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A stratified saline flume experimental apparatus was set up in this study to experimentally simulate the entrainment process of the atmospheric convective boundary layer with vertical wind shear, of which the entrainment characteristics are quite different from those of the shear-free convective boundary layer. Entrainment occurs at the interface of the flume inlet until the velocity difference between the upper and lower layers reaches 0.04 m/s, and a thin stable entrainment zone is formed at a 12zi distance from the flow inlet, where zi is the height of the entrainment zone. Shear in the entrainment zone induces the counter-gradient momentum transport process, and a series of large-scale vortices with a characteristic length of about (1.0–1.5)zi fills this region. The data analysis shows that the velocity difference and buoyancy flux of the bottom plume promote the occurrence of entrainment, while the density difference between the upper and lower layers inhibits it. The contribution of the shear effect to the entrainment process was introduced into the characteristic velocity scale, and a new scaling relation between the dimensionless thickness of the entrainment zone and the corrected Richardson number was obtained as Δz/zi = 1.17RiNC−1/2 from the experimental results, which agrees well with the available radar data and the numerical simulation data.
Keywords: convective boundary layer, entrainment process, scaling relationship, PIV, stratified flume experiment
1 INTRODUCTION
The atmospheric convective boundary layer (CBL), located within 2000 m above the earth’s surface, is characterized by a significant stratified temperature structure in the depth direction. Especially, when there are different horizontal wind velocities in the upper and lower layers, the flow characteristics of sheared atmospheric CBL are obviously different from those of the shear-free atmospheric CBL. A typical sheared atmospheric CBL, as schematically depicted in Figure 1, consists of four zones: the surface sublayer close to the earth’s surface (about 100 m), the mixed zone (about 1,000 m), the entrainment zone (about 200 m), and the free atmosphere (about 700 m) (Allaerts, 2016). In the mixed zone, the combined strong shear near the surface sublayer and the convection due to the thermal buoyancy from the surface make the atmosphere within it profoundly mixed, resulting in almost constant horizontal velocity and potential temperature gradient, and linearly reduced buoyancy flux. Above the mixed zone, the horizontal velocity gradually increases with height, which creates shear, while the potential temperature gradient also increases gradually; but the buoyancy changes its decreasing trend to be increased at the height zi, which is defined as the height of the entrainment zone. Beyond the entrainment zone is the free atmosphere where the horizontal velocity becomes constant, the potential temperature increases approximately linearly, and the buoyancy flux is negligible. It is apparent that the material and energy exchanges between the CBL and the free atmosphere above are strongly affected by the characteristics of the entrainment process in the sheared CBL, so its understanding is very important and crucial for the accurate meteorological predictions of the atmospheric CBL.
[image: Figure 1]FIGURE 1 | Schematic diagram of the sheared CBL and the vertical distribution of the horizontal velocity U, potential temperature θ, and buoyancy flux B. BS is the surface buoyancy flux; Γθ is the potential temperature gradient of the free atmosphere; zi, z1, and z2 denote the height, upper, and lower limits of the entrainment zone, respectively; zS refers to the level of the surface; and U1 and U2 are the horizontal mean velocities.
A stratified saline flume is an effective platform to study the stratified and sheared CBL, which can control the governing parameters of the CBL at the laboratory scale, accurately simulate the stratified structure and turbulent flow characteristics of the CBL, and provide reliable experimental data. Willis and Deardorff (1974) simulated the stratified flow in a convection chamber and analyzed the turbulent kinetic energy (TKE) distribution in the mixed zone. The mean temperature and heat flux measured in their experiments were in good agreement with the atmospheric observations. They further studied the turbulence in the mixed zone and analyzed the turbulence spectrum and the entrainment rate in the boundary layer (Deardorff and Willis, 1985). Park, Seo and Lee (2001) investigated the diffusion characteristics of the bottom plume in a stratified experimental flume and analyzed the empirical formula of the downwind distance of the plume diffusion. Li et al. (2008) carried out the flume experiments with non-uniform heating of the underlying surface, and their results showed that the turbulent vortex structure in the mixed region was more stable and the turbulence intensity was significantly enhanced. Jonker and Jimènez (2014) used laser-induced fluorescence (LIF) to measure the salinity distribution in a stratified saline tank to simulate a shear-free CBL with medium to high Richardson numbers (Ri), analyzed the entrainment flux, and discussed the influence of the Reynolds number (Re) and the Prandtl number (Pr) on the entrainment process.
