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Abstract: Computational fluid dynamics was used and a numerical simulation analysis of boiling heat transfer in microchannels with three depths and three cross-sectional profiles was conducted. The heat transfer coefficient and bubble generation process of three microchannel structures with a width of 80 μm and a depth of 40, 60, and 80 μm were compared during the boiling process, and the factors influencing bubble generation were studied. A visual test bench was built, and test substrates of different sizes were prepared using a micro-nano laser. During the test, the behavior characteristics of the bubbles on the boiling surface and the temperature change of the heated wall were collected with a high-speed camera and a temperature sensor. It was found that the microchannel with a depth of 80 μm had the largest heat transfer coefficient and shortest bubble growth period, the rectangular channel had a larger peak heat transfer coefficient and a lower frequency of bubble occurrence, while the V-shaped channel had the shortest growth period, i.e., the highest frequency of bubble occurrence, but its heat transfer coefficient was smaller than that of the rectangular channel.
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Nomenclature


	u, v, w	velocity components in x, y, z directions

	u→	velocity vector

	∇ρu→	velocity divergence

	p	the pressure of the micro-body (Pa)

	Fx, Fy, Fz	body strength (N)

	T	temperature (K)

	Cp	specific heat capacity (J/kg⋅K)

	Tg	saturation temperature under pressure inside the bubble (K)

	Ts	ambient temperature (K)

	Tw	wall temperature (K)

	ΔtΔT	superheat (K)

	Tave	average temperature of the temperature sensor (K)

	Tcu	copper block temperature (K)

	q	heat flux (kW/m²)

	Tsat	saturated deionized water temperature (K)

	h	surface heat transfer coefficient (W/m²⋅K)

	Lb	the actual diameter of the bubble (mm)

	Lr	reference actual diameter (mm)

	Pb	number of bubble pixels

	Pr	number of bubble pixels

	m˙v→l	volumetric mass transfer rate from gas phase to liquid phase (kg/m/3⋅s)

	m˙l→v	volumetric mass transfer rate from liquid phase to gas phase (kg/m3⋅s)

	g→	gravitational acceleration (m/s2)

	F→vof	body force (N)

	hlv	latent heat transfer from liquid phase to gas phase (J/kg)

	hvl	latent heat transfer from gas phase to liquid phase (J/kg)

	K	the heat transfer coefficient of the fluid itself (W/m²⋅K)

	ST	viscous dissipative term

	R	gas molar constant

	pl	liquid pressure outside the bubble (Pa)

	ps	ambient pressure of boiling system (Pa)

	pg	pressure inside the bubble (Pa)

	Tl′	liquid temperature (K)



Greek Symbol


	αq	phase volume fraction in the cell

	αl	liquid volume fraction

	αv	gas phase volume fraction

	ρ	fluid density (kg/m³)

	τxx,τyx ,τzx	surface viscous stress

	λ	thermal conductivity (W/m⋅K)

	δcu	Test base plate thickness (0.002 m)

	μ	mixed phase dynamic viscosity (Pa⋅s)



Subscripts or Superscripts


	x,y,z	direction

	cu	copper

	ave	average

	sat	saturation

	b	bubble

	r	reference

	l	liquid

	v	vapor




1  Introduction

With the rapid development of microelectronics, electronic devices continue to shrink, and the degree of integration continues to improve. However, as the calorific value per unit volume increases, the heat dissipation of these small devices cannot meet operating requirements, resulting in a device with a shorter life. At the same time, the continuous high-temperature conditions have led to a 3.8% decrease in reliability [1]. Traditional single-phase fluid convection heat dissipation can no longer meet the demand. As a result, attention has shifted to phase change heat transfer, which relies on the latent heat of vaporization in the phase change process to achieve heat transfer, because its thermal conductivity is tens to hundreds of times that of traditional thermal conductive materials [2,3], Using the phase transition of the two-phase fluid to increase the heat transfer efficiency has become the focus of development.

