycling of the Inverter 

 Based on the discussion in the previous two sections, the effect of inverter switching 

frequency on the transient junction temperature will be covered in this section. Moreover, 

a comparison is developed between the conventional fin liquid cooling and the direct 

liquid jet impingement on the surface of the chip. 

A commercial power module is used to develop the Cauer thermal network based on 

the composition of the stacked layers, by calculating the thermal capacitance and thermal 

resistance for each layer. A high switching frequency of 15 kHz is introduced through the 

power module, and a comparison between forced liquid cooling across the finned heatsink 

versus the direct jet impingement on the surfaces of the chip is carried out using a liquid 

flow rate of 11 LPM. Figure 2.5 shows that the direct jet impingement is more effective in 

reducing the junction temperature from 127 0C to 93.5 0C, besides reducing the time 

constant from 10 secs to less than 1 sec. This is primarily due to the higher averaged heat 

transfer coefficients associated with the jet impingement process. 

 

a 
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Figure 2.5: Transient Junction temperature variation for a) liquid cooling Vs b) liquid jet impingement @ 15kHz 

Moreover, a low switching frequency of 2 Hz is introduced through the power 

module, and the same comparison is performed again, at a liquid flow rate of 11 LPM. 

Large temperature fluctuations are observed at such low switching frequencies. Figure 2.6 

shows that the jet impingement reduces the junction temperature oscillation range from 51 

0C to 43 0C. It is also seen that the maximum value of junction temperature drops from 

178 0C to 127 0C. 

The transition from forced convection cooling into jet impingement cooling didnôt 

eliminate the junction temperature fluctuation [24]. As such, further research is still 

required on effective cooling techniques to alleviate the thermal cycling issue. The current 

research proposes intermittent pulsation of jets as a potential solution to address such an 

issue. 

 

b 
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Figure 2.6: Transient Junction temperature variation for a) liquid cooling Vs b) liquid jet impingement @ 2 Hz 

Innovative methods for chip resembling using jet impingement were used for 

electronic chip cooling, which present a real imitation of actual power electronic devices 

design and operation [29-31], besides estimating the real-time temperature fluctuation of 

a 

b 
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electronic chips. Musallam and Johnson [32] developed a compact numerical model, that 

was experimentally validated for a transistor operating at different frequencies up to 10 

Hz. Their numerical model captured accurately the oscillations in transistor junction 

temperature. Such a model was proposed to include thermal-mechanical models to enable 

the prediction of the lifetime of electronic components.  

Moreover, in recent research was done by Mandrusiak et al. [33], it was shown that 

for silicon carbide MOSFETs, the effect of the switching frequency on the temperature 

oscillations was negligible beyond 10 Hz. This was attributed to the larger time constant of 

the chip material compared to the periodic time of the opening and closing of the 

MOSFET gate. 

2.6) Jet Impingement Characteristics and Performance  

Liquid jet impingement cooling offers a potential solution for the thermal 

management of power electronics due to its high heat transfer characteristics. 

Jet impingement systems are classified into confined and unconfined. Although 

confined jets are more likely to suit the operation of most of the power electronics, it was 

found that there is no difference in thermal performance and Nusselt number for both the 

confined and the unconfined jet impingement for constant pumping power operation[34]. 

While a 20 to 30 % deterioration in performance was noted for the confined jets compared 

to the unconfined jets for constant flow rate operation, which is undesirable, for the 

optimum cooling of the power electronics.  

Choo et al. [35] investigated only the effect of the confinement spacing to nozzle 

diameter ratio ñz/dò, in the range of 0.1 to 40, on the Nusselt number and pressure at the 
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stagnation point for air and water jet impingement. They classified this range into 3 

regions, the first one was z/d < 0.6, in which both the stagnation pressure and Nusselt 

number increased as the spacing decreased. The second one was 0.6 < z/d < 7, in which 

there was no effect for the spacing on both parameters, due to the fixed potential core 

velocity. The last region was z/d >7, in which severe reduction of the pressure and Nusselt 

number occurred as the spacing increased, due to the drop in jet velocity.  

Suresh V. Garimella is one of the pioneering researchers working on jet impingement 

applications in power electronics cooling over the past 2 decades. Most of his research 

studies were summarized herein to understand the potential of jet impingement techniques 

for the thermal management of inverters in electric vehicles. Most of his studies focused 

on turbulent, single, axisymmetric, submerged, and confined dielectric liquid jet 

impingement on a small area with a target surface heater (1 cm x 1 cm), to simulate the 

cooling performance of power electronic chips of small sizes under constant heat flux 

boundary conditions.  

Table 2.1 shows a summary of the key findings from his research studies, including 

the experimental and numerical work done on single-phase jet impingement, which 

corresponds to the same boundary conditions used in the current research. 

The Nusselt and Reynolds numbers are calculated based on the diameter (d) of the 

inlet nozzle as the length scale for Garimellaôs research. 
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Table 2.1: Single-phase jet impingement studies by Garimella 

Author  Study Fluid  B.C Key Parameters Results 

Garimella & 

Nenaydykh [36] 
Experimental FC-77 

Constant 

 heat flux 

of  

25 

W/cm2 

Effect on heat transfer coefficient ñHTCò due to:  

-Aspect ratio of nozzle ñl/dò 

-Spacing between nozzle and target plate ñz/dò 

- Reynolds number 

-Diameter of nozzle ñdò 

Higher HTC was observed at: 

- l/d <1 

- z/d <5 

-Higher Reynolds number 

-Higher Nu number for higher nozzle 

diameters 

Garimella & 

Rice [37] 
Experimental FC-77 

Constant  

heat flux 

of  

25 

W/cm2 

Location of Secondary peaks of local HTC due to: 

- Spacing between nozzle and target plate ñz/dò 

- Reynolds number 

-Diameter of nozzle 

-Secondary peaks at radial location of 

r=2d 

-Secondary peaks shift outward 

radially at higher Re number and 

higher spacings ñzò 

-Magnitude of secondary peak 

decreases at higher spacings ñzò 

Luis & 

Garimella [38] 
Experimental Air  

Constant  

heat flux 

of  

25 

W/cm2 

-Chamfer effect at nozzle inlet on the HTC and the 

pressure drop for nozzles of 

1- Square-edge 

2- Wide-angle chamfer 

3-Narrow-angle chamfer 

-No higher average HTC was observed 

for the chamfered over the square-

edged nozzle. 

- Lower pressure drops are 

experienced for the chamfered nozzles. 

-The narrow-angle chamfered nozzle 

showed better HTC to pressure drop 

ratio enhancement that reaches to 

30.8% over the square-edged nozzle 

Li &  

Garimella [39] 
Experimental 

FC 77 

Water 

Air  

Constant  

heat flux 

of  

25 

W/cm2 

-Prandtl number effect of different types of working 

fluids 

-Higher HTCs and Nusselt numbers 

were found for the distilled water over 

the dielectric FC 77 as the dielectric 

fluids in general have low thermal 

conductivities 

-Generalized correlations for Nu 

number estimation for all fluids 

Fitzgerald & 

Garimella [40] 
Experimental FC 77 

Constant 

inlet 

Reynolds 

number 

-Flow visualization technique using LDV to 

measure the flow field velocities and turbulences in 

the impingement and confinement zones 

- Increase of nozzle diameter, while 

keeping other parameters constant, 

leads to higher turbulence intensities, 

which results in higher stagnation 

HTC, however the velocity reduces at 

higher Reynolds number 

Morris & 

Garimella [41] 
Numerical FC 77 

Constant  

heat flux 

of  

25 

W/cm2 

- ñK-Epsilonò turbulence model was used for 

predicting the experimental date of local HTC 

- Near-wall functions were proposed, to get 

enhanced numerical results for the stagnant and 

local HTC distribution. 

- Four turbulent Prandtl number correlations were 

used to account for the eddy diffusivity of heat in 

the ñk-epsilonò model, instead of the constant value 

pre-defined in the ñFluentò. 

- 16 % deviation for the stagnation 

HTC and 20 % for the average HTC 

Morris & 

Garimella [42] 
Numerical FC 77 

Constant 

inlet 

Reynolds 

number 

-Using the Renormalization group theory ñRNGò of 

the ñK-Epsilonò turbulence model to predict the 

flow field patterns in the nozzle and confinement 

regions 

- Separation and reattachment 

locations in nozzle were predicted 

- Recirculatory structures that occurred 

downstream of the impingement 

region were predicted 

- Secondary recirculation patterns 

werenôt predicted numerically 

Morris & 

Garimella [43] 
Numerical FC 77 

Constant 

inlet 

Reynolds 

number 

- Reynolds Stress Model ñRSMò turbulence model 

with different wall functions was used to predict the 

flow field and fluid motion and comparing it with 

the experimental flow visualization and the LDV 

- Predicting the locations of the 

recirculatory zones and patterns found 

down-stream the confinement region 

with 40% error 
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Garimella and Nenaydykh [36] showed that as the diameter of the nozzle increased, a 

higher Nusselt number was achieved, due to the increase in turbulence intensity with 

diameter at constant Reynolds number. However, for a constant Reynolds number and 

larger diameter, the jet velocity and consequently the turbulence intensity decrease, 

resulting in lower heat transfer coefficients (HTC) and Nusselt number, but the contrary 

was shown in their research.  

Moreover, Garimella and Rice [37] claimed that the main reason for the observed 

secondary peaks in the local heat transfer coefficient distribution, were due to the 

recirculation region formed due to the confinement effect of the nozzle plate, or due to the 

transition to turbulent flow in the wall jet zone. 

In all Garemillaôs studies, a constant heat flux boundary condition was used, which is 

not representative of the real-life operation of inverter MOSFETs. Besides, their focus was 

solely on jet impinging on flat surfaces, which fails to simulate the true nature of power 

electronics cooling. Electronic chips can be treated as protrusions that stick out of the 

electric boards, which affect the fluid flow field, and consequently the heat transfer 

coefficient and pressure drop across the confinement gap between the nozzle and the target 

surfaces. 

2.6.1) Jet Impingement Over Mimic Thermal Test Chips 

In the past four years, few research groups started to use jet impingement for 

electronic chip cooling using innovative methods for chip resembling, which present a real 

imitation of actual power electronic devices design and operation. However, all the 
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conducted studies applied a constant heat flux boundary condition which doesnôt capture 

the true dynamics of MOSFETôs operation.  

Wu et al. [44] investigated the thermal performance of the jet impingement body 

cooling for the entire surfaces of the chip to make use of the potential heat transfer side 

surface areas of the chip to decrease the maximum temperature of the chip, instead of 

cooling only the upper surface of the chip. The mimic chip was made of copper (10 x 50 x 

4 mm) and was heated by heaters attached to the bottom surface of the copper block with a 

maximum rate of 800 W, flow rates up to 1.8 LPM, and using micro jet nozzles of 0.3 mm 

diameter. A validated numerical model was developed using COMSOL software to 

estimate the maximum chip temperature. The maximum obtained rise in the chip 

temperature was 32 C at 1.5 LPM and 500 W, in the case of a water jet inlet temperature 

of 40 C. However, the material of the mimic chip (i.e., copper) is not representative of the 

true composition of the actual electronic chip, which is mainly composed of silicon 

semiconductors. The thermal behavior is expected to differ from one material to another, 

due to the difference in the specific heat and thermal conductivity. 

 

Figure 2.7: Illustration of the thermal test chip, adapted from [45] 
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Programmable thermal test chips were used by Wei et al. [45-46] which offer a better 

representation of real MOSFETs compared to commonly used surface heaters or copper 

blocks. The used programmable test chips were simply composed of 832 addressable 

heater cells on a footprint area of 8x8 mm2, and 32x32 temperature diode sensors, to 

provide a high-resolution spatial and temporal temperature distribution over the chip, as 

shown in Figure 2.7. Such configuration can be used to apply nearly constant heat flux 

distribution over the entire chip surface or apply locally distributed hot spots for the chip. 

Wei et al. investigated two configurations cooled by water jet impingement, the first one 

used a single jet, and the second one employed a 4x4 jet array. They also developed a CFD 

model to compare numerical results against experiments and obtained correlations for the 

local Nusselt number for the case of single jet and jet arrays. The jet array was found to be 

preferable due to the distributed returns used between the inlet nozzles, which reduced the 

crossflow problems over the target surface. 

2.6.2) Intermittent Pulsation of Jets and its Associated Transient Behaviour 

A scarcity was noticed in the literature on transient heat transfer behavior for the jet 

impingement cooling technique, especially for power electronics. 

Intermittent pulsation of jets has been widely investigated in many studies, with 

controversial observations about its effectiveness [47]. Some studies showed slight to no 

effect on performance, whereas other studies showed some enhancements under specific 

conditions. The main idea behind intermittent pulsation of jets is the interruption and 

renewal of the thermal and hydraulic boundary layers formed on the impinged surface 

[48]. Besides, it enhances the mixing between fluid layers due to the induced turbulence, 

which leads to an enhanced heat transfer. Most experiments on the intermittent pulsation 
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of the jet were conducted for airflows, while few studies were performed for liquid flows, 

due to the high inertia of liquid flows.  