The thickness of the entrainment layer, Δz (Δz = z2—zi), quantifies the effect of various factors influencing the entrainment process. Deardorff et al. (Deardorff, 1980; Deardorff et al., 1980; Deardorff and Willis, 1985) measured the vertical distribution of the horizontal mean potential temperature (θ) and buoyancy flux (B) in a stratified flume without shear and found that the entrainment zone thickness Δz was about 20–40% of the mixed zone thickness. They obtained the following correlation between Δz/zi and the bulk convective Richardson number [image: image] as follows:
[image: image]
where [image: image] is defined as follows:
[image: image]
in which g is the acceleration due to gravity, θ0 is the bulk temperature, Δθ is the temperature step over the entrainment zone, and [image: image] is the characteristic convection velocity, which is defined as follows:
[image: image]
where [image: image] is the buoyancy flux at the surface.
Sun et al. (2005) found that Δθ was proportional to the potential temperature gradient of the entrainment layer, that is, Δθ/Δz = C1Γθ, where C1 is a proportional constant, and obtained a new relation for Δz/zi given as follows:
[image: image]
in which C2 is another proportional constant, [image: image] is the characteristic potential temperature, Γθ is the potential temperature gradient, and [image: image] is a dimensionless number. They believed that this relation was more consistent with the measured data of the stratified water tank experiments than the traditional [image: image] correlation due to the inclusion of the effect of the potential temperature gradient on the entrainment process.
Jonker and Jiménez (2014) developed a saline tank with a microporous plume at the bottom to simulate the buoyancy effect and studied the entrainment characteristics of the shear-free stratified flow. Sabeghadam et al. (2017) studied the entrainment effect of the stable stratification at different Richardson numbers in a rectangular stratified water tank and proposed a simple qualitative model for the growth of the mixed zone. Their results showed that due to the omission of the shear, the proposed model produces noticeable deviations from the observational data of the atmospheric CBL.
In order to examine the influence of the velocity shear effect on the generation and evolution of the entrainment flow, Odell and Kovasznay (1971) designed a circulating water flume with two counter-rotating disk pumps that use the friction stress of multilayer impeller plates on the fluid to generate steady thrust. Narimousa, Long and Kitaigorodskii (1986), Jackson (2006), and Strang and Fernando (2010) carried out experiments using such a setup to successfully identify the fluid layers with different characteristics, which were dominated by different flow transport mechanisms, and obtained the scaling relationship for the entrainment rate in the stratified flow. Kirkpatrick et al. (Kirkpatrick and Armfield 2005; Kirkpatrick et al., 2012) built an experimental flume for a stratified saline flow, in which freshwater was driven across the saline layer to make the vertical shear, and freshwater was also injected through the micro-orifices at the bottom to simulate the buoyancy effect from the CBL surface. The velocity and density data of the flow were obtained by particle image velocimetry (PIV) and planar LIF devices.
Until now, there are still many technical problems in the experimental study of the CBL with vertical shear, especially in the simulation of the entrainment process. By modifying the experimental flume design of Kirkpatrick et al. (2012), in this study, we designed and constructed an open experimental flume with stratified fluid to simulate the comprehensive influence of shear, buoyancy, and surface buoyancy flux on the CBL entrainment process with three-dimensional velocity data of the stratified flume obtained by using a PIV device. The obtained experimental data were analyzed, which provided improved understanding of the flow characteristics. A new scaling relationship for the entrainment zone thickness was also proposed.