Research on boiling heat transfer originated from the saturated boiling heat transfer curve under standard atmospheric pressure proposed by Nukiyama [4] in 1934. Nukiyama subdivided the boiling process into four stages–free convection boiling [5], nucleate boiling [6–8], transition boiling [9,10], and film boiling [11,12]. The nucleate boiling stage, in particular, has low superheating and high heat flux density, and heat transfer design is frequently controlled within this range in engineering applications. Increasing the bubble detachment diameter, detachment frequency, and the density of gasification core points on the heating surface can greatly enhance the heat transfer performance during boiling.

Many studies have been conducted on boiling bubbles’ occurrence, growth, and detachment. Ranjan et al. [13] studied the porous medium and substrate when the degree of wall superheat is 5 K by using the volume of fluid (VOF) model to track the gas-liquid interface during bubble growth. They observed the formation of nucleated bubbles at the interface, demonstrating that there is no uniform bubble detachment phenomenon. More vertical air columns were generated when the porosity was 50%∼70%, and when the porosity was less than 50%, more lateral bubbles were generated. Vontas et al. [14] performed three sets of simulations for hydrophilic and hydrophobic surfaces using the VOF solver under constant heat, mass, and flow rate. Their results show that surface wettability plays avital role in the heat transfer coefficient. The main heat transfer mechanisms for hydrophilic and hydrophobic surfaces are liquid film evaporation and contact line evaporation, respectively. Raut et al. [15] used the sharp interface double grid level set method (SI-DGLSM) to simulate the effect of the oscillation of the bottom of the isolated bubble on the nucleate boiling heat transfer under the condition of low superheat. Their findings show that for nucleate boiling perpendicular to the plate surface on an oscillating plate, a phase-locked region is observed and that within a certain amplitude and frequency range, the frequency of bubble detachment is synchronized with the frequency of plate oscillation, and the frequency of plate oscillation effectively controls the size of the bubbles. Zhang et al. [16] used the lattice Boltzmann method (LBM) to conduct a numerical study on the interaction of nucleation sites during pool boiling and their effects on wettability. Their results show that the degree of wall superheat can alter the thermodynamic and hydrodynamic interactions between nucleation sites. Many studies have also proved that the existence of surface microstructure can, to a certain extent, enhance the heat transfer of nucleate boiling [17–24].

Tiwari et al. [25], under conjugate heat transfer situation, the effect of flow boiling instability in straight and wavy microchannel is numerically studied using water as the working fluid. The variation of bubble growth rate and two-phase flow pattern in direct and wave microchannels is studied in a certain range of parameters. It can be concluded that a vertical wavy wall configuration microchannel helps to reduce flow boiling instability compared to a straight wall microchannel. Hutter et al. [26], using degassed FC-72 as the working fluid, studied the bubble growth process in an isolated artificial cavity on a 380 μm-thick silicon wafer and found that the frequency of bubble nucleation and vertical coalescence increased with the wall surface area. Yan et al. [27] investigated the bubble behavior of flow boiling in a horizontal rectangular channel with inclined ribs at atmospheric pressure through visualization experiments. They discovered that the bubble diameter decreases as the mass flux increases and that the flow boiling heat transfer performance is best when the rib angle is 45 degrees. Thiagarajan et al. [28] used saturated HFE-7100 as the working fluid in nucleate boiling experiments on microporous copper surfaces and flat surfaces and discovered that at low heat flux levels, surfaces with thicker microporous coatings performed better than thinner surfaces. Deng et al. [29] used a solid-state sintering method to create a porous structure with a Ω-shape from sintered copper powder for a pool boiling cooling system. Their results show that the structure greatly reduces the degree of superheat at the beginning of the nucleate boiling stage, ensures the rapid replenishment of the liquid, and can effectively prevent heat transfer deterioration. Sun et al. [30] used the orthogonal plowing/extrusion (P/E) method to fabricate micro-grooved surfaces with concave cavities (MSRC) on pure copper substrates under atmospheric pressure with deionized water as the working fluid. Their results show that MSRC has a higher heat transfer coefficient (HTC) than a smooth copper sheet (SCS), and the lower wall superheat at the onset of nucleate boiling (ONB). Wen et al. [31] proposed a cost-effective hybrid wicking structure, mass-fabricated using copper micromesh and an etching process. The interconnected microchannels between the woven mesh layer and the substrate can become a low flow-resistance channel for the passage of high-volume, low-velocity liquids. Surface wettability can be increased, and liquid flow can be improved by creating nanoparticles and microcavities on multilayer microgrids (CHF). Wang et al. [32] used wire electrical discharge machining (WEDM) to create a T-shaped groove surface on a copper surface with a groove width of 0.3–1.2 mm and a groove depth of 0.6–1.5 mm and then investigated studied the effect of heat transfer area on heat transfer performance. They also used finite element simulation software to investigate the bubble growth process. They found that the effect of the groove width on the heat transfer performance is greater than that of the groove depth. Under a reasonable groove width, the larger the groove depth, the easier it is for the vaporization core to reach the required temperature. The heat transfer effect of the multi-scale T-shaped surface is the best, which is 1.31 times that of the single-scale surface, 2.38 times that of the smooth surface, and 2.83 times that of the laser-scanned surface.

