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Abstract 
The present study experimentally determines the transitional Reynolds number range for plane channel flow and character-
izes its transitional state. The pressure along the channel is measured to determine the skin friction coefficient as function of 
Reynolds number from the laminar state, through the transitional region into the fully turbulent state. The flow structure was 
studied through flow visualisation which shows that as the Reynolds number increases from the laminar state the transitional 
region starts showing randomly occurring turbulent spots. With increasing Reynolds number the spots shift into oblique 
patches and bands of small scale turbulence that form across the channel width, together with large-scale streaky structures 
found in areas between the turbulent regions. An image analysing technique was used to determine the intermittency factor, 
i.e. the turbulence fraction in the flow, as function of Reynolds number. It is found that the skin friction coefficient reaches its 
turbulent value before the flow is fully turbulent (the intermittency factor is still below one). This suggests that the observed 
streaky structures in non-turbulent regions contribute to the enhancement of the wall-normal transfer of momentum. Also 
above the Reynolds numbers where the turbulent skin friction coefficient has been established large-scale features consisting 
of irregular streaky structures are found. They have an oblique shape similar to the non-turbulent and turbulent patches in 
the transitional flow indicating that the transition process is not fully complete even above the Reynolds number where the 
skin friction reaches its turbulent level.
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Graphic abstract

Processing of flow visualization images to determine the turbulenceintermittency in the transitional region. Flow is from left to right, (a)unpro-
cessed, (b) filtered (c) standard deviation of (b), (d) binary picture

1  Introduction

The phenomenon of transition to turbulence in shear flows 
depends not only on the stability of the flow itself but also 
on initial, upstream and background disturbances. The sta-
bility of the flow can be obtained through linear stability 
theory where the growth (or decay) of infinitesimal distur-
bances can be determined. The critical Reynolds number 
is defined as the lowest Reynolds number for which infini-
tesimal disturbances amplify. However, it is well known 
that both Poiseuille pipe and planar Couette flows, for 
which the critical Reynolds number is infinite, can become 
turbulent at rather small Reynolds numbers even without 
introducing external disturbances; the background noise of 
the facility will be sufficient to trigger transition.

In the last two decades, many researchers made efforts 
to determine the minimum Reynolds number, sometimes 
called the transition Reynolds number, for several canoni-
cal wall-bounded flows to sustain a turbulent state and 
to reveal phenomena in moribund turbulence, especially 
for pipe and plane Couette flows. For instance Avila et al. 
(2012) estimated the lower Re limit for a sustainable puff 

in circular pipe flow to 2040 from the crossover of the 
double exponential functions of puff decaying and sepa-
ration times obtained experimentally and numerically. In 
plane Couette flow experiments by Tillmark and Alfreds-
son (1992) and DNS by Lundbladh and Johansson (1991) 
the Reynolds number for which turbulence could sustain 
itself is around 360 (based on half-channel height and half 
velocity difference between the walls).

In contrast to circular pipe flow and planar Couette flow 
the critical Reynolds number for planar channel flow is finite 
with ReCL,crit = 5772 (Orszag 1971), where ReCL = UCLh∕� 
and UCL is the centreline velocity of the corresponding lami-
nar parabolic profile, h is the channel half height and � the 
kinematic viscosity of the fluid. Experimentally it is found 
that planar channel flow usually turns into turbulence below 
this value and it has been observed that patches filled with 
turbulence appear intermittently and depending on the Reyn-
olds number they may split, grow or decay as they move 
downstream (Carlson et al. 1982; Alavyoon et al. 1986; 
Hashimoto et al. 2009).

Studies on the lowest Reynolds number where turbulent 
channel flow exists can be traced back to the experiment of 
Davies and White (1928). They made careful pressure-drop 
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measurements in a height-adjustable water-channel facility. 
The channel had sharp corners at the inlet that generate large 
amplitude disturbances. The skin friction coefficient was 
found to have a slight departure from laminar theory above 
Re = Ubd∕� = 890 ( Ub is the bulk velocity and d is the chan-
nel height, d = 2h , Re = 4∕3ReCL),1 and above Re = 1440 
it gradually increases in contrast to the rapid increase in 
transitional pipe flow. Badri Narayanan (1968) measured the 
velocity fluctuations in channel flow and estimated that the 
minimum Reynolds number at which the turbulent energy 
is sustained along the streamwise direction of the channel 
is Re = 2800 . In extensive experiments by Patel and Head 
(1969), traces of the streamwise velocity fluctuation meas-
ured by a hot-wire anemometer indicate that intermittency 
occurs in the range of 1380 ≤ Re ≤ 1800 and it was found 
from a skin friction coefficient plot that the transitional 
regime starts around Re = 1350 and ends somewhere in the 
range 2500–3000.

