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The effect of the Reynolds number on the mechanism of the formation of an instantaneous local flow separa-
tion that occurs in the near-wall region of a turbulent boundary layer is experimentally studied. The features of 
application of the high-speed planar PIV method with a high spatiotemporal resolution are discussed. Comparison 
of the measurement results obtained within a viscous sublayer of a turbulent boundary layer with the results 
of other studies showed the generality of the mechanism for the formation of an instantaneous local flow separation 
in the range of dynamic Reynolds number 207 ≤ Reτ ≤ 672. 
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Introduction  

The flow separation phenomenon can have a significant impact on the efficiency and 
safety of a particular technique used in many spheres of human activity, such as energy, aero-
space, and shipbuilding. Meanwhile, a separated turbulent flow is usually understood as the oc-
currence of a negative value of the mean wall shear stress. This value is the result of averaging 
the corresponding time signal arising from the movement of vortex structures of various na-
ture, and the averaging result depends on the frequency of their occurrence and intensity. So, in 
a turbulent boundary layer, for a number of reasons, instantaneous local flow separation (ILFS) 
can be formed, but they will not lead to separation of the “mean” flow, but, obviously, they can 
affect such an integral flow quantities as hydraulic resistance. In this sense, the study of the tur-
bulent flow structure leading to the ILFS event is of both fundamental and practical interest. 

For a long time, the existence of ILFS in a zero-pressure-gradient turbulent boundary layer 
was considered impossible [1, 2]. However, later in a number of works [3–19], its occurrence was 
proved both numerically and experimentally. An analysis of publications available to date has 
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shown that the mechanism of ILFS occurrence and its statistical characteristics depend strongly 
on the Clauser parameter β = (δ*/τw)(dp/dx) and the dynamic Reynolds number Reτ = uτ H/ν, 
where δ* is the displacement thickness, τw is the average wall shear stress, dp/dx is the longitu-
dinal static pressure gradient, ν is the kinematic viscosity, uτ is the dynamic velocity, and H is 
the channel half-width. 

In [15], it was found that the probability P of ILFS formation, i.e., the time fraction of 
the reverse flow increases significantly with an increase in the Clauser parameter, and the me-
chanism of its occurrence differs for relatively small and large values of β. With an increase 
in the Reynolds number, the probability of ILFS formation increases sharply (P = 0.003 % 
at Reτ= 90 and P = 0.0854 % at Reτ = 1440 [3]), which can also be associated with the diffe-
rence between these mechanisms at different Reynolds numbers. 

It was shown in [4, 6, 12, 13, 16, 20] that the mechanism of ILFS occurrence can be as-
sociated with intense vortex structures located in the buffer region of the turbulent boundary 
layer. A more complete picture of the ILFSs formation was proposed in [9], according to which 
they are induced by near-wall transverse vortex structures formed as a result of interaction be-
tween large-scale accelerated and decelerated flow regions. However, the authors of [9] con-
sidered the flow at a relatively small value of Reτ ≈ 200, so the validity of the described mecha-
nism with an increase in the Reynolds number requires additional verification. 

According to [4, 13], on average, the height of the ILFS region in a zero-pressure-
gradient turbulent boundary layer is approximately 5 times less than the thickness of the vis-
cous sublayer, i.e., ∆y+ = 1, where symbol “+” denotes the quantities in wall units, i.e., scaled 
to the length ν /uτ and time ν /uτ

2. Moreover, in some cases, the spatial extent of the ILFS re-
gion can be less than the Kolmogorov length scale [9]. The value of velocity in the near-wall 
region of the turbulent boundary layer, including the ILFS region, is of the same order as 
the measurement uncertainty. This can have a significant effect on the measured spatiotem-
poral characteristics of the ILFS [11]. The combination of these factors demonstrates the com-
plexity and nontriviality of the experimental study of the ILFS phenomenon and explains 
the false conclusions made earlier, for example, in [1, 2]. 

Experimental setup and experimental methods  

The experiments were carried out using the high-speed planar PIV (Particle Image Velo-
cimetry) method [21, 22], which allows one to obtain instantaneous velocity vector fields with 
a high spatiotemporal resolution. The measurements were made in an optically transparent test 
section 6 m long with a square cross section (2H × 2H = 0.1 × 0.1 m) at a distance of 5 m from 
the inlet. Air was used as a working medium, and a glycerol aerosol with an average particle 
diameter of 1 μm was used as tracer particles. To ensure uniform seeding of tracer particles 
over the fluid volume, a special chamber (0.6 × 0.6 × 2.4 m) was installed at the test section 
inlet, and to ensure a developed turbulent flow, a turbulent grid made of metal rods with 
a diameter of 1.4 mm in 6 mm increments was mounted there. A constant air flow in the meas-
urement area was maintained by a set of critical nozzles installed between the compressor and 
the test section. The studies were carried out at two Reynolds numbers Re = Ub H/ν = 6200 and 
12400, where Ub is the bulk velocity. 

