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ABSTRACT 

Results of a wind tunnel experiment in which there are systematic variations of free 

stream turbulence above a flat plate boundary layer are presented.  Upstream of the 

plate, an active grid generates free stream turbulence varying in intensity from 0.25% 

to 10.5%.  The momentum thickness Reynolds number of the boundary layer varies 

from 550 to nearly 3,000.  In all cases, the ratio of the free stream turbulence length 

scale to the boundary layer depth is greater than unity.  Hot wire measurements show 

that, at high turbulence intensities, the effects of the free stream turbulence extend 

deep into the boundary layer, affecting the wall stress as well as the small-scale 

(derivative) statistics.  Energy spectra show a double peak.  At very low free stream 

turbulence intensities these peaks are associated with the inner and outer scales of the 

turbulent boundary layer, but at high turbulence intensities the free stream energy peak 

dominates over the boundary layer‘s outer scale.  The results are contrasted with 

recent studies of turbulent boundary layers without free stream turbulence. 
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INTRODUCTION 

Above industrial and naturally occurring boundary layers there is invariably free 

stream turbulence (FST).  Examples include nocturnal jets or other highly turbulent 

flows that may occur at the top of the atmospheric boundary layer [1] or a marine 

atmospheric boundary layer that may override a boundary layer forming above land.  

In turbomachinery and heat exchangers, there is usually free stream turbulence [2].  

The FST may affect stress conditions near the surface, thereby impacting the 

performance of wind turbines
  
[3] and other structures located in the boundary layer.  It 

causes greater irregularity at the interface of the boundary layer and adds a new length 

scale, compounding an already complex problem.  The free stream turbulence may 

have a length scale that is small, comparable to, or larger than that of the boundary 

layer outer length scale, and the r.m.s. of its velocity fluctuations may vary from being 

significantly smaller than the friction velocity, uτ, to much larger than it, yielding at 

least nine possible forcing states for the FST.  Some of these states are discussed by 

Hunt et al. (1998).
 
[4]   One of the most interesting states occurs when both the free 

stream length scale, L, and the turbulence intensity, <u
2
>

1/2
 / U (where <u

2
>

1/2
 is the 

longitudinal r.m.s. velocity and U is the local mean velocity), are considerably larger 

than that of the boundary layer.  For this case, there is penetration of the FST deep into 

the boundary layer, resulting in an increase in the friction velocity, and there is little or 

no velocity defect in the outer part of the boundary layer.  It is a case of considerable 

practical importance and is the focus of this paper.  

 

There is a significant literature on the effects of FST on a turbulent boundary layer 

[5—14].   The FST affects the wall stress, the turbulent energy budget, the velocity 

spectra, and the velocity probability distribution.  For very high FST, the effects are 

felt as close to the wall as y
+
 ~15 [10].  Here y

+
 is defined as yuτ /ν where y is the 
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distance from the wall and ν is the kinematic viscosity, taken to be 1.5 x 10
-5

 m
2
 s

-1
 in 

air.  Thus the large eddies from the free stream can perturb the smaller, near-wall 

structures.  Recently, Hutchins and Marusic
 
[15] have emphasized the important 

interaction between the outer scale and the inner (viscous) scale in a boundary layer 

without FST.   They show that the energy of the outer scale grows as the boundary 

layer Reynolds number increases and that these energetic eddies modulate the small 

scales of the boundary layer, causing changes in small-scale structure and drag.  For 

intense FST with scales comparable to those of the outer scale of the boundary layer, 

this effect is bound to be amplified.  Indeed, we will show that, for the high FST cases 

studied here, the energy of the FST masks that of the boundary layer‘s outer scale. 

Thus the FST, apart from its practical interest, may shed light on our fundamental 

understanding of the interactions between the large- and small-scales in the turbulent 

boundary layer. 

 

Various methods have been used to produce FST turbulence in wind tunnel studies.  

The most traditional is to use a turbulence generating grid [7].  With this method, the 

maximum FST intensity is around 6%.  This intensity is not sufficient to see the 

effects of the FST deep inside the boundary layer.  In order to increase the FST 

intensity, Thole and Bogard
 
[10] used a turbulence generator consisting of a row of 

high-velocity jets entering the flow normal to and upstream of the boundary layer.   

