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Reynolds number similarity (Townsend 1956, p.89):
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Figure 1. Mean streamwise velocity profiles. (a) velocity defect form, (U(h)− U)/Uτ , and (b)
velocity relative to wall, (U − U(0))/Uτ : ◦ , NSBC; , SSBC.

two walls, while the shear-stress boundary condition (SSBC) enforces
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=
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τ
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,

∂v

∂n
= w = 0 (2.1)

at every point at the two walls, where n is the normal pointing into the flow. Both stream-
wise and spanwise components of the constant and uniform wall shear stress in the SSBC
case match the corresponding components of the mean wall shear stress in the NSBC
case. Both cases are solved in the frame of reference in which the bulk velocity is zero.
In the SSBC case, the frame of reference is arbitrary since both the governing equations
and boundary conditions are impervious to arbitrary uniform (Galiliean) translations in
wall-tangential velocity.

3. One-point first- and second-order turbulence statistics

Mean streamwise velocity profiles are shown in defect form (figure 1a) and relative
to the wall (figure 1b), both using the friction velocity, Uτ , as the scaling velocity. It
is immediately clear that the mean velocity defect is identical in both simulations for
z+ ! 30 or z/h ! 0.05. That is, the mean streamwise velocity profile in the outer
region of the channel flow does not depend on the difference between the maximum and
minimum mean velocities, ∆U ≡ U(h)− U(0), of the flow. From a flow-control point of
view, the comparison between the two mean velocity profiles indicates that a control law
that tends to homogenise the shear stress distribution is likely to decrease the mass flux
through the channel because (∆U)NSBC − (∆U)SSBC ≈ 3.37Uτ .

The streamwise and spanwise turbulence intensities (figure 2a,b) show excellent agree-
ment in the outer region. In fact, the streamwise and spanwise intensities agree down to
z+ ≈ 15. Closer to the wall the intensities are not forced to zero at the wall for the SSBC
case and so the spanwise and streamwise velocity fluctuations tend to a constant value
at the wall. Figure 2(c,d) displays the wall-normal turbulence intensity and Reynolds
shear stress. Although the SSBC allows velocity fluctuations at the boundaries, the wall-
impermeability constraint forces wall-normal fluctuations to zero at the wall and this
applies to both simulations. As with the streamwise and spanwise intensities, the wall-
normal intensities and the Reynolds shear stress agree well in the outer region and down
to z+ ≈ 15. The agreement is consistent with Townsend’s hypothesis (Townsend 1976),
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case. Both cases are solved in the frame of reference in which the bulk velocity is zero.
In the SSBC case, the frame of reference is arbitrary since both the governing equations
and boundary conditions are impervious to arbitrary uniform (Galiliean) translations in
wall-tangential velocity.

3. One-point first- and second-order turbulence statistics

Mean streamwise velocity profiles are shown in defect form (figure 1a) and relative
to the wall (figure 1b), both using the friction velocity, Uτ , as the scaling velocity. It
is immediately clear that the mean velocity defect is identical in both simulations for
z+ ! 30 or z/h ! 0.05. That is, the mean streamwise velocity profile in the outer
region of the channel flow does not depend on the difference between the maximum and
minimum mean velocities, ∆U ≡ U(h)− U(0), of the flow. From a flow-control point of
view, the comparison between the two mean velocity profiles indicates that a control law
that tends to homogenise the shear stress distribution is likely to decrease the mass flux
through the channel because (∆U)NSBC − (∆U)SSBC ≈ 3.37Uτ .

