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The shape and relative roughness of a rough surface have an important influence on microscale flow and heat transfer. In this study, a rectangular silicon microchannel (0.8 mm width and 11.9 μm height) with a large width-depth ratio is fabricated by the MEMS micromachining process. The silicon surface of the microchannel and the two-dimensional rough contours of the glass surface are measured, and the fractal dimensions taken as the only quantitative parameter of the surface morphology are calculated. The three-dimensional morphology of the silicon surface is measured by a confocal laser microscope and atomic force microscope. On this basis, a microscale gas flow performance test system is designed and built, and the flow characteristics of nitrogen and helium in rough silicon microchannel are experimentally studied. The experimental results show that the rough profiles of the silicon surface and the glass surface have possessed self-affine characteristics. Both nitrogen and helium show a certain degree of boundary slip when they flow in a microchannel. The degree of slip of helium flow is larger than that of nitrogen flow, which verifies the rarefied effect of microscale gas flow.
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INTRODUCTION
Microscale gas flow processes are widely present in microscale systems, such as chip lab, biomedical testing, micro-reactors, and microthermal control system (Struk et al., 2018; Williams, 2021). The understanding and mastery of microscale gas flow characteristics will contribute to the design optimization and operation of the microsystem. The solid wall interacts with gas more obviously in a smaller space, and hence the gas rarefied effect appears in microchannels. Therefore, the surface roughness of the microchannel and the flow slip characteristics of microscale gases have become an important research topic in micro-nano hydromechanics, which has attracted extensive attention from scholars (Lu et al., 2020; Ahangar et al., 2020).
In recent years, although researchers have carried out much work in the field of microscale gas flow and heat transfer (Li et al., 2019), the conclusions about the influence of microscale on heat and mass transfer are still quite inconsistent and there are great differences among experimental data. In order to study the effect of roughness on flow and heat transfer in the microchannel, various rough surface structures have been proposed. Croce and Agaro (2004) simulated the surface roughness through a series of randomly generated peaks (rectangles and triangles) on an ideally smooth surface. The effect of roughness on heat transfer and pressure loss in the microchannel was analyzed by a finite element CFD program. Kleinstreuer and Koo (2004) simulated rough boundaries with a porous media model, and the laminar flow of fluids in the microchannel at low Reynolds numbers was studied. Bahrami et al. (2006) established and analyzed a theoretical model of fully developed laminar flow in a microchannel by assuming that the roughness curve obeys a Gaussian distribution. Hu et al. (2003) carried out a three-dimensional numerical simulation of laminar flow in the microchannel with rectangular roughness. The influence of the height, size, and spacing of rough rectangles and channel height on velocity distribution and pressure drop were mainly studied. Taylor et al. (2006) summarized and discussed the existing research on the influence of surface roughness and structural texture on fluid flow. The main methods used to study the influence mechanism of roughness were examined. These studies all show that surface roughness has an important influence on flow and heat transfer characteristics at the microscale (Chen and Deng, 2017; Wang et al., 2018).
However, for a long time, in the study of fluid flow and heat transfer in the microchannel, rough surface structures are usually characterized only by average roughness or root-mean-square roughness indexes. In order to accurately describe roughness features, Taylor et al. (2006) and Kandlikar and Grande (2003) redefined average roughness and analyzed laminar flow in serrated rough microchannel. However, surface roughness and bump distribution is a special non-stationary random process, and the measured roughness varies with the accuracy of the measurement instrument and sampling scale. Previous studies show that the natural rough surface profile has multi-scale, self-affine characteristics (Majumdar and Bhushan, 1990). When the local contour is enlarged, its geometric characteristics are very similar to the whole contour. In spite of the random roughness and other rough surface description model proposed in previous studies (Hu et al., 2003; Wang and Kang, 2009), these models are built on the basis of statistical average. Hence, the