Although considerable progress has been made in the enhancement of boiling heat transfer, numerical simulation and visual experiments have not been combined. There is little research on the effect of a certain size change on bubble behavior in fixed structures. This paper takes the copper boiling bottom plate as the research object. It uses numerical analysis and visual experiments to study the influence of structural factors (channel configuration, channel depth, and channel height-depth ratio) on boiling.

2  Theoretical Model

2.1 Basic Governing Equations

Fluid flow obeys the laws of the conservation of mass, momentum, and energy. These three basic fundamental principles correspond to three governing equations: the continuity equation expresses mass conservation, the N-S Equation expresses momentum conservation, and the energy equation expresses energy conservation.

(1)   Continuity equation:

∂ρ∂t+∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0(1)

Substituting the vector div(α→)=∂αx∂x+∂αy∂y+∂αz∂z=0 into Eq. (1), allows it to be rewritten as:

∂ρ∂t+∇⋅ρu→=0(2)

When the basic parameters of fluid motion in the flow field are all three-dimensional incompressible fluid parameters, the density of the fluid is constant, and Eq. (1) can be expressed as:

∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0(3)

(2)   Momentum equation:

∂(ρu)∂t+div(ρuu→)=−∂p∂x+∂τxx∂x+∂τyx∂y+∂τzx∂z+Fx(4)

∂(ρv)∂t+div(ρvu→)=−∂p∂y+∂τxy∂x+∂τyy∂y+∂τzy∂z+Fy(5)

∂(ρw)∂t+div(ρwu→)=−∂p∂z+∂τxz∂x+∂τyz∂y+∂τzz∂z+Fz(6)

If gravity is not considered and the physical force is simplified, Fx = 0, Fy = 0, Fz = 0. This is the Equation for the conservation of momentum, also known as the Navier-Stokes equation.

(3)   Energy conservation equation:

∂(ρT)∂t+div(ρu→T)=div(kcpgradT)+ST(7)

To make Eq. (7) closed, the connection equation between P and ρ is supplemented:

p=p(ρ,T)(8)

If the fluid is an ideal gas, then:

p=ρRT(9)

2.2 Bubble Dynamics

The formation of bubbles must simultaneously meet two conditions: the core point of vaporization and the superheating of the liquid. Therefore, the density of the vaporization core point is a key factor affecting bubble formation. As Fig. 1 shows, grooves or cracks on the heated wall are prone to trapping residual gas, and these gases become the core of the naturally generated bubbles. The heating affects the liquid in the tank much more than the same volume of liquid on a flat surface.
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Figure 1: The process of bubble growth and detachment

Since the liquid on the heated wall surrounding the vaporization core is constantly evaporating, the temperature of the surrounding superheated liquid will be higher than the temperature inside the bubble at the vaporization core point, causing the surrounding superheated liquid to continuously transfer heat to the bubble, causing the bubble to grow. The buoyancy of the bubble increases as its volume increases, exceeding the surface tension generated between it and the heating wall. The bubble will then detach from the heating wall, allowing surrounding liquid to flow into the now-vacant nucleation point. This process also disturbs the liquid near the wall, greatly reducing the thermal resistance and improving the boiling heat transfer performance.

