Flow Boiling in a Four-compartment Heat Sink for High Heat Flux Cooling: A Parametric Study
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Abstract 
Semiconductor devices such as microelectronic devices and CPU are widely used in many applications. These devices produce a huge amount of heat which needs to be dissipated properly,  because the operation of these devices is very sensitive to operating temperature. Under high operating temperatures, physical damage is expected as a result of thermal stresses that harm the structure of the components and rise the failure rate. The thermal management of these devices is mandatory to fulfill the recommended operating conditions. The complexity in applying even the most powerful single-phase liquid cooling arrangement is that the semiconductor components temperature increases fairly linearly with increasing heat dissipation rate. Consequently, the temperature of the device may reach higher than the maximum limit. Unlike the single-phase flow, the two-phase flow boiling cooling system has a potential to provide more robust thermal management of high heat dissipation application relying on the use of latent heat. The flow boiling in microscale devices is one of the most effective cooling techniques for high dense power electronic components. Ethanol, acetone, and Novec-7000 coolant with high, medium, and low boiling point respectively were applied in this study. The effect of volumetric flow rate and heat flux were experimentally investigated. A graphite sheet was used as thermal interface material TIM for further enhancement of the heat dissipation and the wall temperature uniformity was assessed under boiling conditions. The Novec-7000 coolant showed outstanding cooling capabilities under ultra-high heat flux conditions. When the thermal interface material was involved, effective heat flux increased by 0.62% and 1.62% for acetone and Novec-7000, respectively. Moreover, the experimental results showed that the boiling point is a key parameter in the system performance of flow boiling cooling.
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Introduction
[bookmark: _Hlk21198266]Technologies of the semiconductor industrial revolution are improving the lines between the field of the enormous development for high performance and compact structures to rise the digital economy. All these industries have grown through dimensional scaling with an identical decrease in cost and increase in performance. The semiconductor devices are widely used at many applications such as cloud computing of massive data amount, microelectronic devices, high-performance CPU components, concentrator photovoltaic cells (CPV), and any mobile micro electric appliances. The current pace of technology is significant sources of the heat to be cooled down properly. Meanwhile, it was reported that the operation of these devices is very sensitive to temperature [1]. Furthermore, under high operating temperatures, physical damage cannot be avoided due to thermal stress that threatens the safety of components and increases the failure rate. Moreover, the growth in the direction of more tightly packed electronic devices increases the challenge of overcoming the major limiting factor of high heat fluxes in very restricted space. Thermal management approaches have of vital importance as chips reach higher power densities as the heat fluxes of average computer electronic chips are projected to reach up to 450 W/cm2 with local hot spots of 1200–4500 W/cm2 by 2026 [2]. The heat removal of a robust quantity of generated heat in very compact areas is a severer and more essential aspect for thermal management of all the continuous intelligence functions in the electronics industry.
The main objective of the thermal management technique is to boost the thermal performance of the electronics components’ structure by boosting the heat transfer coefficient. Furthermore, reasonable uniformity of wall temperature, the difference between the maximum and minimum temperatures on the wall (ΔT = Tw, max – Tw, min), and low friction loss are the main aspect for extending the lifespan of electronics components. During the last decade, substantial attention has been given to thermal management in semiconductor devices [3]. Extensive research studies have been conducted concerning the heat removal from these chips using several cooling schemes to remove the high amount of heat produced in electronics systems. Aggressive cooling systems were employed concerning the impact of operating temperature on the advanced microelectronics performance for long-term exploration in severe environments of the heat to be cooled efficiently. Thus far, several technologies, active and passive, have been established for thermal management of compact electronic devices as the main two possible methods for removing heat. The conventional or classic passive cooling techniques do not require any external power or mechanical