spectrum characteristics of rough surface structure distribution cannot be obtained, and the rough surface morphology of multi-scale, self-affine geometric features are difficult to reflect. However, the distribution spectrum of the rough surface plays an important role in the heat transfer of microscale fluid flow. To provide theoretical support for the geometric description of irregular surface morphology, Chen and Cheng (2003) made a preliminary exploration of the effect of roughness on micro-channel fluid flow characteristics based on fractal geometry and verified the fractal characteristics of the anisotropic etched rough surface. According to the experimental data, a package of empirical fitting formulas containing fractal dimensions is presented. Unfortunately, the quantitative description of rough morphology is still unsatisfactory. Based on the lattice Boltzmann method, Liu and Ni (2009) studied the effect of fractal roughness in two-dimensional micro-Poiseuille flow at mesoscale with a high Knudsen number, which is a dimensionless number defined as the ratio of the molecular mean free path length, λ, to a representative physical length scale, l. Based on the above definition, the values for the Knudsen numbers can be calculated by the thermal property of the gas of N2 and He. The study also found that surface roughness directly affects the velocity and pressure distribution of micro-flow. Rehman et al. (2021) studied the laminar-to-turbulent transition of gas flow in microchannels using the experiment and simulation and demonstrated that the geometrical characteristics (aspect ratio and inlet manifold shape) significantly affect the Reynolds number when transitioning from laminar to turbulent gas microflows. Milicev and Stevanovic (2020) presented an analytical solution for steady compressible isothermal gas flow in micro-/nano-channels and confirmed that the Knudsen minimum appears in the converging, diverging, and micro-/nano-channels. Ebrahimi and Roohi (2021) numerically studied the pressure-driven nitrogen flow in divergent microchannels by the direct simulation Monte Carlo method. It is observed that the direction of heat flow is largely opposite to that of the mass flow due to the rarefaction effects. However, the above studies did not consider the influence of different fractal dimensions and quantitative reconstruction of the surface structure.
To study the gas flow behavior in a rough microchannel, one of the important prerequisites is to quantitatively describe the topography of rough surfaces. Therefore, a silicon microchannel gas flow chip with a large width-depth ratio is fabricated by the MEMS micromachining technology in this study, and the rough surface morphology of the microchannel is measured. In addition, a microscale gas flow performance test system is designed and built, and experimental research on the flow characteristics of nitrogen and helium in rough silicon microchannel is carried out.
QUANTITATIVE DESCRIPTION OF SILICON MICROCHANNEL AND SURFACE TOPOGRAPHY
The fabrication of the silicon microchannel gas flow chip used in this study is carried out in the MEMS laboratory of the collaborator, Sapindong Micro and Nano Technology Research Center, Xiamen University. The wide silicon microchannel is fabricated by the deep reactive ion etching (DRIE) process to etch the channel on <100> silicon wafers. After the channel etching, the silicon wafer and Pyrex glass are bonded together using an electrostatic bonding (also known as anodic bonding) process to create a microchannel gas flow chip.
Figure 1A shows the final silicon microchannel in the study using the MEMS process. The microchannel is bonded by a silicon wafer and Pyrex glass. The microchannel dimensions are 70 mm long and 8 mm wide, the gas inlet and outlet dimensions are 2 mm × 1.2 mm, the microchannel length is 60 mm, and the profile of the microchannel is rectangular with a thickness of 0.8 mm and a depth of 11.9 μm. In addition, the two-dimensional roughness profiles of the silicon and glass surfaces of the microchannel were measured by a Dektak3 Series surface profiler before the chip was bonded and encapsulated, as shown in Figure 1B. From Figure 1B, it can be seen that the silicon surface is rougher than the Pyrex glass surface. Based on the measured roughness distribution along the channel, as shown in Figure 1B, the root-mean-square roughness height of the silicon surface is 0.081 μm, while that of the glass surface is 0.031 μm.
[image: Figure 1]FIGURE 1 | Silicon microchannel (A): (a) structural dimensions (mm) and (b) real object. (B) Surface roughness distribution: (a) silicon surface and (b) glass surface. (C) Structure function Str(τ): (a) silicon surface, (b) glass surface. (D) Surface morphology: (a) confocal laser scanning microscope and (b) atomic force microscopy.