Carlson et al. (1982) used a water channel to make flow 
visualizations of turbulent spots that were generated by a 
controlled point-like disturbance. They found that below 
ReCL = 1000 the disturbance decays transforming into long 
streamwise oriented structures. The flow visualisations 
shown of the generated spots were limited to ReCL = 1000 
and 1100 and in these cases spot splitting, where the cen-
tre of the original spot relaminarizes and gives two spots 
separated by a region of streaky structures, was observed 
at some downstream position. A spot-like patch from nat-
ural transition at ReCL = 1200 was also shown. Another 
spot visualisation study in a water channel, using a simi-
lar triggering technique as that of Carlson et al., but with 
a wider range of Reynolds numbers ( 1100 < ReCL < 2200 ) 
was made by Alavyoon et al. (1986). In that experiment the 
minimum ReCL for which a turbulent spot could be gener-
ated was ReCL = 1100 . They also observe spot splitting at 
ReCL = 1100 though no splitting is found for ReCL > 1200 . 
They also determined the propagation speed of the front and 
rear of the spot as well as the lateral spreading rate as func-
tion of Reynolds number, the latter was found to increase lin-
early with Re. Above ReCL = 2200 they observed randomly 
occurring spots in the channel.

In the two previously described flow visualization studies 
the channel inlet flow was controlled to have a low turbu-
lence level so it was possible to introduce a deterministic 
disturbance in a laminar flow to generate turbulent spots. 
Another flow visualization study by Hashimoto et al. (2009) 
had another approach by instead placing a grid at the chan-
nel inlet to generate inlet turbulence. In that case turbulent 
oblique regions, called stripes by the authors, were observed 

in the range 1700–2000, and the observed inclination angle 
of the stripes was 20◦–30◦ and their streamwise width around 
60h. They found the transition Reynolds number to be 1300. 
Sano and Tamai (2016) also performed flow visualization 
of a transitional channel flow and expressed their results 
in terms of the intermittency factor ( � , i.e. turbulent frac-
tion of the flow area, where “0” denotes no turbulence and 
“1” denotes fully turbulent). They found that the transitional 
region started, i.e. � increased from zero, at Re = 1070.

Nishioka and Asai (1985) performed hot-wire measure-
ments in an air-channel-flow facility where the flow was 
strongly disturbed by a cylinder (with a diameter somewhat 
smaller than the channel height) placed between the chan-
nel walls or by a jet from an orifice in the channel wall. As 
indicators of transition they used the appearance of inter-
mittency in the velocity signals and the decrease of the cen-
treline velocity from its laminar value and found that these 
signs cannot be observed for ReCL < 1000 , indicating that 
turbulence cannot be sustained below this value.

A more recent hot-wire experiment was made by Seki and 
Matsubara (2012) which shows that energy of the stream-
wise velocity fluctuations decays below Re = 1300 and 
ceases to decay above Re = 1400 . A so called ‘single slope 
method’ was developed to obtain the intermittency factor 
without determination of a threshold and they presented a 
curve of the intermittency factor as function of Reynolds 
number. They found that the upper marginal Re defined as 
the lowest Re for fully developed turbulent channel flow is 
2600, and that the lower marginal Re defined as the lowest 
Re for intermittent channel flow with laminar and turbulent 
parts is 1400 (this would correspond to the transition Reyn-
olds number). They also revealed that the low-frequency 
velocity fluctuations with a length scale corresponding to 
the size of the turbulent patches exist even at Re = 2660 , i.e. 
above the Reynolds number for which the flow is expected 
to be fully turbulent.

Watanabe et al. (2012) and Miyazaki (2014) demonstrated 
that the intermittency factor evaluated from flow visualiza-
tion gradually increases from Re = 1400 and asymptotically 
approaches unity around Re = 2500 . This gradual increase 
of the intermittency was also quantitatively confirmed by 
the hot-wire measurements by Seki and Matsubara (2012).

An early direct numerical simulations (DNS) of tran-
sitional channel flow was performed by Orszag and Kells 
(1980). Though the domain size of the simulations was lim-
ited because of the low computing power at the time, they 
confirmed a sustainable disturbed channel flow at Re = 1250 
and suggested that this could even exist at somewhat lower 
Re, but not as low as Re = 500.

Tsukahara et al. (2014) found that turbulent regions in 
their DNS at Re = 2320 are confined to inclined bands. 
The inclination of the turbulent band with respect to the 
streamwise direction is 24◦ and corresponds to the ratio 

1  Here both these two definitions of the Reynolds number (Re and 
Re

CL
 ) will be used following the usage in the original paper.
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of the spanwise and streamwise domain sizes. They also 
observed a sustained transitional flow at Re = 1860 . Another 
DNS by Tuckerman et al. (2014) used an inclined (24◦ ) 
computational domain in order to specifically simulate the 
inclined bands. Their figure 3 shows bands in the range 
1060 < Re < 2800 where for the higher Reynolds numbers 
the banded structures are coexisting with turbulence that 
fills the whole domain.2 The highest Re in their case with a 
clear demarcations (laminar-like region) between the bands 
is Re = 2400 (their Re = 1800 ), a value that agrees well with 
the results of Tsukahara et al.