Preliminary measurements of the profiles of the streamwise mean velocity along the test 
section showed that the flow in the measurement area was turbulent, symmetrical, and was 
already stabilized at a distance of ~ 80H (40 calibers) from the test section inlet for all consid-
ered Reynolds numbers. Therefore, the main measurements in the study of ILFS phenomenon 
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were performed at a distance of 100H from the test section inlet. In a series of basic experi-
ments, videos were taken at a frame rate of 4900 and 3400 Hz with a resolution of 160×1280 and 
640×240 px, which allowed us to cover a flow area of 2×16 and 4.47×1.78 mm (14.3×114.1 
and 63.5×23.9 in wall units) at Re = 6200 and 12400, respectively. Since the ILFS is a rather 
rare event, 63 and 30 video fragments were processed to detect several independent events, 
corresponding to the total observation time T = 257 and 221 s. 

To achieve convergence of the result, 5 iterations were performed using the iterative PIV 
method [21]. The obtained images were processed using non-overlapping interrogation win-
dows with the size of I × J = 64 × 8 px elongated in the streamwise direction. When choosing 
the interrogation window size, a compromise between the measurement uncertainty and 
the spatial resolution was reached. This size corresponds to I +× J + = 5.6 × 0.7 and 6.4 × 0.8 for 
Re = 6200 and 12400, respectively. The chosen spatial resolution was 2–3 times smaller than 
the Kolmogorov length scale λK in the near wall region of the turbulent boundary layer. 
The interrogation window closest to the wall was located at a distance of y1= 4.5 px, which 

corresponds to y1
+

 = 0.4 and 0.44 for the considered values of the Reynolds number. In order to 
reduce the effect of measurement uncertainty, all velocity time signals were filtered according 
to the procedure described in [21]. It was shown in [11] that the application of this procedure 
allows significant reduction in the effect of measurement uncertainty and reliable estimation of 
integral characteristics of the ILFS region. The selected measurement parameters cover 
the expected range of the space-time extent of the ILFS region. The dynamic velocity used in 
calculation of dimensionless quantities was estimated from the profile of the mean streamwise 
velocity U in the viscous sublayer uτ = [ν (∂U/∂y)y = 0]

0.5. In the case under consideration, 
uτ = 0.107 and 0.202 m/s at Re = 6200 and 12400 (Reτ  = 357 and 672). Typical PIV images are 
shown in Fig. 1. 

The distributions of the mean streamwise velocity and ILFS probability along the dis-
tance from the wall are shown in Fig. 2. The probability was calculated as the ratio of time 
during which the negative values of the streamwise velocity are observed to the total observa-
tion time. It can be seen that these distributions are in good agreement with the results of direct 
numerical simulation (Direct Numerical Simulation, DNS) [4, 9] and with similar experimental 
data obtained in [9] at Re = 3100. 

Results of the study of instantaneous local flow separation  

In the experiment, the ILFS event was determined from the condition u < 0 at the compu-
tational grid node closest to the wall. In total, 27 (Reτ = 357) and 94 (Reτ = 672) independent 

 
 

Fig. 1. Typical PIV images (inverted) obtained 
in a series of basic experiments at Re = 6200 (a) and 12400 (b). 
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ILFS events were detected in the experiment. The use of the high-speed PIV method allowed 
the analysis of a velocity change for a sufficiently long period of time. To obtain a statistical 
picture of the flow in the vicinity of the ILFS region, the conditional averaging procedure was 
used: 

( ), , , ,i i i i i i
t t x x y y t t x x y yϕ ϕ= − − − = = = , 

where ϕ is the streamwise or wall-normal component of the velocity vector, (t, x, y) are 
the time and coordinates in the measurement area, (t – ti, x – xi, y – yi) are the time and coordi-
nates in the new coordinate system, (ti, xi, yi) are the time and coordinates of the ith ILFS event. 
Thus, in the new coordinate system, the ILFS regions were conditionally centered at the point 
with coordinates (0, 0, 0).  