No matter what kind of material the surface is made of, even after the most careful precision machining, its microscopic geometry is always uneven when viewed under a microscope, consisting of a series of peaks and valleys with different amplitudes and spacing. Surface roughness is the most important method used to quantitatively evaluate the microscopic morphology of rough surfaces. The values of the evaluation surface roughness parameters vary due to the different functional requirements of the surface. Figure 1C shows the calculation of the self-affine fractal dimension of the rough profile (as shown in Figure 1B) based on the structural function method. For the roughness profile of a surface, R(y), its structure function, Str(τ),
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where < > represents the temporal average and τ represents the scale. On a log-log plot, the structure function Str(τ) is shown as a function of the scale τ, and the relationship between Str(τ) and τ is seen to determine whether the relationship Str(τ) ∼ τ4−2D is satisfied. Once satisfied, the rough surface is a self-affine fractal object and the self-affine dimension D = (4-k)/2, in which k is the slope. In this study, the self-affine fractal dimension is determined by the structure function. Note that the calculation of the fractal dimension (Figure 1C) is based on the roughness distribution (see Figure 1B) as measured by the Dektak3 Series surface profiler. The structure (height vs. distance) is measured along the channel to determine the fractal dimension because the gas flow is mainly affected by the roughness distribution along the channel. As seen from the logarithmic plot, the logarithmic values of the structure function and the scale well meet the linear relationship, indicating that the power law is satisfied between the structure function and the scale of the surface roughness, which verifies that the rough profiles of both the silicon and glass surfaces of the channel have fractal characteristics. The fractal dimensions of the two-dimensional rough profiles of the silicon and glass surfaces are calculated to be 1.57 and 1.50, respectively.
In addition, a confocal laser scanning microscope is used to measure the silicon surface samples, and the 3D rough surface morphology is obtained, as shown in Figure 1D(a). In order to reveal further local details of the silicon rough surface morphology, an atomic force microscope (type: MFP-3D-SA) is used to measure the silicon rough surface sample at a smaller scale and the 3D rough surface morphology is shown in Figure 1D(b).
EXPERIMENTAL SYSTEM OF GAS FLOW IN ROUGH MICROCHANNEL
Introduction of Experimental System
The experimental schematic diagram of the gas flow performance test in the rough microchannel is shown in Figure 2A. In the experiment, driven by high-pressure gas, the gas flows through the reducing valve, buffer tank, needle valve, 0.5 μm filter, silicon microchannel, and flow test section and finally exhausts into the air. The gas flow rate into the silicon microchannel is controlled by adjusting the needle valve, thereby obtaining different experimental conditions of gas flow and pressure drop. The pressure drop of the gas flow in the microchannel is measured by a digital differential pressure sensor. The gas flow into the microchannel is measured by the flow test section.
[image: Figure 2]FIGURE 2 | Experimental system of gas flow in rough microchannel. (A): (a) schematic diagram, (b) physical photograph, and (c) experimental section. (B) Schematic diagram of the test section. (C) Microchannel base geometry size.
As shown in Figure 2A, the experimental system of gas flow performance test in rough microchannel includes a gas driving device, experimental section, and flow testing section. Each component of the gas flow experiment in the microchannel will be described in detail below.
The gas driving device is composed of a high-pressure gas tank, reducing valve, buffer tank, needle valve, pressure gauge, and pipeline. The driving pressure in the buffer tank is adjusted and controlled by changing the valve opening of the reducing valve, and the gas pressure in the buffer tank is displayed by the pressure gauge on the tank body. By adjusting the valve opening of the needle valve, the pressure entering the experimental test section is controlled to control the gas flow rate into the experimental test section (Chen et al., 2015).
The experimental section consists of silicon rough microchannel, base, gasket, cover plate, differential pressure sensor, and connecting pipeline, as shown in Figure 2B. The rough microchannel is shown in Figure 1A, and the surface roughness morphology is shown in Figure 1B and Figure 1D. The silicon rough microchannel pressure leads are sealed to the base through an O-ring and then connected to the differential pressure sensor (model: DYR-302, accuracy: 0.3%) through the sidewall leads of the base. The microchannel base geometry size is shown in Figure 2C. The microchannel base serves to fix and protect the silicon microchannel and also realize the connection between the microchannel and the external pipeline. The base is made of polytetrafluoroethylene material machined by a milling machine, and a rectangular groove 72 mm long, 10 mm wide, and 1 mm deep is opened on the base for placing the microchannel chip. A soft gasket is applied on the microchannel chip, then the cover plate is pressed on the soft gasket, and the screw is passed through the screw holes around the cover plate and the base to be fixed on the base.