Abishek and Narayanaswamy [49] performed an experimental study to evaluate the 

effect of a submerged, confined jet of deionized water, impinged by 4 mm x 25 mm slot 

jet, directly on copper block surface of 40 mm x 10 mm cross-section. Reynolds number 

of the introduced pulsed jet varied between 570 and 2800, while the frequency of the 

pulsating jet was studied at 0.25 and 0.5 Hz, with a combination of amplitudes of 1 and 

0.5. On-Off velocity profile was studied with an average velocity of 0.15 m/sec. Results 

showed that no enhancement was achieved for heat transfer for the pulsation frequencies 

studied. However, the pulsed jet led to the fluctuation of the surface temperature. 

Moreover, the fluctuation of the surface temperature showed an inverse relationship with 

the Strouhal number (Sr), which can be formulated as:  

Ὓὶ 
Ὢ Ὠ

ό
 

Where, f is the frequency, d is the inlet nozzle diameter, and u is the time averaged 

velocity of the jet. Temperature measurement at a 3 mm distance below the heater block 

surface was used as qualitative analysis for the transient temperature fluctuation due to the 

jet pulsation effect, as it was not easy to obtain the surface temperature from the simple 

steady state 1D analysis. 

Narumanchi et al. [50] conducted a 2D  analytical study to examine the effect of 

submerged, confined jet of (HFE-8401HT) dielectric fluid, impinged by 2 mm nozzle, 

directly on a silicon chip surface of 10 mm width and 0.25 mm thickness, which dissipated 

constant heat flux of 0.6 W/cm2. The Reynolds number of the jet was 26.8, while the 

frequency of jet pulsation varied from 0.03 to 4 Hz. Two waveforms of velocity profiles 
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were studied, the step and sinusoidal waves with an average velocity of 0.005 m/sec. 

Results showed that no enhancement was achieved for heat transfer in the studied ranges 

of pulsating frequencies and at such low Reynolds number. However, the fluctuation of 

the chip surface temperature was observed when the periodic time of the pulsation cycle is 

higher than the chipôs thermal time constant. Moreover, the frequency of temperature 

oscillation of the chip surface was nearly the same as that of the pulsating jet. However, as 

the frequency of jet pulsation becomes higher (i.e., higher Strouhal number), the 

temperature fluctuation becomes minimal. Lumped capacitance analysis was used for the 

chip temperature in this study since the Biot number was 0.0004. 

Xu et al. [51] carried out a 2D numerical study using ANSYS Fluent software to 

assess the feasibility of the ñon-offò intermittent jet pulsation under various jet Reynolds 

numbers, the spacing between the nozzle and the target surfaces, the temperature 

difference between jet and target, and the pulsation frequency. The jet Reynolds number 

(Re) was in the range between 1820 and 8200, Strouhal number (Sr) between 0.008 and 

0.025 and pulsation frequencies from 33 to 66 Hz and temperature difference from 50 to 

200K and spacings from 3 to 8 times the inlet diameter. An enhancement in local Nusselt 

number was achieved by increasing the Reynolds number and the frequency of jet 

pulsation due to higher turbulence intensity and vortices formed, besides, the reduced 

thermal and hydraulic boundary layer thicknesses at the impingement surface. 

An experimental investigation was conducted by Hofmann et al. [52] using 

intermittent pulsation of air-jet impingement, in which the effects of changing pulsation 

frequency, nozzle-to-target spacing on local and stagnation Nusselt number were studied. 

For pulsation frequencies over 140 Hz, the intermittent pulsation failed to show a 

significant effect compared to steady jets. Intermittent pulsation enhances the air 
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entrainment with the increase of nozzle-to-surface spacing, resulting in a reduction of the 

jet velocity and the potential core length, and hence up to a 50 % drop in Nusselt numbers. 

However, a critical frequency was found, above which an enhancement in Nu number was 

obtained. This frequency corresponds to a Strouhal number (Sr) of 0.2. Below this value, 

the introduced turbulent vortices were not able to cause sufficient disturbance for the 

thermal and hydraulic boundary layers at the target surface, to affect the Nusselt number. 

It is noticed from the literature in hand that the use of intermittent jet pulsation as a 

controlling method for thermal management of transient thermal behavior of power 

electronic chips has not yet been fully explored. 

2.6.3) Effect of Nozzle Design on Jet Impingement Performance 

Wu et al. [53] studied experimentally and numerically the effect of distributed outlets 

or returns on enhancing the fluid flow and reducing the interference between adjacent jets. 

An average temperature of 77 0C was obtained for the chip surfaces, at a surface heat flux 

of 110 W/cm2 and a flow rate of 1 LPM, whereas for the case with 160 W/cm2 and 2 LPM 

the average temperature was found to reach 78.7 0C. A maximum HTC of 41,377 W/m2 K 

was achieved. However, the authors did not explore different nozzle arrangements to 

optimize the design.  

Nozzle chamfer effect on pressure drop and heat transfer was experimentally studied 

by Royne and Dey [54], for four configurations of nozzle arrays, short and long square-

edged nozzles, as well as sharp and countersunk nozzles. The short nozzles showed a 

higher average and stagnation heat transfer coefficient (HTC) due to the ñvena contractaò 

effect, but the longer nozzle showed a lower pressure drop, which is favorable for lower 
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pumping power. Moreover, the countersunk nozzle exhibited the highest average and 

stagnation heat transfer coefficient (HTC) and the lowest pressure drop.  

Interference between adjacent jets in an array is an important topic for study. In a 

numerical study performed by Sabato et al. [55] using Open Foam software, an 

investigation of the different parameters of nozzles was conducted including the nozzle 

diameter, the number of nozzles in the array, arrangement either inline or staggered, as 

well as the aspect ratio of the nozzle. They found that for the same opening area of the 

nozzles, a maximum number of nozzles can be optimized for HTC and pumping power. 

Exceeding that optimum number yielded a deviation in the jet impingement orthogonality, 

due to interference between adjacent jets, which led to less enhancement in HTC. For the 

average-size diameter nozzles, the optimum number of jets was found to be 36 jets for the 

inline configuration of the jet array. However, the authors did not provide any 

experimental validation for the numerical models. 

2.6.4) Literature  Gaps 

Based on the presented literature review on jet impingement as indicated in table 2.2, it is 

found that most researchers focused on the performance of jet impingement cooling on a 

constant heat flux boundary condition applied to the chip. Such boundary condition fails to 

predict the true behavior of power electronics. Moreover, little to no consideration was given 

for the natural dynamic heat flux behavior and the associated dynamic temperature of the 

operation of silicon chips that may accelerate the fatigue or cause damage to the different 

components of the chip. 
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Table 2.2: Summary of jet impingement literature 

Researcher Study Coolant B.C Int. jets Parameters 

Garimella et al. 

2001 
Experimental 

Water 

FC-77 

Constant 

heat flux  

of 25 

W/cm2 

- 

-Effect of aspect ratio of nozzles 

-Effect of Nozzle diameter 

-Effect of Nozzle-to-plate Spacing 

-Effect of Reynolds number 

Wu et al. 

2019 

Experimental 

& Numerical 
Water 

Constant 

heat flux up 

to 160 

W/cm2 

- 
-Entire body cooling for copper chip and 

comparing with top surface cooling 

Wei et al. 

2019 

Experimental 

& Numerical 
Water 

Constant 

heat flux  

of 78 

W/cm2 

- 
-Cooling performance for programmable 

thermal test chips 

Xu et al. 

2010 
Numerical Any fluid 

Constant 

Temperature 

difference 

On-Off 
-Effect of frequency of pulsation on Nu 

number enhancement 

Hofmann et al. 

2007 
Experimental Air  

Constant 

heat flux 
Sinusoidal 

-Effect of frequency and intensity of 

pulsation on Nu number 

- Critical frequency for Nu number 

enhancement 

Narumanchi et 

al. 

2003 

Numerical 

Dielectric 

liquid 

(HFE-

8401HT) 

Constant 

heat flux 

On-Off 

Sinusoidal 

-Effect of pulsation frequency on surface 

temperature fluctuation 

Abishek et al. 

2020 
Experimental Water 

Constant 

heat flux 
On-Off 

-Effect of frequency of pulsation on Nu 

number enhancement 

Samy et al. 
Experimental 

& Numerical 

Deionized 

water 

Transient 

heat flux 

Controlled 

jet 

velocities 

-Temperature dependent velocities for 

thermal management of thermal test chip 

Moreover, it is found that most researchers focused on the inlet orifice geometry 

characteristics, the spacing between inlet and impingement surface[56,57], and the best 

outlet configurations for the spent fluid for multi jet arrays[58], others tried to create 

vortex generators in the wall jet region [59], without consideration for the outlet shape and 

location effects on controlling the spatial temperature distribution between the stagnation 

point and hot spot locations and the effects of flattening the local heat transfer coefficient 

distribution across the impingement surface.  
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Hence, a set of research hypotheses were set up to address these gaps, which are: 

1- In-phase intermittent pulsation of jets can reduce the temperature oscillation 

accompanied by transient heat flux boundary conditions in power electronics. 

(Experimentally in chapter 3) 

2- Frequency of in-phase intermittent jet coupled with fluctuating heat flux boundary 

condition can impact the temperature fluctuation of Si chips of power electronics. 

(Numerically in chapter 4) 

3- Outlet configuration can reduce the spatial temperature difference between the hot 

spot and center of the jet locations using direct impinging jet on Si chips in power 

electronics. (Experimentally & numerically in chapter 5) 
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3.  Chapter 3: Moderation of Transient 

Temperatures Using On-Chip Pulsating Jet 

Impingement 

Power electronics are used for a wide variety of purposes, including in electric 

vehicles and e-VTOL aircraft. Nonetheless, thermal oscillation of the junction temperature 

due to transient load conditions remains a significant problem. In this chapter, an 

intermittent jet impingement was applied experimentally, along with transient heat flux 

boundary conditions of 100W, 200W, and 300W, to a thermal test chip at a frequency of 

0.5 Hz (70% duty) to examine whether such an approach can successfully minimize 

junction temperature fluctuations, and thus, increase the durability of the Si chips. 

3.1) Experimental Methodology and Procedure 

Wei et al. [45] used programmable thermal test chips, which better represent real Si 

chips than the more commonly used surface heaters or copper blocks. As such, a thermal 

test chip (TTC) is also used in the present work. In addition, a test rig facility was 

designed to measure the temperatures through the coolant loop, which also helped to 

achieve the research objectives. A line diagram for the test setup is shown in Figure 3.1.  

A chiller was used to maintain a constant fluid inlet temperature of 20-22 0C in the 

test section, and deionized water was pumped through the test facility using a micro gear 

pump driven by a magnetic DC motor drive (Model: MG209XP017, Parker Inc, U.S.A.) 

with a maximum flow rate of 3.5 LPM and a maximum pressure of 5 bars. An electronic 
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speed control system enabled the fluid flow rate to be accurately controlled to the desired 

value throughout the cycle. The total flow could follow two paths: a path directing the 

flow to the main test section, and a path that serves as a bypass to the chiller. 

 Two electrically actuated solenoid valves (valves 1&2, Model: LLC 997, Adafruit 

Industries) were mounted on the two paths to provide the intermittent flow of fluid 

through the test section at different frequencies, which were controlled using a relay 

module and Arduino board to maintain accurate on-off times for the needles of both 

valves. The relay module enables synchronized intermittent operation; that is, when 

solenoid valve one is open, solenoid valve two is closed, and vice versa. Such an operation 

helps to achieve a pulsating flow between zero and any flow rate value for the test section. 

 Two calibrated turbine flow sensors (Model: FTB-421, Omega) with a listed 

accuracy of ±3% of the full scale were used to measure the volumetric flow rate through 

the entire cycle and the main test section path. The cold fluid entered a 3D-printed jet 

housing and impinged directly on the center of the TTC through a 3 mm inlet tube to cool 

down the chipôs surface. The hot fluid moved from the confined space above the chip to an 

intermediate chamber through the four 2-mm corner outlet holes on the top of the chamber 

and then into the two 3-mm outlet tubes. 
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Figure 3.1: Line diagram of the experimental test rig. 

The jet housing was fastened to the thermal test vehicle (TTV) by four bolts located at 

the periphery. A 12-mm thick acrylic backing plate was installed beneath the TTV to 

prevent any deflections due to the impact of the jet on the chip during the intermittent 

impingement, as well as to provide thermal insulation from the backside of the chip to 

minimize the heat loss. An oil seal was also used to prevent leakage between the housing 

and the TTV board. The TTC mounted at the center of the TTV measured 12.8mm x 12.8 

mm and was composed of a 5 x 5 array of unit cells, each measuring 2.54 mm x 2.54 mm. 

Each unit cell contained an electric heating layer that dissipated 12 Watts, with four 

temperature-sensing diodes being located above the heaters. 
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The diodes measured the chip's junction temperature, which is the highest temperature 

across the chip configuration. A 600-ɛm silicon layer was placed above the heater and 

diode layers to imitate the operation of real power electronics. The TTCôs maximum 

heating load of 300 W was comparable to the thermal loss from power electronic 

components experienced in real industrial applications. The voltage and current required 

by the TTV were supplied by a programmable DC power supply; this power supply also 

allowed varying heating current frequencies to be set to provide transient heat flux 

boundary conditions across the TTC based on on-off mode. In the test rig, the hot fluid 

was circulated back to the chiller to be cooled down to the initial inlet temperature, with 

the inlet cold fluid and outlet hot fluid temperatures being measured using thermocouples. 