They were able to obtain turbulence intensities of 20%.  In the present work, we 

generate the turbulence using an active grid [17—18] upstream of the boundary layer.  

This has the advantage of being a well-documented flow in its own right [17—19].   

 

For all of these methods, the FST is decaying.  In order to have non-decaying 

turbulence in the free stream, a production method like inhomogeneity or shear is 
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necessary [20].  In this situation, however, the problem is even more complex due to 

anisotropy in the free stream.  In this paper, we will consider mildly anisotropic 

decaying free stream turbulence with r.m.s. values more than twice the friction 

velocity and free stream turbulence length scales approximately five times the 

boundary layer thickness, δ, based on 99.5% of the mean free stream velocity. The 

maximum turbulence intensity will be around 10%. 

 

The work described here was motivated by the experiment of Gerashchenko et al. 

(2008) [21], which used a similar configuration to study the acceleration of inertial 

particles in a boundary layer with FST. In that paper, results of the boundary layer 

mean and variance velocity profiles were described.  Here, using a different flow 

configuration, we document the boundary layer statistics, including higher order 

moments and spectra, measured using hotwire anemometry.  We systematically vary 

the free stream turbulent Reynolds number
1
, Reλ0 (≡ <u

2
>

1/2
 λ / ν, where λ, the Taylor 

micro-scale, defined as <u
2
>

1/2
 / <(du/dx)

2
>

1/2
); the free stream turbulence intensity; 

and the boundary layer Reynolds number, Reθ, defined as Reθ = U0 θ / ν, where U0 is 

the mean velocity in the free stream and θ, the momentum thickness, is defined as  

0 ∫
∞
 (U/U0)(1-(U/U0)dy.  The results are compared with other experiments that have 

addressed this problem, notably the work of Thole and Bogard [10], as well as with a 

turbulent boundary layer without FST [15—16]. 

  

                                                
1 In this paper, a + superscript (e.g. y+, u+, λ+, etc.) indicates a quantity non-dimensionalized by uτ, the 

friction velocity, and ν, the kinematic viscosity.  Similarly, a subscript 0 (e.g. U0) is used to indicate free 

stream values. 
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APPARATUS 

The experiments took place in a horizontal, open-circuit wind tunnel with a cross-

section of 91.4 x 91.4 cm
2
 and a 9.1 m long test section [22].   A smooth glass plate 

3.3 m x 0.67 m x 0.012 m, as used by Gerashchenko et al. (2008) in a different wind 

tunnel [21], placed 0.34 m above the floor of the tunnel provided the surface for the 

formation of a boundary layer.  Figure 1 shows a schematic of the experimental 

apparatus, including relevant dimensions.  No special techniques were used to trip the 

boundary layer at the plate‘s edge as it was assumed that the FST would have a 

stronger effect on the boundary layer than a tripping mechanism would.  Due to the 

fixed height of the wind tunnel, there was a slight favorable pressure gradient in the x-

direction in the absence of FST.  In the presence of FST, however, no pressure-

gradient was found. 

 
Figure 1:  Schematic of wind tunnel test section with placement of flat-plate.  The 

asterisk marks the location of the measurement station. 

 

An active turbulence-generating grid (hereafter referred to as an active grid) placed at 

the beginning of the test section created nearly-isotropic turbulence in the free stream.  

The grid consisted of bars with attached triangular agitator wings that flip and rotate 

randomly [17—18].   The active grid was used in two ways during the experiments.  

To achieve high levels of FST intensity, the active grid operated in its normal, random 
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mode.  The active grid was also used in a passive mode by aligning the bars of the grid 

such that the agitator wings were in the plane of the mean flow.  For this case, the FST 

was significantly reduced.  Some experiments were done without any grid to achieve a 

nearly quiescent free stream.  The mesh spacing for the grid is M = 11.4 cm.  The glass 

plate used to generate the boundary layer was located 30M (3.43 m) downstream of 

the active grid to allow for the development of the grid-generated turbulence before it 

arrived at the plate. 