Both homogeneous and heterogeneous nucleation occur during the nucleation process. This paper considers only heterogeneous nucleation, so homogeneous nucleation will not be introduced. During the boiling process, non-condensable gas in the liquid, or residual gas in the pits or cracks on the heated wall, will become a natural vapor nucleus.

As Fig. 2 shows, if static pressure is ignored, the liquid phase pressure pl outside the bubble is approximately equal to the ambient pressure ps of the boiling system, i.e., pl=ps. Thermal equilibrium requires that the vapor in the bubble be at the saturation temperature Tg for the pressure pg in the bubble. The temperature inside and outside the gas-liquid interface is equal, that is, Tg=Tl′, so the liquid outside the bubble must be superheated, and the degree of superheating is Tl′−Ts. If the wall surface temperature is TW, the liquid near the wall surface has the maximum degree of superheating of TW−Ts, as there is residual gas in the pit, the heating wall pit can first meet the conditions for bubble generation, namely:

R=2σpg−ps(10)
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Figure 2: Schematic diagram of the force balance of a bubble

As a result, all bubbles are generated on the wall. That is, before the pit can become the vaporization core, its radius must satisfy the Eq. (10).

According to the Clausius-Clapeyron equation, the degree of superheating required to generate bubbles with radius R can be obtained as:

Δt=Tl′−Ts=2λTsrρgR(11)

As superheating at the wall increases, the pressure difference pg−ps also increases accordingly, and the equilibrium radius R of the bubble will decrease.

3  Experimental Process

3.1 Preparation of Evaporation End Structure

This paper studies the influence of rectangular channels with different depths on boiling heat transfer performance. The microstructure dimensions are shown in Fig. 3.
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Figure 3: The three microchannel depth models

The evaporation end uses a rectangular copper plate with external dimensions of 100 mm × 100 mm × 2 mm. A comparative experiment is performed on the surface of the copper plate with nine groups of channels of different sizes. Fig. 4 depicts a schematic diagram of the test bottom plate. This experiment only considers the effect of a single channel’s size change on bubble behavior. To that end, the distance between the channels is 5 mm, and the width and depth of the channels range from 60 to 100 μm and 40 to 80 μm, respectively. As shown in Table 1, the different test bases are named after the width and depth of the grooves on the test base.
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Figure 4: Schematic diagram of the test base plate
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Micro-nano laser marking technology was used to prepare the test base plate, and the surface topography structure was obtained through a series of experiments. Taking the test base plate with a width of 80 μm and a depth of 40 μm as an example (Fig. 5), measurements of five measurement points selected at random at different sections, show an average depth of 42.233 μm and a width of 80.12 μm. There is a slight fluctuation at the junction of the cross groove, which is within an acceptable range and meets the required groove depth of 40 μm, and groove width of 80 μm, requirements.
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Figure 5: Laser processing preparation of the test base plate

3.2 Experimental Set-Up

The visual boiling test device consists of a heat source adjustment module, a temperature acquisition module, an image visualization module, and a boiling pool (Figs. 6 and 7). The heat insulation board is PTFE, which is fixed to the four walls of the heat conduction table. The heating copper block is made of thermally conductive red copper and has a maximum thermal conductivity of 386.4 W/(m⋅K). The heat transfer process of the heat conduction table is simulated using the Comsol software package. Five electric heating tubes control the temperature through a temperature controller, so they are heated at constant wall temperature. The surface temperature of each electric heating tube was defined as 100°C, the material was copper, and its thermal conductivity was set to 386.4 W/(m · K). The global initial temperature was set to 20°C. The temperature distribution cloud map of the heat conduction platform obtained using the simulation is shown in Fig. 8. Due to the high thermal conductivity of red copper, the maximum overall temperature difference in the cloud diagram is only 0.24°C. The temperature of each area on the upper surface of the heat conduction table is approximately equal, which meets the test’s control variable requirements.
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Figure 6: Schematic diagram of the visual boiling test device
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Figure 7: The actual visual boiling test device
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Figure 8: Simulation of heat transfer of the copper block