moving components for the cooling process [4]. The passive heat sink (HS) is an appropriate option for low power systems. However, size constraints make the use of HS challenging in compact embedded or mobile systems. Recently, the development of passive cooling technologies introduced a new cooling trend of electronics using phase change materials (PCMs) [5]. Recent studies confirmed that air cooling schemes have been insufficient for the avant-garde of electronics and high concentrator photovoltaic [6]. Utilizing PCMs for thermal management of various applications was widely studied by many researchers. PCMs were employed in different applications such as cooling of electronic devices, CPV, cooling of mobile electronic devices cooling by heat pipes [7]. PCMs absorb and release a large amount of latent heat when the phase change process takes place from solid to liquid state or contrariwise. Even the PCMs have an abundance of latent heat, the application of the passive thermal management system is only limited to the devices operating periodically that direct towards the suppress the competence and reliability of PCM heat sinks operation for electronic devices. Moreover, PCMs cooling systems require a substantial volume, in addition to leakage challenges is Practical limitations that must be overcome. The low thermal conductivity of traditional most PCMs hinders the rapid heat dissipation process and more modifications are still needed for more reliable PCMs heat sink performances densely packed microchips or CPV. 
The ongoing progress toward more densely packed microchips requires superior thermal dissipation than that provided by passive cooling. Active cooling is more reliable, practical, and economically reasonable than passive cooling under higher power densities. One of the most frequently used active cooling systems is channel cooling schemes [8]. The microchannel heat sink (MCHS) has the potential of achieving very high heat transfer rates compared to conventional mini channel heat sinks due to the very high surface area to volume ratio [9]. Many considerations influence the MCHS performance such as channel geometry design, surface roughness, fluid viscosity, flow phase, etc. [10]. MCHS has merit in thermal management due to smaller geometry size and low coolant flow requirements. Significant efforts have been directed toward improving the performance of MCHS, regarding heat transfer, working fluid phase, effects of fluid property modification, and dimensional optimization [11]. During the last three decades, single-phase liquid flow in MCHS has been comprehensively investigated [6]. Extensive experimental and mathematical studies have been conducted to investigate the influence of geometric factors and enhance the cooling performance in the MCHS. Numerous types of MCHS commercials are available for instant wavy fin microchannel, pin or fin microchannel, oblique fin microchannel, single/double-layer microchannel, etc. It is confirmed that single-phase flow MCHS able to attain a uniform cooling over the heat sources. Yet, a high rise in temperature along the flow stream, high power of pumping, and flow maldistribution represent huge challenges of single-phase multichannel cooling devices. Temperature non-uniformities distribution and flow maldistribution case hotspots formation and reduce the efficiency and reliability of the electronic devices. Hence, by the mid-eighties, heat dissipation rates from supercomputers’ electronics components and other semiconductors devices began to go beyond the capacities of single-phase liquid cooling schemes [12,13]. It is essential to overcome single-phase flow problems to realize the stable operations of such devices. In response, a two-phase cooling scheme attracted the researchers’ attention to get the most out of the coolant’s both sensible and latent heat, then the rejected heat is considerably more than a single-phase scheme while maintaining lower device temperatures. recently, it was verified that the amount of heat dissipated from electronic devices already went above 1000 W/cm2 for some specific applications [13].
Flow boiling is one of the very promising cooling methods for electronics and high power due to its potential of attaining very high-level heat transfer rates with small surface temperature nonuniformity. The surface temperature is almost uniform at the saturation temperature of the coolant [2]. This uniform surface temperature can guarantee the durability of electronic equipment significantly due to the reduction of the thermal/mechanical stresses in the chip structure [14]. Comprehensive research studies have been published in the literature concerning heat transfer benefits of flow boiling for both macro, mini, and microchannels. The flow boiling phenomenon has been experimentally studied for many decades. The flow boiling empirical correlations and experiments are before the 1960s, the prime interest was transfer coefficient and pressure losses over the boiling section [15]. 