Another DNS study reported by Shimizu and Mannev-
ille (2019) with a very large computational domain was 
carried out for several Reynolds number in the transitional 
region. That study shows clearly banded structures in the 
range 1052 < Re < 2457 (see figure 1 in Shimizu and Man-
neville (2019)3) but turbulent spots cannot be observed. 
At Re ≈ 1349 an ‘intermittent loose continues network’ of 
localized turbulent bands (LTBs) appears. Lowering the 
Reynolds number to 1263 gives rise to propagating, inclined 
LTBs that appear as a symmetrical bifurcation (two-sided 
flow).

The transition scenario in these DNS studies is differ-
ent from the one in most experiments and this may depend 
on three causes: (1) different levels of inlet disturbances; 
(2) the channel aspect ratio. Although the spanwise aspect 
ratio of most experimental channels is quite large, it is still 
smaller than the aspect ratio of the modern DNS studies 
mentioned above. Furthermore the periodic boundary condi-
tions applied in the simulations effectively make the aspect 
ratio infinite; (3) The finite length of experimental channels 
only allows flow structures to develop for a certain time, 
whereas the DNS channel can be viewed as having an infi-
nite length due to streamwise periodic boundary conditions.

The purposes of the present study are to experimentally 
determine the transitional Reynolds number for physically 
realizable channel flows and to reveal the transitional state 
using pressure drop measurements to determine the skin fric-
tion as well as through flow visualization. The intermittency 
factor ( � ) is evaluated from the flow visualization and is 
quantitatively determined for a range of Reynolds numbers. 
Section 2 gives the details of the experimental setup, the 
pressure-drop measurements and flow visualization equip-
ment. The skin friction coefficient is compared with previ-
ous results in Sect. 3 and flow-visualization photographs 
are shown and discussed in Sect. 4. Section 5 describes the 
methodology for evaluating the intermittency and the results 

are presented and discussed. Finally Sect. 6 summaries and 
gives the conclusions of the present work.

2 � Experimental setup

The experiment was conducted in a water-channel facil-
ity shown schematically in Fig. 1. A pump circulates the 
water (temperature for all measurements 20 ± 1 ◦ C) around 
a closed flow loop and downstream the pump an orifice for 
pressure-drop measurements to determine the flow rate (Q) 
is located. This is followed by an upstream settling box with 
screens to dampen fluctuations, a two-dimensional nozzle 
with a contraction ratio of 25:1, the channel and a down-
stream box. The channel walls are vertical and the total 
length of the channel section is 7320 mm.

Transition to turbulence is triggered by a tripping wire of 
0.9 mm diameter and 220 mm length placed on one wall of 
the channel, 290 mm downstream from the channel entrance. 
The distance between the side walls changes from 580 to 
360 mm giving an increase in the Reynolds number by 60%. 
In the narrow channel section, the flow develops into a state 
of turbulence or highly intermittent flow. The side-wall dis-
tance returns to 580 mm after an expansion section. The 
coordinate system is defined with x in the streamwise direc-
tion and x = 0 is at the end of the expansion section. The 
spanwise coordinate is z with z = 0 at the channel centreline.

The channel test section width is w = 580 mm and the 
length 4650 mm. The channel walls for the final 4360 mm 
are made from 10 mm thick glass plates. Each wall is sup-
ported by four horizontal beams of aluminum and those in 
turn are connected to eight vertical beams at each side along 
the channel. The channel height was measured by an ellipse 
gauge and was carefully adjusted by inserting shim plates 
between the lateral and horizontal beams. The average chan-
nel height d was 7.02 mm for 2380 ≤ x ≤ 4420 mm within 
±1.5%.

A static-pressure tube with an outer diameter of 2.1 mm 
is used for measurements of the pressure drop. It has three 
pressure holes each with a diameter of 0.5 mm positioned 
25 mm downstream from the rounded tube top. The static 
tube is supported by an aluminum pipe of 7 mm diameter 
and 2500 mm length which is horizontally inserted into the 
channel from the end of the downstream box and is traversed 
manually along x. The reference pressure for the statistic 
pressure measurements is taken at x = 4400 mm from a 
pressure tap in the upper side wall. The pressure transducer 
(LPM5480 GE Druck) has a range 0–1000 Pa and an accu-
racy (combined non-linearity, hysteresis, and non-repeata-
bility) of ±0.25%.

The flow visualization images/movies are taken with the 
image centre at x = 3000 mm ( x∕d = 427 ) and z∕d = 0 . Pearl 
flakes of 3.1 g∕cm3 density and 7 μ m size were used as flow 

2  Their Re is recalculated to adhere to the present definition of Re by 
multiplying with 4/3.
3  We are here converting the bulk Reynolds number, Re

b
 in their 

paper as Re = 4∕3Re
b
.
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tracers. Two halogen lamps of 500 W illuminate the flow at a 
lighting angle of 50o measured from the horizontal direction. 
A high-resolution camera takes pictures ( 4912 × 3264 px2 ) 
and records video sequences ( 1920 × 1080 px2 ) of the flow, 
where a value before ’ × ’ denotes the streamwise direction and 
the one after the spanwise direction.