 

Constant temperature hotwire anemometry provided the data used to characterize the 

flow.  A boundary layer X-wire from TSI (Model 1243-T1.5) with tungsten wires 3.05 

μm in diameter measured mean velocities and velocity fluctuations in both the 

streamwise and vertical (plate-normal) directions.  The ratio of the active length to the 

diameter, l/d, of the wires was approximately 200.  The hotwires were connected to 

Disa 55M01 constant-temperature bridges, and the signals from these passed through 

high-pass (0.01 Hz) and low-pass (between 1,000 and 10,000 Hz) filters to reduce 

large-scale disturbances and high-frequency noise prior to digitization.  
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RESULTS 

Data were recorded for eight different free stream conditions, ranging from nearly 

laminar to highly turbulent, so that the increasing effects of free stream turbulence 

could be explored.  The parameters for each of these flows at the measurement station 

2.8 m downstream of the plate‘s leading edge are in Table 1.  The free stream Taylor-

microscale Reynolds numbers, Reλ0, in these measurements ranged from 20 to 550, 

while the FST intensity at the measurement station ranged from 0.25% to 10.5%.  The 

boundary layer Reynolds number, Reθ, based on the momentum-thickness, θ, varied 

from 550 to 2840 (Table 1). 

 

Table 1:  Parameters for the eight flows studied, including the free stream turbulent 

Reynolds number, Reλ0; the free stream mean streamwise velocity, U0; the boundary 

layer thickness, δ, based on 99.5% of the free stream velocity; the boundary layer 

momentum thickness, θ ≡ 
0 
∫
∞              (U/U0)(1-(U/U0)dy; the free stream turbulence intensity; 

the friction velocity, uτ; the Reynolds number based on momentum thickness,  

Reθ ≡ U0 θ / ν; the Reynolds number based on wall stress, Reτ ≡ uτ δ / ν; the ratio of the 

free stream turbulent lengthscale to the boundary layer thickness, L / δ, where L is 

from the peak of the free stream energy spectrum; and the ratio of the longitudinal free 

stream velocity fluctuation r.m.s. to the friction velocity, <u
2
>0

1/2
 / uτ. 

 

Reλ0 U0 (m s-1) δ (cm) θ (cm) (<u2>1/2  / U)0 uτ (m s-1) Reθ Reτ L / δ <u2>0
1/2 / uτ 

20 6.25 6.99 0.59 0.25% 0.2671 2460 1245 - 0.059 

60 7.71 7.08 0.55 1.4% 0.3293 2840 1560 - 0.315 

160 2.29 8.38 0.36 7.8% 0.1211 550 680 2.8 1.480 

260 3.70 7.31 0.31 8% 0.1878 775 915 4.4 1.557 

450 6.73 6.56 0.33 10.0% 0.3145 1465 1375 5.5 2.173 

500 7.52 5.34 0.28 10.2% 0.3523 1400 1250 7.0 2.131 

550 8.15 8.09 0.36 10.2% 0.3747 1980 2020 5.2 2.256 

550 8.49 7.27 0.32 10.5% 0.3963 1810 1920 5.1 2.229 
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Figure 2:  Mean velocity profiles normalized by inner variables for:  a) all cases and 

b) example cases.  Data for a boundary layer without FST from DeGraaff and Eaton 

(2000) are included for comparison [16].
 

 

Figure 2a shows the mean velocity profiles of all eight cases normalized by inner 

variables, uτ and ν.  For turbulent boundary layers with little or no free stream 

turbulence, the near-wall velocity profile is assumed to follow the log-law of the wall: 

 
𝑈

𝑢𝜏
=

1

𝜅
ln

𝑦𝑢𝜏

𝜈
+ 𝐶     (1) 
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where κ is the von Karman constant with value κ = 0.41, C is a constant taken to be 

5.0, and uτ is the friction velocity.  Thole and Bogard [10] showed that this law 

remains valid for determining wall shear stress even in flows with free stream 

turbulence intensities up to 20%.   In this experiment, a fit to the log-law determined 

each flow‘s friction velocity.  Figure 2a also includes mean velocity data for a 

classical flat-plate turbulent boundary layer of Reθ = 2900 [16].  All profiles display a 

log-region at least a decade wide with the cases with little FST displaying the closest 

match to the DeGraaff and Eaton data [16].  
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(U
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 U
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u


y/  
Figure 3:  Mean velocity defect profiles with comparison to Thole and Bogard (1996) 

[10].  

