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Results of an experimental study of smooth-wall, fully developed, turbulent channel
flow are presented. The Reynolds number (Rem) based on the channel height and the
bulk mean velocity ranged from 10 000 to 300 000. The present results indicate that
the skin-friction coefficient (Cf) closely follows a power law for Rem < 62 000. At
higher Reynolds numbers, Cf is best described by a log law. Detailed two-component
velocity measurements taken at friction Reynolds numbers of Reτ = 1000–6000
indicate that the mean flow and Reynolds shear stress display little or no Reynolds-

number dependence. The streamwise Reynolds normal stress (u′2+
), on the other

hand, varies significantly with Reynolds number. The inner peak in u′2+
is observed

to grow with Reynolds number. Growth in u′2+
farther from the wall is documented

over the entire range of Reynolds number giving rise to a plateau in the streamwise
Reynolds normal stress in the overlap region of the profile for Reτ = 6000. The wall-

normal Reynolds normal stress (v′2+
) displays no Reynolds-number dependence near

the wall. Some increase in v′2+
in the outer layer is noted for Reτ ≤ 4000. The trends

in the present Reynolds stress results agree qualitatively with recent experimental
results from pipe and boundary layer flows. [http://dx.doi.org/10.1063/1.4791606]

I. INTRODUCTION

Studies of three canonical flows form the basis for much of the understanding of wall-bounded
turbulence. These include the fully developed plane channel flow, the fully developed pipe flow,
and the zero-pressure-gradient boundary layer. Computationally, the turbulent channel flow is the
most studied using direct numerical simulation (DNS) largely because of the simplicity of the
boundary conditions. For this reason, fully resolved simulations of turbulent channel flow have been
carried out at friction Reynolds numbers, Reτ , up to 2000 (e.g., Hoyas and Jiménez1) which far
exceed the Reynolds numbers reached for either pipe or boundary layer flow simulations. However,
experimental turbulence measurements for channels at high Reynolds number are rather limited and
lag behind pipe and boundary layer flow studies.

Turbulent channel flow has been studied experimentally by a number of investigators (e.g.,
Refs. 2–5). Much of this research has focused on the Reynolds-number dependence of the skin
friction and the mean flow and is reviewed in Dean.6 Studies of the Reynolds-number scaling of the
turbulence quantities are far fewer in number. In a recent article reviewing many of the experimental
studies of turbulent channel flow, Zanoun et al.7 point out that the geometrical considerations
involved in achieving well resolved measurements at high Reynolds number has severely limited
experimental work in this regard. For example, the combination of high aspect ratio and development
length make achieving extremely high Reynolds number in a channel flow facility much more costly
than for pipe or boundary layer flow. To better illustrate this, consider experimental channel and
pipe flow facilities with matching height and diameter, respectfully, and the same working fluid. The
high aspect ratio required for a channel flow facility to maintain nominally two-dimensional flow
conditions (i.e., W /H > 7, where W is the channel width and H is the height8) necessitates at least
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an order of magnitude larger volumetric flow rate to achieve the same Reynolds number as the pipe
flow facility. Because of this, the understanding of the Reynolds-number scaling behavior of the
turbulent channel flow lags behind that of pipe and boundary layer flow.

Notable experimental work in turbulent channel flow includes the seminal study of Laufer2

which documented the streamwise turbulence statistics up to a Reynolds number based on the
channel height and bulk mean velocity (Rem) of 62 000 (friction Reynolds number, Reτ ∼ 1500).
Subsequent research by Comte-Bellot3 extended these measurements to Rem = 230 000 (Reτ

∼ 4800). However, as noted by Wei and Willmarth,5 both of these studies suffered from lack
of spatial resolution. Wei and Willmarth5 carried out an extensive study of both the streamwise
and wall-normal turbulent fluctuations using laser Doppler velocimetry (LDV). The measurements
extended to Rem = 40 000 (Reτ ∼ 1000). One important conclusion of this work was that the stream-

wise Reynolds normal stress (u′2+
) in the buffer layer increases with Reynolds number over the

range of their study. This stood in contrast to previous investigations which suffered from insuffi-
cient spatial resolution and showed the opposite trend. Recent DNS studies (Hoyas and Jiménez1)
and experiments (Ng et al.9) corroborate the findings of Wei and Willmarth. However, little if any
data are available to investigate the Reynolds-number scaling of streamwise turbulent fluctuations at
higher Reynolds number, and data on the other components of the Reynolds stress tensor are quite
sparse. That is the purpose of the present work.