3 � Skin friction coefficient

The skin friction coefficient Cf is obtained from the measure-
ment of the streamwise pressure gradient dP∕dx as,

where �w is the wall shear stress and � the density of water. 
The bulk velocity Ub is obtained from the measured flow rate 
Q divided by the channel cross sectional area Ach = wd . It is 
also convenient to define the friction velocity u� =

√

�w∕� 
and the Reynolds number based on friction velocity and half 
channel height such that Re� = u�d∕2�.

(1)Cf =
�w

1

2
�U2

b

=
d

�U2
b

(

−
dP

dx

)

,

In Fig. 2, the variation of the static pressure, divided 
by Re, along the test section is shown for different Re. The 
static pressure distributions give straight lines with a maxi-
mum deviation of less than 1.8% of the pressure difference 
between x = 3000 mm and 4200 mm. This high accuracy of 
the pressure drop is due to the use of a single static pressure 
tube, in contrast to using pressure taps on the wall. Such 
taps usually give pressure shifts because of small individual 
differences of the geometry of the openings of each tap. 
The straight line for each Re also indicates that the distance 
between the channel walls is constant and that the flow is 
fully developed. With the normalisation used ( ΔP∕Re ) the 
slope of static pressure distributions should be the same if 
the flow is fully laminar and as can be seen this is the case 
for Re ≤ 1280 . The slope departs from the laminar value at 
Re = 1400 and the slope at Re = 3790 has more than dou-
bled as compared to that in the laminar region.

The skin friction coefficient Cf obtained from the pressure 
drop is shown in Fig. 3. A wide Reynolds number range 
(more than three orders of magnitude) is shown in Fig. 3a 
covering the laminar, transitional and fully turbulent regions, 
whereas Fig. 3b expands the figure around the transitional 
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Fig. 1   The experimental water channel transition facility located at 
the Fluid Dynamics Laboratory of Shinshu University in Nagano. The 
total length of the flow system is approximately 9 m and the channel 

test section is oriented vertically. For more details of the setup and 
measurement techniques see Sect. 2
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region ( 1000 < Re < 7000 ). For low Re the present data 
follow the theoretical laminar line for a two-dimensional 
channel ( Cf = 12∕Re ). The data starts to deviate from this 
line around Re = 1250 and reaches a local maximum around 
Re = 1900 . Flow visualization results, shown later, demon-
strate that the flow is close to fully turbulent for Re ≥ 2600.

The departure from the laminar Cf line for Re ≳ 1250 , is 
at a lower Re than in the experiments by Jones (1976) and 
Patel and Head (1969). However in both those experiments 
the upstream disturbance was not controlled. In turn, the 
present data indicate that even if the upstream disturbance is 
strong the flow still keeps its laminar state for Re < 1250 . As 
can be seen in Fig. 3b the present Cf-values above Re = 2000 
are in good agreement with the DNS result by Tsukahara 
et al. (2014) and the experiment by Jones (1976), although 
the latter data show some scatter.

The lines in the turbulence region in Fig. 3 are from a 
Prandtl–Kármán plot shown in Fig. 4. The implicit equa-
tion for the friction factor of turbulent pipe flow proposed 
by Prandtl (1933) is

where � is the friction factor that equals 4Cf  and 
ReD = UbD∕� is the Reynolds number using the pipe 

(2)
1
√

�
= 2.0 log(ReD

√

�) − 0.8,

diameter D as the length scale. Jones (1976) found that if 
this equation is applied to channel flow a laminar equivalent 
diameter DL is more appropriate for accurate estimation of 
Cf as compared to the hydraulic diameter DH . The laminar 
equivalent diameter is obtained so that the pressure drop of 
laminar flow in a duct, which can have any cross-sectional 
shape, has the same pressure drop as a pipe with circular 
cross section with a diameter DL . For a high aspect-ratio 
channel DL = 4∕3 d , a value that is smaller than the hydrau-
lic dimeter DH = 2 d . Equation 2 with D = DL reduces to,

where the coefficients a and b from several studies are listed 
in Table 1. The values given by Jones (1976) are obtained 
from Eq. 2 replacing D by DL = 4d∕3 in the expression for 
the Reynolds number. Note that Re in Eq. 3 is still defined as 
Re = Ubd∕� . Other estimates of the coefficients, based either 
on a collection of data from several independent experiments 
(Dean 1978) or from a specific facility (Monty 2004; Zanoun 
et al. 2009; Schultz and Flack 2013) are also listed. Note that 
in all these cases the fitting was done for experimental data 
that span a large Re range. Also the data from Durst et al. 
(1996) are included in Figs. 3 and 4.