 

Increased levels of FST decrease the wake strength in the outer portion of the 

boundary layer, as observed by previous investigations [7, 10, 13].  The velocity 

defect profiles (Figure 3) show this strong effect.  Included in Figure 3 are data from 

Thole and Bogard
 
[10] with comparable free stream turbulence intensities to the 

present data.   The agreement between the data sets is remarkably good given the very 

different methods of generating the free stream turbulence, although there is some 
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disagreement in the outer portion of the boundary layer, possibly due to the lower Reθ 

values of the Thole and Bogard experiment [10].  The wake defect can be quantified 

by means of the wake parameter, Π, defined by: 

 

𝑈

𝑢𝜏
=

1

𝜅
ln

𝛿𝑢𝜏

𝜈
+ 𝐶 +

2𝛱

𝜅
     (2) 

For strong free FST this parameter becomes negative.  To correlate mean flow 

parameters for turbulent boundary layers with free stream turbulence, Hancock and 

Bradshaw [6] defined an empirical parameter, β: 

 

𝛽 =  
 𝑢2  1/2

𝑈
𝐿𝑒
𝑢

𝛿
+2

      (3) 

where the length-scale Le
u
 is defined: 

 

𝐿𝑒
𝑢 =  −

 𝑢2 3/2

𝑈0
𝑑 𝑢2  

𝑑𝑥

     (4) 

In the present work, the values of Π and β for the Reλ0 = 260 case were -0.395 and 

1.465, respectively.  For the Reλ0 = 550 case, the values were -0.371 and 2.25.  These 

values are consistent with those observed by Thole and Bogard [10]. 
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Figure 4:  Turbulence intensity profiles. 

 

Figure 4 shows the variation in turbulence intensity over the boundary layer.  In both 

Figures 2 and 4, the current data divide into three basic categories:  a boundary layer 

with very low free stream turbulence (Reλ0 = 20, 60); a boundary layer with high free 

stream turbulence (Reλ0 = 450-550) and a moderate boundary layer Reynolds number 

(1465 < Reθ < 1980); and a boundary layer with significant free stream turbulence 

(Reλ0 = 160, 260) and a low boundary layer Reynolds number (Reθ = 550, 775).  In 

Figure 2a, the top branch corresponds to the first case, that of a developed boundary 

layer with little or no turbulence.  We refer to this type as ‗near-canonical.‘  The 

middle branch in Figure 2a belongs to the cases with developed boundary layers and 

high FST.  Low Reθ boundary layers with significant FST (~8% intensity) are 

represented in the lowest branch.  In our results, we will focus on the three profiles 

shown in Figure 2b, as these exemplify the three basic categories.  Other profiles will 

only be shown if needed for clarification. 
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Figure 5:  Normalized variances and covariances:  a) <u
2
>, b) <v

2
>, and c) <uv>.  

Data for a boundary layer without FST from DeGraaff and Eaton (2000) are included 

for comparison [16]. 
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Figure 5 (Continued) 
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Figure 5 displays the normalized variances and covariances for the flow, including 

data from DeGraaff and Eaton‘s (2000) boundary layer experiment without free 

stream turbulence [16].
 
 In the near-canonical case, the free stream variances are zero 

and increase inside the boundary layer, as in a classical boundary layer.  For the cases 

with FST, the streamwise variance begins at a non-zero free stream value and 

increases in the boundary layer (Figure 5a).  The plate-normal variance, <v
2
>, 

however, begins at a non-zero free stream value and decreases inside the boundary 

layer (Figure 5b).  This trend for boundary layers with high FST has been reported by 

others [10, 12] and can be attributed to the influence of the wall on the vertical 

turbulent component as discussed in Hunt and Graham‘s (1978) study of free stream 

turbulence near planar boundaries [8].  They show that, in order to satisfy both the free 

stream conditions and the no-slip condition on the wall, continuity requires that <v
2
> 

decrease from its free stream value inside the boundary layer.  The covariance profiles 

(Figure 5c) show the highly turbulent case has stronger negative values than the near 

canonical case.  The lower magnitude in the intermediate (Reλ0 = 260) case may 
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indicate a Reθ dependence.  Although the FST is slightly lower for this case, the 

markedly lower Reθ allows the FST to have a comparatively greater effect on the flow 

than in the Reλ0 = 550 case. 
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Figure 6:  Cross-correlation coefficients profiles.  Data for a boundary layer without 

FST from DeGraaff and Eaton (2000) are included for comparison [16]. 