The chip's junction temperature was measured using the built-in temperature-sensing 

diodes. All the signals from the sensors and gauges were collected using a data acquisition 

system and then recorded on a PC. Detailed photos of the jet housing, the TTV, and the 

test rig in the lab are shown in Figures 3.2 and 3.3.  

The yellow circled temperature sensing diodes (numbered from 1 to 10 on the TTV) were 

monitored during the experiments. Ten parallel branches of electric resistance heaters gave 

the heat dissipation for the Si chip (enclosed in red), and six temperature sensing diodes 

(T.S.D.) were selected to measure the junction temperatures at specific locations: (D5, D7 

-side locations), (D8, D9-hot spot locations), (D6-center location) and (D10-corner 

location), as shown in Figure 3.4. 
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Figure 3.2 : Jet impingement housing design. 

 

a) 
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Figure 3.3 : a) Thermal test vehicle board. b) The TTV and its assembly with the jet housing and the backing 

acrylic plate. c) Detailed schematic of the TTV construction: 5 x 5 array of unit cells of heaters and temperature 

sensing diodes. 

 

b) 

c) 
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Figure 3.4: Specific locations for monitoring the junction temperatures across the TTC. 

 The DC power supply was adjusted to provide continuous pulses of heating currents and 

voltages that were dissipated as heating power to the Si chip. Three heating power sets 

were used during the experiments: 100W, 200W, and 300W. The pulse duration for each 

power was 2 secs, which was divided as follows: 0-0.5 sec, the heating current increased 

from zero to the constant current value corresponding to 300 W (Figure 3.5); 0.5-1.0 sec, 

the heating current was kept constant; 1.0-1.4 sec, served as decay time while the current 

was returned to zero; and 1.4-2.0 sec, the current was set to zero, corresponding to no heat 

dissipation from the chip. Accordingly, the heating pulses did not follow perfect square 

pulses and assumed a trapezoidal shape due to the rise and decay times of the heating 

current. Thus, the continuous heat dissipation pulses were 0.5 Hz, with a duty cycle of 

70%. These continuous heating pulses produced the fluctuating temperature profile for the 

Si chip, which imitated the actuation of power electronics in real applications. 
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The main function of a thermal management system is to minimize the oscillating 

temperature profile as much as possible in order to reduce thermal stressðwhich can 

eventually lead to thermal fatigue, even if the Si chipôs critical failure temperature is not 

reachedðthus increasing the lifetime and durability of power electronics. 

 

Figure 3.5: Flow rate and heat dissipation pulses at 0.5 Hz with a 70% duty cycle. 

After setting the continuous heating pulses from the DC power supply, the flow rate 

of the deionized water was adjusted to the desired value without using the intermittent 

action of the solenoid valve to provide a steady flow jet. Next, the steady flow jet was 

allowed to impinge on the chip surface from the 3 mm inlet tube. The transient fluctuation 

of the junction temperature curves for the six diode positions was then recorded by the 

data acquisition system under steady flow jet conditions.  

Next, the experiments were repeated using pulsating flow jets. In these tests, a relay 

was used to control the actuation of the solenoid valves to follow the same trace of the 
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heat dissipation pulse with the same frequency (0.5 Hz) and duty cycle (70%) (Figure 3.5) 

for a flow rate of 0.45 LPM. During the on-time of the heat dissipation pulse from the 

power supply to the TTC, the relay opened solenoid valve 1 to keep the flow in the main 

test section path. In contrast, during the zero-heat dissipation stage, the relay opened 

solenoid valve 2 of the bypass branch to allow the deionized water to flow back to the 

chiller, while keeping the pump running continuously. Hence, the intermittent pulsation 

of the flow rate was introduced while monitoring changes in the junction temperature 

with time for the six diode positions. Thirty jet pulses per minute were combined with in-

phase pulses of heat dissipation, resulting in oscillating temperature profiles composed of 

30 pulses per minute for each of the six temperature-sensing diodes. As shown in Figure 

3.6, the temperature pulses oscillated between 30 0C and 110 0C at a heat dissipation 

pulse of 300 W combined with a jet pulse flow rate of 0.45 LPM. The same steps were 

repeated for different flow rates between 0.1 and 2 LPM and heat dissipations of 100 W 

and 200 W. 

Uncertainty analysis was done based on Kline and McClintock [60], and the 

measured and calculated variablesô uncertainties are listed in Table 3.1. 

Table 3.1: Uncertanities for measured and calculated variables during experiments. 

Parameter Uncertainty (±) 

Reynolds Number 3 % 

Inlet fluid temperature 0.1 °C 

Temperature sending Diodes (TSD) 1 °C 

Heating power (W) 0.2 % 

Heat transfer coefficient (W/m2 K) 5% 

Thermal resistance (K/W) 0.3% 
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Figure 3.6: Temperature pulses at 0.5 Hz with a 70% duty cycle. 

3.2) Oscillating Thermal Experiments Results 

The transient experiments sought to investigate the temperature profile fluctuations 

caused by the transient heat flux boundary condition, and whether they can be controlled 

using intermittent jet pulsation. Specifically, the experiments were designed to investigate: 

1) how the transient heat flux (THF) boundary conditions affect the heaters below the Si 

chip while using steady jet impingement directly on the chip; and 2) how intermittent jet 

pulsation and the transient heat flux boundary condition collectively influence the cycling 

temperature profile of silicon chips. 
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3.2.1) Fluctuating Heat Flux with Steady Jet        

 

Figure 3.7: a) Maximum temperature and b) temperature fluctuations for the steady jet at Re=2250 and 8850. 

    Figure 3.7 (a and b) shows the maximum temperature and temperature fluctuations 

for transient heat flux boundary conditions of 100 W, 200 W, and 300 W, combined with a 

steady jet flow of 0.3 LPM and Reynolds number of 2250. In the 100 W case, the 
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temperatures of diodes D8 and D9 fluctuated between 200C and 630C due to their symmetric 

positions on the TTC. In comparison, diode D10 fluctuated between 200C and 540C on 

average due to the edge-cooling effects from the sides of the Si chip at the corners. Diodes 

D5 and D7 showed moderate temperature fluctuation between 200C and 600C due to the 

symmetry in their locations, while diode D6 fluctuated between 200C and 580C. In the 200 W 

case, the temperatures of diodes D8 and D9 fluctuated between 20 0C and 96 0C on average. 

In comparison, diode D10 fluctuated between 20 0C and 84 0C, while diodes D5 and D7 

showed moderate temperature fluctuation between 200C and 90 0C, and diode D6 fluctuated 

between 20 0C and 89 0C. Finally, in the 300W case, the temperatures of diodes D8 and D9 

fluctuated between 20 0C and 120 0C on average, while diode D10 fluctuated between 20 0C 

and 95 0C. Diodes D5 and D7 showed moderate temperature fluctuation between 20 0C and 

105 0C, and diode D6 fluctuated between 20 0C and 110 0C on average. 

    Figure 3.7 (a and b) also shows the oscillating temperature profiles for a steady flow 

jet at 1.25 LPM and a time-averaged Reynolds number of 8850 at 100W, 200W, and 300W. 

In the 100W case, the temperatures of diodes D8 and D9 fluctuated between 20 0C and 40 0C, 

while diode D10 fluctuated between 20 0C and 34 0C due to the edge-cooling effects. In 

comparison, diodes D5 and D7 showed moderate temperature fluctuation between 20 0C and 

37 0C, and diode D6 fluctuated between 20 0C and 38 0C on average. In the 200W case, the 

temperatures of diodes D8 and D9 fluctuated between 20 0C and 60 0C, while diode D10 

fluctuated between 20 0C and 48 0C. Diodes D5 and D7 showed moderate temperature 

fluctuation between 20 0C and 53 0C, and diode D6 fluctuated between 20 0C and 58 0C on 

average. In the 300W case, the temperatures of diodes D8 and D9 fluctuated between 20 0C 

and 79 0C, while diode D10 fluctuated between 20 0C and 60 0C. In comparison, diodes D5 

and D7 showed moderate temperature fluctuation between 20 0C and 69 0C, and diode D6 

fluctuated between 20 0C and 76 0C on average.  
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As can be shown from figure 3.7, that the maximum temperature reached 120 °C and 

the temperature oscillation reached 100 °C at 300 W transient heat dissipation. This high 

temperature variation of the chip will lead to the variation of the chipôs specific heat property 

during experiments, which will cause a source of non-linearity in the transient energy 

equation of the Si chip, so non dimentionalizing the temperature results over the heat 

dissipation values is not accurate approach during our analysis, as the temperature oscillation 

wonôt be linear with the value of the heat flux introduced to the chip. 

3.2.2) Fluctuating Heat Flux with Pulsating Jet 

      Figure 3.8 (a and b) shows the maximum temperature, and the temperature 

fluctuation results for heater transient heat flux boundary conditions of 100 W, 200 W, and 

300 W, along with an intermittent jet flow pulsation of 1.8 LPM and a time-averaged 

Reynolds number of 8850. In the 100 W case, the temperatures of diodes D8 and D9 

fluctuated between 20 0C and 38 0C due to their symmetrical positioning on the TTC. In 

contrast, diode D10 fluctuated between 20 0C and 32 0C due to the edge-cooling effects from 

the sides of the Si chip at the corners. Diodes D5 and D7 showed moderate temperature 

fluctuation between 20 0C and 35 0C due to the symmetry in their locations, while diode D6 

fluctuated between 20 0C and 37 0C on average. In the 200 W case, diodes D8 and D9 

fluctuated between 20 0C and 55 0C, while diode D10 fluctuated between 20 0C and 43 0C. 

Diodes D5 and D7 showed moderate temperature fluctuation between 20 0C and 48 0C, and 

diode D6 fluctuated between 20 0C and 53 0C on average. In the 300W case, diodes D8 and 

D9 fluctuated between 20 0C and 72 0C. In contrast, diode D10 fluctuated between 20 0C and 

550C, while diodes D5 and D7 showed moderate temperature fluctuation between 20 0C and 

610C. Finally, diode D6 fluctuated between 20 0C and 69 0C on average. 
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The main finding of the experiments combining intermittent pulsation and varying heat 

fluxes was that, at the same time-averaged Reynolds number of 8850, the oscillation at the 

peak temperatures of diodes D8 and D9 were reduced by 10%, 12.5%, and 16.7% at 100W, 

200W, and 300W, respectively, while maintaining the minimum temperature limit at 200C. 

The absence of a jet flow during the pulsation off-period can be accompanied by strong 

vortices formed at the end of the jet pulse, which create a cooling effect that lowers the 

junction temperature from the peak value to the inlet temperature of the coolant. Specifically, 

the formation of vortex-rings during the jet-pulsation off-period (as investigated in [26]) 

creates turbulence structures, which generate intensive fluid mixing that helps to cool the chip 

from its maximum temperature to the inlet jet temperature, without real fluid flow behavior. 

Moreover, Figure 3.8 (a and b) show the oscillating temperature profiles for heater 

transient heat flux boundary conditions of 100 W, 200 W, and 300 W, combined with 

intermittent jet flow pulsation of 0.45 LPM and a time-averaged Reynolds number of 2250. 

In the 100W case, the temperatures of diodes D8 and D9 fluctuated between 25 0C and 60 0C, 

while diode D10 fluctuated between 25 0C and 53 0C. Diodes D5 and D7 showed moderate 

temperature fluctuation between 25 0C and 57 0C, and diode D6 fluctuated between 25 0C and 

58 0C on average. In the 200W case, diodes D8 and D9 fluctuated between 27 0C and 85 0C, 

while diode D10 fluctuated between 27 0C and 70 0C. In comparison, diodes D5 and D7 

showed moderate temperature fluctuation between 27 0C and 77 0C, and diode D6 fluctuated 

between 27 0C and 79 0C on average. In the 300W case, the temperatures of diodes D8 and 

D9 fluctuated between 29 0C and 110 0C, while diode D10 fluctuated between 290C and 

900C. In contrast, diodes D5 and D7 showed moderate temperature fluctuation between 290C 

and 1000C, and diode D6 fluctuated between 29 0C and 105 0C on average.  
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Figure 3.8: a) Maximum temperature and b) temperature fluctuation for the pulsating jet at Re=2250 and 8850. 

Hence, at a time-averaged Reynolds number of 2250, the oscillation in the hot spot 

temperature was reduced by 20%, 19.2%, and 19% at diodes D8 and D9 for the 100 W, 200 
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W, and 300 W cases, respectively, while the minimum temperature was maintained at 25-29 

0C. Once again, the absence of jet flow during the pulsation off-period was accompanied by 

vortices that formed at the end of the jet pulse, which caused the cooling effect during the off-

period. However, it was observed that the vortex was not sufficiently strong to cause the 

minimum temperature to reach the inlet coolant temperature of 20 0C.  

3.3) Analysis of Oscillating Thermal Profiles 

The fluctuation between the maximum and minimum temperatures (ȹT= T max - T min) 

was the main focus of the transient study results aimed at verifying the powerful use of the 

jet pulsation. The next set of experiments built on these results and sought to explore the 

use of jet pulsation to minimize this temperature difference (ȹT). Notably, the jet flow rate 

plays a significant role in reducing the average temperature (T avg) of the chip as well. 