2 EXPERIMENTAL METHODS
2.1 Stratified Saline Flume Apparatus
The experimental flume apparatus of CBL uses saline water and freshwater to achieve the density-stratified flow. The setup of the flume and the data acquisition device are sketched in Figure 2. The inlet part of the apparatus is a 0.15-m × 0.1-m × 0.3-m (width × height × length) diversion channel, which is divided into two 0.05-m-height rectangular channels by a horizontal partition. The built-in wire mesh can filter the water flow and evenly distribute the fluid velocity on the inlet cross-section of the flume.
[image: Figure 2]FIGURE 2 | Experimental stratified flow flume setup and the PIV measurement system: (A) process flow diagram and (B) test channel structure.
The test channel with an upper opening, where the stratified flow occurs and the data are measured, was made of 3-m-long plexiglass and an array of micro-orifices with an aperture diameter of 200 μm and a spacing of 0.005 m drilled at the bottom. A 45° bend connected the drainage section and the test channel terminal, which weakens the disturbance to the horizontal section by the backflow at the gate valve. The opening of the gate valve controls the drainage of the flume to maintain the balance of the flow and the water level. The saline and freshwaters were controlled to flow in the lower and upper channels of the diversion channel and to be in a fully developed turbulent state in the test channel. By adjusting the concentration of the saline water and the velocities of the upper and lower layers, the stratified flows with different density gradients and velocity shear effects can be formed in the test channel.
The freshwater chamber was installed at the bottom of the test channel, and the inner flute-type pipe can evenly distribute the inlet water and relax the water pressure fluctuation. The freshwater vertically flowed into the lower saline layer of the test channel through the micro-orifice array in a plume shape and created the buoyancy flux on the CBL surface.
A 0.05-m-high overflow weir was set at the drainage end to maintain the lower fluid stationary (U1 = 0), and only the upper freshwater velocity can be controlled in experiments. The density of saline was either 1,025 kg/m3 or 1,060 kg/m3, the buoyancy plume flux QS at the bottom was either 20 L/h (20 L/h = 5.6 × 10−6 m3/s, corresponding to the buoyancy plume velocity at the bottom of wS = 0.0005 m/s) or 40 L/h (1.1 × 10−5 m3/s, wS = 0.001 m/s), and the velocity difference ΔU = U2—U1 = U2 was in the range of 0.01–0.15 m/s. The experimental cases and the associated parameter values are listed in Table 1. It should be noted that some cases listed in Table 1 have the same values of the control parameters (i.e., Qs, ρ0, and U2) but differ in the locations to capture the camera photos and obtain the PIV data (i.e., x = 5zi, 12zi, 20zi, and 36zi, where zi is the height of the entrainment zone); as for each experimental case, the camera photos and PIV data can only be obtained at one specific location (x).
TABLE 1 | Experimental cases and the associated parameter values.
[image: Table 1]2.2 Particle Image Velocimetry and Density Measurements
The experimental apparatus was equipped with the PIV device (LaVision: 3D FlowMaster Stereoscopic PIV). The beam emitted by the laser generator (Dual pluse Nd:YAG laser) passes through the lens and produces a sheet light with a thickness of 1–2 mm, 15 Hz frequency, and 532 nm wavelength in the center of the test channel to illuminate the tracer particles in the water. The tracer particles are white hollow glass beads with a size of 10 μm and a density of 1,030–1,050 kg/m3 close to the saline density in the flume. Two CCD cameras (Imager sCMOS, 1,600 × 1,200 pixels) were located on the same side of the test channel at the height of the interface between the saline water and freshwater to capture the trajectory of particles in the 0.15-m × 0.15-m plane at the same frequency as the laser beam, and the 3-D velocity data of the flow field were obtained and processed by DaVis 8.4 post-process software to describe the spatial structure and flow characteristics of the flow field accurately. Densities were measured by using a Mettler Toledo Densito 30PX Density Meter (resolution: 0.1 kg/m3, accuracy: ± 1.0 kg/m3). More details about the experimental apparatus and the PIV and density measurements can be found in Li (2020).