In this study, the skin friction, mean flow, and Reynolds stresses will be presented, and the
scaling of these quantities with Reynolds number will be examined. The present measurements were
carried out over a range of Reτ from 350 to 6100. The largest Reynolds number is significantly
larger than is presently accessible with DNS, and to the authors’ knowledge, represents the highest
Reynolds number for which detailed two-component turbulence quantities have been reported for
turbulent channel flow.

II. EXPERIMENTAL FACILITIES AND METHOD

The experiments were performed in the High Reynolds Number Turbulent Channel Flow facility
at the United States Naval Academy, shown in Figure 1. The test section of the channel is 25 mm
in height (H), 200 mm in width (W ), and 3.1 m in length (L). This gives an aspect ratio (W/H )
of 8 which according to Monty8 is sufficient to ensure two-dimensionality of the flow along the
centerline of the channel. The facility’s reservoir tank holds 4000 l of water, and the temperature of
the water is held constant to within ±0.25 ◦C via a thermostat controlled chiller unit. The water in
the facility is also filtered to 1 μm and deaerated. The flow is produced by two 7.5 kW pumps which
are computer controlled by separate variable frequency drive units. The pumps operate in parallel
and generate a bulk mean velocity of 0.4–11.0 ms−1 in the test section. The flow rate in the facility
is measured using a Yokogawa ADMAG AXF magnetic flowmeter that has an accuracy of ±0.2%
of the reading. The resulting Reynolds number based on the channel height and bulk mean velocity
(Rem) ranges from 10 000 to 300 000.

The settling chamber upstream of the test section is fitted with a honeycomb flow straightener
with 6 mm diameter cells, 75 mm in length. The flow then passes through a two-dimensional
contraction with an 8:1 area ratio. The flow is tripped at the entrance to the test section by 1.8 mm
× 1.8 mm square bars located on the top and bottom walls spanning the width of the test section.
The trips provide 15% blockage which was recommended by Durst et al.10 as providing adequate
turbulence stimulation combined with rapid recovery to streamwise self-similarity.

Nine pressure taps are located in this section of the channel. These are 0.75 mm holes located
along the centerline of the side wall of the channel and are spaced 6.8H apart. The pressure gradient
is measured using three GE-Druck LPM 9000 series differential pressure transducers with ranges
of 20, 50, and 100 mbar, respectively. The transducers have an accuracy of ±0.1% of full scale.
The three gages provide both redundancy in the pressure gradient measurements over their common
ranges and also allow uncertainty to be minimized by using a more sensitive gage when the pressure
gradient is small. Pressure taps 5–8 are used to measure the streamwise pressure gradient in the
channel. These are located ∼90H–110H downstream of the trip at the inlet to the channel. The
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FIG. 1. High Reynolds number turbulent channel flow facility at the United States Naval Academy.

linearity in the measured pressure gradient using these four taps was very good. The coefficient of
determination (R2) of the linear regression was generally greater than 0.999. Glass windows on the
side walls opposite pressure taps 5 and 8 allow optical access to the channel. Velocity measurements
were obtained using a TSI FSA3500 two-component LDV. The LDV system utilized a custom,
four-beam fiber optic probe and was operated in backscatter mode. The system also employed 2.6:1
beam expansion optics at the exit of the probe to reduce measurement volume size. Further details
of the LDV system are given in Schultz and Flack.11

Spatial resolution issues with turbulence measurements have received a great deal of atten-
tion in the literature and are worthy of some discussion here. The effects of spatial resolution
on hot-wire,12–14 particle image velocimetry (PIV),15 and LDV10, 16 measurements have all been
noted. In hot-wire measurements, spatial averaging occurs over the length of the hot wire, l. If the
non-dimensional wire length, l+, is not sufficiently small, attenuation of the smaller scale turbulent
motions will occur leading to a bias error in which the Reynolds stresses are underestimated.12