(3)
�

1

Cf

= a log(Re
√

Cf) + b,

Fig. 2   Streamwise distributions 
of P/Re (Pa)
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In the Prandtl–Kármán plot shown in Fig. 4, one finds 
that for all five different choices of the previously defined 
coefficients from Table 1 the correlations based on Eq. 3 
collapse well at high Re (Fig. 4a), where the present set of 
coefficients shows the largest difference. This is no surprise 
since the present coefficients are obtained for data within a 
narrow range of low Reynolds numbers (2350 < Re < 3800) . 

It may be interesting to note that the slope a is directly con-
nected to the Kármán constant � . The average value of the 
inclination a determined from the five wide-range Re data 
sets in Table 1 is 4.1, giving � = ln 10∕(

√

2a) = 0.40.
Figure 4b shows that the present data for 

√

1∕Cf are in 
agreement with the DNS by Tsukahara et al. (2014) and 
the experimental results of Jones (1976), for Re

√

Cf > 200 

Fig. 3   Reynolds number 
dependence of skin friction 
coefficient Cf . a Showing data 
over a large Reynolds number 
range; b same data as in a 
focussing on the transitional 
Reynolds number range. The 
lines are from Eq. 3 with con-
stants from Table 1. The chain-
dotted line is obtained from 
Eq. 5 and discussed in Sect. 5
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(approximately corresponding to Re = 2000 ), as also can 
be expected from the results shown in Fig. 3b. They are 
all shifted up compared to the five lines (see Fig. 4b) and 
a corresponding downward shift (approximately 10%) is 

seen for Cf in the range 2000 < Re < 4000 in Fig. 3b. The 
coefficients for the line adhering to the present data in 
Fig. 4 are given in Table 1 clearly showing that Cf in the 

Fig. 4   Prandtl–Kármán plot, 
same data as in Fig. 3. a Show-
ing data over a large Reynolds 
number range; b same data as 
in a focussing on the transi-
tional Reynolds number range. 
The lines are from Eq. 3 with 
constants from Table 1
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low Re, but turbulent, region does not obey Eq. 3 with 
coefficients determined from high Reynolds number data.

4 � Flow visualization

To determine the Reynolds number range of the transitional 
region and to survey its characteristics, flow visualizations 
have been made through photography and video imaging. 
Figure 5 shows nine flow visualization snapshots in the 

range 1200 ≤ Re ≤ 3600 . The flow direction is from left to 
right and the area of the photographs is 184 mm × 123 mm 
( 26.2d × 17.5d ) in the streamwise and spanwise directions, 
respectively.

Figure 5a at Re = 1200 shows a homogeneous image 
indicating that most tracer particles are oriented in the same 
way which is a sign that the flow is laminar and that no 
flow structures are present. Figure 5b at Re = 1250 shows 
a characteristic turbulent spot in an otherwise laminar flow, 
though such appearances of spots are rare for this Re. As 

shown in Fig. 6, this spot shows similar properties to the 
turbulent spots that Carlson et al. (1982) and Alavyoon et al. 
(1986) artificially generated by a point-wise disturbance in 
a laminar channel flow, although in their case it was sym-
metric with respect to z = 0 . Typical features are an arrow-
head formed region containing streaky structures, a tongue 
of breakdown filled with small-scale eddies, oblique waves 
beside the tongue and streamwise streaky waves trailing 
at the rear of the turbulent area. At this Reynolds number 

Table 1   Coefficients of Eq. (3)

a b

Jones (1976) 4.00 0.10
Dean (1978) 3.97 0.074
Monty (2004) 4.175 − 0.416
Zanoun et al. (2009) 4.40 − 1.28
Schultz and Flack (2013) 4.07 − 0.021
Present 3.53 1.78

Fig. 5   Flow visualization in the range 1200 ≤ Re ≤ 3600 . a Re = 1200 ; b 1250; c 1400; d 1500; e 1800; f 2000; g 2600; h 2700; i 3600
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( Re = 1250 ) the Cf data shown in Fig. 3 starts to depart from 
the laminar line.

At Re = 1400 in Fig. 5c, the turbulent area with small 
scale structures increases in size, though the arrowhead 
shape and the oblique waves are still observed. The flow 
at Re = 1500 (Fig. 5d) does however not include oblique 
waves or a spot-like turbulent area. Instead the flow consists 
of patchwork-like turbulent areas and areas filled with large-
scale streaky structures in between. The turbulent patches 
tend to form oblique bands, clearly observed in the DNS 
by Tsukahara et al. (2014), though the band patterns here 
are not that clear. In the DNS the orderly band formation 
may be enhanced by the streamwise and spanwise periodic 
boundary condition. Typical streamwise and spanwise sizes 
of the turbulent patches are about 10d and 5d, respectively. 
The streaky structures around the patches do not include 
small-scale turbulence.