2.3 Characteristic Governing Parameters of the Flume
2.3.1 Test Channel Aspect Ratio, Ar
The sidewalls of the channel can limit and reflect the spanwise diffusion of the entrainment vortex and then affect its structure, which requires the geometric size of the channel to achieve a certain value of Ar (the ratio of the width of the channel to the level of the interface which is the height of the bottom saline water layer) to present ideally the entrainment process. Willis and Deardroff (1974) found that the influence of the sidewalls on the turbulence of the central flume in a tank with Ar = 2 was so large that it caused insufficient evolution of the horizontal velocity and large variance of the vertical velocity. Hadfield, Cotton and Pielke (1992) considered the influence range of the sidewalls on the central vortex within a vortex scale distance equivalent to the height of the entrainment zone zi and suggested that at least one vortex scale space should be left on both sides of the flume, that is, the Ar of the experimental flume is at least three so as to reduce their damage on the central turbulent vortex. The test channel in our experiments with Ar = 3 can be considered that the sidewalls will not have a significant effect on the turbulence in the center flow regions.
2.3.2 Reynolds Number, Re
The test channel Reynolds number is Rech = U2Dh/ν = 3,000 ∼ 11,250, and the bulk Reynolds number is Re = U2zi/ν = 2000 ∼ 7,500, where Dh is the hydraulic diameter and ν is the kinematic viscosity of water. The critical Re of laminar flow in an open channel is 500, so the flows in the experiments are in a fully developed turbulent state.
The buoyancy plume velocity at the bottom is wS = 0.0005 ∼ 0.001 m/s, which is significantly smaller than [image: image] ([image: image] = 0.0183 ∼ 0.0309 m/s), and the Reynolds number of the buoyancy plume is ReS = DhwS/ν = 0.25–0.5, which is much less than Rech of the horizontal flow in the test channel. Therefore, the upward movement of the buoyancy plume at the bottom has a negligible effect on the horizontal flow.
2.3.3 Richardson Number, Ri
In the entrainment zone, the buoyancy step value is Δbe = g (ρ—ρ0) and the bulk Richardson number is Ri = Δbezi/(ΔU)2 = 1.3–18.4, which is much larger than the critical value range of 0.15–0.5 for the formation of stable stratified turbulence, that is, the large velocity gradient fluctuation causes the instability of the interface disturbance wave and forms a stable entrainment zone (McGrath et al., 1997).
The convection Richardson number of the experimental flume [image: image], as defined by Eq. 2, is 12.9– 87.8, which is beyond the critical point Ricr = 10, corresponding to the dynamic process related to the entrainment in a stratified flow (Fedorovich et al., 2004).
2.3.4 Rayleigh Number, Raf
Raf is used to represent the relative influence of convection diffusion and concentration diffusion on the salt molecule distribution in the saline fluid. The diffusion coefficient of salt molecules is DS = 1.33 × 10−9 m2/s, the viscosity of saline water is ν = 1 × 10−9 m2/s, and Raf = BSzi4/(νDS2) = (1.04–2.08) × 1016, which is much larger than the critical value of 1014 (Hibberd and Sawford, 1994), indicating that the effect of the salt concentration diffusion on turbulent density is very small, and the density field in a stratified flow is dominated by convection diffusion.
3 CHARACTERISTICS OF STRATIFIED FLOW FIELD
3.1 Vertical Stratification Characteristics
The upper freshwater was dyed with blue ink to enhance the layered visualization, as shown by the image presented in Figure 3 as an example, and the channel can clearly show the phenomenon of stratified flow. There is an obvious entrainment transition layer in the middle in which the color changes gradually, indicating that there is a large density gradient in the thin layer.
[image: Figure 3]FIGURE 3 | Camera photo of the experimental flume to show the stratification in the channel at the commencement of the flow for the case of QS = 20 L/h, U2 = 0.08 m/s, and ρ0 = 1,060 kg/m3 (case 6).
The freshwater beams from the bottom array, affected by the net buoyancy from the density difference, rise up into the saline layer. Due to the existence of small-scale eddy turbulence in the layer, the fluid columns do not float vertically upward and diffuse upward in curved plume.