Spatial averaging with PIV also shows similar symptoms in which the Reynolds stresses are
underestimated.15 Spatial resolutions issues with LDV measurements are significantly different.
In contrast to hot-wire measurements, the value of l+ is not of critical importance. Since each
individual velocity realization is for a single particle in the probe volume, each realization is not
spatially averaged. As long as the probe volume length is aligned in a direction in which the tur-
bulence quantities are homogeneous, the probe volume length will have no significant effect on the
turbulence statistics as was demonstrated by Luchik and Tiederman.16

The critical parameter to characterize the spatial resolution of LDV measurements in two-
dimensional, wall-bounded flows is the non-dimensional probe volume diameter, d+, as was shown
by Durst et al.10 The mean velocity gradient in the wall-normal direction across the probe volume
gives rise to what is termed velocity gradient bias. Although the velocity of particles on the edges of
the probe volume can be measured accurately by the LDV, the magnitude of the turbulent fluctuations
for these particles is biased since the true mean velocity at their location is different than at the center
of the probe volume. While this has no effect on the mean flow measurements or the wall-normal
component since it has no mean gradient, it causes a bias in the fluctuating components that have
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TABLE I. Experimental test conditions for LDV measurements.

Ū Ucl
a Uτ Viscous length,v/Uτ

Designation (ms−1) (ms−1) (ms−1) μm Rem Reτ

Reτ = 1000 1.48 1.69 0.0750 12.5 39 800 1010
Reτ = 2000 3.13 3.48 0.145 6.47 84 300 1960
Reτ = 4000 6.99 7.73 0.300 3.13 188 900 4050
Reτ = 6000 10.69 11.87 0.440 2.15 286 400 5900

aChannel centerline velocity.

gradients in their means (e.g., u′). In contrast to hot-wire measurements in which the Reynolds
stresses are attenuated, velocity gradient bias causes the Reynolds stresses to be overestimated for
LDV. It is important to note that lack of spatial resolution should not always be assumed to cause
attenuation of the Reynolds stresses as it does in the case of the hot-wire measurements.

In the present study, the probe volume diameter was 45 μm. This corresponds to d+ = 3.6 at Reτ

= 1000 and d+ = 21 at Reτ = 6000. The probe volume length was 340 μm. The velocity gradient
bias correction of Durst et al.10 was used to correct the Reynolds stresses involving u′resulting from

finite probe diameter. At the location of the peak in u′2+
this correction amounted to <1% at Reτ

= 1000 and about 2.5% at Reτ = 2000. For both these cases, the correction was <0.5% for y+ >

30. Physical constraints did not allow measurements close enough to the wall to resolve the peak at
Reτ = 6000, but the correction would be expected to be of the order of 20% at this Reynolds number
for the probe diameter in the present investigation. The present data were also corrected for velocity
bias by employing standard burst transit time weighting.17 Fringe bias was deemed insignificant, as
the beams were shifted well above a burst frequency representative of twice the freestream velocity.18

In the present investigation, velocity data were collected for a sampling period of 360 s or
until 50 000 realizations were obtained at each sampling location in the channel. The velocity
realizations were acquired such that they were statistically independent. The time between real-
izations was greater than twice the large eddy turnover time (h/Ū ). At Reτ = 1000, the num-
ber of velocity realizations was generally 15 000–18 000. The typical number of samples at Reτ

= 2000 was 35 000–40 000. At the two highest Reynolds numbers, 50 000 velocity realizations were
generally collected. The data were collected in coincidence mode. A Velmex traverse unit allowed
the position of the LDV probe to be controlled to within 2.5 μm in the wall-normal direction.
Velocity profiles consisted of 42 sampling locations at varying distances from the wall measured
along the spanwise centerline of the channel. The flow was seeded with 2 μm diameter silver-coated
glass spheres. The seed diameter was less than the viscous length scale for all Reynolds numbers
investigated. The seed volume was controlled to achieve acceptable data rates while maintaining a
low burst density signal.19 The experimental conditions for the LDV measurements are presented in
Table I.