Therefore, these two competing effects were analyzed simultaneously to evaluate the 

feasibility of using intermittent jet pulsation to minimize temperature oscillation and 

reduce the average temperature. In Figures 3.9 (a and b), 3.10 (a and b), and 3.11 (a and 

b), the average temperature and the temperature fluctuation at diodes D8, D6, and D10, 

respectively, are plotted against time averaged Reynolds numbers between 2000 and 

17000 for steady and pulsating jets at transient heat flux values of 100W, 200W, and 

300W. 

The time averaged Reynold number (Re) is calculated based on the time average 

velocity of the jet (u), which is obtained from the time averaged flow rate (Q) through the 

experiment time, as indicated in the next correlations.  

 



Ph.D. Thesis- Mohamed Samy Hefny       McMaster University-Mechanical Engineering 

47 

 

Where  

ὙὩ  
ό Ὠ

‡
 

Eq (3.1) 

And  

ό  
ὗ

“ Ὠ
τ

 
Eq (3.2) 

Where d is the inlet diameter and ’ is the kinematic viscosity at the average 

temperature between the chipôs temperature and the inlet jet temperature. 

As shown in Figure 3.9.a, the pulsating jet enabled lower average temperatures 

compared to the steady jet for the three heat dissipation cases. Furthermore, at higher 

Reynolds numbers (approaching 17000), the average temperature achieved with the 

pulsating jet was lower than that for the steady jet by 5-8 0C at 200 W and 300 W at diode 

D8. For the 100W case, the decrease in average temperature was just 2-3 0C due to the 

introduction of less heat dissipation. Similarly, Figure 3.9.b shows that the pulsating jet 

enabled better control of the temperature fluctuation at the three heat dissipation cases 

(100 W, 200 W, and 300 W). At 300 W, the temperature fluctuation was reduced by 15 °C 

to 9 0C for Reynolds numbers between 2000 and 17000; at 200 W, the temperature 

fluctuation was reduced by almost 12 °C to 7 0C for the entire range of Reynolds numbers. 

Finally, at 100W, the temperature fluctuation was reduced by nearly 8 °C to 3 0C for the 

entire range of Reynolds numbers. The reduction in temperature fluctuation was more 

pronounced at lower Reynolds numbers (closer to 2000) and decayed as the values 

increased (approaching 17000). The estimated error in measuring the time-averaged 

temperature and the fluctuation in both graphs was 3% of the indicated values.  
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The maximum temperature "hot spots" across the chip occurred at the D8 and D9 

locations, as they were located beneath the top circular outlets of the jet housing, directly 

at the locations where the wall jet flow separated from the chip surface. The jet's heat 

transfer coefficient was also reduced in the radial direction away from the jetôs center due 

to a reduction in the radial flow velocity at the impinged surface, which resulted in higher 

temperatures radially from the center. Moreover, a lower temperature was observed at D6 

compared to D8 and D9, as it was in the center of the jet stream. At the same time, D5 and 

D7 showed much lower temperatures than D6, D8, and D9, as these two diodes were 

located near the sides of the TTC, where cooling effects are intense. Finally, D10 showed 

the lowest temperature, which was due to the combination of its location at the corner of 

the chip and edge flow circulation, which allowed it to be cooled from both sides of the 

chip. 

As indicated in Figures 3.9 (a and b), 3.10 (a and b), and 3.11 (a and b), the use of the 

pulsating jet provided lower average chip temperatures across all locations compared to 

the steady jet, and the maximum temperature consequently. This result was predictable, as 

the pulsating jet approach always requires higher flow rates compared to steady jets to 

achieve the same time averaged Reynolds numbers. Therefore, the average or maximum 

chip temperatures are not accurate measures for establishing pulsating jets as a better 

option than steady jets.  

 



Ph.D. Thesis- Mohamed Samy Hefny       McMaster University-Mechanical Engineering 

49 

 

 

 

Figure 3.9: a) Time-averaged temperature and b) temperature fluctuation for steady and pulsating jets versus 

Reynolds number at transient heat flux boundary conditions of 100W, 200W, and 300W for diode D8. 
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 Figure 3.10: a) Time-averaged temperature and b) temperature fluctuation for steady and pulsating jets 

versus Reynolds number at transient heat flux boundary conditions of 100W, 200W, and 300W at diode D6. 
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Figure 3.11: a) Time-averaged temperature and b) temperature fluctuation for steady and pulsating jets versus 

Reynolds number at transient heat flux boundary conditions of 100W, 200W, and 300W at diode D10. 

Moreover, in Figure 3.12 (a and b), the average temperature and the temperature 

fluctuation at diode D8 (hot spot location), is plotted against time averaged Strouhal 

numbers between 0.0005 and 0.0025 for pulsating jet at transient heat flux values of 

100W, 200W, and 300W. 
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Figure 3.12: a) Time-averaged temperature and b) temperature fluctuation for pulsating jet versus Strouhal 

number at transient heat flux boundary conditions of 100W, 200W, and 300W at diode D8. 

As indicated in Figure 3.12 (a & b), both the average temperature and temperature 

fluctuation at the hot spot location increase with increasing the Strouhal number, due to 
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the lower time averaged velocity (u). By comparing Hofmannôs [52] findings, the 

pulsating jet has better thermal performance at all the studied range of Strouhal numbers, 

without reaching the critical value of 0.2, compared to the steady jet. The same 

observation was found in Xuôs [51] numerical study, although the studied range of 

Strouhal number was below 0.2. This can also be interpreted due to the vorticity rings and 

its more pronounced impact at the transient heat flux boundary conditions specifically 

studied in this research. 

Thermal management systems aim to limit the systemôs maximum temperature within 

safe operational constraints. However, the present research aims to reduce the fluctuation 

between the maximum and minimum temperatures to minimize thermal stress and fatigue 

over the chips' lifetime. Thus, such effects should be analyzed separately. As such, an 

enhancement factor ( ) was introduced to judge the performance of intermittent jet 

pulsation in minimizing such temperature oscillations. The enhancement factor can be 

formulated as, 

‗ ρ  
ὝÍÁØ Ὕ άὭὲ

Ὕ άὥὼὝ Ὥὲ
 

where T max and T min are the maximum and minimum temperatures of the fluctuating 

temperature profile, respectively, and T in is the inlet temperature of the jet. The 

enhancement factor then introduces the oscillation between the maximum and minimum 

temperatures divided by the rise of the maximum temperature from the jet inlet 

temperature, then subtracted from one, to evaluate the respective performances of the 

pulsating jet and steady jet approaches. Figure 3.13 plots the enhancement factor versus 

the Re numbers for the pulsating and steady jet cases with fluctuating heat flux boundary 

conditions of 100W, 200W, and 300W, for the hot spot location (D8). 
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  As the results show, the enhancement factor ranged between 0 and 0.2 for the pulsating 

jet approach and 0 to 0.08 for the steady jet approach. In addition, the data show that, 

compared to the steady jet approach, the pulsating jet method was most effective at 

reducing temperature oscillation rather than the maximum temperature at the same Re 

number. This enhancement was valid at Re numbers between 2000 and 14000. Beyond a 

Re number of 14000, the enhancement factor becomes the same for both the pulsating and 

steady jet approaches, which indicates that the vortex rings formed during the off period 

were intensive enough to cause the minimum temperature of all the chip locations to reach 

the inlet temperature of the jet. 

 

Figure 3.13: Enhancement factor for steady and pulsating jet cases at transient heat flux boundary conditions 

of 100W, 200W, and 300W. 

 

The temperature fluctuation and the enhancement factor versus the Re number are 

plotted for the pulsating jets at all diode locations and 300W in Figure 3.14 (a and b). As 

can be seen, the enhancement factor was kept the same for all the locations through the 

entire range of Re numbers. However, due to the cooling effect at the edges and corners, 

the use of pulsating jets did not reduce the spatial temperature fluctuation between the hot 
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spots at diodes D8 and D9 and the minimum temperature at D10 (i.e., at the corner of the 

TTC). Furthermore, the temperature fluctuation at the D8 location varied between 90 °C 

and 50 0C, while between 70 °C and 30 0C at the D10 location for the entire range of the 

Re numbers (2000 to 17000). Hence, there was almost a 20 0C difference between the 

temperatures at the hot spots and the corners.  

 

 

Figure 3.14: a) Temperature fluctuation and b) enhancement factor for pulsating jets at a transient heat flux 

boundary condition of 300W for all diodes locations. 
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Given these results, it can be concluded that, of all the locations on the Si chip, the hot 

spot locations experience the highest temperature oscillation, and the corner locations 

experience the lowest. 

Moreover, the results indicated that the enhancement factor trend remained the same 

for all the pulsating jet experiments. Thus, the enhancement factor can be mathematically 

predicted using the following best-fit regression:  

ⱦ Ȣ  ▄ Ȣ ╡z▄    ± 0.003 

This equation can then be used to predict the enhancement factor for pulsating jets 

actuating at 0.5 Hz and 70% duty cycle for the entire range of Re numbers (2000 to 

17000). It shows that the enhancement factor for pulsating jet decays exponentially with 

the Re number, due to the intensive circulation eddies formation which decrease the 

minimum temperature limit of the temperature oscillation curve and have the same 

behavior as the steady jet at high Re number approaching 17000. 

Finally, all the analysis performed during this chapter is based on using a time 

averaged velocity in Reynolds number calculations. However, if the Reynolds number was 

based on the peak velocity (which is 1.6 times of the average value) of the pulsating jet, 

the results would be different. Hence, in figure 3.15 a and b, the average temperature and 

temperature oscillation were plotted for diode D8 to judge such impact.  

As indicated from figure 3.15 a and b, the average temperature and temperature 

fluctuation of the hot spot location of D8 didnôt vary between the pulsating and steady jets, 
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which indicates that the pulsating jet didnôt perform any enhancement over the steady jet 

when using the peak velocity in the Reynolds number definition. 

 

 

Figure 3.15: a) Time-averaged temperature and b) temperature fluctuation for steady and pulsating jets versus 

peak Reynolds number at transient heat flux boundary conditions of 100W, 200W, and 300W for diode D8. 
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3.4) Chapter summary 

Power electronics are used for a wide variety of purposes, including in electric 

vehicles and e-VTOL aircraft. Nonetheless, thermal oscillation of the junction temperature 

due to transient load conditions remains a significant problem. In this experimental 

chapter, an intermittent jet impingement was applied, along with transient heat flux 

boundary conditions of 100W, 200W, and 300W, to a thermal test chip at a frequency of 

0.5 Hz (70% duty) to examine whether such an approach can successfully minimize 

junction temperature fluctuations, and thus, increase the durability of the Si chips. The 

temperature oscillations were recorded to assess the intermittent pulsation advantages over 

using a steady jet. The findings of the experiments combining intermittent pulsation with 

varying heat fluxes show reduced hot spot temperature oscillations of 10%, 12.5%, and 

16.7% at 100W, 200W, and 300W, respectively, at a Reynolds number of 8850. Hence, 

the use of pulsating jets provides better control over temperature fluctuation compared to 

steady jets. The reduction in temperature fluctuation is more pronounced at Reynolds 

numbers closer to 2000 and decays as the Reynolds number increases to 17000. An 

enhancement factor is employed to characterize the merits of using pulsating jets. 

Compared to steady jets, the temperature oscillation coefficient shows that the use of 

pulsating jets enables a higher reduction in temperature oscillation at the same time 

averaged Re number. This reduction is valid between Re numbers of 2000 and 14000. 

Finally, a correlation is proposed to calculate the enhancement factor for pulsating jets. 
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4.  Chapter 4: Frequency Response of Si Chips 

Due to On-Chip Pulsating Jet Impingement 

One major problem arising from the use of varying power rates in power electronics, 

is the occurrence of oscillations in the junction temperature of Si chips due to the variable 

load conditions. In particular, the severe thermal stress variations and eventual fatigue 

resulting from these oscillations ultimately shorten the deviceôs lifetime. This chapter 

presents a numerical study investigating the frequency effect of intermittent jet 

impingement on minimizing the temperature fluctuations due to transient heat-flux 

boundary conditions of power electronics, thereby increasing the durability of the Si chips. 