 

Figure 6 shows the u-v cross-correlation coefficient measured throughout the 

boundary layers.  For the near-canonical case, the correlation coefficient reaches a 

value of about -0.43, consistent with other measurements and computations for a 

boundary layer without free stream turbulence [23].   The FST decreases the cross-

correlation coefficient throughout the boundary layer.  Thole and Bogard [10] also 

report this trend.   This result implies the penetration of uncorrelated u- and v- 

components of the FST into the boundary layer fluid, thereby reducing the velocity 

correlation coefficient.  The Reλ0 = 260 case has the lowest cross correlation 

coefficient, consistent with Figure 5. 
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Figure 7:  Profiles of anisotropy at: a) the large-scale and b) the small-scale. 

 

The effect of free stream turbulence on the anisotropy, <u
2
> / <v

2
>, of the boundary 

layer is shown in Figure 7.  Near the wall, the near-canonical boundary layer is 

increasingly anisotropic at the large-scale.  With added FST, the boundary layer‘s 

anisotropy begins increasing at distances further from the wall and reaches greater  
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Figure 8:  Near-wall (open) and freestream (filled) u-direction velocity PDFs for:  

a) Reλ0 = 20, b) Reλ0 = 260, and c) Reλ0 = 550.  Solid lines represent a Gaussian PDF 

with equivalent mean and r.m.s. velocities. 
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Figure 8 (Continued) 
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levels of anisotropy than in the near-canonical case.  This trend is due to the stronger 

influence of the wall on fluctuations in the plate-normal direction.  The ratio of the 

streamwise and plate-normal velocity derivatives, displayed in Figure 7b, shows 

increasing anisotropy of the small scales, but the degree to which the free stream 

affects the small-scales is less marked than its effect on the large scales.  Notice that 

the FST has a small-scale (derivative) anisotropy of 0.45, lower than the isotropic 

value of 0.5.  We cannot explain this departure. 

 

Figure 8 shows normalized velocity probability distribution functions (PDFs) for these 

three flows at near-wall (open symbol) and free stream (filled symbol) distances.  A 

Gaussian profile with equivalent mean and r.m.s. velocities is shown as a solid line for 

each; none of the profiles is strongly non-Gaussian.  For the near-canonical case, the 

relative widths of the near-wall and free stream PDFs indicate a large difference in 

r.m.s. velocity, as was indicated by the trends in the streamwise velocity variance in 

Figure 5a.  Both PDFs display a slight skewness toward the positive side.  The cases 
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with FST have PDFs with similar widths, indicating r.m.s. values that are closer in 

value in the near-wall and the free stream than for the near-canonical case.  The PDFs 

also show a greater skewness toward the positive side at both the near-wall and free 

stream levels as the free stream turbulence is increased.  These relative differences are 

more evident in Figure 9, which shows profiles of the u and v skewness.  An 

additional data set, that of Reλ0 = 60, has been included for clarity in Figures 9 (and in 

Figures 10, 11, and 12 to follow) because it shows a smoother transition in skewness 

and kurtosis values across the boundary layer.  In Figure 9a, the skewness in the 

streamwise direction shows a sharp transition at the edge of the boundary layer where 

the near-laminar free stream meets the wall-generated turbulence.  Figure 9b indicates 

similar behavior in the plate-normal skewnesses.  The signs of the skewnesses imply 

that, in the outer portion of a boundary layer with little FST, an upward motion is 

likely to be accompanied by a decrease in the streamwise motion.  In contrast, the 

skewness profiles of the cases with FST show nearly constant values from the free 

stream to the wall, demonstrating the efficacy of the mixing in the outer portion of the 

boundary layer in both the streamwise and plate-normal directions. 
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Figure 9:  Large-scale skewness profiles in the: a) u-direction and b) v-direction. 

 

As with the skewness, the kurtosis profiles in Figure 10 show that the presence of FST 

smears the effects of a transition between a turbulent boundary layer and a near-

laminar free stream.  Note that the streamwise profiles of kurtosis are close to the 

Gaussian value of 3 throughout the boundary layer, with the exception of the transition 

region in the outer part of the near-canonical flow.  The kurtosis profiles for the plate-
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normal direction show slightly more deviation from a value of 3 but still indicate 

essentially Gaussian behavior for much of the boundary layer, especially with FST. 
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Figure 10:  Large-scale kurtosis profiles in the: a) u-direction and b) v-direction.  A 

Gaussian distribution has a kurtosis of 3, shown here with a bold line. 
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Figure 11:  Small-scale (derivative) skewness profiles in the: a) u-direction and b) v-

direction.  