Figure 2 shows the mean velocity profiles at two streamwise locations (x = 90H and 110H) for
Reτ = 2000. Also shown for comparison are the DNS results of Hoyas and Jiménez1 at a similar
Reτ . The collapse of the profiles from the two locations and the excellent agreement with the DNS
results confirm that the flow has become fully developed over this region of the channel. Although
not presented here, the higher order turbulence statistics measured at the two streamwise locations
also show similar agreement.

The wall shear stress, τw, was determined via measurement of the streamwise pressure gradient
between 90H and 110H downstream of the trip. It is given as follows:

τw = − H

2

dp

dx
, (1)

or as it is more typically expressed as the skin-friction coefficient, Cf,

C f = τw

1
2ρU

2 = 2

(
Uτ

U

)2

, (2)
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FIG. 2. Mean velocity profiles at streamwise locations of x = 90H and 110H for Reτ = 2000 showing fully developed flow
conditions.

where H = channel height, p = static pressure, x = streamwise distance, ρ = fluid density,
U = bulk mean velocity, and Uτ = friction velocity. The development length required to achieve
fully developed conditions in terms of the streamwise pressure gradient has been a topic of significant
debate as was noted in the review article of Dean.6 In the present work, measurements indicated that
the streamwise pressure gradient was constant within experimental uncertainty downstream of the
first pressure tap located at x = 63H. This observation is supported by the recent work of Zanoun
et al.7 who noted no significant variation in the streamwise pressure gradient for x ≥ 20H.

III. UNCERTAINTY ESTIMATES

Estimates of the overall uncertainty in the quantities presented in this work were made by
combining precision and bias uncertainties using the methodology outlined in Moffat.20 The 95%
precision confidence limits for a given quantity were obtained by multiplying its standard error by
the two-tailed t value as described in Coleman and Steele.21 For the skin-friction measurements,
standard errors were calculated from the results of six replicate experiments covering the entire
Reynolds number range. Similarly, the standard errors in the velocity measurements were obtained
using the variability observed in replicate velocity profiles taken at the same flow condition. Bias
estimates were combined with the precision uncertainties to calculate the overall uncertainties for
the measured quantities. The overall uncertainty in Cf is ±8.1% at the lowest Reynolds number (Rem

= 10 000) but rapidly drops to ±1.1% for Rem ≥ 40 000. The total uncertainties in the mean flow,
U, and turbulence statistics, u′2, v′2, and −u′v′2 are ±1%, ±2%, ±3%, and ±5%, respectively.

IV. RESULTS AND DISCUSSION

The results and discussion for this study will be organized as follows. First, the skin friction in
the channel will be presented. Next, the scaling of the mean flow in terms of both inner and outer
variables will be given. Finally, the scaling of the Reynolds stresses in both inner and outer variables
will be shown. Reynolds-number scaling will be compared to other channel flow studies as well as
trends for boundary layer and pipe flows.

A. Skin-friction coefficient

Figure 3 presents the skin-friction results. Here the skin-friction coefficient, Cf, is shown as
a function of Reynolds number, Rem. Also shown for comparison are the experimental results of
Monty8 and the recent empirical correlation of Zanoun et al.7
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FIG. 3. Skin-friction coefficient, Cf, versus Reynolds number, Rem, for the entire range of Reynolds number investigated.

The agreement between the present results and those of Monty is within ±1% over the common
range. The agreement with the empirical correlation proposed by Zanoun et al.7 is also within ±2.5%
for Rem ≤ 150 000. At higher Reynolds numbers, the present skin-friction results are systematically
larger than the power-law correlation of Zanoun et al.,7 with the difference being as much as 6%
at the highest Reynolds number. The power-law form of the correlation implicitly assumes a power
law in the mean velocity profile. While Zanoun et al.7 based their power-law correlation on data for
Rem ≤ 240 000, they noted that a better fit of their higher Reynolds number data (Rem > 86 000)
was achieved with a logarithmic skin-friction law. Figure 4 shows the skin-friction data presented in
logarithmic form along with the logarithmic skin-friction correlation of Zanoun et al.7