4.1) Experimental Validation Case 

The commercial ANSYS Fluent package was used to validate a numerical CFD model 

against Li and Garimellaôs [39] experimental results for confined, submerged jet 

impingement. In their work, Li and Garimella applied a single, axisymmetric, submerged, 

and confined dielectric liquid (FC 77) jet impingement to a small surface heater (1 cm x 1 

cm x 0.0075 cm) to imitate the cooling performance of power electronic chips under 

constant heat-flux boundary conditions. Notably, only a quarter of the fluid domain was 

modeled in our 3D simulations due to the geometrical symmetry in their study. Regarding 

their experimental apparatus, the FC 77 entered a plenum (diameter: 12.7 cm), then 

through a nozzle (diameter: 3.18 mm) that had been drilled into a nozzle plate (thickness: 

6.35 mm, diameter:12.7 cm). The height of the studied section of the plenum was set at 

15.9 mm above the nozzle inlet. The jet impinged on the 1 cm x 1 cm square heater, which 

was situated 3.18 mm from the nozzle plate. Once impinged, the jet flowed radially across 
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the confined region between the impingement surface and the nozzle plate until it reached 

the confined region's outlet. The boundary conditions were set to achieve a constant heat-

flux boundary condition of 25 W/cm2 from the bottom of the surface heater. The radial 

outlet plane, located 6.35 cm from the jet's center, was set to a constant pressure of 0 Pa, 

and the constant inlet pressure for the plenum was varied until a Reynolds number of 

23,000 (the equal to a velocity of 5.28 m/s) was achieved at the nozzle exit. The FC 77 

fluid impinged on the heater at 20 0C. The studied geometry, the assigned boundary 

conditions, and the structured mesh are shown in Figure 4.1 (a, b and c). 
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Figure 4.1: Illustrations of the a) geometry, b) structured mesh, and c) assigned boundary conditions. 

Morris and Garimella [33] performed a numerical simulation for the same 

experimental geometry using the K-Ů turbulence model, which required adjusting the near-

wall functions to enhance the local HTC prediction at the heater surface to solve the 

shortage in such turbulence model. Hence, the K-ɤ SST and the K-Ů turbulence models 

were tested to determine which one is more accurate. Since a structured mesh discretizes 

the studied fluid domain, this mesh type was used in the mesh sensitivity analysis.  

Furthermore, a near-wall mesh with y+ <1 was used to adapt the selected turbulence 

models. In the simulations, the energy balance was satisfied for the studied geometry, the 

outlet fluid temperature was 20.3 0C, and the residuals approached 3 x 10 -6 and 5 x 10 -10 

for the continuity and energy equations, respectively. The velocity distribution is shown in 

Figure 4.2. While Figure 4.3 shows a comparison of the SST K-ɤ and the K-Ů turbulence 

modelsô ability to predict the local HTC on the heater surface. Based on the predicted local 

HTC distribution on the heater surface (Figure 4.3), the K-Ů turbulence model can 

c) 
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accurately predict the stagnation-point heat-transfer coefficient; however, it failed to 

predict the secondary maximum heat-transfer coefficients at low spacing-to-nozzle 

diameter ratios. In contrast, the K-ɤ SST turbulence model is able to predict such primary 

and secondary peaks, as demonstrated by Hofmann et al.ôs [34] results. The error bars 

around the experimental points show a 10 % error in estimating the HTC via numerical 

modeling with the ANSYS Fluent software, which is like the experimental error range of 

Liôs study. The same results obtained using the K-ɤ SST turbulence model were also 

evaluated by Sabato et al. in their research [35]. 

 

Figure 4.2: Simulation results for velocity distribution across the heater surface. 
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Figure 4.3: Validation results for the K-Ů and the K-ɤ SST turbulence models versus Li and Garimella's data. 

4.2) Steady-State Numerical Simulation 

The K-ɤ SST turbulence model and the mesh metrics from the experimental 

validation case were input into the ANSYS-Fluent software to develop a CFD model for 

deionized-water jet impingement, cooling a single silicon chip using a single jet in a 3D 

configuration. A steady-state simulation was then conducted to evaluate the maximum 

junction temperature across the silicon chip. The proposed jet impingement design 

consisted of a single inlet (diameter: 3 mm) and four circular outlets (diameter: 2 mm 

each) symmetrically distributed at 900 on the top of the impinging chamber. In the first 

step of the study, the fluid domain was extracted from the cavity enclosed between the 

chip and the jet impingement housing and imported into the fluent. Due to the symmetry 

in the studied geometry, only a quarter of the fluid domain was considered. For the 3D 
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simulations, a single-chip geometry (dimensions: 12.8 x 12.8 x 0.6 mm) was modeled. The 

boundary conditions were set to a constant heat flux of 183.1 W/cm2, which corresponds 

to 300 W of heat dissipation from the bottom of the chip. The deionized water 

(temperature: 200C) entered through a single nozzle (diameter: 3 mm) at a constant inlet 

velocity of 2.35 m/s to achieve a 1 LPM volumetric flow rate at the inlet, thus resulting in 

Re = 7000. The outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa. The 

jet housing, the extracted fluid domain, and a plan view for the 4 top outlets relative to the 

silicon chip are shown in Figure 4.4 (a, b and c). 

Hoffman's findings [48] demonstrate that the K-ɤ SST turbulence model provides 

higher accuracy in predicting the fluid flow field for impinging jets compared to other 

turbulence models. As such, it was used as the main turbulence model for the proposed 

geometry. In addition, a second-order upwind scheme was also selected to adapt a 

converging and stable solution, while the SIMPLE algorithm was employed to couple the 

pressure-velocity fields during the iterative solving. The thermophysical properties of DI 

water and silicon are shown in Table 4.1.  



Ph.D. Thesis- Mohamed Samy Hefny       McMaster University-Mechanical Engineering 

65 

 

 

Figure 4.4: Illustration of a) jet housing, b) fluid domain, and c) top view for the jet cavity with the four top 

outlets relative to the chip position. 

Table 4.1: Thermophysical properties of DI-water and Silicon. 

Fluid 
Thermal conductivity 

(W/m2 C) 

Specific 

heat 

(J/Kg C) 

Density 

(kg/m3) 

Dynamic 

viscosity 

(Pa. s) 

Prandtl 

number 

(-) 

Reynolds 

number 

(-) 

DI-

water 
0.62 4182 998.2 0.00103 7.1 7000 

Silicon 140 700 2329 - - - 

A structured meshing was used in the proposed design, and mesh sensitivity analysis 

was conducted to ensure grid independence. The structured mesh and the boundary 

conditions used in this work are shown in Figure 4.5 (a and b). In the simulations, the 
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energy balance was satisfied for the proposed design, the outlet fluid temperature was 

24.30 C, and the residuals approached 2 x 10-4 and 3 x 10-7 for the continuity and energy 

equations, respectively.  

 

Figure 4.5: Illustration of a) structured mesh and b) boundary conditions. 

 

Figure 4.6 shows the temperature and velocity distributions across the fluid domain 

and on the bottom of the chip surface. As can be seen, the maximum junction temperature 

at the bottom of the silicon chip is 111.6 0C, and the pressure drop between the inlet and 

outlet is 5.18 kPa. Furthermore, analysis of the chip's corners' temperature contours 
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reveals lower temperature after the hot-spot locations. These lower temperatures are likely 

caused by the edge-cooling effect from both sides of the chip, which protrude from the 

base by 0.6 mm. 

  

Figure 4.6: Temperature distribution across the bottom of the chip and velocity at the symmetry plane. 

Figure 4.7.a shows the spatial temperature distribution across the chip oriented based 

on the radial position across the diagonal. As can be seen, the lowest temperature (86° C) 

occurs at the chipôs center due to the jet's potential core effect, which preserves the full 

momentum of the impinging jet. The temperature increases gradually until reaching a 

maximum temperature of 111.6° C at a radial position of 2.2, roughly at the outlet 

location. After this hot spot location, the temperature profile degrades due to the edge-

cooling effect from both sides of the chip. 

 The HTC (h) and the Nusselt number (Nu) spatial distributions are plotted in Figures 

4.7.b and 4.7.c based on the following correlations, which were adapted from [36]. 

Ὤ
ή

Ὕ Ȥ 4É 
  

 

Eq. (4.1) 
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ὔό  
Ὤ Ὠ

Ë× 
 

 

Eq. (4.2) 

where h is the HTC in (W/m2 C), q" is the heat flux in (W/m2), T is the temperature at any 

radial location, and Ti is the inlet temperature of the jet. In Equation 2, Nu is the Nusselt 

number, d is the inlet diameter, and kw is the thermal conductivity of the deionized water. 

The HTC and Nu number profiles were identical, indicating that the maximum values 

occur at the chip center. After this point, the profile starts to decay until it reaches a 

minimum value corresponding to the hot spot location, and then gradually increases again 

until reaching the corner, which is due to the edge-cooling effect for the chipôs sides. 
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Figure 4.7: Distribution of the a) temperature, b) HTC, and c) Nusselt number radially across the chip. 

4.3) Mesh Sensitivity Analysis 

A mesh size sensitivity analysis was performed to estimate how the grid size affects 

the variation and stability of the estimated HTC values. The number of elements used in 
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the numerical simulations varied from 245,000 up to 2,000,000. The percentage change in 

the HTC did not vary by more than 1.5% in response to reductions in the element size. 

Therefore, 990,000 elements were selected without further reducing the element size, 

resulting in a 0.5% variation in the estimated HTC value. Figure 4.8 shows the local radial 

distribution of the HTC at different mesh sizes. 

 

Figure 4.8: Local radial distribution of HTC at different grid sizes 

4.4) Lumped Capacitance System Analysis 

Little data is available in the literature regarding the transient behavior of power 

electronic chips cooled via jet impingement. Therefore, the validated steady-state model 

was tested in transient mode to estimate its accuracy for predicting the transient behavior 

of silicon chips. For simplicity, a lumped capacitance system analysis was utilized to 

analyze variations in chip temperature over time. This analysis assumes little variation in 

temperature across the same direction of heat flow through the chip, which, in our study, is 
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the thickness direction. This assumption is justified only when the Biot number is less than 

0.1. Figure 4.9 shows a simplified configuration for the proposed lumped capacitance 

system. 

 

Figure 4.9: Lumped capacitance system configuration. 

As shown in Figure 4.9, a Si chip with a thickness (l) of 0.6 mm is subjected to a 

constant heat flux (q") of 183.1 W/cm2 from the bottom side and cooled by an impinging 

jet of deionized water from the top surface at a temperature (Ti) of 20° C. This impinging 

jet introduces an HTC (h), which is responsible for cooling the chip. It is assumed that the 

jet velocity introduces a constant HTC value across the entire chip surface, however it is 

variant from the center of the jet to the hot spot locations and the radial temperature 

difference is almost 24 °C between these two locations as indicated in the previous 

sections. When in a steady state, the energy equation for the lumped system will be as 

follows (adapted from [21]): 

ή Ὤ ὝÓ - 4É  Eq. (4.3) 

Then,  ὝÓ - 4É 
Eq. (4.4) 

where Ts is the steady-state temperature of the chip. 
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While in the transient state, the rising temperature of the chip varies with time, and 

the energy equation takes a different format (adapted from [21]), 

ή ”ὧὰ 
Ὠ Ὕὸ

Ὠὸ
Ὤ Ὕὸ 4É 

 

Eq. (4.5) 

where  and c are the density and specific heat capacity properties for Si, and l is the chip 

thickness. 

  Then, after integrating from time t=0 to any specific time (t), the solution will be as 

follows. 

Ὕὸ 4É
ή

Ὤ
ᶻ ρ Ὡ  

 

Eq. (4.6) 

Then, using the steady-state correlation, the upper equation can be written as follows: 

Ὕὸ 4É

ὝÓ ɀ 4É
ρ Ὡ  

 

Eq. (4.7) 

Ⱳ
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Ὤ
 

 

Eq. (4.8) 

Hence, the introduced equation can track variations in the chipôs transient temperature 

over time. Moreover, Equation 8 also enables the estimation of the time-constant ( ) 

value, which is the point when the chip temperature reaches 63.2% of its final temperature 

difference in a steady state. This analysis is quite accurate if the HTC value is constant 

across the surface; however, the local HTC varies radially from the center of the jet to the 

hot spot locations when using steady impinging jets, which means that the center of the jet 

will possess the highest HTC and the lowest time constant, while the hot spot will possess 
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the lowest HTC and consequently the highest time constant. As such, the above equations 

can only be applied locally for a constant HTC value at a specific radial position, thus 

yielding a radial spatial temperature distribution for the chip. Therefore, selecting the 

specific HTC becomes the major task in fulfilling the lumped system analysis; however, 

the Biot number must first be investigated before proceeding with the analysis. Figure 4.10 

shows the local variations in the Biot number across the chip in response to local 

variations in the HTC. The Biot number can be calculated using, 

ὄὭ 
Ὤὰ

ËÓ 
 

 

Eq. (4.9) 

where Bi is the Biot number, l is the chip thickness, and ks is the thermal conductivity of 

silicon. 

 

Figure 4.10: Local variations in the Biot number based on radial position across the chip. 

The results in Figure 4.10 show that the 0.1 limit for the Biot number is justified only 

between radial positions of 1.65 and 2.8. At other locations, the thermal diffusivity across 
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the chip should be considered when attempting to detect temperature variations across the 

chipôs thickness. Within the above-noted range, we considered the hot spot at radial 

position 2.2, as this location corresponds to the lowest HTC and the maximum temperature 

across the chip that can be used to calculate transient temperature variations and estimate 

the time constant. The HTC is approximately 19,950 W/m2 C at this radial position. A 

time-constant value of 0.05 sec was obtained based on the employed analytical approach. 

To investigate the accuracy of the lumped capacitance system, the maximum temperature 

variation of the hot spot was tracked with time until it reached a steady state and was then 

verified using the analytical solution to show the deviation arising from the use of such an 

approach. A comparison of the numerical and analytical solutions is shown in Figure 4.11. 