Conditionally averaged time signals of two velocity components in the viscous sublayer 
(y+ = 1) of the turbulent boundary layer are presented in Fig. 3. Alternating regions of descend-
ing (–5 < t+ < 0) and ascending (0 < t+ < 5) flows are observed in the vicinity of t+ = 0 
in Fig. 3b. It was shown in [9] that these regions are formed due to the motion of a near-wall 
transverse vortex structure. According to [23], such vortex structures induce descending and 
ascending flows corresponding to Q4 (u′ > 0, v′ < 0) and Q2 (u′ < 0, v′ > 0) events. However, 
the events observed in Fig. 3 in the time range –5 < t+ < 5, appear at u′ < 0, i.e., they are classi-
fied as events Q3 (u′ < 0, v′ < 0) and Q2 (u′ < 0, v′ > 0), but not Q4 and Q2. This is explained 
by the fact that, on average, ILFS events occur in the tail of the large-scale region (–50 < t+ < 0) 
of the retarded motion (see Fig. 3a). Moreover, the situation changes with a distance from 
the wall [9]. For this reason, this terminology is not used below. 

Figure 3b demonstrates alternating regions of descending (–5 < t+ < 0) and ascending 
(0 < t+ < 5) flows in the vicinity of t+ = 0, and Figure 3a shows the regions of decelerated 
(–50 < t+ < 0) and accelerated (0 < t+ < 60) flows. This indicates that the main mechanism 

 
 

Fig. 2. Profiles of a mean streamwise velocity U + (а) and ILFS probability P (b). 
The results obtained by DNS [4] at Reτ = 180 (1), 590 (2), 1000 (3), DNS [9] at Reτ = 211 (4), 

PIV [9] at Reτ =  207 (5), and  PIV at Reτ = 357 (6), 672 (7). 
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of ILFS formation is associated with the motion of the near-wall vortex structures and their 
interaction with large-scale flow regions. 

According to [5, 20], the ILFS event can be caused by a force directed from a large-scale 
accelerated flow region located above the ILFS region. It was shown in [9] that such a flow 
region is originated upstream relative to the ILFS region. In Fig. 3a, this region can be deter-
mined from the overestimated <u>+ value in the time period 0 < t+ < 60. In the spatial region, 
the flow pattern, observed in Fig. 3, corresponds to the interaction of two large-scale accelera-
ted and decelerated flow regions located upstream and downstream of the ILSF region, respec-
tively. According to the mechanism of the near-wall turbulence formation described in 
[24 – 27], this type of interaction leads to the formation of a strong shear layer at the interface 
between these regions, which develops due to the loss of this layer stability, first into near-wall 
transverse vortex structures, and then into a chain of horseshoe-like structures. The structures, 
which are the most intense and close to the wall, induce the ILFS event. Indeed, in Fig. 3b, 
we can see a trace in the form of descending and ascending flows from the moving near-wall 
transverse vortex structure during time period –5 < t+ < 5. 

The similarity between the velocity time signals obtained experimentally (PIV) at Reτ  = 
357 and 672, with similar data obtained at Reτ  = 207 and 211 [9], indicates the generality of 
the mechanism of the ILFS formation in the range of Reynolds numbers 207 < Reτ  < 672, i.e., 
in the range of a sharp increase in the ILFS probability. 

Conclusion  

The instantaneous local flow separation was experimentally studied at the dynamic 
Reynolds number Reτ = 357 and 672 at the example of a developed turbulent flow in a channel 
with a square cross section. The experiments were carried out using the high-speed planar PIV 
method with a high spatiotemporal resolution. The conditionally averaged velocity time signals 
obtained in the viscous sublayer (y+ = 1) of the turbulent boundary layer were analyzed. 
The found similarity between these signals and the results of other studies testifies to the gen-
erality of the mechanism of formation of instantaneous local flow separation in the range of 
Reynolds numbers 207 ≤ Reτ  ≤ 672. According to this mechanism, it is induced by transverse 
vortex structures located in the buffer region of the turbulent boundary layer and formed 
as a result of interaction of large-scale accelerated and decelerated flow regions. 

 
 

Fig. 3. Conditionally averaged signals of streamwise <u>+ (a) and wall-normal <v>+ (b)  
velocities and their standard deviations at y+ = 1. 
The results obtained by PIV at Reτ = 357 (1), 672 (2), 

PIV [9] at Reτ = 207 (3), and DNS [9] at Reτ = 211 (4). Local mean value (5). 
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