The streamwise and spanwise turbulence intensities (figure 2a,b) show excellent agree-
ment in the outer region. In fact, the streamwise and spanwise intensities agree down to
z+ ≈ 15. Closer to the wall the intensities are not forced to zero at the wall for the SSBC
case and so the spanwise and streamwise velocity fluctuations tend to a constant value
at the wall. Figure 2(c,d) displays the wall-normal turbulence intensity and Reynolds
shear stress. Although the SSBC allows velocity fluctuations at the boundaries, the wall-
impermeability constraint forces wall-normal fluctuations to zero at the wall and this
applies to both simulations. As with the streamwise and spanwise intensities, the wall-
normal intensities and the Reynolds shear stress agree well in the outer region and down
to z+ ≈ 15. The agreement is consistent with Townsend’s hypothesis (Townsend 1976),
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Figure 2. Comparison of Reynolds stresses: (a) u2/U2
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τ (spanwise),
(c) w2/U2

τ (wall-normal) and (d) −wu/U2
τ (shear) profiles: ◦ , NSBC; , SSBC.

spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.
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in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.
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The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
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which is applicable to the outer flow, or the fully turbulent flow, then defined as the
region in which viscous stresses are small compared with the Reynolds stresses. Indeed,
the Reynolds shear stress is dominant at z+ ≈ 15 (figure 2d). Even then, the agreement
so close to the wall suggests that the near-wall cycle of wall turbulence (Kim et al. 1971;
Schoppa & Hussain 2002) is largely unaffected by the absence of the no-slip boundary
condition, which is unexpected since the near-wall cycle scales with (viscous) wall units.

4. Higher-order one-point statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, at-
tenuates all velocities very near the wall. Very close to the no-slip wall, most motions are
severely attenuated by this condition; however, there will be some infrequent, relatively
strong, positive fluctuations that contribute to the high intermittency. The strong posi-
tive skewness of the NSBC case and the effect of the no-slip condition on the streamwise
velocity fluctuation probability density function (PDF) are shown in the lower panel of
figure 3(b). At z+ ≈ 1, the variance is small and the positive skewness is high as evidenced
by the strongly non-Gaussian shape of the PDF. In contrast, the PDF of streamwise ve-
locity near the wall in the SSBC case is close to Gaussian, evidenced by the skewness
near 0 and flatness near 3. Without the requirement of no-slip at the wall, motions re-
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spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-

4 D. Chung, J. P. Monty and A. Ooi

Figure 2. Comparison of Reynolds stresses: (a) u2/U2
τ (streamwise), (b) v2/U2

τ (spanwise),
(c) w2/U2

τ (wall-normal) and (d) −wu/U2
τ (shear) profiles: ◦ , NSBC; , SSBC.

intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.
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The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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which is applicable to the outer flow, or the fully turbulent flow, then defined as the
region in which viscous stresses are small compared with the Reynolds stresses. Indeed,
the Reynolds shear stress is dominant at z+ ≈ 15 (figure 2d). Even then, the agreement
so close to the wall suggests that the near-wall cycle of wall turbulence (Kim et al. 1971;
Schoppa & Hussain 2002) is largely unaffected by the absence of the no-slip boundary
condition, which is unexpected since the near-wall cycle scales with (viscous) wall units.

4. Higher-order one-point statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, at-
tenuates all velocities very near the wall. Very close to the no-slip wall, most motions are
severely attenuated by this condition; however, there will be some infrequent, relatively
strong, positive fluctuations that contribute to the high intermittency. The strong posi-
tive skewness of the NSBC case and the effect of the no-slip condition on the streamwise
velocity fluctuation probability density function (PDF) are shown in the lower panel of
figure 3(b). At z+ ≈ 1, the variance is small and the positive skewness is high as evidenced
by the strongly non-Gaussian shape of the PDF. In contrast, the PDF of streamwise ve-
locity near the wall in the SSBC case is close to Gaussian, evidenced by the skewness
near 0 and flatness near 3. Without the requirement of no-slip at the wall, motions re-
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spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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which is applicable to the outer flow, or the fully turbulent flow, then defined as the
region in which viscous stresses are small compared with the Reynolds stresses. Indeed,
the Reynolds shear stress is dominant at z+ ≈ 15 (figure 2d). Even then, the agreement
so close to the wall suggests that the near-wall cycle of wall turbulence (Kim et al. 1971;
Schoppa & Hussain 2002) is largely unaffected by the absence of the no-slip boundary
condition, which is unexpected since the near-wall cycle scales with (viscous) wall units.