As can be seen, the maximum error in estimating the transient temperature is within the 

range of 5% when using lumped capacitance approximation. In addition, the time constant 

for the numerical solution was 0.046 sec compared to 0.05 sec for the analytical solution. 

Hence, the lumped capacitance analysis is an acceptable approach for this jet impingement 

problem. Moreover, the results confirmed that the developed model was suitable for use in 

the simulations run to predict the transient behavior of silicon chips in the next section. 
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Figure 4.11: Maximum temperature variation with time for numerical and analytical solutions. 

4.5) Transient Numerical Simulations 

The validated CFD model was then applied to perform transient simulations aimed at 

assessing the feasibility of using intermittent jet pulsation in conjunction with the transient 

heat-flux boundary condition for thermal management in power electronics applications. 

The objective of the transient simulations was to investigate temperature profile 

fluctuations caused by the transient heat-flux boundary condition and how to control them 

using intermittent pulsating jets. The transient simulations were developed to achieve three 

goals: first, to evaluate how intermittent jet pulsation at various frequencies impacts the 

constant heat-flux (CHF) surface boundary condition; second, to estimate the effect of the 

transient heat-flux (THF) surface boundary condition, at different frequencies, while 

applying steady jet impingement directly onto the chip; and third, to determine how 

intermittent jet pulsation and the transient heat-flux work together to influence the cycling 

temperature profile of silicon chips. 

Five sets of frequencies ð1, 5, 10, 20, and 25 Hzð were studied for the transient 

simulations for both the intermittent pulsation and heat-flux fluctuations. In the 

intermittent pulsation simulations, continuous jet pulses with a velocity of 4.7 m/s 

(corresponding to a flow rate of 2 LPM) were introduced for the first half of the cycle and 

zero velocity was introduced for the second half (50% duty). This approach was selected 

to maintain a constant time-averaged flow rate of 1 LPM and a Reynolds number of 7000 

(steady-state case). The same concept was used for the transient heat-flux simulations; 

specifically, a heat flux of 183.1 W/cm2 was used for the first half of the cycle duration, 

while a heat flux of zero was used in the second half (50% duty); Figure 4.12.  
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A time-step independence test was performed, leading to a time-step of 0.001 s used 

in the transient simulations. In the simulations, 40 iterations were performed per time step, 

and the residuals approach to 8 x 10 -4 and 7 x 10 -7 for continuity and energy equations, 

respectively.  

  

Figure 4.12: Illustration of the jet velocity and heat-flux pulses at 50% duty. 

The purpose of a thermal-management system is to limit the maximum temperature of 

the system. However, this research also aimed to reduce the fluctuation between the 

maximum and minimum temperatures of the hot spot, an effect which should be 

distinguished separately. Consequently, a temperature oscillation coefficient (Ẽ) was 

introduced to assess the efficiency of intermittent jet pulsation in minimizing temperature 

oscillation. This temperature oscillation coefficient can be formulated as, 

ὝÍÁØ Ὕ άὭὲ

Ὕ άὥὼὝ Ὥ
 

 

Eq. (4.10) 

where Tmax and Tmin are the maximum and minimums of the temperature fluctuations in 

the hot spot, respectively, and T i is the inlet temperature of the jet (20° C). 
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4.5.1) Intermittent Jets at 25 Hz  

Figure 4.13 shows the thermal profile fluctuations that occurred during the use of 

intermittent jets at 25 Hz on a constant heat-flux surface. As can be seen, the maximum 

temperature across the heating surface of the chip oscillated between 97° C and 102° C, 

which was lower than the steady-state temperature of 111.6° C in the steady jet 

impingement on a constant heat-flux surface condition. Moreover, these results show the 

effect of the transient heat-flux boundary condition on the temperature cycling of the chip 

while maintaining steady jet cooling. Here, the results show a trend wherein the maximum 

temperature of the hot spot fluctuates between 68° C and 85° C.  

The results also show the combined effects of the jet velocity and heat-flux cycles at 

the same frequency and phase, revealing a trend characterized by reduced fluctuation in 

the maximum temperature across the heating surface of the chip (between 58° C and 78° 

C). However, the temperature difference between the maximum and minimum bounds 

remained almost the same and the average temperature decreased, resulting in a higher 

temperature oscillation coefficient.  

Furthermore, the results show that the temperature oscillation coefficient (Ẽ) increased 

from 0.26 to 0.35 between the transient and combined heat-flux cases. 
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Figure 4.13: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at 

transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase 

and 25 Hz. 

4.5.2) Intermittent Jets at 20 Hz  

Figure 4.14 shows the thermal profile fluctuations observed during the use of 

intermittent jets at 20 Hz on a constant heat-flux surface. As can be seen, the maximum 

temperature across the heating surface of the chip oscillated between 98° C and 103° C, 

which is lower than the steady-state temperature of 111.6° C in the steady jet impingement 

on constant heat flux surface condition. Figure 14 also shows the effects of using a 

transient heat-flux boundary condition on the temperature cycling of the chip while 

maintaining steady jet cooling. The results show a trend wherein the maximum 

temperature of the hot spot fluctuated between 64° C and 83° C. In addition, the results 

obtained when combining the jet velocity and heat-flux cycles at the same frequency and 

phase can also be observed. Here, a reduction in the fluctuations in the maximum 

temperature across the heating surface of the chip can clearly be seen (between 55° C and 

76° C). However, the temperature difference between maximum and minimum bounds 

remained almost the same and the average temperature decreased, leading to a higher 
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temperature oscillation coefficient. Finally, the results show that the temperature 

oscillation coefficient (Ẽ) increased from 0.3 to 0.38 between the transient and combined 

heat-flux cases. 

 

Figure 4.14: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at 

transient heat flux (THF), and a combination of intermittent jet and transient heat flux (THF) at the same phase 

and 20 Hz. 

4.5.3) Intermittent Jets at 10 Hz  

Figure 4.15 shows the thermal profile fluctuations occurring during the use of 

intermittent jets at 10 Hz on a constant heat-flux surface. The results show that the 

maximum temperature across the heating surface of the chip oscillated between 90° C and 

110° C, which is lower than the steady-state temperature of 111.6° C in the steady jet 

impingement on constant heat-flux surface condition. Furthermore, Figure 15 also shows 

how the use of a transient heat-flux boundary condition and steady jet cooling impacts the 

temperature cycling of the chip. As can be seen, the maximum temperature of the hot spot 

fluctuates between 50° C and 90° C when using this approach. Finally, Figure 15 shows 

that, when the jet velocity and heat-flux cycles were applied at the same frequency and 

phase, the temperature fluctuations for the maximum temperature across the heating 
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surface of the chip were reduced to a range of 43° C to 78° C. However, unlike the 25 and 

20 Hz cases, a reduction in the temperature difference between the maximum and 

minimum bounds was observed in the 10 Hz case. Additionally, the temperature 

oscillation coefficient (Ẽ) increased from 0.57 to 0.6 between the transient and combined 

heat-flux cases. 

With regards to the temperature decay between the maximum and minimum bounds 

in the transient heat-flux case, it was observed that the use of intermittent jet resulted in a 

higher temperature decay rate compared to the use of steady jets. However, at the end of 

the off period in the cycle, the temperature decay rate started to decrease gradually until 

reaching the minimum bound of the temperature oscillation. At any time point during the 

off period, the pulsating jet resulted in a lower temperature than the steady jet, although 

there was no cooling effect. Moreover, the pulsating jet case featured a lower minimum 

temperature bound compared to the steady jet case. 

 

Figure 4.15: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at 

transient heat flux (THF), and a combination of intermittent jet and transient heat flux (THF) at the same phase 

and 10 Hz 
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4.5.4) Intermittent Jets at 5 Hz  

Figure 4.16 shows the thermal profile fluctuations observed when using intermittent 

jets at 5 Hz on a constant heat-flux surface. The results show that the maximum 

temperature across the heating surface of the chip oscillated between 82° C and 145° C, 

which is higher than the steady-state temperature of 111.6° C observed in the steady jet 

impingement on constant heat-flux surface condition. In addition, Figure 16 also shows 

how the use of a transient heat-flux boundary condition and steady jet cooling affects the 

temperature cycling of the chip. Here, the results reveal a fluctuating trend wherein the 

maximum temperature across the heating surface of the chip oscillates between 35° C and 

102° C. Furthermore, the effects of combining the jet velocity and heat-flux cycles at the 

same frequency and phase are also observable. As can be seen, this approach resulted in a 

reduction in the temperature fluctuation for the maximum temperature across the heating 

surface of the chip (between 32° C and 80° C). However, at 5 Hz, the difference between 

the maximum and the minimum temperature bounds was significantly smaller compared 

to the previous cases, thus resulting in a lower temperature oscillation coefficient. Indeed, 

the temperature oscillation coefficient (Ẽ) decreased from 0.82 to 0.8 between the transient 

and combined heat-flux cases. 

Similar to the 10 Hz case, the rate of temperature decay showed the same behavior for 

the transient heat-flux boundary condition combined with intermittent pulsation case; 

however, the decay rate started to decline earlier during the off period of the cycle in the 5 

Hz case. Furthermore, unlike the 10 Hz case, the intermittent jet almost reached the same 

minimum temperature bound as the steady jet at the end of the cycle in the 5 Hz case, 

despite there being no flow cooling effect during the off period. 
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Figure 4.16: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at 

transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase 

and 5 Hz 

4.5.5) Intermittent Jets at 1 Hz  

Figure 4.17 shows the thermal profile fluctuations that occurred when using 

intermittent jets at 1 Hz on a constant heat-flux surface. As can be seen, the maximum 

temperature across the heating surface of the chip oscillated between 80° C and 403° C, 

which is higher than the steady-state temperature of 111.6° C observed when applying 

steady jet impingement to a constant heat-flux surface. Figure 4.17 further shows how the 

use of a transient heat-flux boundary condition and steady jet cooling influence the 

temperature cycling of the chip. Here, the results show a fluctuating trend for the 

maximum temperature across the heating surface of the chip (between 20° C and 110° C). 

Finally, Figure 4.17 also shows the results for the use of both jet velocity and heat-flux 

cycles at the same frequency and phase. As the figure shows, there is a clear reduction in 

the fluctuation of the maximum temperature across the heating surface of the chip at this 
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frequency (between 28° C and 78° C). Significantly, the difference between the maximum 

and the minimum temperature bounds shows a further reduction at 1 Hz than in all the 

previous cases, thus leading to a lower temperature oscillation coefficient. Indeed, the 

temperature oscillation coefficient (Ẽ) decreased from 1 to 0.86 between the transient and 

combined heat-flux cases. Furthermore, at 1 Hz (for the transient heat-flux boundary 

condition combined with intermittent pulsation case), the cycle time is 1 sec, which means 

that 0.5 sec of the periodic time is on for both heat flux and jet velocity and off for the 

remaining 0.5 sec. This time range is longer than the time constant of the studied silicon 

chip, which allows the maximum temperature through the chip to reach a steady state 

more quickly due to its fast time response during the on and off durations. Based on an 

analytical analysis, the chip's time constant was estimated to be 0.05 sec, assuming that the 

silicon chip is approximated as a lumped capacitance system. 

As observed in the 5 and 10 Hz cases, the rate of temperature decay showed the same 

behavior at 1 Hz for the transient heat-flux boundary condition combined with intermittent 

pulsation case. However, the decay rate starts to decline much earlier during the off period 

of the cycle; thus, there is a specific turning time at which the steady jet provides better 

performance in lowering the minimum temperature bound. 
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Figure 4.17: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at 

transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase 

and 1 Hz 

4.6) Analysis of the Dynamic Simulation Results 

4.6.1) Frequency Analysis of the Fluctuating Thermal Profile  

         The difference between the maximum and minimum temperatures (Tmax - Tmin) is the 

major concern in the dynamic simulations showing the powerful use of jet pulsation. Hence, a 

subsequent study was conducted to investigate methods of reducing this temperature 

difference. However, since the jet effect also significantly reduces the maximum temperature 

(Tmax) of the chip, the two competing effects should be analyzed simultaneously to evaluate 

the feasibility of using intermittent jet pulsation to minimize the temperature oscillation, 

against minimizing the maximum temperature. 
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 In Figure 4.18, the difference between the maximum and inlet temperatures is plotted 

against the frequencies used in the steady and pulsating jet cases with a transient heat-flux 

boundary condition. 

 

Figure 4.18: Maximum temperature limit at various frequencies for the pulsating and steady jet cases with a 

transient heat-flux boundary condition. 

        As indicated in Figure 4.18, the use of the pulsating jet provided better control of 

the maximum temperature, limiting it to a maximum of 60° C above the inlet temperature 

across all tested frequencies. In contrast, the maximum temperature increased as the 

frequency decreased in the steady jet case. This result was likely due to the fact that, in the 

pulsating jet case, the velocity of the jet activated during the on cycle is approximately 

twice that of the jet in the steady case, which in turn enables a greater reduction in the 

maximum temperature. 
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 In Figure 4.19, the cyclic fluctuation between the maximum and minimum 

temperature limits is plotted against various frequencies used in the steady and pulsating 

jet cases with a transient heat flux boundary condition. 

 

Figure 4.19: Temperature oscillation versus frequency used in the pulsating and steady jet cases with a 

transient heat-flux boundary condition. 