In the previous measurement of fluid flow pressure drop in silicon microchannel, it is usually obtained by directly measuring the fluid flow pressure drop at the inlet and outlet of the microchannel and subtracting the local resistance pressure drop at the inlet and outlet (Liu et al., 2013; Liu et al., 2021). Because the local resistance pressure drop is estimated by empirical formula and the inlet and outlet effect of fluid flow in the channel, the error of flow resistance pressure drop obtained by this method is usually large. In order to overcome the measurement error caused by local resistance pressure drop estimation and import and export effect, in the design of the silicon microchannel in this study, two gas pressure leads are directly led from the sidewall of the microchannel, as shown in Figure 1A. In this case, the two gas pressure leads are directly connected to the pressure leads of the base through O-rings, and the pressure drop along the flow in the silicon microchannel can be measured directly using a differential pressure sensor.
The flow testing section is composed of a differential pressure sensor and a long stainless steel capillary connecting pipeline. Because the flow through the silicon microchannel gas flow rate is very small, it is difficult to measure it with existing gas flowmeters. Therefore, the measurement of gas flow rate is an important problem to be solved in this experiment. In order to obtain the gas flow rate through the microchannel, a flow test section is especially connected in series at the back end of the silicon microchannel in this study. According to the mass conservation, the gas mass flow rate through the flow test section is the gas mass flow rate through the rough microchannel. The flow test section is composed of a long-distance stainless steel capillary (length of 1 m, inner diameter of 0.342 mm) and a gas differential pressure meter. By measuring the pressure drop at both ends of the stainless steel capillary, the gas flow rate in the microchannel is calculated according to the relationship between the gas flow rate and the pressure drop.
The rarefied effect is an important factor affecting gas flow in microchannel. In order to analyze the rarefied effect on gas flow in microchannel, nitrogen, and helium, which are common gases with certain differences in molecular mean free path, are used as gas working medium for comparative study. The average free path of nitrogen and helium is 0.066 and 0.194 μm, respectively. The Knudsen number of nitrogen and helium flowing in the wide rectangular microchannel (depth 11.9 μm, width 0.8 mm) with a large width-depth ratio is 0.0055 and 0.0163, respectively. Note that the Knudsen number, Kn, is expressed as (Kandlikar et al., 2014)
[image: image]
where μ is the viscosity, ρ is the density, T is the temperature, and R is the specific gas constant. Based on the above definition, the values for the Knudsen numbers can be calculated by the thermal property of the gas of N2 and He.
Data Processing and Error Analysis
The frictional resistance coefficient fv of gas flow in a rough silicon microchannel can be obtained according to Darcy’s formula (Krause 2005):
[image: image]
where ΔPv,si are the on-way resistance of gas flow between two pressure leads in a silicon microchannel, dh is the hydraulic diameter of the wide rectangular microchannel, Lsi is the length between two pressure leads in a silicon microchannel, and ρv is the gas density. The average velocity of the gas flowing through the cross section of microchannel uv is
[image: image]
where mv is the gas mass flow rate, ρv is the gas density, and W and H are the width and height of the rectangular section of the microchannel, respectively. The Reynolds number of gas flow in the rectangular microchannel can be expressed as
[image: image]
where μv is the dynamic viscosity of the gas. In Eqs 1, 3, the Poiseuille number of gas flow in the microchannel is
[image: image]
As mentioned above, the flow rate of gas through the microchannel is very small and is difficult to measure by existing gas flowmeters. In this experiment, the gas volume flow rate Gv in the microchannel is obtained by measuring the pressure drop of a long stainless steel tube (L in length and D in diameter) in the gas flow test section. In the experiment, the length of the stainless steel tube L is 1 m, and the inner diameter d is 342 μm. Because the gas flow rate is very small and the Reynold number is far less than 1, the effect of roughness on the gas flow resistance in stainless steel tubes can be ignored. In this way, the gas mass flow mv in the stainless steel tube can be expressed as
[image: image]
ΔPv,st is the on-way resistance of gas flow in stainless steel microchannel. According to the mass conservation, the gas mass flow rate through the flow test section is the gas mass flow rate through the rough silicon microchannel.
The measurement errors of the main parameters involved in the gas flow experiment are shown in Table 1.
TABLE 1 | Experimental errors.
[image: Table 1]RESULTS AND ANALYSIS
Figure 3A shows the calculated mass flow rate of nitrogen (N2) and helium (He) based on the experimentally measured gas flow pressure drop ΔPv,st at both ends of the stainless steel capillary. It can be seen that, under the same pressure drop, the mass flow rate of helium is much smaller than that of nitrogen.