Long-time observations of the flow visualization show 
that the turbulent patches deform in time and new such 
patches do not appear inside the non-turbulent regions, 
neither do non-turbulent regions appear inside the turbu-
lent patches. This indicates that turbulence generation and 
extinction only occur around the boundaries of the turbulent 
and non-turbulent regions.

The series of images in Fig. 5d–h show that the inter-
mittency factor, or turbulent fraction of flow, increases as 
Re increases. It is hard to distinguish the streaky part in 
the flow visualization at Re = 2600 , a Re that is close to 
the upper marginal value defined by Seki and Matsubara 
(2012) for where the intermittency becomes close to one. 
The typical streamwise and spanwise scales were determined 

by eye from enlarged pictures where regions of connected 
white pixels were used to determine their size. At Re = 2600 
the streamwise and spanwise scales were approximately 1d 
and 0.5d, respectively. At Re = 3600 (Fig. 5i), the turbu-
lent eddies are homogeneously distributed across the full 
channel. They also become smaller than those at Re = 2600 
and their streamwise and spanwise sizes are 0.8d and 0.3d, 
respectively.

Careful observation of video visualizations by eye con-
firmed clusters with dense streaks for 2600 ≤ Re ≤ 2700 . 
These are not ordered like streaks around the turbulent 
patches seen for lower Re in the transitional region. The 
region marked by the oval in Fig. 7 consists of wavy streaks 
with a longer streamwise length and slightly intensified 
brightness compared to those outside this region. The aver-
age length of the streaks in the clusters is 7d which is about 
ten times longer than that of the vortical structure observed 
in the fully turbulent region. The typical size of such clus-
ters is about 10d in the streamwise direction and 5d in the 
spanwise direction. These dimensions are almost the same 
as the patches that appear in the transitional channel flow 
and the streamwise size is consistent with that of the very-
large-scale structure (VLSS) found from the velocity power 
spectra of the turbulent channel flow for 2650 ≤ Re ≤ 4000 
(Matsubara et al. 2016).

Two-point velocity measurements (Tanada and Matsubara 
2019) show that VLSS with a spanwise length scale of 6–8d 
transforms into narrow VLSS with a spanwise size of about 
1.4d above Re = 3400 . The size of the VLSS for Re < 3400 
is similar to those of the turbulent patch and corresponds to 
the spectral peak frequency observed by Matsubara et al. 

Fig. 6   Turbulent patch details 
based on the turbulent spot 
nomenclature introduced by 
Carlson et al. (1982). The 
figure shows the same spot as in 
Fig. 5b. (1) Patch front (arrow 
head shape); (2) leading edge; 
(3) oblique wave; (4) streak 
wave; (5) region of small-scale 
turbulence; (6) tongues of 
breakdown



Experiments in Fluids (2021) 62:31	

1 3

Page 11 of 16  31

(2016). From these results it is inferred that the non-tur-
bulent regions filled with the streaks observed in the tran-
sitional flow still exist even in the fully chaotic flow above 
Re = 2600 . Therefore, one may consider that transition con-
tinues up to Re = 3400 in the sense that the patch-like flow 
still exists.

5 � Intermittency factor

Figure 5 shows that the transitional flow consists of turbulent 
and non-turbulent parts, so that the intermittency factor � , 
or turbulent fraction, is an appropriate measure of the stage 
of the transition progress. From the flow visualizations the 
intermittency factor � can be calculated as the ratio of turbu-
lent areas Aturb to the total picture area, � = Aturb∕Atotal . For 
the determination of Aturb we utilized an image processing 
technique detailed below.

An example of an image obtained from a flow visualiza-
tion movie in the transitional range is shown in Fig. 8a. The 
flow direction is from left to right and the actual size of the 
image is 162 × 92 mm2 ( 1920 × 1080 px2).

The first step of the process, is to subtract an average 
of 200 images from each image in order to remove reflec-
tions on the glass surface. In the second and third steps, 
moving averages with two different windows 50 × 5 px2 
and 40 × 5 px2 are applied individually and the difference 
is obtained by subtraction between the moving-average 
images. The two images where the moving averages have 
been employed are shown in Fig. 8b,c and by eye almost 

no differences can be seen between them. However after 
subtracting them from each other one obtains the image 
in Fig. 8d with areas of high intensity small-scale fluc-
tuations and other areas with low intensity fluctuations, 
showing a successful removal of the large-scale streaky 
structures. The high-intensity areas are interpreted as 
regions of turbulence. In Fig. 8e, an image of the stand-
ard deviation calculated from this subtracted image with 
a moving widow with 199 × 199 px2 has high values (light 
areas in the figure) in the turbulent areas, and its binary 
image shown in Fig. 8f clearly distinguishes the turbulent 
areas from the laminar ones.

The threshold for the binarization was first adjusted so 
that the detection fits to the turbulent areas judged by eye 
and was given a value of � = 0.055 (this value does not 
have any physical meaning, but is just a measure related 
to the evaluation process of the images) and was fixed 
to the same value for the whole Re range of the present 
experiments.