As shown in Figure 4.19, the use of pulsating jets resulted in reduced temperature 

oscillation at frequencies below 19.2 Hz. In contrast, the use of pulsating jets did not 

provide a significant reduction in temperature fluctuations compared to the steady jet at 

frequencies above 19.2 Hz. This threshold frequency is related to the time response of the 

Si chip; specifically, at frequencies higher than 19.2 Hz, the chipôs time constant becomes 

longer than the shorter periodic times associated with higher frequencies. 
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In Figure 4.20, the temperature oscillation coefficient is plotted against the 

frequencies used in the steady jet and pulsating jet cases with transient heat flux boundary 

conditions. 

 

Figure 4.20: Temperature oscillation coefficient (Ẽ) versus the various frequencies used in the pulsating and 

steady jet cases with transient heat-flux boundary conditions. 

As the results in Figure 4.20 show, the use of pulsating jets provided superior 

enhancement compared to the steady jet case. Furthermore, 8.2 Hz was identified as the 

critical threshold at which a switch in the performance of the intermittent pulsation effects 

occurs. Prior to reaching 8.2 Hz, the reduction of temperature oscillation is more dominant 

than the reduction of the chipôs maximum temperature; beyond 8.2 Hz, however, the 

maximum temperature reduction is more pronounced compared to the reduction in 

temperature fluctuation. In either case, the chipôs overall temperature is reduced at the 

same time-averaged Reynolds number of 7000, which confirms the advantage of using 

intermittent jet pulsation. 
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In Figure 4.21, the difference between the minimum and inlet temperatures is plotted 

against the various frequencies tested in the steady and pulsating jet cases with a transient 

heat flux boundary condition. 

 

Figure 4.21: Minimum temperature limit versus various frequencies tested in the pulsating and steady jet cases 

with a transient heat-flux boundary condition. 

As the results in Figure 4.21 show, the use of the pulsating jet is more effective at 

reducing the minimum temperature limit compared to the steady jet. However, there is 

zero velocity fluid at the inlet during the off-cycle period in the pulsating jet case, whereas 

there is always non-zero velocity flow for the steady jet case. This phenomenon can be 

caused by the formation of vortex rings during the off-cycle period, as investigated by 

Zhang et al. [47]. This trend prevails down to 5 Hz, after which the pulsating jet produces 

higher minimum temperature values compared to the steady jet. This phenomenon can be 

attributed to the lower strength or decay of the vorticity rings below 5 Hz. In the current 
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study, these vorticity rings were also observed during the off period of the jet, as shown in 

Figure 4.22.  

    

Figure 4.22: vorticity ring formation during the off period of the flow at 5 Hz for a) the start and b) the end of 

the off period. 

4.6.2) Transient HTC Analysis 

Further tests were conducted to gain additional insights regarding the variation of the 

HTC with time in order to better understand the behavior of the pulsating jets and to 

formulate a reduced model that can predict this performance. 

In Figure 4.23, the variation of the minimum HTC at the hot spot point between the 

maximum and minimum bounds is plotted for the five studied frequencies over time, 

along with the steady-state HTC with steady jet flow rates of 1 and 2 LPM. The transient 

heat-transfer coefficients were calculated using the intermittent jet impingement over 

constant heat-flux cases for the studied frequencies. 

A comparison of the heat-transfer coefficients of the five studied frequencies and the 

2 LPM steady jet case reveals that the latter provided better performance. However, 

considering the time-averaged Reynolds number, this is not an accurate comparison. The 

time-averaged Reynolds number for the steady jet at 2 LPM is 14,000ðtwice the value of 

the intermittent jet. Hence, the comparison should be based on the steady jet at 1 LPM, as 

b a 
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its Reynolds number (7000) is similar to that of the intermittent jet cases, thus ensuring a 

more accurate evaluation. 

 

Figure 4.23: Minimum HTC versus time for pulsating and steady jets at the hot spot. 

For the steady jet at 1 LPM, frequencies above 10 Hz resulted in higher fluctuation 

among the heat-transfer coefficients, indicating lower maximum temperatures for such 

frequencies; below 10 Hz, the heat-transfer coefficients oscillated around the HTC value at 

1 LPM, indicating that the maximum temperature oscillates around the steady-state value. 

As indicated in Figure 4.23, the decay rates of the heat-transfer coefficients during the 

off periods for the studied frequencies are identical and follow the same thermal profile 

trace with time. The temperature decay rate was investigated in a previous section. Briefly, 

there is a high rate of temperature decay until a certain time point, after which the decay 

rate starts to decline. This trend is more pronounced at lower frequencies due to the 
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corresponding longer periodic times. Moreover, it was shown that the heat-transfer 

coefficient decay during the off period led to lower temperatures than observed when 

using the steady jets. However, as previously noted, there is zero-velocity flow during the 

off periods of the cycle. This phenomenon is likely related to the formation and decay of 

vorticity rings with time, as these processes cause changes in the temperature decay rate 

during the off period. Hence, a mathematical reduced model can be formulated to detect 

such HTC decay during the off period due to vorticity rings, which will be investigated in 

the next section. 

4.6.3) Reduced Model for Predicting the Temperature During the Jet Off Period.  

By investigating HTC decay during the off period at 1 Hz, the variations in HTC with 

time can be correlated using a curve fitting technique. The transient HTC decay 

correlation can be formulated as, 

Ὤὸ Èπ ρ
ὦ

ὥ
 ὸ  

 

Eq. (4.11) 

where a and b are constants, and h0 is the initial HTC at the chip hot spot at t=0 (at the end 

of the on period of the cycle), after which HTC decay begins. Based on curve fitting, those 

constants are h0 = 33040.17 W/m2 C (for the 1 Hz case), a = 0.085382, and b = 0.92375. 

To investigate the reduced modelôs accuracy in predicting the HTC at other frequencies, 

the HTC decay at 5 Hz obtained from the numerical solution was compared against the 

HTC predicted using the transient equation 11. The results of this comparison are plotted 

in Figure 4.24. 
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As shown in Figure 4.24, the maximum error between the numerical and reduced 

models was roughly 1.5 %. Hence, the reduced model can be used to predict the decaying 

HTC during the off period at any jet intermittent frequency. 

 

Figure 4.24: HTC decay versus time for numerical and reduced models at 5 Hz. 

In addition, as shown in Figure 4.25, the transient HTC can be used to predict 

temperature decay with time based on lumped capacitance system analysis. During the off 

period of the cycle, the chip cools down with time due to convection-driven heat transfer 

caused by the vorticity rings, which decay with time.  

 

Figure 4.25: Lumped Capacitance system configuration during the off period of the cycle. 
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In a transient state, the chip temperature decay varies with time; hence, the energy 

equation will have a different formulation, which can be expressed as follows: 

”ὧὰ 
Ὠ Ὕὸ

Ὠὸ
Ὤὸ Ὕὸ 4

É
 

 

Eq. (4.12) 

Where  and c are the density and specific heat capacity properties for silicon, 

respectively, and l is the chip thickness. After integrating from time t=0 to any specific 

time (t), the solution is written as, 

Ὕὸ 4É

Ὕπ Ȥ 4É
Ὡ
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Eq. (4.13) 

where T0 and h0 are the initial temperature and HTC of the chip hot spot at t=0, respectively. 

The resultant reduced equation can then be used to track the transient temperature 

decay during the off period, in any case coupling transient heat-flux and the use of 

intermittent jets. 

4.6.4) Validation of the Transient Numerical Model Experimentally.  

The current in hand numerical model can be further validated against experimental 

results which have gotten from chapter 3. Hence, experimental results at intermittent 

pulsation of jet at 0.5 Hz (70% duty cycle) and maximum flow rate of 1 lpm, for 300 W 

heat dissipation across the chip will be used for purpose of validating the transient 

numerical model. Therefore, by applying the same experimental boundary conditions to 

the transient numerical model, hot spot temperature will be recorded and plotted at D8 

location for both experimental and numerical results as shown in Figure 4.26. 
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Figure 4.26: Temperature oscillation of hot spot location at D8 for experimental and numerical model. 

As shown in figure 4.26, there is a great fit  between the transient model results and 

the experimental data with roughly 2% error, which gives a better reliability to the 

correlations and analysis investigated through this chapter, and hence the numerical model 

can be further used to get results without the need to perform more experimental runs. 

Moreover, the numerical prediction of the pressure variation at the inlet of the jet 

impingement housing was plotted verses time for the transient validation case in figure 

4.27 to calculate the time averaged pressure drop of the pulsating jet. 

As indicated in figure 4.27, the pressure value is kept oscillating with time, which will 

result in a time averaged pressure drop of 2.9 kPa. However, the steady jet pressure drop at 

the same time averaged volume flow rate of 0.6 LPM will be 2.2 kPa. Hence, an increase 

in the pressure drop value of 32% could be resulted from using the pulsating jet to control 

the temperature oscillation of power electronic chip operation. 
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Figure 4.27: Pressure oscillation at the inlet of the jet impingement housing from the numerical model. 

4.7) Chapter Summary: 

Power electronics are widely used for various applications in our daily lives, including the 

electrification of transportation (e.g., electric vehicles and e-VTOL crafts). Such applications 

require higher power ratings than usual to enable transmission across silicon-based electronic 

chips. One major problem arising from the use of significantly higher power rates is the 

occurrence of oscillations in the junction temperature due to the variable load conditions 

associated with such advanced applications. In particular, the severe thermal stress variations 

and eventual fatigue resulting from these oscillations ultimately shorten the deviceôs lifetime. 

This chapter presents a numerical study investigating the use of intermittent jet impingement 

to minimize temperature fluctuations due to transient heat-flux boundary conditions at the 

same frequency as the jet pulsation, thereby increasing the durability of the Si chips. To this 

end, pulsating-jet-velocity and heat-flux frequencies ranging between 1 Hz and 25 Hz are 

examined. Compared to the steady jet, the use of the intermittent jet provides excellent 

control of the maximum temperature limit across the studied frequencies, with temperatures 
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never exceeding 600C above the jetôs inlet temperature (based on the same time-averaged 

Reynolds number of 7000). In addition, the vorticity rings introduced during the jetôs off 

period enable lower minimum temperature limit values compared to the steady jet approach, 

reaching as low as 5 Hz. However, below 5 Hz, the minimum temperature becomes higher 

than that obtained in the steady jet approach. Furthermore, 19.2 Hz is the threshold frequency 

below which the intermittent jet effect can be exploited to reduce temperature oscillation. No 

noticeable reduction in temperature fluctuation occurs above 19.2 Hz due to the higher time 

constant of the studied chip than the periodic times of the studied frequencies above 19.2 Hz; 

thus, faster disturbances in heat flux or jet intermittency do not result in more reduction in 

temperature fluctuation. A temperature oscillation coefficient (Ẽ) is then introduced to 

demonstrate the intermittent jet approachôs effectiveness for reducing temperature oscillation 

in isolation from the maximum temperature limitation effect. The results further reveal 8.2 

Hz as the critical frequency below which the reduction in temperature oscillation is much 

more pronounced for the intermittent jet approach compared to the steady jet approach. 

Similarly, above 8.2 Hz, the limi tation of the maximum temperature bound of the oscillating 

temperature curve is more pronounced in the pulsating jet approach than in the steady jet 

approach. A transient heat-transfer coefficient (HTC) study is also conducted to understand 

the role played by the vorticity rings in enhancing the HTC during the off period of the jets in 

the intermittent pulsation approach. To this end, a reduced model is generated to calculate the 

transient HTC during the decay of temperature during the off period of the pulsation.  
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5.  Chapter 5: Spatial Temperature Control 

Using Direct Jet Cooling with  Various 

Outlet Configurations. 

Overheating is a major problem associated with power electronic chips. Direct jet 

impingement on silicon-based chips has emerged as a promising technique for power 

electronics cooling. However, jet impingement is characterized by its spatial heat transfer 

coefficient distribution which will impact the local temperature distribution across the 

impinged surface by reaching hot spots locations radially away from the stagnation point, 

due to the fluid flow separation of the chip surface, which may lead to thermal runaway if 

applied to chips of power electronics. Outlet configuration design could help in reducing 

such an effect. Hence, this chapter investigates various jet outlet configurations that 

facilitate a more uniform spatial temperature distribution. 

5.1) Numerical CFD Modeling and Experimental Validation 

As indicated before in Chapter 4, a numerical model was developed using the 

commercial software ANSYS Fluent package, to study the frequency response of the Si 

chip in the transient behavior. However, in this chapter more concern will be given for the 

steady state junction temperature due to the outlet geometry configuration using the in-

hand numerical model, which will be subsequently validated against experimental data. 
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5.1.1) Steady-State Numerical Simulation 

A steady-state simulation was performed using "ANSYS-Fluent" software to evaluate 

the maximum junction temperature at the bottom surface of the silicon chip of the 

numerical model. The proposed jet impingement design consisted of a single inlet 

(diameter: 3 mm) and four circular outlets (diameter: 2 mm each) located on the top of the 

impinging chamber and symmetrically distributed at 900. It is worth noting that, due to the 

symmetry in the studied geometry, only a quarter of the fluid domain was considered. 