Figure 4 presents the PIV vorticity contours at x = 12zi away from the test channel inlet. There is an obvious extremum region at the interface of the flow field where the vorticity values are more than one order of magnitude larger than that in other regions, and the thickness of the entrainment zone can be distinguished from the vertical variation region of vorticity in the figure. It is seen that the entrainment zone thickness increases when the velocity difference is increased from 0.06 m/s to 0.08 m/s by comparing Figures 4A–C and Figures 4B–D, respectively, with the same bottom buoyancy flux and saline density; Similar changes occur as revealed by comparing Figures 4A,E,B, and F respectively, where the bottom buoyancy flux increases from 20 L/h to 40 L/h with other conditions unchanged; the gradient of the intermediate region decreases and the thickness slightly increases as demonstrated by comparing Figures 4A–F, respectively, when the density of the saline water decreases from 1,060 kg/m3 to 1,025 kg/m3. There is also a thin region with a quite larger vorticity close to the bottom, mainly due to the upwelling motion of the buoyancy plume and shear effect generated by the lower saline water and the channel floor, which makes the fluid in this region to be not fully stationary and to generate vortices, but the magnitudes are much smaller than that in the middle region.
[image: Figure 4]FIGURE 4 | PIV snapshots of the vorticity contours of the spanwise central plane at x = 12zi away from the test channel inlet for (A) case 19, (B) case 15, (C) case 18, (D) case 14, (E) case 12, and (F) case 9, respectively.
3.2 Horizontal Characteristics
In the experimental cases with QS = 40 L/h and ρ0 = 1,060 kg/m3, the upper freshwater flows above the saline layer at the velocity of U2, and the streamline data at x = 5zi away from the inlet captured by PIV are compared in Figure 5. When U2 = 0.01 m/s, as shown in Figure 5A, the shear stress at the interface is not strong enough to overcome the molecular viscous force to form an entrainment vortex, which only causes the oscillation of the interface. The increase in U2 to 0.02 m/s intensifies the oscillation of the interface, making the interface to become blurred with the twist of streamlines, as shown in Figure 5B. Until U2 attains about 0.04 m/s, a distinguishable clockwise entrainment vortex appears at the interface, as shown in Figure 5C. According to the data under this condition, the bulk convective Richardson number [image: image] = Δbezi/ [image: image] = 7.85 ([image: image] is calculated using Eq. 3). Because the flow field is too close to the inlet to form a stable entrainment vortex, the proportion of TKE produced by shear to promote entrainment should be less than the coefficient of ΔU in Eq. 6 of 0.4. Therefore, the actual value of [image: image] should be slightly greater than 7.85, which is in accordance with Ricr = 10 at the transition point of the CBL (Fedorovich et al., 2004).
[image: Figure 5]FIGURE 5 | PIV snapshots of the streamlines on the central plane at x = 5zi away from the inlet at different values of U2 with QS = 40 L/h and ρ0 = 1,060 kg/m3: (A) U2 = 0.01 m/s (case 1), (B) U2 = 0.02 m/s (case 2), and (C) U2 = 0.04 m/s (case 3), respectively.
Figure 6 presents the PIV-produced streamline views on the central plane at x = 12zi away from the inlet for the cases of QS = 20 L/h and ΔU = 0.08 m/s with ρ0 = 1,025 kg/m3 and 1,060 kg/m3 (cases 9 and 12), respectively. It can be seen that the vortex was the main flow structure in the middle region, and the vortex was elongated in the flow direction due to the shear effect and density gradient at the interface. The maximum width of the vortex is about (1.0–1.5)zi. Due to the limitation of buoyancy, the vortex was finally confined in the middle thin layer, and then gradually developed into a stable entrainment zone.
[image: Figure 6]FIGURE 6 | PIV snapshots of the streamlines on the spanwise central plane at x = 12zi from the test channel inlet for the cases of QS = 20 L/h and U2 = 0.08 m/s with, (A) ρ0 = 1,025 kg/m3 (case 9), and (B) ρ0 = 1,060 kg/m3 (case 12), respectively.