The flow resistance of gas in a microchannel can be characterized by the Poiseuille number. The Poiseuille number is obtained by measuring pressure drop and flow rate of gas flow in the microchannel. Figure 3B shows the flow resistance pressure drop of nitrogen and helium through the silicon microchannel under different flow conditions. By calculating the pressure drop data of gas flow in silicon microchannel under different flow conditions listed in Figure 3B, the Poiseuille number shown in Figure 3C is obtained. As can be seen from Figure 3, the Poiseuille number (Pov) of both nitrogen and helium flowing in the microchannel is smaller than the corresponding Poiseuille number under the condition of no slip (as shown by the dotted line in Figure 3C), which indicates that both nitrogen and helium exhibit a certain degree of boundary slip. In addition, helium is rarer than nitrogen, making the Poiseuille number of helium flow in the microchannel smaller than nitrogen. The experimental results again verify the rarefied effect of the microscale gas flow; that is, gas with a large Knudsen number flows in the micro-channel with a large boundary velocity slip, which leads to a small Poiseuille number.
[image: Figure 3]FIGURE 3 | Experimental results. (A) Gas mass flow rate measured experimentally. (B) Pressure drop of gas flow in silicon microchannel. (C) Comparison of theoretically predicted value and experimental data of the Poiseuille number of gas flow in silicon microchannel.
The gas flow process in a wide rectangular microchannel with a large width-depth ratio (depth 11.9 μm, width 8 mm, and width-depth ratio 67.2) can be simplified to two-dimensional microscale gas flow for theoretical calculation. In order to further verify the validation of this assumption, the criterion numbers corresponding to the experimental conditions (Knudsen number, Kn, the ratio of the mean free path of gas molecules to the characteristic length of objects in the flow field), the relative roughness of the upper and lower surfaces of the microchannel, and Reynolds number) are adopted to carry out theoretical simulation calculations. The relative roughness of microchannel silicon and glass surfaces is 0.34% and 0.13%, respectively, and the fractal dimensions are 1.57 and 1.5, respectively.
Figure 3C compares the theoretically predicted value and the experimentally measured value of the Poiseuille number of gas flow in silicon microchannel. By the experimental observation, the Poiseuille numbers of helium flow and nitrogen flow are 20.73 (maximum) and 22.61 (maximum), respectively, and these two values are smaller than 24. It can be seen that the theoretically predicted value is basically consistent with the experimentally measured data, and the maximum errors are 5.9% (He) and 11% (N2), respectively, which verifies the validity of the rough microchannel gas flow experiment in this study. The measured Pov agrees with the numerical data by our proposed theoretical model (Zhang et al., 2012), as shown in Figure 3C.
CONCLUSION
In this study, based on the deep reactive ion etching (DRIE) process, the wide rectangular microchannel (0.8 mm wide, 11.9 μm high) is prepared by etching on <100 > silicon wafers. The two-dimensional rough profiles of the silicon surface and the glass surface of the microchannel were measured, and the fractal dimensions are calculated. The three-dimensional morphology of the silicon surface was measured by a confocal laser microscope and atomic force microscope. After a microscale gas flow performance test system is built based on the chip design of the silicon microchannel, experimental research is carried out on the flow characteristics of nitrogen and helium in a rough silicon microchannel.
Results show that the rough profiles of the silicon and glass surfaces possessed the self-fractal characteristics as indicated by the structure function Str(τ) for the measured roughness height proportional to τ4−2D (τ represents the scale). The affine fractal dimensions of the two-dimensional rough profiles of the silicon and glass surfaces are calculated to be 1.57 and 1.50, respectively, and the root-mean-square roughness height of the silicon surface is 0.081 μm while the glass surface is 0.031 μm. By the experimental observation, the Poiseuille number of helium flow and nitrogen flow are 20.73 (maximum) and 22.61 (maximum), respectively, and these two values are both smaller than 24. Both nitrogen and helium show a certain degree of boundary slip when they flow in the microchannel, and the slip degree of helium flow is larger than that of nitrogen flow, which verifies the rarefied effect of microscale gas flow. In addition, the measured Poiseuille number of gas flow agrees with the numerical data. Note that the slip coefficients depend not only on the simple fractal dimension but also on the roughness height.
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