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Abstract
Experimental research is presented on the characteristics of interfaces and internal layers that are present in a turbulent boundary layer (TBL). Both the turbulent non-turbulent interface (T/NT) and internal shear layers are detected in snapshots of the stereo-PIV data. It turns out that the internal layers exhibit similar characteristics compared to the T/NT interface. A theoretical approximation of the large scale boundary layer growth indicates that the correct boundary layer growth can be obtained by employing a modified first order jump model on the conditional statistics. Employing the same framework to the internal shear layers indicates that shear layers tend to move slower in close proximity to the wall, whereas they accelerate when moving away from the wall. Based on previous research it is believed that these internal layers separate large regions of approximately uniform momentum. Hence, boundary entrainment velocities may be interpreted as growth rates of large scale motions in a TBL.
INTRODUCTION
In many fluid flows, such as jets, wakes and boundary layers, the turbulent flow is enclosed by an irrotational non-turbulent flow domain. The pioneering work of Corssin and Kistler [1] has shown that there exists a thin layer that separates the turbulent from the non-turbulent flow, with strong jumps in vorticity and/or velocity across these layers. Previous research has recognized the significance of these interfaces on the overall dynamics of the turbulent flow. Knowledge on physical mechanisms occurring at these interfaces is especially important as a number of processes take place at or in close vicinity of the interface, e.g. it governs the overall growth of the turbulent flow region as entrainment of non-turbulent fluid into the turbulent flow occurs across this interface. However, thin layers, as described by Corssin and Kistler [1], are not only found in the region that separate the turbulent flow from the non-turbulent region, but also between layers of different turbulent intensities[2]. Recently, internal layers with similar characteristics as a T/NT interface within homogeneous isotropic turbulence were reported by Ishihara et al. [3]. Meinhart and Adrian [4] and Adrian et al [5] visually observed internal thin shear layers in a TBL that separated large scale regions with nearly uniform momentum. These large scale regions were also observed by others [6], who found that these structures persist over long downstream distances. It has been found that these large scale regions are statistically relevant by carrying a significant amount of kinetic energy and have an important contribution to the Reynolds shear stresses while only occupying a small portion of the total flow volume [7]. The aim of the current work is to detect the internal shear layers and compare the characteristics with the T/NT interface. Compared to previous research [8], a more sophisticated first order jump model is employed to derive the growth rates of these layers and compare them with the overall boundary layer growth rate. 
EXPERIMENTAL SETUP
The TBL was investigated experimentally by employing stereoscopic PIV in the streamwise-wall-normal plane. The measurements were performed 3.5 meters downstream at one of the side walls of the water channel at the Aero & Hydrodynamics laboratory of the TU Delft. The water tunnel has a square test section of 60x60 cm which is 5m in length. A zig-zag trip was placed 250mm downstream of the entrance to ensure that the boundary layer was turbulent during the measurements. The resulting boundary layer parameters are summarized in Table 1. The streamwise-wall normal plane was  illuminated with a 1mm thick laser sheet. The CCD cameras (Image Pro LX 16M, LaVision) were equipped with a Micro-Nikkor f105mm objective, obtaining a field of view of 100x141mm2, which guarantees that the complete TBL is always captured. The flow was seeded with 10μm hollow glass spheres. Calibration, data acquisition and data post-processing was performed with a commercial software package (Davis 8.1, LaVision). 
	Ue [m/s]
	0.73
	H [-]
	1.31
	δ* [mm]
	11.3
	cf [-]
	2.7∙10-3
	Reτ [-]
	 2053

	δ95 [mm]
	74
	uτ [mm/s]
	26.5
	θ  [mm]
	8.7
	Reθ [-]
	6578
	
	