The average value of the readings of the thermal resistance temperature sensors on the test base plate is Tave, and the temperature of the heating copper block is Tcu. The heat transfer process, according to Fourier’s law, is a one-dimensional heat conduction problem of a large plate, that is, the temperature is only perpendicular to the plane of the test plate. As the orientation of the base plate changes, the formula for calculating the heat flux density is:

q=−dtdx(12)

In this experiment, the temperature only changes in a single direction-x-which can be obtained by integrating the expression of Fourier’s law:

q=λcuδcuΔTW=λcuδcu(Tcu−Tave)(13)

where ΔT is the degree of wall superheating, defined as the difference between Tave and the saturated deionized water temperature Tsat:

ΔT=Tave−Tsat(14)

The surface heat transfer coefficient, h is:

h=qΔT(15)

For image interpretation, the distance between two adjacent channels (5 mm) was used as a reference scale. Using the bubble picture captured by the high-speed camera, the number of bubble diameter pixels and the actual number of pixels of the reference scale were compared using image processing software. To compare, the bubble diameter was also calculated using Eq. (16):

LbLr=PbPr(16)

4  Analysis of Experimental Results

4.1 Robustness Verification and Experimental Results

To investigate whether bubble nucleation in the same site could be stable, we randomly selected the result of three groups to verify the robustness. Fig. 9 shows the degree of superheat of 3, 6, 8 K, respectively, under the condition of the same nucleating sites from gasification emphasis to form, to grow out of, will generate new gasification again in original nucleation site core, after several cycles without interference. The reliability of bubble formation at the same point is verified.
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Figure 9: Visual image robustness verification of bubbles during microchannel surface boiling

Fig. 10 shows the process of bubble formation at the nucleation point, bubble growth, bubble aggregation, and finally, bubbles detaching from the heating surface under the action of buoyancy on the W100H80 test bottom plate under different degrees of superheating, ΔT. The results show that, as ΔT, increases, the bubble detachment diameter increases, and most of the bubbles do not grow and detach from the surface independently but combine to form lateral or vertical bubbles. This way, a larger bubble is formed, gradually breaking away from the heated wall. Furthermore, when the degree of superheating of the wall surface is low, the bubble growth and waiting periods are shorter, and the bubbles do not typically aggregate with surrounding bubbles. When the degree of superheating is high, the vaporization core point rises, bubble aggregation is more intensifies, and bubble detachment diameter rises significantly, but the frequency of bubble detachment falls.

[image: images][image: images]

Figure 10: Photos of bubbles captured with the high-speed camera during the boiling process on the W100H80 microchannel surface

4.2 Analysis of the Influence of Channel Structure on Bubble Detachment Diameter

Differently sized channels have different effects on bubble detachment and boiling heat transfer. The variation of bubble detachment diameter (D) with the degree of wall superheating (ΔT) for different sizes of microchannel structures is shown in Fig. 11.
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Figure 11: Variation of bubble detachment diameter with the degree of wall superheating under different microchannel widths

As shown in Fig. 11a, the presence of the microchannel alters the distribution of the liquid film near the heating wall. when compared to the flat bottom plate. When ΔT ≤ 14 K is used on the 60 μm-width microchannel bottom plate, the depth of the microchannel increases with depth, the diameter of the bubble detachment increases. However, when ΔT ≥ 14 K, the effect of increasing the bubble detachment diameter ceases to be significant. For the 80 μm-width microchannel bottom plate (Fig. 11b), the trend is similar. With the increase in the microchannel width the bubble detachment diameter increases to a certain extent. With a further increase in the microchannel width (Fig. 11c), the bubble detachment diameter on the microchannel test bottom plate further increased and was significantly higher than that of the flat bottom plate. For W100H40, the bubble detachment diameter increased the most at lower degrees of superheating, and the overall trend remained the same, which is consistent with the above analysis.