The present data also support this observation although the emergence of a logarithmic skin-
friction law appears at a slightly lower Reynolds number (Rem ≥ 62 000 or Reτ ≥ 1 500). This
corresponds to the emergence of a logarithmic law in the mean velocity profiles at these Reynolds
numbers. For example, both Dean6 and Monty8 show that, following Prandtl’s analysis for pipe flow,
integration of the logarithmic mean velocity profile gives rise to a logarithmic skin-friction law of
the form

√
2

C f
= C1 ln

(
Rem

√
C f

)
+ C2, (3)

FIG. 4. Skin-friction results presented in logarithmic form for Rem ≥ 62 000.
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FIG. 5. Mean velocity profiles in inner variables (overall uncertainty in U+: ±1.5%).

where the constants C1 and C2 are directly related to the log-law constants κ , the von Karman
constant, and A, the intercept, as given below:

C1 = 1

κ
, (4)

C2 = A − 1

κ

[
1 + ln

(
2
√

2
)]

. (5)

Figure 4 shows that a logarithmic skin-friction law fits the present results very well (R2

= 0.9992). Within experimental uncertainty, all the data agree with the linear fit. Using this fit to the
present data, yields log constants of κ = 0.40 and A = 5.0. Although precise determination of the log
constants is not the focus of the present work, the result is worth noting. The present values are very
close to the classic “universal” values of κ = 0.41 and A = 5.0 given by Coles.22 These constants are
also in reasonable agreement with Dean’s channel flow result of κ = 0.41 and A = 5.17. However, the
present values of κ and A are higher than those reported by Zanoun et al.7 who found κ = 0.369 and
A = 3.71 when they employed the streamwise pressure gradient to determine the wall shear stress
in a turbulent channel.

Recently, Marusic et al.23 proposed that the log constants are indeed universal among flow types
based on analysis of high Reynolds number pipe and boundary layer data, with κ = 0.39 and A
= 4.3. It is of note that they did not include channel flow data in their analysis likely due to the
lack of such data at sufficiently high Reynolds numbers. The present results, although in reasonable
agreement with the log constants of Marusic et al.,23 are nonetheless a bit higher.

B. Mean flow

The mean velocity profiles are presented in inner scaling in Figure 5 for Reτ = 1000–6000.
There is good collapse of the data at all Reynolds numbers over the entire inner layer indicating
there is no significant Reynolds-number dependence in the mean flow in this region. The agreement
between the velocity profile at Reτ = 2000 and the results of Hoyas and Jiménez1 at a similar
Reynolds number is also very good. DeGraaff and Eaton24 made a similar observation regarding
the Reynolds number independence of the mean flow in the inner layer in turbulent boundary layer
flow. More recently, Monty et al.25 noted remarkable similarity in the mean flow in the inner layer
for turbulent boundary layer, pipe, and channel flow at Reτ = 3000.

The outer-scaled velocity defect profiles are presented in Figure 6. These data also show excellent
agreement for the mean flow in the outer layer. Again, no significant Reynolds number dependence
is observed which indicates the wake is fully developed, or nearly so, for Reτ ≥ 1000.
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FIG. 6. Mean velocity profiles in outer variables presented in velocity-defect form. (overall uncertainty in U+
e and U+:

±1.5%).

Based on the present results, the mean flow does not appear to show any Reynolds number
dependence for Reτ ≥ 1000. It should be noted, however, that although the inner layer and the outer
layer appear universal over this Reynolds number range, no appreciable overlap region exists for
Reτ = 1000. This agrees with the skin-friction results (Figure 4) that indicate the emergence of a log
law for Reτ ≥ 1500. As pointed out by Dean6 and Monty,8 integration of a logarithmic mean profile
gives rise to a log law in Cf. From this it can be inferred that a log law in the mean profile must
emerge in the present work for Reτ ≥ 1500. However, close examination of the present mean flow
results shows that the precise Reynolds number at which a log law region emerges and any possible
Reynolds-number trend in its range are difficult to discern.

C. Reynolds stresses

The inner-normalized, streamwise Reynolds stress (u′2+
) is presented in Figure 7. Shown for

comparison are the DNS results of del Álamo et al.26 and Hoyas and Jiménez1 which correspond to
the lowest two Reynolds numbers in the present study.