3.3 Horizontal Velocity Profile
It can be seen from the aforementioned analysis that a stable intermediate entrainment zone appeared at the interface after about 12zi from the inlet. Figure 7 presents the vertical profiles of the horizontal mean velocity component recorded at 20zi with different values of saline density, buoyancy flux, and velocity difference. It is found that the horizontal velocity remained constant in the main regions of the lower and upper layers but changed gradually with large rates in the intermediate layer. The large variations of the horizontal velocity profile within the intermediate layer clearly showed that the control parameters of the flows have significant influences.
[image: Figure 7]FIGURE 7 | Vertical profiles of the horizontal velocity at x = 20zi under different values of the control parameters of the flows: (A) case 20, (B) case 21, (C) case 22, and (D) case 23, respectively. The dashed lines represent the upper and lower limits of the entrainment zone, and the solid line is the height of the entrainment zone.
3.4 Thickness of the Entrainment Zone
The entrainment zone of the stratified flow is defined by the vertical profile of the horizontal velocity obtained from the experiment, as shown in Figure 7, where zi corresponds to the level of the maximum gradient, the lower and upper height limits z1 and z2 are the heights with zero velocity gradients, and the thickness is Δz = z2—zi. However, there is a large fluctuation of the upper interface of the entrainment zone in the experiments, which makes it difficult to determine the height of the velocity gradient of zero accurately. In order to reduce the measurement errors, as an approximation, Δz is taken as the height range from 10 to 90% of U2.
By comparing Figures 7A,B it is seen that the increase in U2 from 0.04 m/s to 0.08 m/s enhances the shear at the interface, which makes more shear-generated TKE consumed by the entrainment process and Δz increases. The increase in the saline water concentration enhances the density gradient of the entrainment zone, and the viscosity force of parcels close to the interface exceeds the shear stress prematurely, which makes the entrainment vortex to break up when it does not grow enough. Meanwhile, the entrainment process is limited, and Δz decreases as shown in Figures 7A,C. Similarly, when ρ0 and U2 do not change, the increase in the bottom buoyant flux promotes more buoyant freshwater to intrude into the entrainment zone, which is equivalent to dilute the density gradient in the region, and accordingly, Δz increases as shown in Figures 7B,D.
3.5 Counter-Gradient Transport of Momentum
The turbulent entrainment process in the sheared CBL results from the combined effects of shear stress and buoyancy. Vortices in different scales generated in the entrainment zone transport the high-density parcels from CBL to the upper free atmosphere with low density, that is, the counter-gradient transport process. The vertical TKE governing equation of CBL is as follows:
[image: image]
where [image: image] is the average TKE; ε is the dissipation rate of turbulent energy; [image: image], [image: image], and [image: image] are the fluctuations of the velocity components; and [image: image] is the fluctuation of the local atmospheric pressure.
Once the shear term of TKE equation satisfies [image: image], the velocity gradient is opposite to the Reynolds stress direction and the momentum is transported in the counter-gradient direction. Figure 8 shows the vertical profiles of the momentum transport under different experimental conditions. The results show that the momentum transport term in the saline layer fluctuates weakly because the region is subjected to small-scale vortex turbulent mixing effect and −∂U/∂z is approximately zero. A negative peak in the middle region indicates that the Reynolds stress is opposite to the velocity gradient and the TKE is dissipated. The peak value increases under the conditions of strong stratification and strong shear, indicating that more TKE is consumed by shear in the entrainment zone.
[image: Figure 8]FIGURE 8 | Vertical profiles of the shear term of the TKE equation under different experimental conditions: (A) case 7 and (B) case 12, respectively.