4. Higher-order one-point statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, at-
tenuates all velocities very near the wall. Very close to the no-slip wall, most motions are
severely attenuated by this condition; however, there will be some infrequent, relatively
strong, positive fluctuations that contribute to the high intermittency. The strong posi-
tive skewness of the NSBC case and the effect of the no-slip condition on the streamwise
velocity fluctuation probability density function (PDF) are shown in the lower panel of
figure 3(b). At z+ ≈ 1, the variance is small and the positive skewness is high as evidenced
by the strongly non-Gaussian shape of the PDF. In contrast, the PDF of streamwise ve-
locity near the wall in the SSBC case is close to Gaussian, evidenced by the skewness
near 0 and flatness near 3. Without the requirement of no-slip at the wall, motions re-
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spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-region turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
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intensity and Reynolds shear stress. Although the SSBC allows velocity fluctuations
at the boundaries, the wall-impermeability constraint forces wall-normal fluctuations
to zero at the wall and this applies to both simulations. As with the streamwise and
spanwise intensities, the wall-normal intensities and the Reynolds shear stress agree well
in the outer region and down to z+ ≈ 15. The agreement so close to the wall suggests
the near-wall cycle of wall-turbulence (Kim et al. 1971; Schoppa & Hussain 2002) is
largely unaffected by the absence of the no-slip condition. This goes beyond Townsend
(who hypothesised on the outer-layer turbulence) and suggests that all wall-turbulence
motions of energetic significance derive their character from 1) the wall shear stress and
2) the wall impermeability, not the no-slip condition at the wall. Indeed, the successful
attached-eddy model of (Townsend 1976; Perry & Chong 1982; Nickels et al. 2007) only
relied on these two ingredients; the no-slip condition was never explicitly used.

4. Higher-order statistics

The third- and fourth-order moments of the streamwise velocity fluctuations are shown
in figure 3(a). Close to the wall there is clear deviation between the two cases. Near the
wall, the no-slip condition imposes a limit on the magnitude of the negative velocity fluc-
tuations (i.e. velocities less than the mean) such that a positive skewness is inevitable.
The flatness should also be high due to the no-slip condition which, with viscosity, atten-
uates all velocities very near the wall. Very close to the wall, most motions are severely
attenuated by this condition, however, there will be some infrequent, relatively strong,
positive fluctuations that contribute to the high intermittency. The strong positive skew-
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 4. Premultiplied spectra at (a) z+ ≈ 15 and (b) z+ ≈ 100: , NSBC; , SSBC.

5. Spectra

Comparisons of energy spectra begin with figure 4 where premultiplied power spectral
density is shown scaled with Uτ and plotted against streamwise wavelength, λx. These
spectra show good agreement near the wall (z+ ≈ 15) and are practically identical at
z+ ≈ 100. However, it is noted that the SSBC case shows higher energy in the large scales
near the wall. Below z+ ≈ 15 we expect to see significant differences as the energy in
the NSBC case decays to zero. A global view of spectra is provided by the spectra maps
in figure 5. Figure 5(a) shows streamwise velocity spectra plotted against streamwise
wavelength. The collapse for z+ ! 15 is clear, particularly in the small scales. However,
up to z+ ≈ 100, there appears to be more energy in the large scales (λx,λy ! h)
for the SSBC case. This suggests that the well-known footprint of the very-large-scale
motions (VLSMs) (Kim & Adrian 1999; Guala et al. 2006; Hutchins & Marusic 2007;
Monty et al. 2007) in the NSBC case is somewhat shorter than the ‘body’ of the VLSMs.
This, perhaps, is due to the resistance caused by the no-slip condition. Without the
restriction of the no-slip condition, the footprint of the VLSMs is essentially the size of
the VLSMs themselves. Due to the small box size, the average VLSMs are longer than
the box and so appear as ‘global modes’ in the spectra. The more energetic ‘footprint’
of the VLSMs is also evident in figure 5(b), which shows the streamwise velocity spectra
plotted against spanwise wavelength. Figure 5(b) also further illustrates the close scale-
by-scale agreement between the two flows above z+ ≈ 15. This agreement above z+ ≈ 15
is repeated for spanwise velocity spectra (figure 5c,d), wall-normal spectra (figure 5e,f )
and streamwise–wall-normal cospectra (figure 5g,h).