 For the 3D simulations, a single-chip geometry (12.8 x 12.8 x 0.6 mm) was modeled, 

and the boundary conditions were set to a constant heat flux boundary condition of 152.6 

W/cm2, which corresponds to 250 W of heat dissipation from the bottom of the chip. The 

deionized water (200C) entered through the main inlet with a constant inlet velocity of 

2.35 m/s, corresponding to 1 LPM volumetric flow rate at the inlet, resulting in a Re 

number of 7000. The outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa. 

The jet housing, the extracted fluid domain, and a plan view of the four top outlets relative 

to the silicon chip are shown previously in Figure 4.4. 

K-ɤ SST turbulence model provides higher accuracy in predicting the fluid flow field 

for impinging jets; therefore, this model served as the main turbulence model for the 

proposed geometry. A second upwind discretization scheme was employed to assess the 

solution convergence stability, and the SIMPLE algorithm was employed for pressure-

velocity coupling.  

A near-wall mesh with a y+ <1 was used to adapt the selected turbulence model. The 

structured mesh and the boundary conditions are shown before in Figure 4.5. In the 
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simulations, the energy balance was satisfied for the proposed design reaching an outlet 

fluid temperature of 22.9 0 C and residuals approaching 2 x 10 -4 and 3 x 10 -7 for the 

continuity and energy equations, respectively. 

Figure 5.1 shows the temperature and velocity distributions across the fluid domain 

and the bottom chip surface. As can be seen, the maximum junction temperature at the 

bottom of the silicon chip "hot spot" is 82.9 0C due to the flow separation from the chip 

surface at the outlet locations, and the pressure drop between the inlet and the outlet is 

6.26 kPa. Furthermore, analysis of the temperature contours of the chip's edge corners 

reveals a small reduction in temperature after the hot spot location. These lower corner 

temperatures can be attributed to the edge-cooling effect from both sides of the chip 

protruding from the base by its thickness of 0.6 mm. 

 

Figure 5.1: Distribution of the temperature across the bottom of the chip and the velocity at the symmetry plane. 

Figure 5.2 shows the spatial temperature distribution across the chip for the radial 

position across the diagonal. The results show that the lowest temperature (74.8°C) occurs 

at the chipôs center due to the jet's core effect, which preserves the full momentum of the 

impinging jet. From this point, the temperature starts to increase gradually until reaching a 
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maximum temperature of 82.9°C at a radial position of 2.2, which roughly corresponds to 

the outlet location. Beyond the hot spot location, the temperature profile degrades due to 

the corner-cooling effect from both sides of the chip until it reaches 71.5 C. 

 

Figure 5.2: Temperature distribution radially across the chip 

 

5.1.2) Experimental Validation of the Numerical Model 

A line diagram for the test rig constructed to validate the numerical model is shown in 

Figure 5.3. Briefly, a chiller was used to maintain a constant fluid inlet temperature of 20 

0C in the test section, and the fluid was pumped through the test facility by a micro gear 

pump driven by a magnetic DC motor drive with a maximum flow rate of 3.5 LPM and a 

pressure of 5 bars. During the cycle, an electronic speed-control system was used to 

accurately adjust the fluid flow rate to the desired value.  
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Figure 5.3: Line diagram of the proposed experimental test rig. 

A calibrated turbine flow sensor was used to measure the volumetric flow rate 

through the entire cycle. The cold fluid entered the 3D-printed jet housing through a 3 mm 

inlet tube and impinged directly on the TTC at the center, thus cooling it. After cooling, 

the heated fluid flowed from the confined space above the chip to an intermediate chamber 

through four 2-mm top outlet holes and then back to the two 3-mm outlet tubes. A thermal 

test vehicle (TTV) with a silicon chip in the middle of the board was used. The TTC 

mounted at the center of the TTV measured 12.8 mm x 12.8 mm and was composed of a 5 

x 5 array of unit cells. Each unit cell measured 2.54 mm x 2.54 mm and comprised a layer 

of silicon (thickness: 0.6 mm) and a layer of heaters beneath it. This heating layer 

consisted of two heaters capable of dissipating 12 W and four temperature-sensing diodes 

beneath them. Detailed images for the TTV, and the assembly with the jet housing are 

shown before in Figure 3.3. 
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The diodes in the TTC measured the chip's junction temperature, which is the highest 

temperature across the chip configuration. A 600 ɛm silicon layer was located above the 

heaters and diodes to simulate or imitate the operation of real power electronics. The TTC 

was able to supply a maximum heating load of 300 W, which is comparable to real 

industrial applications with respect to thermal loss through power electronic components. 

A programmable DC power supply was used to supply the TTV with the required heating 

voltage and current. The hot fluid was circulated back to the chiller to be cooled to the 

initial inlet temperature, with the inlet cold fluid and outlet hot fluid temperatures being 

measured using thermocouples. As noted above, the chip's junction temperature was 

measured using the built-in diode sensor; however, only ten active diode sensors were 

used to measure the temperature at the locations circled in yellow as shown before in 

Figure 3.3. A data acquisition system was used to collect the signals from the sensors and 

record them on a computer.  

During the experimental runs, the flow rate of the micropump was set to 1 LPM using 

the electronic speed controller, and the deionized water (20 0C) impinged on the surface of 

the silicon chip through the inlet (diameter: 3 mm). The heating current and voltage were 

set for the power supply and adjusted to specific values to achieve heat dissipation of 250 

W from the built-in heaters across the chip. The flow rate sensor reading, the inlet and 

outlet thermocouple readings, and the ten active temperature sensing diode readings were 

all recorded using the data acquisition card. As shown in Figure 5.4 (a and b), the 

numerical model prediction for the spatial temperature distribution across the radial 

position can be accepted up to a tolerance of 10%. 
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Figure 5.4: a) Local temperature versus radial position for the experimental and numerical models. b) Numerical 

temperatures estimate versus experimental temperatures at different radial positions. 
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5.2) Outlet Configuration Effect on Spatial Temperature Distribution  

Any modifications in the downstream fluid flow area will cause an impact on the 

pressure field distribution across the fluid domain, which will consequently affect the 

velocity and temperature domains distribution across the chip. Moreover, based on the 

validation results, the numerical model was applied to predict the performance of different 

jet impingement configurations, without reprinting the different housings and repeating the 

experimental testing, with an acceptable level of accuracy. 

5.2.1) Effect of Fluid Cavity Elimination on Spatial Temperature Distribution  

The fluid cavity was removed to determine its impact on minimizing the radial 

temperature distribution between the stagnation point and hot spot locations. The main 

purpose of removing the fluid cavity around the side surface areas of the chip is to 

decrease the fluid volume expansion in the wall jet region. This creates a higher velocity 

field over the chipôs entire top surface, thereby facilitating a lower top surface temperature 

without the need to cool the chip sides. Therefore, the same proposed jet housing design 

was used, and the fluid cavity around the chip sides was removed to see whether its 

absence produced a cooling effect for the top surface of the chip.  

The boundary conditions were set to a constant heat flux of 183.1 W/cm2, which 

corresponds to a maximum of 300 W of heat dissipation from the bottom of the chip. The 

deionized water entered through the main inlet at 20 0C and a constant inlet velocity of 

2.35 m/s; this corresponded to a volumetric flow rate of 1 LPM at the inlet, which resulted 

in a Re = 7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 
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Pa. Figure 5.5 shows the plan view for the four top outlets relative to the silicon chip in the 

two cases. 

 

Figure 5.5: Plan view for the four circular top-outlets a) with and b) without the fluid cavity. 

The temperature contours for both geometries are shown in Figure 5.6. 

 

Figure 5.6: Temperature contours for the four circular top-outlets a) with and b) without the fluid cavity. 

As shown in Figure 5.6, removing the fluid cavity around the sides of the chip caused 

the hot spot temperature to increase from 110.2°C to 117.2°C, keeping the stagnation point 
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temperature at 91°C, while the pressure drop increased from 4.63 kPa to 4.9 kPa. 

Eliminating the edge- and side-cooling effect increased the spatial temperature distribution 

by 34.6 % and the pressure drop by 5.8 %. Hence, it can be concluded that eliminating the 

fluid cavity around the sides did not help reduce the chip's hot spot and spatial 

temperatures. Indeed, the edge-cooling effect can reduce the spatial temperature by up to 

34.6 % for the proposed jet configuration. 

5.2.2) Effect of Outlet Size on Spatial Temperature Distribution  

Next, the outlet size was reduced to determine whether doing so could minimize the 

radial temperature distribution between the stagnation point and hot spot locations. For 

these tests, the four circular top-outlets were reduced in diameter from 2 mm to 1.4 mm 

(30% reduction in outlet area), and the proposed jet housing design was used. The 

boundary conditions were set to a constant heat flux of 183.1 W/cm2, which corresponded 

to a maximum of 300 W of heat dissipation from the bottom of the chip. The deionized 

water entered through the main inlet at 20 0C and a constant inlet velocity of 2.35 m/s; this 

corresponded to a volumetric flow rate of 1 LPM at the inlet, which resulted in a Re = 

7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa. The 

plan view for the four top-outlets relative to the silicon chip is shown in Figure 5.7. 
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Figure 5.7: Plan view for the four circular top-outlets with a) 2 mm and b) 1.4 mm diameters. 

 

The temperature contours for both geometries are shown in Figure 5.8. 

 

Figure 5.8: Temperature contours for the four circular top-outlets with a) 2 mm and b) 1.4 mm diameters. 

As shown in Figure 5.8, reducing the outlet diameter from 2 mm to 1.4 mm helped to 

lower the hot spot temperature from 110.2° C to 104.9° C while keeping the stagnation 

point temperature at 91° C. At the same time, the pressure drop increased from 4.63 kPa to 

9.43 kPa. Thus, reducing the outlet size by 30% minimized the spatial temperature 
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distribution by 31% while increasing the pressure drop by 200%. The main reason for that 

is due to a higher-pressure accumulation in the impingement chamber near the outlets, for 

the same pressure outlet boundary conditions at the main outlets of 0 Pa, which ensures 

more adhering of the radial velocity component of the fluid flow to the chipôs surface and 

less separation effects to occur near the top outlets locations, hence lower junction 

temperature and lower spatial temperature difference. 

5.2.3) Effect of Outlet Shape and Location on Spatial Temperature Distribution  

Other than the reference one, five designs were investigated using the same boundary 

conditions to assess whether the outlet shape and location contribute to a reduction in the 

spatial temperature between the hot spot and the center of the jet locations. Since the 

outlets connecting the main impingement cavity with the intermediate chamber can help 

enhance jet cooling performance for power electronics, the same outlet flow area should 

be maintained to ensure the same average outlet fluid velocity from the impingement 

cavity for a sound basis of comparison. Such outlets can be located either on the top 

surface or on the sides of the impingement chamber. The configuration featuring four 

circular top outlets (diameter: 1.4 mm each) was selected as the comparison reference 

model. The second design possessed eight circular outlets (diameter: 1 mm each) situated 

at the top of the impinging chamber and symmetrically distributed at 450. The third design 

contained eight circular outlets (diameter: 1 mm each) located on the sides of the 

impinging chamber and symmetrically distributed at 450. The fourth design featured four 

square outlets (side length: 1.25 mm) placed on top of the impinging chamber, which were 

also symmetrically distributed at 900. The fifth  design possessed eight square outlets (side 

length: 0.88 mm) on top of the impinging chamber, which were symmetrically distributed 

at 450. Finally, the sixth design had eight square outlets (side length: 0.88 mm) situated on 
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each side of the impinging chamber symmetrically distributed at 450. Figure 5.9 shows the 

differences between the five alternative geometries and the footprint area of the outlets 

relative to the chip position.  

The boundary conditions were set to a constant heat flux of 183.1 W/cm2, which 

corresponded to a maximum of 300 W of heat dissipation from the bottom of the chip. The 

deionized water entered through the main inlet at 20 0C and a constant inlet velocity of 

2.35 m/s; this corresponded to a volumetric flow rate of 1 LPM at the inlet, which resulted 

in a Re = 7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 

Pa. The studied fluid domain was discretized using a structured mesh, and a near-wall 

mesh with y+ <1 was used to adapt the K-ɤ SST turbulence model.   
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Figure 5.9: Plan view for configurations featuring a) 4 circular top-outlets, b) 4 square top-outlets, c) 8 circular 

top-outlets, d) 8 square top-outlets, e) 8 circular side-outlets, and f) 8 square side-outlets. 
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5.2.3.1) Performance of 4 Square Top-Outlets Configuration 

The temperature contours for the configurations featuring four circular and square 

top-outlets are shown in Figure 5.10. 

 

Figure 5.10: Temperature contours for the configurations using a) 4 circular top-outlets and b) 4 square top-

outlets. 

As shown in Figure 5.10, the four square top-outlet design resulted in the hot spot 

temperature increasing from 104.9°C to 108.6°C, while keeping the stagnation point 

temperature at 91°C, and the pressure drop increasing from 9.43 kPa to 9.59 kPa. Hence, 

the four square top-outlet design increased the spatial temperature gradient by 33% and the 

pressure drop by 1%. 

5.2.3.2) Performance of 8 Circular Top-Outlets Configuration 

The temperature contours for the configurations featuring four and eight circular top-

outlets are shown in Figure 5.11. 


