1973, Boure et al. [16] comprehensively reviewed the two-phase flow instabilities in conventional size channels. Thome [17] reviewed the evolution of boiling cooling technology through the early 1990s. Thome highlighted that the features of existing empirical correlations need to be adapted and a more sophisticated method requires to achieve accuracy predictive computations for boiling cooling. Later, several researchers considered the key parameters to control the flow boiling cooling such as nucleation, rapid bubble growth, channel size,  pressure loss, critical heat flux (CHF), and surface roughness [15]. Both experimental and mathematical conclusions regarding the key performance parameters of two-phase heat transfer coefficients [18], friction losses [19], and CHF [20], is being assessed based on hypothesized mechanisms responsible for any performance improvement or weakening [13]. 
Normally, the experimental investigation has been commonly considered for flow boiling cooling as a consequence of a wide unpredictability and complexity of the boiling phenomenon. However, the boiling flow is still developing. When the boiling flow through microchannel occurs, the capillary effect becomes greater, while the buoyancy effect remains limited [21]. Therefore, the observations available for boiling flow through macro channels are not commonly valid to the microchannels. For a more appropriate design of MCHS, a comprehensive and precise understanding of the flow boiling and its physical characteristics such as the flow pattern during boiling and CHF are very crucial [21]. Based on a comprehensive experimental investigation, Peng and Wang [22] concluded that the flow boiling heat transfer in microchannels could be very different than that of macro channels. They also showed that the normal nucleate boiling does not occur in microchannels[15]. Fang et al. [23] intended to generalize the literature experimental studies results for specific heat and mass fluxes ranges. They used 9 independent experimental studies results to compile water database (1055 points and 41 literature correlations) for microchannel mini channels to provide a new one of saturated flow boiling heat transfer coefficients. The new dimensionless based correlation had a mean absolute deviation of about 10.1 % and about 91% of experimental results data within ±20%. To the authors’ point of view that confirms the fang et al. confirmed that the comprehensive understanding of flow boiling is so far.
As reported by Bergles [24], in 1958, Don Kern in one lecture disparaged typical tubes, stating, “the inside of a tube is, without a doubt, the poorest place in the world where a person could affect heat transfer, . . . because it has a uniform cross-section, it does not create randomness . . . and it tends to give you the least for your money when you circulate fluid through it.”.  Don Kem did not imagine that modern technologies are allowing the manufacture of designs that were previously only hypothetical. Thanks to three-dimension printing technology and other modern machines. One promising approach for augmenting the heat transfer process in channels is introducing high-porosity foams, which have a superior surface area to volume ratio. This permits more compact devices and boosts the heat transfer process [25]. Inserting of metal inside the channels foam lets the nucleate boiling and convective boiling on the surfaces and various flow forms happen. the pressure field entirely influences the heat transfer coefficient compared to normal channels. During the last decade,  extensive flow boiling experimental research has been conducted for channels that are fully or partially packed with high thermal conductivity metal foam. Diani et al. [26] examined the phase flow boiling of R1234yf and R1234ze(E) in a horizontal channel with a high porosity copper foam (5 Pores Per Inch). The heat transfer recorded an improved more than 4.8. In all cases, the pressure losses rose with the vapor mass flux. Wong and Leong [27] studied the flow boiling heat transfer experimentally using FC-72 as the working fluid in a closed-loop facility. The authors reported that a superior flow boiling heat transfer as compared to a simple interior due to the greater number of nucleation sites and more robust flow mixing. Indeed, the number of published works regarding flow boiling through porous media is very limited. The flow boiling in the channels filled by porous metal is a new research trend, and the topic is not comprehensibly studied yet. From the above-mentioned review, it is generally recognized that the geometrical construction of the microchannels has a noticeable impact on enhancing flow boiling heat transfer performance.