4.3 Analysis of the Influence of Channel Structure on the Frequency of Bubble Detachment

The variation of bubble detachment frequency (f) with the degree of wall superheating (ΔT) for different sizes of microchannel structures is shown in Fig. 12:
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Figure 12: Variation of bubble detachment frequency with the degree of wall superheating under different microchannel widths

As Fig. 12a shows, when the channel width is 60 μm, under different channel depths, the average bubble detachment frequency of the bottom plate of the evaporation end is much higher than that of the flat evaporation end. The average bubble detachment frequency at the evaporation end of the microchannel is greater than 110 Hz when the degree of wall superheating is 4 K ≤ ΔT ≤ 8 K. However, once ΔT ≥ 8 K, f began to decrease. In addition, when ΔT ≤ 8 K, the bubble detachment frequency on the bottom plate varied greatly with different microchannel depths. When ΔT = 6 K, f at almost all widths reached a peak value and reached as high as 150 Hz for W60H80. However, once ΔT ≥ 8 K, the frequency of bubble detachment began to decrease. The overall trend was the same for the plate with 80 μm channels (Fig. 12b); however, for a given ΔT, f was lower than for the plate with 60 μm channels. As the channel width continued to increase (Fig. 12c), the overall bubble detachment frequency continued to decrease, and the overall change trend was the same, but the peak came later than with the narrower channels. This phenomenon is caused by an increase in channel width, which results in a decrease in capillary force.

4.4 Influence of Channel Structure on Boiling Heat Transfer Performance

The heating table temperature Tcu, The test bottom plate temperature Tave and the boiling temperature Tsat of deionized water were brought into Eqs. (13)–(15), respectively, to generate the boiling curves of each test bottom plate and allow the calculation of the convective heat transfer coefficient, q. Fig. 13 shows the variation of q with the degree of wall superheating ΔT for channels of the same width but different heights (same graph) and same height but different widths (different graphs).
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Figure 13: The heat flux density curves for plates with microchannels of different heights and widths

As Fig. 13a shows, under the same heat flux density, the degree of superheating of the surface of the evaporation end bottom plate with the microchannel structure is lower than that of the flat evaporation end bottom plate. When the heat flux density is, low, the greater the depth for the same width of the microchannel, the better the boiling heat transfer performance; when the heat flux density is high, the reverse is true. The overall trend is the same when the microchannel width is 80 μm (Fig. 13b), but when the heat flux density is higher, the boiling curve of the bottom plate of the evaporation end of the 80 μm microchannel is closer to the flat bottom plate than that of the 60 μm. When the microchannel width is 100 μm (Fig. 13c), the change of the boiling curve tends to expand further compared with the phenomenon. For example, when the degree of wall superheating, ΔT = 4 K, the heat flux density of W100H80 reached 128.736 kW/m², while that of W60H80 was only 69.136 kW/m².

In summary, for the scale of 40∼100 μm, the boiling heat transfer performance of the evaporation end bottom plate with the microchannel structure is greatly improved compared with that of the planar structure. For the microchannel evaporation end bottom plate, when the heat flux density is small, the larger the width and depth of the microchannel, the better the boiling heat transfer performance. When the heat flux density is high, however, increasing the width and depth of the microchannel has a negative impact on the boiling heat transfer performance.

5  Numerical Simulation Setup and Analysis of the Results

5.1 Simulation Method

As the volume fraction of the discrete phase in this simulation is greater than 10%, the Euler-Eulerian method was used for the simulation [33]. The volume of fluid (VOF), mixture, and Eulerian Euler models are two-phase flow models in the Euler method. We wish to observe the behavior characteristics of bubbles and monitor the energy and mass transfer between the gas and liquid phases during the boiling process. Typical behavior characteristics include growth and detachment, as well as the disturbance phenomenon brought about by the bubbles detached from the heated wall to the fluid near the wall. Therefore, the VOF model was selected for this simulation.