4 PARAMETERIZATION OF THE ENTRAINMENT ZONE THICKNESS
4.1 Characteristic Velocity Scale
The CBL entrainment process is affected by both buoyancy and shear (see Eq. 1), and the characteristic velocity of the flow field should not only include buoyancy term but also reflect the influence of the velocity shear effect. A proportion of the shear-generated TKE is used to promote the entrainment process, and the rest is dissipated by the molecular viscosity. The shear-generated TKE at the surface is dissipated in a short distance from the bottom, which has little effect on the entrainment process (Conzemius and Fedorovich, 2006a, 2006b; Haghshenas and Mellado, 2019); therefore, it will not make a large error to neglect this part in the parameterization of the entrainment zone thickness.
Assuming that the effects of buoyancy and shear on entrainment are independent of each other; the scale of the characteristic convective velocity in the sheared CBL is represented as follows:
[image: image]
where C3 is the fraction of the shear-generated TKE consumed by the entrainment process, which is in the range of 0.38–0.43 with the mean value of 0.4 (Liu et al., 2016a; Liu et al., 2016b; Li et al., 2020), and ΔU and ΔV are the steps of the horizontal velocity components in the entrainment zone, which represent the velocity shear effects on the entrainment. In this study, ΔV = 0 as there is no shear in the V-direction.
4.2 Theoretical Parametric Model
The buoyancy flux from the surface heats the air parcels in the adjacent area to generate buoyancy, and the parcels float up into the free atmosphere. The buoyancy decreases to zero at zi where the velocity reaches the maximum wm, as depicted in Figure 1. Due to the influence of inertia, the parcels move upward in the region of zi ∼ z2 to overcome the negative buoyancy. The thickness of the entrainment zone is related to the work of negative buoyancy when the parcels move above the intermediate buoyancy level in the parcel theory. The energy conservation relation of the process is given as follows:
[image: image]
The density variation is mainly caused by the change of potential temperature. The atmosphere can be treated as an incompressible fluid, and the effect of pressure on density can be ignored in the limited thickness of CBL. The Boussinesq approximation gives the following expression:
[image: image]
where β is the thermal expansion coefficient of fluid. Sun et al. (2005); Sun (2009) found the following linear relation of the temperature gradient between the entrainment zone and the free atmosphere:
[image: image]
where C4 is a constant. Combining Eq. 8 and 9, Eq. 7 can be written as follows:
[image: image]
that is,
[image: image]
in which C5 is a proportional constant and RiNC = N2zi2/wm2 is the corrected bulk Richardson number, where N2 is the buoyancy frequency defined as follows:
[image: image]
4.3 Experimentally Quantified Scaling Relation Between Δz/zi and RiNC
The scaling relation between Δz/zi and RiNC was quantified using the experimental data of the cases listed in Table 1. As shown in Figure 9A, the experimental results give the following quantified scaling relation:
[image: image]
[image: Figure 9]FIGURE 9 | Scaling relation between the dimensionless thickness of entrainment zone Δz/zi and RiNC. ○ experimental data of this study; ✳ radar data from Boers and Eloranta (1986);□ radar data from Lothon et al. (2008); △ large eddy simulation data of Otte and Wyngaard (2001); — linear fit of the experimental data of this study.
The performance of this quantified scaling relation was further examined by comparing its predictions to the numerically simulated data of Otte and Wyngaard (2001) and the radar measurement data of Boers and Eloranta (1986) and Lothon, Lenschow and Mayor (2008), with the result presented in Figure 9B. It is seen that this new scaling relation based on the stratified saline experiments is consistent with the available data and is able to predict the thickness of the entrainment zone in the stratified CBL with vertical velocity shear relatively accurately.
4.4 Error Analysis
The upper freshwater layer of the stratified saline flume apparatus adopted uniform fluid, which was different from the actual CBL which had a small density gradient (temperature gradient) in the upper layer. However, the entrainment process occurs at the interface of the two fluids, and the fluid parameters at the sufficient height of the upper layer do not affect the material exchange in the entrainment layer. Therefore, it is acceptable to use the fluid with constant density to simulate the sheared CBL, which has little effect on the entrainment process.