Mathematical modeling of flow boiling is a demanding topic to answer the current questions regarding flow boiling and for deep understudying this complicated phenomenon. Up till now, the forced convective boiling numerical modeling and computational fluid dynamics (CFD) simulations of boiling flow are still challenging. The attention of part of the scientific community is currently concentrating on improving satisfactory modeling for flow boiling. Indeed, several points hinder improving the abilities of the existing multiphase models, about combining the analysis of phase-change phenomena. The CFD study of boiling involves the link of a multiphase flow model with a phase change model to estimate the heat and mass transport across the interfaces. Despite modeling restrictions and constraints, a few modeling attempts regarding this topic have been done. 
Fang et al. [28] analyzed the flow boiling within a microchannel with a membrane in an attempt to diminish flow instabilities and vapor phase buildup. Zong et al. [29] introduced a numerical model of the 2D volume of fluid (VOF) model that was utilized along with a phase-change model. The nucleation was in a microchannel and controlled from seed bubbles at different injection rates. Sun et al. [30], coupled the VOF model with a phase-change model for the situation where one phase is unsaturated and the other is saturated. The results were verified with a one-dimensional Stefan problem and a two-dimensional film boiling problem. Nabil and Rattner [31] used Open FOAM® library features to build a new solver of a VOF compiled with interThermalPhaseChangeFoam solver. The authors concluded that the code enabled to simulate a wide range of phase change cases. The sole limitation of the solver was that it does not support geometric interface reconstruction. Lorenzini and Joshi [32] performed a CFD analysis based on the VOF model compiled with a phase-change. They were validated against benchmark correlations heat and fluid flow characteristics. No information was mentioned about mass conservation.
Despite, the huge number of experimental and mathematical studies in the open literature of flow boiling, several basic issues are still not comprehended, and this delays the move from the research laboratory to industrial applications. The lack of generally accepted correlations for macro, mini, and microchannel. The wall superheat rises substantially with increasing heat flux in some experimental conditions. Special attention must be paid to CHF, the geometrical parameters, heat transfer surface, and coolant characteristics. Moreover, Sophisticated MCHS enhances flow boiling performance offer attractive solutions for the efficient cooling of high-heat-flux devices. In the present study, the perspective of dividing the MCHS into four segments with distinct inlets and outlets was adopted. The proposed heat sink design is likely to offer superior thermal management in terms of heat source temperature and temperature uniformity [33]. Moreover, the regeneration of the boundary layer by varying the channel width is important for two-phase flow and heat transfer. Hence, flow boiling experiments within four-compartments stepwise varied width microchannels heat sink and operation environments are done in the present study. The purposes of this study are: 
· To study and evaluate the performance of the new four compartments stepwise varied width microchannels heat sink experimentally under two-phase flow boiling conditions.
· To comprehensively study the key parameters of flow boiling and present a comprehensive discussion of the boiling cooling mechanism
· To compare the physics of the flow boiling process of ethanol, acetone and Novec-7000
· To understand the benefits of a developing boundary layer to flow boiling heat transfer in the stepwise varied width microchannels heat sink design.
· To investigate the effect of involving the thermal interface material (MIT)
Experimental procedures
 Device Design, Fabrication, and coolants
In the current design, a multisegmented heat sink design was adopted. The total area was divided into many segments to improve heat removal capacity. Besides, the channel width was varied as the channels were arranged at different points along the cooling liquid stream and heat sink area. The heat sinks including rectangular channels are selected as they are easy to be fabricated. Each compartment of the new 4CSVWMC has four separated inlets and outlets as shown in Fig. 1. The total footprint area of the was 25 × 52 mm2 with a channel height (Hch) of 0.5 mm. The top, bottom, and walls thickness (δw are equal to 0.5 mm. The detailed dimensions of 4CSVWMC are listed in Table 1. The channel geometry effect on device performance is beyond the current study objectives. The new device was fabricated by the three-dimensional printing (3D printing) method which is broadly accepted as a practical tool for complex 3D structure with high accuracy [34]. The fabrication process was performed by a metal OPM250L 3D printer of Sodick Company, Japan. The metal powder OPM-ULTRA1 (maraging steel) with a melting ratio of 99.99%, was used to print