The agreement between the present results and the DNS is good in both cases with excellent
collapse for Reτ = 2000 case. The present data display an increase in the magnitude of inner peak with
Reynolds number at least up to Reτ = 4000. No firm conclusions can be drawn for higher Reynolds
numbers as the peak is not resolved in the highest Reynolds number case. Wei and Willmarth5 first
made this observation for the streamwise component in turbulent channel flow. However, the highest

FIG. 7. Streamwise Reynolds normal stress profiles in inner variables (overall uncertainty in u′2+
: ±2.2%).
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FIG. 8. Streamwise Reynolds normal stress profiles in outer variables (overall uncertainty in u′2+
: ±2.2%).

Reynolds number investigated in their study corresponds to the lowest one in the present work. A
similar observation was also recently noted by Ng et al.9 for turbulent channel flow in which Reτ

≤ 3000. Qualitatively, these results also agree with the observations of DeGraaff and Eaton24 who
noted similar trends for the zero-pressure-gradient turbulent boundary layer. They proposed mixed
scaling (Uτ Ue) to collapse the data around this peak. It is of note that the mixed scaling as proposed
by DeGraaff and Eaton does not collapse the present data.

The recent results of Hultmark et al.27 for fully developed pipe flow indicate growth in this
peak is sustained for Reτ ≤ 3300, after which the value remains nearly constant at ∼9, independent
of Reynolds number. Monty et al.25 recently showed results for turbulent boundary layer, pipe, and

channel flows at Reτ = 3000. They observed similarity in u′2+
in the inner layer for all three flow

types. However, they noted significant differences in the u′ spectra in boundary layers and those
measured in pipe and channels throughout most of the flow field despite the similarity observed in

u′2+
.
Also of note in the present data is an emerging plateau in u′2+

in the log layer with increasing

Reynolds number. This trend of rising u′2+
in the outer layer is apparent in outer-normalized,

streamwise Reynolds stress profiles given in Figure 8. This observation is consistent with the
boundary layer results of DeGraaff and Eaton24 and the pipe flow results of Hultmark et al.27

However, the present Reynolds numbers are not high enough to assess if a true outer peak in u′2+

emerges in the log layer with increasing Reynolds number as was observed in the pipe flow results
of Hultmark et al.27

The inner-normalized, wall-normal Reynolds stress (v′2+
) is presented in Figure 9. The agree-

ment between the present results and the DNS at similar Reynolds numbers is quite reasonable. In

the near-wall region (y+ ≤ 40), v′2+
does not exhibit any significant Reynolds-number dependence

in contrast to what is observed in the streamwise component. The results also indicate that the

maximum value of v′2+
grows with increasing Reynolds number for Reτ < 4000. This trend can also

be clearly seen in the outer-normalized profiles that are presented in Figure 10. For Reτ ≥ 4000, the

maximum value of v′2+
reaches a value of ∼1.4 that appears to be independent of Reynolds number.

The boundary layer results of DeGraaff and Eaton24 show a similar maximum value of v′2+
as

is observed here, however, they did not observe a clear Reynolds-number dependence in v′2+
aside

from their lowest Reynolds number case (Reτ = 540) in which v′2+
was reduced presumably due

to low Reynolds-number effects. Measurements by Zhao and Smits28 in turbulent pipe flow do not

indicate a Reynolds number effect on v′2+
in the overlap region, and they noted a plateau value of

∼1.4 which is similar to that observed here. However, they also observed a near-wall peak in v′2+

at their lower Reynolds numbers which is not seen in the present results.
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FIG. 9. Wall-normal Reynolds normal stress profiles in inner variables (overall uncertainty in v′2+
: ±3.2%).

The inner-normalized, Reynolds shear stress (−u′v′+) profiles are presented in Figure 11.