Although this procedure may be seen as a subjective 
determination of the threshold (as pointed out by the review-
ers of this paper) a further analysis of the influence of the 
threshold was carried out, see Fig. 9. The figure includes 
curves for 19 Reynolds numbers ranging from 1240 to 2860. 
By studying the skin friction coefficient in Fig 3b, we would 
expect that the intermittency for the four lowest Reynolds 
numbers, 1240 to 1380, to be close to 0, which means that � 
should be larger than about 0.058. With the same reasoning 
we would expect the four highest Re, 2480 to 2860, to be 
fully turbulent which would require � to be less than about 

Fig. 7   Enlarged flow struc-
tures at Reynolds number 
2700 in Fig. 5h. Actual size is 
14.4d × 10.1d . The structures 
inside the red ellipse circle are 
a band of streaky structures. 
The blue dashed rectangle is for 
comparison a region contain-
ing incoherent small-scale 
turbulence
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0.052. So with this in mind it seems that original value of 
0.055 was a reasonable choice for the threshold.

The intermittency factor � , obtained from the image pro-
cessing, shown in Fig. 10, starts to increase around Re = 1250 
and for  1500 < Re < 2100 it increases linearly with Re. For 
2100 < Re < 2600 it asymptotically approaches one. The 
curve of � is in good agreement with the results by Seki and 

Matsubara (2012) who used hot-wire measurements of the 
streamwise velocity for three different wall distances to detect 
the turbulent parts of the signal. The fact that the �-distribu-
tions of the two experiments collapse gives further confidence 
that the present image processing technique to estimate � is 
adequate. The experimental data by Sano and Tamai (2016) 
are also shown in Fig. 10 which show an onset at a lower Re. 

Fig. 8   Example of image processing used for the estimation of 
� . a original picture; b picture after averaging with window size 
50 × 5 px2 ; c picture after averaging with window size 40 × 5 px2 ; 

d picture after subtract process of picture (b) and (c); e picture after 
using standard deviation filter process; f binary image for laminar or 
streak (black) area and turbulent area (white)

Fig. 9   The variation of the 
intermittency factor as function 
of the threshold level for 19 
different Reynolds numbers 
ranging from 1240 to 2860
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Their results were also obtained by a flow visualization tech-
nique but with a detection algorithm using a simple binariza-
tion with a low threshold which may have detected fluctuations 
that may not be related to small-scale turbulence.

For the data in Fig. 10 a straight line can be fitted to � in the 
region 1500 < Re < 2100 giving,

The skin friction coefficient Cf can be estimated from this 
equation with a simple assumption that local Cf values in the 
non-turbulent and turbulent regions follow the laminar theo-
retical and turbulent empirical formulas, Cf,lam and Cf,turb , 
respectively, as

The chain-dotted line in Fig.  3 is from this estimation 
with the present coefficients from Table 1 for the turbu-
lent empirical formula and it is seen that the estimated Cf 
deviates from the laminar line later than the skin friction 
measurements. This may be explained by the fact that the 
non-turbulent region is not a pure laminar flow. The streaks 
in those regions may induce momentum transfer in the wall-
normal direction, resulting in an increase of Cf . Using the 
measured skin friction data, i.e. the measured Cf , � can also 
be estimated by Eq. 5, and is shown in Fig. 10. As expected 

(4)� = 0.001233(Re − 1398).

(5)Cf = (1 − �)Cf,lam + �Cf,turb.

the modelled intermittency reaches higher levels at low Re 
as compared to the direct measurements of �.

In Fig. 11, � and � − 1 are plotted in logarithmic scale. 
An asymptotical approach to zero around the lower mar-
ginal Re is seen in Fig. 11a. Though determination of the 
function of the curve is difficult because of scatter of � , it 
is clear that � decreases in an exponential sense. Around 
the upper marginal Re, � also approaches one in an expo-
nential sense as seen in Fig. 11b. This asymptotic nature 
suggests that the probabilistic method represented by the 
direct percolation (Sano and Tamai 2016; Chantry et al. 
2017) may explain and predict the � curves. Though these 
asymptotes make determination of the marginal Reyn-
olds numbers difficult, a simple estimate by extrapolat-
ing the line of Eq. 4 indicates that the lower and upper 
marginal Reynolds numbers are close to 1398 and 2208, 
respectively.