6. Near-wall flow differences

The aim of this work is to confirm the outer flow is only concerned with the wall
shear-stress boundary condition. However, it is intriguing that an identical outer flow
can be achieved with considerable differences in the viscous sublayer. Figure 6 displays
comparative streamwise–spanwise planes of streamwise velocity and all three vorticity
components. Comparisons are made between the two simulations and also between wall-
distances where there are significant differences (z+ ≈ 1) and where the differences are
effectively diminished (z+ ≈ 15). The snapshots show contours of a variable in the range
from −3 to 3 standard deviations from the mean of that variable for clarity. As expected,
there are no obvious visual differences between the flows at z+ ≈ 15 for all quantities
shown. At z+ ≈ 1 there are clear differences: in general, the flow appears to be more
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Figure 4. Premultiplied spectra at (a) z+ ≈ 15 and (b) z+ ≈ 100: , NSBC; , SSBC.

5. Spectra

Comparisons of energy spectra begin with figure 4 where premultiplied power spectral
density is shown scaled with Uτ and plotted against streamwise wavelength, λx. These
spectra show good agreement near the wall (z+ ≈ 15) and are practically identical at
z+ ≈ 100. However, it is noted that the SSBC case shows higher energy in the large scales
near the wall. Below z+ ≈ 15 we expect to see significant differences as the energy in
the NSBC case decays to zero. A global view of spectra is provided by the spectra maps
in figure 5. Figure 5(a) shows streamwise velocity spectra plotted against streamwise
wavelength. The collapse for z+ ! 15 is clear, particularly in the small scales. However,
up to z+ ≈ 100, there appears to be more energy in the large scales (λx,λy ! h)
for the SSBC case. This suggests that the well-known footprint of the very-large-scale
motions (VLSMs) (Kim & Adrian 1999; Guala et al. 2006; Hutchins & Marusic 2007;
Monty et al. 2007) in the NSBC case is somewhat shorter than the ‘body’ of the VLSMs.
This, perhaps, is due to the resistance caused by the no-slip condition. Without the
restriction of the no-slip condition, the footprint of the VLSMs is essentially the size of
the VLSMs themselves. Due to the small box size, the average VLSMs are longer than
the box and so appear as ‘global modes’ in the spectra. The more energetic ‘footprint’
of the VLSMs is also evident in figure 5(b), which shows the streamwise velocity spectra
plotted against spanwise wavelength. Figure 5(b) also further illustrates the close scale-
by-scale agreement between the two flows above z+ ≈ 15. This agreement above z+ ≈ 15
is repeated for spanwise velocity spectra (figure 5c,d), wall-normal spectra (figure 5e,f )
and streamwise–wall-normal cospectra (figure 5g,h).

6. Near-wall flow differences

The aim of this work is to confirm the outer flow is only concerned with the wall
shear-stress boundary condition. However, it is intriguing that an identical outer flow
can be achieved with considerable differences in the viscous sublayer. Figure 6 displays
comparative streamwise–spanwise planes of streamwise velocity and all three vorticity
components. Comparisons are made between the two simulations and also between wall-
distances where there are significant differences (z+ ≈ 1) and where the differences are
effectively diminished (z+ ≈ 15). The snapshots show contours of a variable in the range
from −3 to 3 standard deviations from the mean of that variable for clarity. As expected,
there are no obvious visual differences between the flows at z+ ≈ 15 for all quantities
shown. At z+ ≈ 1 there are clear differences: in general, the flow appears to be more
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An idealised assessment of Townsend’s hypothesis 7

Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
streamwise–wall-normal velocities for (a, c, e, g) streamwise wavelengths and (b, d, f, h) spanwise
wavelengths plotted against wall distance: , NSBC; , SSBC. Contour values inset.
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Figure 5. Premultiplied one-dimensional spectra of (a, b) streamwise velocity, (c, d) spanwise
velocity and (e, f) wall-normal velocity and premultiplied one-dimensional cospectra of (g, h)
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An idealised assessment of Townsend’s hypothesis 5
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Figure 3. (a) Profiles of skewness, S(z) ≡ u3/u2
3/2

, and flatness, F (z) ≡ u4/u2
2
. (b) Normalised

probability distribution function (PDF) of streamwise velocity at z+ ≈ 1 and z+ ≈ 100. PDFs
are normalised by the maximum probability: ◦ , NSBC; , SSBC.

ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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Figure 3. (a) Profiles of skewness, S(z) ≡ u3/u2
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probability distribution function (PDF) of streamwise velocity at z+ ≈ 1 and z+ ≈ 100. PDFs
are normalised by the maximum probability: ◦ , NSBC; , SSBC.

ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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ness of the NSBC case and the effect of the no-slip condition on the streamwise velocity
fluctuation PDF are shown in figure 3(b) (lower). At z+ ≈ 1, the variance is small and
the positive skewness is high as evidenced by the strongly non-Gaussian shape of the
PDF. In contrast, the PDF of streamwise velocity near the wall in the SSBC case is close
to Gaussian (zero skewness). Without the requirement of no-slip at the wall, motions re-
sponsible for velocity fluctuations are only influenced by viscosity and so are not strongly
attenuated near the wall. Therefore, these motions, which have approximately Gaussian
velocity distributions further from the wall (in both NSBC and SSBC for z+ ! 10) persist
all the way to the wall in the SSBC case. Most importantly, above z+ ≈ 30, the skewness
and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
happen in the SSBC case. Any large scales may have a footprint at the wall, but the wall
shear stress remains fixed everywhere. Thus the small scales will not be modulated by
the large scales, at least very close to the wall.
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and flatness are very close for both cases. A closer look at the PDFs for z+ ≈ 100 in
figure 3(b) (upper) shows almost no difference despite apparent slight differences in S
and F . Inspection of PDFs for z+ ! 30 shows similar agreement.

The amplitude modulation of the near wall flow has received much attention in the
literature in recent years (Hutchins & Marusic 2007; Mathis et al. 2009). Mathis et al.
(2011); Schlatter & Örlü (2010) have shown that the skewness is indicative of amplitude
modulation in the NSBC case. In the SSBC case the skewness is practically zero through-
out the flow suggesting no amplitude modulation of the small scales near the wall by the
large. This is because the boundary condition imposes a fixed wall shear stress on every
point at the boundary. In the NSBC case, the shear stress varies over the wall. Ganap-
athisubramani et al. (2012) has shown that the large-scale structures centred in the outer
region have a footprint in the wall shear stress, which essentially sets up a varying local
Reynolds number for the near wall flow. In other words, when a large-scale low-speed
event occurs, the wall shear stress is low over a large patch of the wall. Near-wall motions
created in this region will experience a locally low friction Reynolds number and in this
way the motions are ‘modulated’ by the large scales. This amplitude modulation cannot
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the wall are the result of the lift-up of vorticity from the wall into hairpin-like structures.
In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.

7. Conclusions

An idealised assessment of Townsend’s outer-layer similarity hypothesis is presented.
The simulation imposing the uniform shear-stress boundary condition is idealised in the
sense that it contains only the essential inputs of Townsend’s hypothesis, namely, the
wall shear stress and the channel width. In particular, the no-slip boundary condition
is abandoned and the length scales attributed to roughness is absent. This comparison
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the wall are the result of the lift-up of vorticity from the wall into hairpin-like structures.
In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.