Table 1. Boundary layer properties
LAYER DETECTION & CONDITIONAL SAMPLING
The T/NT interface is detected using a threshold criterion on the vorticity [9]. A noise level is determined using the root-mean-square value of the vorticity in the non-turbulent region to delineate genuine vorticity from experimental noise. A triple decomposition method of the velocity gradient tensor is employed [10] to capture elongated regions of intense shear. Similar to the T/NT interface a threshold method is used to detect these internal shear layers. An example of a snapshot of the flow, showing the internal layers that separate uniform momentum zones is given in Figure 1. Conditional sampling over these layers as well as the T/NT interface is performed according to the method described by Bisset et al [11].
RESULTS
In order to derive the boundary entrainment velocity, i.e. the velocity with which the interfaces move away from the wall a modified first order jump model [12] is employed. This is obtained by integrating the streamwise momentum balance just below, over and above the conditional profiles of interfaces. This method is employed for both the internal layers and the external T/NT interface (see Figure 2). It turns out that the internal layers only move very slowly outwards, i.e. on the order of the large scale boundary layer growth rate. Hence, large scale uniform momentum zones are only slow growing features, that grow slightly faster than the overall growth rate of the boundary layer. 
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Figure 1. (a) An instantaneous realization of the shear component of the vorticity ωSH, indicated with gray contours. The dashed dotted lines indicate the edges of uniform momentum zones determined from visual inspection of the velocity field. Streamwise velocity profiles are plotted to show the instantaneous jump across a shear layer. Regions of high velocity gradients are indicated with green dots. (b) Surface plot of the streamwise velocity field around the shear layer inside the rectangle in (a). 
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Figure 2. The spatial growth rate versus the height of the internal shear layers (blue dots). The results for the T/NT interface are shown for comparison (red/green dots). The errorbars show the bootstrapped 95% confidence intervals.
References
[1] S. Corrsin, and A. Kistler. Free-stream boundaries in turbulent flows, NACA Tech. Note, 1244: 1033-, 1955
[2] J. C. R. Hunt, I. Eames, C. B. da Silva, and J. Westerweel, Interfaces and inhomogeneous turbulence, Phil. Trans. R. Soc. A., 369 : 811–832, 2011.
[3] T. Ishihara, T. Gotoh and Y. Kaneda, Study of high Reynolds number isotropic turbulence by direct numerical simulation, Annu. Rev. Fluid Mech.., 
      41: 165-180, 2009

[4] C. D. Meinhart and R. J. Adrian, On the existence boundary layer of uniform momentum zones in a turbulent, Phys. Fluids,7 : 694–696, 1995

[5] R.J. Adrian, C. D. Meinhart and C.D. Tomkins, Vortex organization in the outer region of the turbulent boundary layer, J. Fluid Mech., 422 : 1-54
[6] N. Hutchins and I. Marusic, Evidence of very long meandering features in the logarithmic region of turbulent boundary layers, J. Fluid Mech.,

      579 : 1-28, 2007
[7] B. Ganapathisubramani, E.K. Longmire and I. Marusic, Characteristics of vortex packets in turbulent boundary layers, J. Fluid Mech., 478 : 35-46

[8] J. Eisma, G. Elsinga, J. Westerweel, Interfaces and internal layers in a turbulent boundary layer, ETC 14, Lyon, 1-4 September 2013
[9] M. Holzner, A. Liberzon, M. Guala, A. Tsinober, and W. Kinzelbach, Generalized detection of a turbulent front generated by an oscillating grid, 

        Exp. Fluids, 41: 711–719, 2006
[10]   Y. Maciel, M. Robtaille and S. Rahgozar, A method for characterizing cross-sections of vortices in turbulent flows, Int. J. of Heat and Fluid 

        Flow, 37 : 177-188, 2012
[11]  D.K. Bisset, J.C.R. Hunt and M.M. Rogers, The turbulent/non-turbulent interface bounding a far wake, J. Fluid Mech., 451 : 383-410, 2002
[12]  M.C. VanZanten, P.G. Duynkerke and J.W.M. Cuijpers, Entrainment Parameterization in Convective Boundary Layers, J. Atm. Sciences, 56 : 

         813-828, 1999