The VOF model is based on the immiscibility between phases in the flow field. That is, the sum of the volumes of each phase is 1, so the obtained volume fraction equation is:

∑q=1nαq=1(17)

Our boiling simulation only involves gas-liquid two-phase flow, so the above Eq. (17) can be expressed as:

αl+αv=1(18)

Using the volume fractions of the gas-liquid two-phase flow in Eq. (18), the continuity equation can be obtained as follows:

∂αl∂t+∇⋅(v→αl)=m˙v→lρl(19)

∂αv∂t+∇⋅(v→αv)=m˙l→vρv(20)

Taking gravity and continuous body force into account, the momentum equation is as follows:

∂∂t(ρv→)+∇⋅(ρvv→)=−∇p+∇⋅[μ(∇v→+∇v→T)]+ρg→+F→vof(21)

The mixed-phase density ρ and the mixed-phase dynamic viscosity μ can be calculated from the following Eqs. (22) and (23). While the calculation of the body force F→vof adopts a method developed by Brackbill et al. [34] for simulating the effect of surface tension on fluid motion, the surface tension model (CFS, Eq. (24)):

ρ=αlρl+αvρv(22)

μ=αlμl+αvμv(23)

F→vof=2σρ∇α2(ρl+ρv)|∇α|(24)

The energy equation is as follows:

∂∂t(ρE)+∇[v→(ρE+p)]=∇(∇α|∇α|∇T)+Q(25)

where E is the total energy per unit mass (J/kg), which is defined as follows:

E=(αlρlEl+αvρvEv)αlρl+αvρv(26)

Q is the source term, which is divided into two items according to the direction of energy transfer, as follows:

Ql→v=m˙l→vhlv(27)

Qv→l=m˙v→lhvl(28)

5.2 Computational Domain Structure and Meshing

A two-phase flow was used in this simulation. The initial liquid phase was liquid water, which filled the entire 10 mm × 10 mm fluid domain. The heating wall’s solid material was copper, and its thickness was set to 2 mm. Fig. 14 depicts the entire structure.
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Figure 14: External geometry model for two-phase flow

ICEM CFD software was used for mesh division, as shown in Fig. 15, and the entire computational domain was divided by hexahedral meshes. The meshes at the channel and the flow field were individually refined, and then the nodes were associated with each area. In addition to the liquid phase, which was set to liquid water (water-liquid), there was a vapor phase, which was set to water-vapor (water-vapor). Table 2 displays the settings for the physical properties of the two phases. In a multiphase flow setup, if one phase is a compressible gas, it is recommended that it be the primary phase, according to the Fluent software package handbook. So, we chose water vapor as the first phase and liquid water as the second.
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Figure 15: Schematic diagram of mesh division in ICEM
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5.3 Analysis of Simulation Results

For the rectangular channel, numerical simulations were conducted for channels with the same width, but different depths and the heat transfer coefficient on the wall of the channel was monitored at the same time.

Fig. 16 shows the volume fraction of nephrograms during boiling of the gas phase under different channel depth structures. The depth of the microchannels of the top, middle, and bottom rows is 40, 60, and 80 μm, respectively. As time passes, the vaporization core point absorbs heat from the heating wall and expands, gradually covering the entire microchannel. When the bubble’s volume increases to a certain point, its buoyancy exceeds the surface tension of the bubble and the heating wall. When the bubbles detach from the heating wall, the surrounding supercooled liquid immediately fills the entire microchannel, forming a new vaporization core and initiating a new round of bubble growth. The bubbles on the 80 μm microchannel are the largest, which may be because the increase in the depth of the channel increases the contact surface between the bubbles and the heated wall, which is more conducive to the growth of the bubbles by heating. The microchannel with a depth of 80 μm takes the least time for bubble growth, which is 7.5 ms, followed by the groove with a depth of 60 μm, while the groove with a depth of 40 μm takes the most time (9.8 ms). This demonstrates that with a rectangular microchannel structure and an 80 μm width, the growth period of the bubbles decreases as the microchannel depth increases-that is, the frequency of bubble detachment is positively correlated with microchannel depth.

[image: images]

Figure 16: Bubble growth process on microchannels with different depths at a superheat of 6 K

The gas phase volume fraction nephrogram can visually represent the bubble growth process, and the heat transfer coefficient can directly indicate the heat transfer performance of the microchannel.

As Fig. 17 shows, at the beginning of boiling, the heat transfer coefficients at the three depths all reached the peak value and then showed a certain periodic change. This is caused by the nucleation, growth, aggregation, detachment, and other behavior of the bubbles at the channel.