7. Conclusions

An idealised assessment of Townsend’s outer-layer similarity hypothesis is presented.
The simulation imposing the uniform shear-stress boundary condition is idealised in the
sense that it contains only the essential inputs of Townsend’s hypothesis, namely, the
wall shear stress and the channel width. In particular, the no-slip boundary condition
is abandoned and the length scales attributed to roughness is absent. This comparison
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the wall are the result of the lift-up of vorticity from the wall into hairpin-like structures.
In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.
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In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
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(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.
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While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.
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In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
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to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.
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sense that it contains only the essential inputs of Townsend’s hypothesis, namely, the
wall shear stress and the channel width. In particular, the no-slip boundary condition
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the wall are the result of the lift-up of vorticity from the wall into hairpin-like structures.
In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.

7. Conclusions

An idealised assessment of Townsend’s outer-layer similarity hypothesis is presented.
The simulation imposing the uniform shear-stress boundary condition is idealised in the
sense that it contains only the essential inputs of Townsend’s hypothesis, namely, the
wall shear stress and the channel width. In particular, the no-slip boundary condition
is abandoned and the length scales attributed to roughness is absent. This comparison
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the wall are the result of the lift-up of vorticity from the wall into hairpin-like structures.
In the NSBC case, the ‘feet’ of these structures are anchored to the wall (indicated by the
points A in the figure) due to the no-slip condition. Combined with the strong streamwise
stretching near the wall, this leads to elongated streamwise aligned ‘legs’ at shallow angles
to the wall, while the ‘body’ and ‘head’ of the structure are lifted up to form a steeper
angled structure. For the SSBC case, similar structures can slide along the wall so there
is no creation of long streamwise legs. Further evidence for this behaviour is found in
the two-point correlations of streamwise vorticity in the streamwise–wall-normal plane
(figure 8). The correlations are between the vorticity at z+ = 15 and the surrounding
flow. With no-slip, the correlation is characterised by a shallow angle in the correlation
contours belwow z+ = 15 (in the wall-normal direction), while the SSBC case clearly
displays a steeper angle in this region with positive correlation all the way to z+ = 0.

The major differences between the two simulations are confined to the viscous sublayer.
While Townsend hypothesised regarding outer-flow similarity, it is evident here that even
the near-wall cycle of wall-turbulence (at least the dominant features) depends only on
the wall shear stress and the wall impermeability. The no-slip condition is not necessary.

7. Conclusions

An idealised assessment of Townsend’s outer-layer similarity hypothesis is presented.
The simulation imposing the uniform shear-stress boundary condition is idealised in the
sense that it contains only the essential inputs of Townsend’s hypothesis, namely, the
wall shear stress and the channel width. In particular, the no-slip boundary condition
is abandoned and the length scales attributed to roughness is absent. This comparison
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Direct numerical simulations of turbulent channel flow at the matched friction
Reynolds number of 590, comparing the effect of no-slip versus shear-stress boundary
conditions, reveal that the outer flow of wall turbulence, in accord with Townsend’s
outer-layer similarity hypothesis, remains largely independent of the viscous sublayer.
First- and second-order statistics, including spectra, agree closely from the buffer
region out to the centre of the channel. Higher-order statistics also appear to
obey the hypothesised similarity, although the influence of boundary conditions
is more pronounced than in the lower-order statistics. The statistical agreement in
the outer layer, in spite of the structural differences in the viscous sublayer, support
Townsend’s idea that the primary effect of the wall is not the no-slip condition, but
the impermeability condition imposed by a solid wall.

Key words: turbulent boundary layers, boundary layer structure, turbulence simulation

1. Introduction

Townsend (1956, 1976) first articulated the idea that a fully turbulent flow is
impervious to the direct action of viscosity, except through the boundary conditions.
For wall-bounded turbulence, the relevant boundary condition is the wall shear stress
and the fully turbulent flow is the outer layer. The idea applies to statistics of
turbulent relative motion such as mean velocity differences and statistical moments
of velocity fluctuations. Townsend’s idea that the outer layer of wall turbulence that
makes up the bulk of the flow is not influenced by viscosity except through the
wall shear stress is commonly known as Townsend’s outer-layer similarity hypothesis,
although Townsend himself referred to the idea as the Reynolds number similarity
principle. The hypothesis is often discussed in the context of rough-wall turbulence,
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