The bottom buoyancy plume diluted the saline water, weakened the actual buoyancy effect, and lifted the level of the saline layer. The freshwater from the microporous bottom had an effect on the saline concentration in the test channel by about 0.17–0.73% during the experiment period of 5 min which affected the entrainment zone height zi by about 3.7–7.4% assuming that the buoyancy plume volume promotes an overall uplift of the saline layer. The comprehensive influence of these two factors on the coefficient (i.e., 1.17) of Eq. 13 is about 1.25–2.55% deviation, of which the uplift of the saline layer is a greater one because of the addition of buoyant freshwater. Therefore, using a larger Ar of the test channel and shortening the experiment period are conducive to reduce the errors.
It is unavoidable that there were certain deviations of the apertures of the micro-orifice array in the manufacturing process, which led to an inhomogeneous distribution of the buoyancy plume in the surface. In addition, the friction effect of the channel sidewalls and the influence of the backflow at the terminal sluice made the stratified flow slightly different from the conditions analyzed.
5 CONCLUSION
A stratified saline flume experimental apparatus was designed to simulate the stratified flow of the CBL with vertical velocity shear, and the PIV device was used to capture the 3-D velocity field data. The flow field characteristics and the entrainment zone thickness with different control parameter values were experimentally studied.
The experimental setup shows a significant stratification of the saline and freshwater and the formation, development, and breakup process of the entrainment vortices. When the velocity difference between the upper and lower layers is only 0.01 m/s, the velocity shear is too weak to overcome the viscous force to form an entrainment vortex. The vortex with the characteristic length about (1.0–1.5)zi can be observed at the test channel inlet until the velocity difference increases up to 0.04 m/s, and a stable middle entrainment zone is formed after about 12zi from the inlet with an counter-gradient momentum transport process.
The entrainment zone is defined by the horizontal velocity gradient, and its thickness Δz is obviously affected by the bottom buoyancy flux, the velocity difference, and the density difference, with the first two promoting the growth of the entrainment zone, while the last being able to increase the density gradient of the middle interface to hinder the entrainment process.
Based on the experimental data, a new quantified scaling relation between the dimensionless thickness of the entrainment zone and the corrected Richardson number is established, that is, Δz/zi = 1.17RiNC−1/2, and the analysis of the experimental errors suggests that a larger aspect ratio flume is helpful to improve the accuracy of the experimental results. The effectiveness of the proposed model is verified by the available radar test data and numerical simulation data, and it is found that it can well predict the entrainment zone thickness of the sheared CBL.
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Case Qs Po U2 x

L/n) (kg/m®) (m/s)
1 40 1,060 0.01 5z,
2 40 1,060 0.02 5z,
3 40 1,060 0.04 5z
4 20 1,060 004 5z,
5 20 1,060 0.06 5z,
6 20 1,080 0.08 5z,
7 20 1,025 0.04 122
8 20 1,025 0.06 12z
9 20 1,025 0.08 12z
10 20 1,025 012 127
11 20 1,060 0.04 127
12 20 1,060 0.08 127
13 0 1,025 0.04 12z
14 40 1,025 0.06 122
15 40 1,025 0.08 127
16 40 1,060 0.04 127
17 40 1,060 0.05 127
18 40 1,060 0.06 127
19 40 1,060 0.08 122
20 20 1,025 0.04 20z
21 20 1,025 008 20z
22 20 1,060 0.04 20z
23 20 1,060 008 20z
24 20 1,060 0.10 20z
25 40 1,025 0.06 20z
26 40 1,025 0.07 20z,
27 40 1,025 0.10 20z
28 40 1,025 0.15 20z
29 40 1,060 0.04 20z
30 40 1,060 0.06 20z
31 20 1,025 004 362
32 20 1,025 008 367
33 20 1,025 009 36z
34 20 1,025 0.10 36z
35 20 1,025 0.13 362
36 20 1,060 006 36z
37 20 1,060 0.08 362
38 20 1,060 012 36z
39 40 1,025 008 362
40 40 1,025 0.10 362
41 40 1,060 0.07 36z
42 40 1,060 0.10 362
43 40 1,060 0.04 362

Nole: x is the distance from the location of the camera to the tast channel inlet.
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