the current device. The limitations of 3D metal printing and pumping requirements were considered for the proposed design where the minimum channel width is 1 mm. As shown in Fig. 1, for all compartments, the number of inlet channels is two and the number increases at the outlet to be four channels. The three different coolants that were employed in all investigations are Ethanol (C2H5OH, 99.5%), Acetone (CH3COCH3, 99.7%), Novec-7000 (C3F7OCH3, 99.5%). Ethanol and acetone were Wako 1st Grade (FUJIFILM Wako Pure Chemicals Co., Ltd.) products with a boiling temperature of 78 °C and 56 °C respectively at 1 atm. Novec-7000 is a non-toxic and chemically stable engineered fluid with a boiling temperature of about 34 °C at 1 atm. The properties of Novec-7000 make it a suitable and desirable coolant for multiphase flow conditions [35]. TIM has a high thermal conductivity with micro-scale thickness and good mechanical characteristics were used to further heat transfer enhancement and provide more temperature uniformity. Graphite TIM was carefully selected as it has an ultra-thin thickness (75 µm) and high thermal conductivity in the horizontal direction.
Test facility and experimental procedures
The test facility was assembled (Ookawara’s lab, TokyoTech) to specifically investigate the flow boiling cooling within the fabricated heat sink. The itemized schematic diagram of the test set up containing its different components is illustrated in Fig. 2.  Four 200 ml glass syringes were mounted on two dual-syringe pumps (KDS210 Scientific, Inc.) with an accuracy of ± 1% to feed coolant. The pure fluoropolymer tubing (I. D = 4mm and O. D = 5mm) were fitted to deliver the coolant to and from the heat sink. The aluminum nitride ceramic heater was preferred to simulate the heat dissipated from high dense power electronic devices. The WALN-3 product type of Sakaguchi company (Sakaguchi Seisakusho Co. Ltd., Japan) with an area of 25 × 25 mm2 was selected. The maximum operating temperature and power density of the WALN-3 are 400 ℃ and 24 w/cm2 respectively. The high thermal conductivity of the selected heater guarantee achieving rapid heating during the experimental work. The heater was fixed to the well-polished top wall of heat sink after attaching the thermocouples and spreading a very thin thermal grease to decrease the thermal resistance that could exist according to the air gaps as shown in Fig. 2 (a). Temperature data acquisition was attained by four multichannel recorders MCR-4TC model with an accuracy of ± 0.3 % (Omni Instruments Ltd. Japan) which recorded the temperatures reading from 16 K-type thermocouples. The thermocouples (ASONE Co., Japan) were carefully fixed and distributed between the top wall and the heater as shown in Fig. 2 (b). As depicted in the figure, the four compartments featured in the heat sink are obvious. The temperature sensors were inserted at the top of the first compartment only as the heat sink is symmetry. The supposition of the same temperature distribution is acceptable for the current design when the same amounts of coolant are pumped to all compartments. Hence, the complete temperature distribution over the whole of the heat sink could be generated by using the temperature of thermocouple T1 to T9. The sensor T10, T11, T13, and T14 were insulated at the bottom wall of the heat sink as shown in Fig. 2 (b). These sensors were used to check the assumption of the symmetric temperature distribution of heat transfer over the heat sink domain. The T12 was fixed at the center of the bottom wall to observe the dry out that could happen at the center of the heat sink. T15 and T16 were installed at the inlet and outlet of the first compartment. A dense and high thermal resistant silicon sheet completely insulated all the test sections. The voltage controller Model RSA-5 (AS ONE Co., Japan) was operated to control the power supplied to the heater. The output current and voltage were measured and recorded to calculate the input power supplied to the heater. Fig. 2 (c) and (d) illustrate a graphic layout of all components and photographs of actual the experimental flow boiling test at the laboratory. 
In the beginning, before running each experiment, all temperatures were checked to be the same and equal to ambient temperature and the voltage controller was adjusted to the required output. Then the heater was turned on, and temperature recording was launched using a data acquisition until attaining a steady state. The recovery system was utilized to recover the coolant from the outlet for the next experiments. The data acquisition was linked to the computer to monitor the measured temperature and saving the measurements for data reduction. The experiments were repeated many times to check the measurement accuracy and repeatability. 
[bookmark: _Ref22664612][bookmark: _Hlk5671794]Table 1 Detailed dimensions of the investigated 4CSVWMC device.
	Dimension
	Value (mm)
	Dimension
	Value (mm)