 

Small-scale (derivative) skewness values are shown in Figure 11.  In the streamwise 

direction, the small-scale skewness values range between 0.3 – 0.5 for much of the 

boundary layer, with and without FST (Figure 11a).  The near-canonical case has 

stronger skewnesses on the outer edge of the boundary layer due to the interface 

between the nearly laminar free stream and the turbulent boundary layer.  All cases  
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Figure 12:  Small-scale (derivative) kurtosis profiles in the: a) u-direction and b) v-

direction.  A Gaussian distribution has a kurtosis of 3, shown here with a bold line. 

 

show increasing skewness below y
+
 ~ 100, with a larger increase for the Reλ0 = 260 

case.  There is greater collapse of the small-scale (derivative) skewnesses in the plate-

normal direction, shown in Figure 11b.  Aside from strong skewness near the edge of 

the near-canonical boundary layers, there is very little skewness in the v-direction at 

the small scale.  The small-scale (derivative) kurtosis values (Figure 12) show strongly 

non-Gaussian behavior in both the streamwise and plate-normal directions.  The 
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presence of FST decreases the kurtosis in the outer portion of the boundary layer, 

relative to the near-canonical cases, but the reverse is true closer to the wall.  Thus the 

effects of the large-scale FST are evident at the small-scales deep into the boundary 

layer.  The trends in the streamwise and plate-normal directions are the same, but the 

magnitudes of the plate-normal kurtosis values are greater.  

 

We turn now to spectral results.  Spectra were measured throughout the boundary 

layer for all eight cases.  As before, however, we confine our reported results to our 

three example cases.   

 

The evolution of the normalized power spectra, E11(κ1), where κ1 is the wavenumber 

in the streamwise direction, for the three flows is shown in Figure 13 with the spectra 

staggered from the bottom for clarity.  The lowest curves in the figure are close to the 

wall and the top-most curves are in the free stream.  The top spectrum in Figure 13a 

shows a narrow spectrum for the near-canonical case, indicative of very weak 

turbulence.  The free stream spectra for the cases with FST, however, show the classic 

form with a relatively well-developed inertial subrange that increases with Reλ0.  The 

Kolmogorov 1941 prediction with slope -5/3 is included for comparison [23].   Nearer 

to the wall these features disappear as anisotropy becomes more and more pronounced 

and the local Reλ0 decreases.  In Figure 14, the same spectra are shown in a 

compensated form, which highlights the variations in the inertial subrange at different 

heights in the boundary layer. 
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Figure 13: Evolution of boundary layer spectra for: a) Reλ0 = 20, b) Reλ0 = 260, and  

c) Reλ0 = 550.  Spectra are staggered relative to the lowest spectrum.  From bottom to 

top, the offset of each spectrum relative to the lowest is: 1, 3, 5, 7, and 8 decades.   
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Figure 14:  Evolution of compensated boundary layer spectra for: a) Reλ0 = 20,  

b) Reλ0 = 260, and c) Reλ0 = 550.  Spectra are staggered relative to the lowest 

spectrum.  From bottom to top, the offset of each spectrum relative to the lowest is: 1, 

3, 5, 7, and 8 decades. 
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In order to emphasize the effects of the different length scales present in these flows, 

we focus on the energy spectrum, κ1E11(κ1).  These spectra show how much energy 

there is at a given wavenumber at a particular location in the flow.  By identifying 

lengthscales associated with the free stream and those associated with the boundary 

layer, one can compare their relative influence at different points in the boundary 

layer. 