For  the lower marginal  Reynolds number, 
Re = 1398 , the channel width in wall units is d+ = 92 
( d+ = u�,lamd∕� =

√

6Re , where u�,lam is the friction veloc-
ity for laminar flow at this Reynolds number). A streamwise 
vortex with a diameter of half the channel height then has a 
size of 46 in wall units, a value that is close to the minimum 
streak-width Reynolds number of 50 proposed by Alfreds-
son and Matsubara (2000). This supports the hypothesis that 
the size of a sustainable vortex cannot be below about 50 

Fig. 10   The intermittency factor 
� of present data compared with 
the flow visualization data of 
Sano and Tamai (2016) and 
the hot-wire measurements by 
Seki and Matsubara (2012). 
The latter is from three dif-
ferent y-positions ( y∕d = 0.3 , 
0.4 and 0.5), where y = 0 is 
at one wall and y∕d = 0.5 is 
consequently at the channel 
centreline. The straight blue line 
is fitted to the data in the range 
1500 < Re < 2100 and corre-
sponds to Eq. 4. The red line for 
Re < 1500 and the green line 
for Re > 1900 are fitted lines to 
the data according to Fig. 11. 
The dashed line is calculated 
from Eq. 5 and the measured 
skin friction coefficient
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in wall units which is also the typical spanwise size of the 
streaks observed close to the wall in wall-bounded turbulent 
shear flows.

The linear increase of � between the asymptotes sug-
gests that there is a balance between turbulent erosion at 
the boundaries of the turbulent parts and extinction of 

Fig. 11   Asymptotic approach of 
� around the a lower transi-
tional marginal Re; b upper 
transitional marginal Re. The 
straight red line in a is fitted 
to the present data and those 
of Seki and Matsubara (2012) 
up to Re = 1500 . The green 
line in b is fitted to the data of 
Seki and Matsubara starting 
at Re = 1900 . The equa-
tions for these lines are; red 
line: ln � = 0.0135Re − 22.3 , 
green line: 
ln(1 − �) = −0.00672Re + 12.1
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turbulence in other regions. The linear increase of � starts at 
Re ≈ 1500 and this is the same Reynolds number at which 
the flow pass into a patchwork-like state. In this state non-
turbulent parts are surrounded by turbulent parts, so that the 
non-turbulent parts would be continuously subjected to the 
turbulent erosion around their frontiers.

As seen in the flow visualization at Re = 2700 in Fig. 7, 
the streaky regions do not disappear at high Reynolds num-
bers: the streaks in the clusters seem to be chaotic and cannot 
be easily distinguished from the turbulent parts that com-
prise random small-scale structures. The recent hot-wire 
measurements by Matsubara et al. (2016) demonstrate that 
a power-spectrum peak of the streamwise velocity fluctua-
tions is observed at Re = 3000 . The frequency of the peak 
corresponds to a streamwise scale of 25d, a scale that is 
close to twice the streamwise length of the clusters of wavy 
streaks shown in Fig. 7. If the end of the transition is defined 
by disappearance of the chaotic streaky regions, the upper 
marginal Re is higher than that determined by the intermit-
tency factor �.

6 � Conclusions

The determination of the skin friction coefficient and the 
flow visualization were carried out in order to investigate 
the transition from laminar to turbulent flow in a wide aspect 
ratio channel with a strong inlet disturbance. The fact that 
the transition to the turbulent value of the skin friction coef-
ficient is faster than in previous experiments indicates the 
importance of a high upstream disturbance level in order 
to determine the low-end marginal Reynolds number. At 
a Reynolds number of 1000 turbulent patches were rarely 
observed in the present flow visualization. This is in accord-
ance with previous experiments (Carlson et al. 1982; Ala-
vyoon et al. 1986) where deterministic jet-injection dis-
turbances were found to be unable to generate sustained 
turbulent spots below a Reynolds number of 1100.

In the Reynolds number range just above transition, 
the skin friction coefficient is in good agreement with the 
experiment by Jones (1976) and the DNS by Tsukahara et al. 
(2014). However Cf is about 10% lower than the implicit 
relations suggested by Jones (1976), Dean (1978), Monty 
(2004), Zanoun et al. (2009) and Schultz and Flack (2013) 
based on high Reynolds number data. An attempt to model 
the skin friction in the transitional region based on the inter-
mittency and the laminar and turbulent skin friction values 
gives too low values compared to the experimental ones, 
indicating that the laminar flow regions close to the turbulent 
patches have a higher skin friction than that of the “clean” 
laminar flow.

The intermittency factor increases linearly in the Reyn-
olds number range between 1500 and 2100. This suggests 

that the generation and extinction of turbulence at bounda-
ries between turbulent and laminar regions are in equilib-
rium, and that the level of intermittency is determined by 
viscous suppression. On the other hand, the approaches of 
the intermittency factor to 0 and 1 are both close to exponen-
tial. This implies that flows around the marginal Reynolds 
numbers have a stochastic behaviour.

Though the intermittency factor from the image process-
ing of the flow visualizations shows that the flow becomes 
fully turbulent at a Reynolds number of 2700, there still exist 
patch-like areas with dense wavy streaks. The streamwise 
scale of this streaky patch corresponds to the low-frequency 
peak observed in the power spectrum of the streamwise 
velocity measured by Matsubara et al. (2016). This strongly 
suggests that the Reynolds number at which the transition 
process is complete, i.e. where the streak clusters have disap-
peared completely, is higher than those at which the inter-
mittency (turbulent fraction) is one.
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