	WHS
	25
	WCH2
	1

	LHs
	25
	LCh
	12.25

	HCh
	0.5
	L1
	8.23

	δHs
	0.5
	L2
	2.03

	WCH1
	12.25
	L3
	2.53

	WCH1
	2.625
	LH
	8.5
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[bookmark: _Ref22489671]Fig. 1 Heat sink design and channels details
[image: ]
[bookmark: _Ref22669646]Fig. 2 Schematic graph of the test setup and specifics
Heat loss characterization
The heat flux supplied to the test section via the flow boiling process (q") was calculated as the following equation:


                                                                                                      

                                                                                                             
Where Q and Qloss are the supplied power in watts and the heat loss to the ambient respectively. The I and V terms donate the electric current and voltage supplied to the heater respectively. The detailed heat loss characterization techniques described in [36–38] were used to determine the fraction of the heat losses to the ambient by natural convection, radiation, and conduction. The set up was operated without feeding any coolant (completely drained of coolants), then the heat loss could be calculated and correlated regarding the average wall (Twall,avg) and ambient temperatures (Ta).  It is observed that the heat loss changes linearly with the difference between the Twall,avg, and  Ta  as shown in Fig. 3. The following equation was obtained by fitting the heat loss data vs the difference between Twall,avg, and  Ta.

                                                                                     
[image: ]
[bookmark: _Ref22745189]Fig. 3 Heat loss characteristic curve.
Data reduction and heat transfer
The effective heat flux reached to the coolant, after considering the heat loss, is given by the following equation:


                                                                         
Where A is the heat sink area and it calculated from as the following:

                                                                                                   
The coolants were pumped into the heat sink in a subcooled state (Tf, in < Tsat) for all test conditions. Consequently, the heat sink can be split up into different regions: firstly, a subcooled zone which mostly near to the inlets where heat transfer happened by single-phase forced convection. Secondly, a saturated flow boiling or nucleate boiling zone where heat transfer happened via forced convective evaporation (nucleate boiling dominates the heat transfer). Thirdly, when the heat flux exceeded the CHF the flow pattern may the dry out regions or single-phase vapor flow in that case crisis flow boiling happened.
Results and discussion
The experimental work was repeated for specific conditions at different times to confirm the repeatability of the setup. For instance, as shown in Fig. 4, the plots from the temperature repeatability tests, of single (q” = 127.6 W/cm2) and two-phase flow (q” = 626 W/cm2) under transient conditions  for G = 20 ml/min and G = 40 ml/min respectively. The trends for both single and two-phase of readings are repeatable. Form the figure; the steady-state results were mostly obtained after 250 sec for both single and two phases.
[image: ]
[bookmark: _Ref22761296]Fig. 4 Temperature data repeatability for single and two-phase flow under transient conditions 
The boiling characteristics curves for the new heat sink at different inlet volumetric flow rates are discussed in this section in detail. G has a greater influence on boiling flow, for this reason, different values of total inlet volumetric flow rate (G) were examined. Fig. 5 and Fig. 6 show the average top wall temperature and effective heat flux plotted against G at low, medium, and high Q values to the heater for Ethanol, Acetone, and Novec-7000.  From Fig. 5 (a) Fig. 6 (a) and qʺeff and Twall,avg at Q = 8.7 W, it can be seen that: many mechanisms in subcooled flow boiling heat transfer occurred. At the lowest G values, bubble nucleation exists, and wall temperature was slightly higher than the saturation temperature. 
	[image: ]
	[image: ]

	[image: ]