 

Hutchins and Marusic [15] studied the energy spectra of a classical boundary layer and 

identified two major lengthscales.  Rather than using the wavenumber to describe 

these lengthscales, Hutchins and Marusic [15] refer to wavelengths, λ (≡ 2π / κ1); to 

facilitate comparison, we have kept this notation.  In their experiments, the spectra 

peaked with a lengthscale of λ
+
 (≡ λuτ / ν) of approximately 1000 at y

+
 ~ 15. They 

associated this lengthscale with turbulent production near the wall.  They also 

identified an outer lengthscale with size λ ~ 6δ.  Hutchins and Marusic [15] posited 

that this outer lengthscale represented superstructures in the boundary layer that 

modulated near-wall production.  They found that the outer scale became distinct at a 

height of y/δ ~ 0.06.  The two peaks drifted apart as the boundary layer Reynolds 

number increased.  At high Reynolds numbers, the two peaks were not observed at the 

same height above the plate.  For lower Reynolds number boundary layers 

(specifically Reτ ≡ uτ δ / ν ~ 1,000 in the Hutchins and Marusic [15] experiment), the 

separation of the scales was reduced, resulting in a bimodal energy spectrum at y/δ ~ 

0.06, with both the inner and outer scales identifiable. 
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Figure 15:  Normalized near-wall energy spectra showing double peaks at y/δ ~ 0.05-

0.06 for a) Reλ0 = 20, b) Reλ0 = 260, and c) Reλ0 = 550. 
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Figure 15 (Continued) 
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Figure 15 shows normalized energy spectra from the present experiment at y/δ ~ 0.05 - 

0.06.  The peaks in the spectra have been marked and labeled with their wavelengths.  

In Figure 15a, the near-canonical boundary layer‘s energy spectrum includes two 

peaks:  an inner peak at λ
+
 ~ 1200 and an outer peak at λ ~ 6δ, in agreement with 

Hutchins and Marusic‘s (2007) findings [15].   With the addition of FST, one might 

expect the energy spectrum to contain three distinct peaks—two associated with the 

boundary layer and one associated with the free stream—but this behavior is not 

observed.  Figure 15b, like Figure 15a, contains a double-peaked spectrum despite the 

addition of free stream turbulence.  The relative locations of the peaks are shifted, 

however, with the peaks for the Reλ0 = 260 case occurring at λ
+
 ~ 1100 and λ ~ 15δ.  

While the location of the inner peak has not shifted significantly, the change in the 

outer peak from λ ~ 6δ to λ ~ 15δ is substantial.  This larger wavelength is associated 

with the FST, which, in this experiment, is approximately five times larger than the 

boundary layer depth (see Table 1).  Figure 15c displays the energy spectrum for the 

highly turbulent free stream case and shows behavior very similar to the intermediate 
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case.  In this case, the double peaks are shifted rightward with the inner, boundary-

layer peak occurring at λ
+
 ~ 1900 and the outer, free stream-associated peak occurring 

at λ ~ 19δ.  Note the very high energy in the free stream compared to that at the inner 

lengthscale.  Thole and Bogard
 
[10] also noted a double peak in their spectrum for a 

FST of 12.5% , but its evolution was not studied. 
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Figure 16:  Evolution of normalized energy spectra from the wall to the free stream 

for Reλ0 = 260. 

 

The evolution of the energy spectra at different heights in the flow is shown in Figure 

16 for the intermediate Reλ0 = 260 case.  Near the wall, the y
+
 = 75 curve has two 

distinct peaks; in contrast, the free stream spectrum, taken at y
+
 = 750, contains only a 

single peak.  At intermediate heights in the flow, the inner peak disappears, indicating 

its association with the boundary layer, while the outer peak, which must be associated 

with the free stream turbulence, remains nearly unchanged. 
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Figure 17:  Three-dimensional (top) and contour plots (bottom) of energy spectra 

throughout the boundary layer:  a) and b) Reλ0 = 20; c) and d) Reλ0 = 260; and e) and  

f) Reλ0 = 550. 
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Figure 17 (Continued) 
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Figure 17 (Continued) 
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Following Hutchins and Marusic [15],  maps of the full evolution of these spectra over 

the height of the boundary layer for all three cases are displayed in Figure 17.  Here 

the maps on the left show the energy spectra at different heights in the boundary layer 

as a three-dimensional graph.  To the right, the same data are given in the form of a 

contour plot, in essence showing the three-dimensional graphs as viewed from above.   

 

Figures 17a and 17b show the evolution of the near-canonical boundary layer.  As 

expected, the spectrum grows from zero in the free stream to the double-peaked 

spectrum reported by Hutchins and Marusic [15] midway through the boundary layer.   

Further into the boundary layer, the inner peak begins to dominate the spectrum.  