[image: images]

Figure 17: Heat transfer coefficients for channels of the same width but different depths with ΔT = 6 K

Comparing Figs. 17a–17c, it can be seen that the channel with a depth of 80 μm has a higher heat transfer coefficient than the 40 and 60 μm-depth structures, and the minimum heat transfer coefficient is also greater than 1000 W/m²⋅K. In terms of periodicity, the heat transfer coefficient of the 40 μm structure has only experienced 2 cycles in 0.25 s, while the change in the heat transfer coefficient of the 60 μm structure is already halfway through a third cycle, and that of the 80 μm structure is about to complete a third full cycle. This demonstrates that, for a given channel width, the deeper the microchannel, the greater the frequency of bubble detachment. This could be because when the superheat is low, the boiling on the heating wall is not violent, and many bubbles grow from the channel’s nucleation points. As the depth of the channel increases, the contact surface of the bubbles and the heating wall makes the bubbles grow rapidly to separate from the heating wall. Therefore, for the rectangular microchannel, at a low level of wall superheat, for a given width, the increase in depth is conducive to the growth and detachment of bubbles, which can effectively improve the heat transfer coefficient and enhance the heat transfer performance.

The heat transfer performance of three different shapes of microchannels–rectangular, V-shaped, and U-shaped (Fig. 18)–was also analyzed.

[image: images]

Figure 18: Schematic diagram of microchannels with different shapes

The analysis showed that the effect of the bubble behavior on the surface heat transfer coefficient during the boiling heat transfer process is basically the same for the V-shaped and U-shaped microchannels as for the rectangular microchannel and will not be repeated here. The analysis was focused on the variation of the heat transfer coefficient with time for the three different shapes under the condition of a superheat of 6 K.

Fig. 19 depicts the evolution of the surface heat transfer coefficient with time for microchannels of various geometries. The rectangular microchannel structure has a higher peak value of the surface heat transfer coefficient than the V-shaped and U-shaped microchannels, but its bubble growth period is longer. The evolution of the surface heat transfer coefficients and the bubble generation frequencies of the V-shaped and U-shaped structures are similar, but the heat transfer coefficient of the V-shaped structure is slightly larger than that of the U-shaped structure.

[image: images][image: images]

Figure 19: Heat transfer coefficients of the lower surface of microchannels with the same width and depth but different geometries

6  Conclusion

In this paper, the effect of microchannel structure on bubble detachment diameter, bubble detachment frequency, and boiling heat transfer performance was studied by a combination of simulation and experimental studies. The results of the study can be summarized as follows:

(1)   A single bubble will go through three stages in the process of nucleation of microchannels, growth on the substrate, bubble growth and detachment, and complete detachment. When compared to a flat bottom plate, the presence of microchannels causes bubbles to expand to a larger diameter before detaching.

(2)   The average level of bubble detachment frequency, f, at the bottom plate of the evaporation end is much higher than at the flat evaporation end due to the capillary force provided by the microchannel structure. However, when the degree of wall superheating, ΔT ≥ 8 K, the large superheat causes bubbles to merge on the heating surface, and the bubble detachment diameter increases, resulting in a decrease in f.

(3)   The depth of the microchannel greatly influences the frequency of bubble detachment. When the microchannel is deeper, the capillary force is stronger, which is more conducive to the growth of bubbles.

(4)   Under the same heat flux density, the degree of superheating of the surface of the evaporation end bottom plate with the microchannel structure is lower than that of the flat evaporation end bottom plate, which indicates that the microchannel structure significantly improves the boiling heat transfer performance.

(5)   When the heat flux density is small, for microchannels of the same width, the greater the depth, the better the boiling heat transfer performance. When the heat flux density is high, the reverse is true. The smaller the depth, the better the boiling heat transfer performance.

(6)   The peak value of the surface heat transfer coefficient of microchannels with different geometries follows the trend rectangular > V-shaped > U-shaped.
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Table 1: Channel size
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Table 2: Settings for the properties of gas and liquid at room temperature used in the simulation

Density (kg/m?) Viscosity (kg/m-s)  Gas-liquid surface tension (N/m)

Water-liquid 998.2 0.001003 0.06
Water-vapor 0.5524 1.34 x 10°
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