[bookmark: _Ref23285860]Fig. 5 Variation of effective heat flux with inlet volumetric flow rate
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[bookmark: _Ref23269295][bookmark: _Ref23374679]Fig. 6 Average wall temperature variation with the increase in the inlet volumetric flow rate
For more details, in the case of Novec-7000, it is obvious that the highly effective heat transfer and low wall temperature due to the flow boiling occurred. As the G increased the single-phase flow began to dominate and forced convection (FC) dominates under a single-phase heat transfer mechanism, when only liquid is present with the two-phase flow that appeared in some regions in the flow domain as will be discussed in detail later. Besides, the G value whence the average wall temperature attained saturation was observed under single-phase flow. This trend was also observed by several researchers assessing single-phase cooling approaches. There is a sudden decrease in qʺeff as the wall temperature suddenly increased. this is corresponding to the change from two-phase flow to single-phase liquid flow and the backpressure existed. The single-phase liquid flow and alternatively in the microchannels once G reached to a specific value. This trend is clearer when the Q values were increased as shown in Fig. 5 (b),  Fig. 5 (c) Fig. 6 (b) and Fig. 6 (c). Fig. 6 (c) shows the dry out happened in the case of Novec-7000 under the lowest G value of 8 ml/min. The occurrence of CHF let to the excessive increase in wall superheat marks the point of CHF. Beyond the point of the beginning of nucleate boiling (ONB), the gradients of the effective heat dissipations were fairly constant, until a high value of G where the beginning of partial single-phase occurred. Then the saturated flow boiling dominated for all other cooling flow rates and wall temperatures are mostly the same. From the figures in obvious that the saturated flow boiling is an outstanding cooling technique and the boiling point of the coolant is a very important key parameter.
The local temperature contours for Ethanol, Acetone, and Novec-7000 are presented in Fig. 7, Fig. 8 and Fig. 9 respectively. The analysis of these contours reveals that a local dry out happened in some regions within the flow direction. Fig. 7 (a) and Fig. 8 (a) show that the lowest wall temperature detected near the inlet of the heat sink under where the coolant not evaporated, and not backpressure occurred as G and Q values are small. Moreover, the observed thermal energy yet is not enough to initiate two-phase flow. A thin vapor film may be formed at the central region of the heat sink as the wall temperature is higher than the saturation temperature of Ethanol and Acetone. The peaks shown in the contours confirm the formation of the vapor film near to the top wall then the high thermal resistance of vapor lets the high rise in wall temperature. The vapor film was created at the narrow regions of the device meanwhile the coolant streamed as a single-phase liquid over the bottom wall. The wall temperature grows as the liquid film becomes thinner and thinner due to evaporation in these regions. Near to the outlets, the local temperatures are low as the saturated boiling happens without the existence of backpressure. The fully developed and free expended two-phase flow near to the outlets yields a reduction of the local wall temperature. when the suppled thermal heat was increased, the flow is not still single phase nearby the channel inlet and the coolant began to boil early as obvious in figure  Fig. 7 (b), Fig. 7 (c), Fig. 8 (b) and Fig. 8 (c). 
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	(a) Q = 8.7 W, q” = 54.8 W/Cm2 and G = 2 mL/min
	(b) Q = 33.5 W, q” =  37.3 W/Cm2 and  G =8 mL/min
	(c) Q = 45 W, q” =  18.1 W/Cm2 and  G = 8 mL/min


[bookmark: _Ref23430503]Fig. 7 Ethanol local temperature contours
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	(a) Q = 8.7 W, q” = 91.2 W/Cm2 and G = 2 mL/min
	(b) Q = 33.5 W, q” =  61.7 W/Cm2 and  G =8 mL/min
	(c) Q = 45 W, q” = 48.1 W/Cm2 and  G = 8 mL/min


[bookmark: _Ref23430507]Fig. 8 Acetone local temperature contours
Fig. 9 shows the local temperature contours for Novec-7000 for different G and Q values. It is obvious that all local temperature is higher and the two-phase flow developed immediately when the Novec-7000 reached to the heated section. The reduction of wall temperature occurred mainly as a result of both single- and two-phase flow. Similar to the previous discussion of Ethanol and Acetone, the single-phase liquid flow was occupied by the two-phase flow near to the outlets. Consequent to the change from single-phase flow to two-phase flow, the fluid and wall temperatures show this large reduction. From Fig. 9 (b) and (c), as the effective heat flux and coolant flow rate were increased, the contours of the boiling changed. 
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	(a) Q =8.7,  W, q” = 119.7  W/Cm2 and G =2 mL/min
	(b) Q = 33.5 W, q” = 73.63 W/Cm2 , G =8 mL/min
	(c) Q = 45 W, q” = 5.1  W/Cm2 , G =8 mL/min
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	(d) Q =8.7, q” = 126.5 W/Cm2 , G = 120 mL/min
	(e) Q = 33.5 W, q” = 85 W/Cm2 , G =120 mL/min
	(f) Q = 45  W, q” = 74.2  W/Cm2 , G = 120  mL/min