In the near-wall region (y+ ≤ 40), −u′v′+ behaves very similar to v′2+
exhibiting no Reynolds-

number dependence. The outer-normalized, Reynolds shear stress profiles are presented in Figure
12. Collapse of the profiles is observed for y/h ≥ 0.1 at all Reynolds numbers. These observations
agree with those of DeGraaff and Eaton24 for boundary layer flow. In some ways, the present
observations are not surprising. The mean momentum equation and the boundary conditions in a
plane channel flow require a linear decrease in the total shear stress that goes as 1-y/h. The fact that
no Reynolds-number dependence was observed in the mean flow would imply that the Reynolds
shear stress should also be independent of Reynolds number.

In order in investigate the fraction of streamwise and wall-normal turbulent motions contributing
to turbulent momentum flux, the Reynolds shear stress correlation, Ruv was calculated. It is defined
as follows:

Ruv = −u′v′√
u′2

√
v′2

. (6)

The profiles of Ruv are presented in Figure 13. An extended plateau spanning roughly from 0.1
≤ y/h ≤ 0.4 in the Ruv profiles is noted for all Reynolds numbers. This observation is consis-
tent with the DNS results,1, 26 although the present results are systematically slightly lower. At
Reτ = 1000, the plateau value of Ruv is ∼0.40, and it decreases with Reynolds number until at Reτ

= 6000 the value is reduced to ∼0.35. This indicates that a diminishing fraction of the turbulent

FIG. 10. Wall-normal Reynolds normal stress profiles in outer variables (overall uncertainty in v′2+
: ±3.2%).
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FIG. 11. Reynolds shear stress profiles in inner variables (overall uncertainty in −u′v′+: ±5.1%).

FIG. 12. Reynolds shear stress profiles in outer variables (overall uncertainty in −u′v′+: ±5.1%).

FIG. 13. Cross-correlation, Ruv , profiles in outer variables (overall uncertainty in Ruv : ±6.2%).
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energy contributes to the Reynolds shear stress as the Reynolds number increases. These Reynolds
stress producing motions were referred to as “active” motions by Townsend.29 Priyadarshana and
Klewicki30 observed a trend similar to what is seen here for turbulent boundary layers, and they
pointed out an increasing influence of “inactive” motions as the Reynolds number increases. The
physical interpretation Priyadarshana and Klewicki30 give for this trend is that increasing Reynolds
number leads to increasing scale separation between the streamwise and wall-normal components
that, in turn, causes the cross-correlation between the two to be reduced. Although the Reynolds
number range is smaller in the present work, it appears that the same trends that were observed in
Ruv for boundary layers also hold for turbulent channel flow.

V. CONCLUSION

An experimental study of smooth-wall, fully developed, turbulent channel flow has been carried
out. The Reynolds number range is larger than previous experiments with detailed two-component
measurements and exceeds the range that is presently accessible via DNS. The results indicate that
the skin-friction coefficient (Cf) follows a power law for Rem < 60 000, while at higher Reynolds
numbers it is best characterized by a logarithmic law with κ = 0.40 and A = 5.0. Two-component
velocity measurements taken at Reτ = 1000–6000 indicate that the mean flow and Reynolds shear
stress show little or no Reynolds-number dependence. However, the streamwise Reynolds normal

stress (u′2+
) varies significantly with Reynolds number. The inner peak in u′2+

is observed to
grow with Reynolds number up to at least Reτ = 4000. No conclusion can be drawn for higher
Reynolds numbers as measurements close enough to the wall to resolve the peak were not possible at

Reτ = 6000. Growth in u′2+
farther from the wall is also documented over the entire range of

Reynolds number giving rise to a plateau in the streamwise Reynolds normal stress in the overlap

region of the profile for Reτ = 6000. The wall-normal Reynolds normal stress (v′2+
) displays no

Reynolds-number dependence near the wall, while a modest increase in v′2+
in the outer layer

is noted for Reτ ≤ 4000. A plateau in the Reynolds shear stress correlation (Ruv) extending from
0.1 ≤ y/h ≤ 0.4 is observed at all Reynolds numbers. However, the magnitude of the plateau decreases
with Reynolds number.

The present mean flow and turbulence results agree with DNS studies at similar Reynolds
number. Additionally, these channel flow results show Reynolds-number scaling trends that are
consistent with recent experimental results from pipe and boundary layer flows. Despite significantly
different boundary conditions, all these wall-bounded flows display strikingly similar trends.
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