Unlike the near-canonical case, the Reλ0 = 260 case, shown in Figures 17c and 17d, 

has a single distinct peak in the free stream, and this peak retains its magnitude until 

the inner boundary layer peak develops and takes precedence at approximately y
+
 ~ 

40.  A comparison of Figures 17b and 17d indicates just how substantial the effect of 

FST is on the structure throughout the boundary layer.  Similarly, the highly turbulent 

free stream case shown in Figures 17e and 17f contains a prominent free stream peak 

until y
+
 ~ 70 with an inner boundary layer peak developing midway through the 

boundary layer.  As with the previous case, the differences in boundary layer structure 

relative to the near-canonical boundary layer‘s evolution are striking. 
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CONCLUSIONS 

We have described the effects of FST on the structure of a turbulent boundary layer.  

The conditions of the FST varied in Reλ0 from 20 to 550 and in intensity from 0.25% 

to 10.5%.  The degree of development in the boundary layer also varied, from Reθ of 

550 to 2840.  Results fell into three categories:  a boundary layer with very low free 

stream turbulence (Reλ0 = 20, 60); a boundary layer with high free stream turbulence 

(Reλ0 = 450-550) and a moderate boundary layer Reynolds number (1465 < Reθ < 

1980); and a boundary layer with significant free stream turbulence (Reλ0 = 160, 260) 

and a low boundary layer Reynolds number (Reθ = 550, 775). 

 

In addition to presenting mean flow, variance, and cross-correlation statistics, which 

were in agreement with previous investigations [6, 7, 10], we presented higher order 

moments for the large- and small-scale (derivative) statistics throughout the boundary 

layer.  At the large-scale, FST reduced the skewness across the boundary layer, 

especially in the outer region, compared to a boundary layer with little FST (Figure 9).  

The small-scale (derivative) skewnesses in the plate-normal direction (Figure 11b) 

were similarly reduced by FST in the outer region of the boundary layer.  The 

derivative skewness in the streamwise direction (Figure 11a) was less affected by FST 

but showed an increase close to the wall for the Reλ0  = 260 case.  The kurtosis profiles 

(Figures 10 and 12) showed that the effects of FST vary in different ways for the 

large- and small-scales of the boundary layer.  At the large-scale (Figure 10), FST 

promotes Gaussian behavior throughout the boundary layer and greatly reduces the 

large-scale intermittency of the flow.  In contrast, FST caused an increase in non-

Gaussian behavior at the small-scales inside the boundary layer (Figure 12), implying 

that the large-scale FST affects the small-scales. 
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Spectral analysis provided further evidence of the impact of free stream turbulence on 

the boundary layer.  Hutchins and Marusic [15] found a double-peaked energy 

spectrum for a boundary layer without FST.  They argued that the large-scale motions 

represented by the spectrum‘s outer peak had a modulating effect on the smaller scales 

of the boundary layer.  They observed that the large-scale superstructures ―appear to 

actively modulate the production of near-wall scales, and the extent to which it does so 

will increase with the Reynolds number (as the outer peak becomes increasingly 

comparable in energy to the inner peak)‖ [15].
 
  In the current work, we observed that 

a double-peak also occurs in the energy spectrum for a boundary layer with FST.  

Moreover, the addition of FST above a boundary layer caused the energy in the outer 

peak of the energy spectrum to reach comparable or even greater levels than that of the 

inner peak (Figure 15b,c) even at a relatively low Reθ.  The implication of this 

behavior is that the FST can have a substantial impact on the small-scales of the 

boundary layer, even at low boundary layer Reynolds numbers, as was seen with the 

derivative kurtosis (Figure 12).   

 

Three-dimensional mapping of the energy spectrum over the boundary layer provided 

a visual representation of the impacts of FST on boundary layer structure (Figure 17).  

Energy from the free stream penetrated to depths below y
+
 = 100.  This result implies 

that large-scale FST is not only capable of affecting the smaller scales of the boundary 

layer, but that free stream energy is reaching deep into the boundary layer, allowing it 

to directly affect the inner scales of the boundary layer. 

 

The effects observed here between large-scale free stream turbulence and the 

boundary layer at both the large- and small-scale have substantial implications, 

particularly for industrial flows.  In situations where active control over turbulence is 
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desirable (e.g. for mixing, heat exchange, drag reduction, etc.), large-scale FST has the 

potential to provide control over boundary layer scales well inside the boundary layer, 

even for relatively underdeveloped boundary layers. 
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