[bookmark: _Ref23430509]Fig. 9 Novec-7000 local temperature contours
A more quantitative investigation can be performed by tracking the temperature extracted data logger behavior versus time. Fig. 10 shows the temperature variation with time on the backside wall when operating with ethanol, Acetone, and Novec-7000 when Q and G were equal to 45 W and 120 respectively. it can still be observed that at a time of 250 sec, there is no significant
temperature variation and the steady-state was obtained for all coolants. No significant fluctuations or instability were observed. The liquid film over the bottom channel is confirmed as the bottom wall temperatures (T10 to T14) were lower than the saturated temperature as discussed in the previous section. The film thickness decreases due to complete evaporation near the outlets. 
	[image: ]
	[image: ]

	[image: ]


[bookmark: _Ref23469442]Fig. 10 Periodic variation of the local temperatures (a) using ethanol (b) Acetone and (c) Novec-7000 coolant
Analysis Fig. 10 (a) and (b), for Ethanol and Acetone, reveals that flow the existence of single and two-phase phases in the same region and the vapor film over the liquid film is responsible for the hot spots observed at the local temperature contours. On the other hand,  in the case of Novec-7000 Fig. 10 (c), the saturated flow boiling occurred over the flow domain as all bottom wall temperatures were equal to Tsat. The effect of Graphite TIM was studied experimentally for only G = 100 ml/min and the Q value was changed between 8.7 up to 130 W.  The TIM had different influence in flow boiling as the q”eff  slightly decreased in case of Ethanol which has a high boiling point. The q”eff was decreased by 0.54 % with inserting the Graphite TIM as the thermal resistance was increased as shown in Fig. 11 (a). Conversely, it is obvious from Fig. 11 (b) and (c) that TIM improved the heat transfer process as the effective heat flux was increased in the case of Acetone and Novec-7000. The q”eff increased by 0.62% and 1.62% in the case of Acetone and Novec-7000 respectively. This mainly because of the TIM improved the local temperature distribution consequently the overall heat dissipations process.
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[bookmark: _Ref23542507]Fig. 11  Effective heat flux variation for heatsink with and without Thermal interface materials
Fig. 12 reveal the variation of local temperature non-uniformity with change the total supplied power. The TIM has a significant influence on the local temperature non-uniformity. The low boiling point of the coolant is a key parameter when the TIM materials are involved in the flow boiling. Moreover, the channel geometry has a considerable effect on that case.
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Conclusions
Despite the huge number of experimental and mathematical studies of flow boiling in the open literature, several basic issues such as CHF and ONB are still not well understood, and this delays the move from the research in laboratory to industrial applications. In this study, the flow boiling was comprehensively studied for ethanol, acetone, and Novec-7000 as coolant. The effect of coolant inlet volumetric flow rate and supplied heat were comprehensively examined. The results showed that the wall superheat rises substantially with increasing heat flux in the experimental conditions. The total inlet volumetric flow rate showed a significant influence on the boiling flow. At the ver low values of the volumetric flow rate, the dry out happened. When the value of the volumetric flow rate was increased the saturated flow boiling occurred over the flow domain. Different cooling mechanisms in subcooled flow boiling heat transfer were observed. At the low total inlet volumetric flow rates, bubble nucleation existed, and the wall temperature was slightly higher than the saturation temperature for all coolants. Novec-7000 exhibited a highly effective heat transfer and low wall temperature due to the flow boiling. As the volumetric flow rate was increased, the single-phase flow started to dominate. Afterwards, the average wall temperature attained the saturation under single-phase flow condition. From the current results it is noticeable that the saturated flow boiling is an outstanding cooling technique and the boiling point of the coolant is a very important key parameter. Special attention must be paid to CHF, the geometrical parameters, heat transfer surface, and coolant characteristics. The local temperature contours revealed that a local dry out occurred in some regions. Involving the TIM enhanced the heat transfer process as the effective heat flux was increased in the case of acetone and Novec-7000, which attained q”eff improvement of 0.62% and 1.62%. Meanwhile, the TIM decreased the q”eff by 0.54% as ethanol has a high boiling temperature and the main function of TIM did not work in this case. The low boiling point of the coolant is a crucial factor when the TIM materials are involved in the flow boiling cooling. Moreover, the channel geometry has a considerable effect on the flow boling behavior.
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