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Abstract 
Large delay in the onset of laminar–turbulent transition and the protraction of its extent in a channel flow are achieved by 
connecting it to a wind tunnel with very high effective area contraction ratio (c). Fully developed flow is established in the 
channel using a blower-based open-circuit wind tunnel, and 2D velocity field is measured using particle image velocimetry. 
The contractions are carefully designed with optimal parameters so as to have minimal non-uniformity at the exit, avoidance 
of boundary layer separation at the contraction inlet and exit and reduction in turbulence levels in the flow. This ultrahigh 
contraction ratio causes large reduction in the disturbance levels leading to delay in the onset of transition (at Re

m
= 2050 

rather than the usual value of around 1500) and protraction of the extent of the transitional regime by around 4 times 
( ΔRe

m
= 3150 as opposed to the usual value of around 800). Here Re

m
=

2u
m
h

�

 is the bulk Reynolds number, u
m
 is the bulk 

velocity, h the channel half height and � the kinematic viscosity. This is confirmed by the values of the centerline turbulence 
intensity obtained around the onset of transition from current measurements, which are found to be lower than those from 
other studies in the literature with lower values of c.
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Graphic abstract

1  Introduction

Transition control and drag reduction in plane channel flow 
has been studied by many investigators for wall-bounded 
flows in the past. Various strategies have been employed 
toward this such as using hydrophobic wall (Nouri et al. 
2012), infusing a lubricant within microgrooves made on 
the surface (Chang et al. 2019), polymer additives (Min et al. 
2003b; Ptasinski et al. 2003; Dimitropoulos et al. 1998; Li 
et al. 2006; Sureshkumar et al. 1997), suspension of solid 
particles (Niazi Ardekani et al. 2017), flow induced by a 
traveling wave (Min et al. 2006; Tomiyama and Fukagata 
2013), by application of Magnetohydrodynamic (MHD) 
Lorentz force (Min et al. 2003a; Breuer et al. 2004), using 

Dielectric Barrier Discharge (DBD) plasma actuator (Mah-
foze and Laizet 2017), large eddy breakup (LEBU) devices 
or blade manipulators (Vasudevan et al. 1992), active feed-
back control using blowing and suction (Lee et al. 1997; 
Marusic et al. 2007). While the above methods focus on 
altering the fluid properties, boundary conditions or the 
flow within the channel, a few studies have investigated the 
effect of level of oncoming free stream turbulence (FST) 
on transition control. It is established (Downs and White 
2013; Ovchinnikov et al. 2008) that the level of FST has a 
profound impact on the rate of growth of disturbances (the 
mechanism involved in transition) and hence can lead to the 
delay or advancement of transition. Various passive turbu-
lence manipulators such as screens, perforated plates, porous 
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foams and honeycombs have been studied in Loehrke and 
Nagib (1972). The study shows the efficacy of these manip-
ulators in reducing free stream turbulence, using hot-wire 
anemometry and hydrogen-bubble visualization techniques.

For plane channel flow (or a pipe flow), the transition 
characteristics are dictated by the shape of the velocity pro-
file, disturbance levels at the entrance to the channel flow. It 
is also observed that small variations in the entrance velocity 
profile due to the geometry impacts the extent of the laminar 
region and the Rem corresponding to the onset of transition 
(Tritton 1977). Another way of reducing free stream turbu-
lence is presumably by increasing the contraction ratio (c) 
(Ramjee et al. 1972; Derbunovich et al. 1987; Reif et al. 
2005). A simple vortex dynamics argument leads to the view 
that, in a contraction with area ratio c, while the longitudinal 
component of velocity fluctuation reduces by c the lateral 
components increase by 

√

c (Prandtl 1933; Uberoi 1956; 
Tennekes and Lumley 1972; Mehta 1979). Also the flow 
non-uniformities decrease by a factor of c2 in the stream-
wise direction (Prandtl 1933; Corrsin 1952; Mehta 1979). 
The effect of using contractions with high area ratio toward 
delaying transition in plane channel flows does not seem to 
have been investigated in the past and this will be the focus 
of the present study. Disturbance levels before the entrance 
region to the channel is sought to be reduced, since the Rem 
is constrained to be constant along the channel. Toward this, 
we use the upstream part of the system to be a part from a 
blower wind tunnel that has a contraction with c = 8.3 to be 
combined with a further contraction with c = 13 , resulting 
in an effective contraction of area ratio c = 108 . Effectively, 
the high contraction ratio resulted in delay in the onset of 
transition to Rem ≈ 2050 compared to the standard value 
of Rem ≈ 1500 as stated in the literature. Furthermore, the 
transition process was completed at Rem = 5200 , resulting 
in protraction of the transition regime.

The paper is organized as follows: The details of the over-
all channel tunnel construction, design of subsystems such as 
the contraction and diffuser, detailed pressure loss calcula-
tions for various parts of the channel along with the blower 
selection are presented in Sect. 2. Methods used to measure 
the mean velocity and skin friction are described in Sect. 3. 
The main results substantiating the delay in transition are 
presented in Sect. 4. Finally, some concluding remarks are 
presented in Sect. 5.

2 � The channel tunnel (chunnel)

An existing blower wind tunnel, wherein the sections 
downstream of the contraction section are removed, is 
used as the upstream section. This is followed by a down-
stream plane channel starting with its own settling cham-
ber and a contraction section. The plane channel section 

is followed by a diffuser. This combination of tunnel and 
channel (Chunnel) was designed such that the effective c 
is very large—the original contraction ratio of 8.3 of the 
wind tunnel is augmented by the contraction ratio of 13 of 
the channel section making an effective ratio of about 108. 
The purpose of building this chunnel is to get a relatively 
quiet channel flow where both transitional and turbulent 
plane channel flows can be studied in a comprehensive 
fashion. Figure 1 shows the design drawing of the chun-
nel. A centrifugal blower and an a.c. motor with maximum 
power rating of 55 hp is used to drive the flow. A diffuser 
(D) connects the blower to a settling chamber (SC1) with 
a honeycomb to straighten the flow, followed by the first 
contraction (C1). One more contraction (C2) is designed 
and is connected to C1 by a constant area section (SC2).

A two-dimensional channel of cross-sectional area 
ratio, AR = 12 and of length L∕(2h) = 146 have been 
designed. Similar designs were used by Zanoun (2003) 
( AR = 12, L∕(2h) = 115 ), Monty and Chong (2009) 
( AR = 11.7, L∕(2h) = 205 ). Based on this, the channel 
dimensions were chosen to be 7320 mm × 600 mm × 50 
mm, also to ensure reasonable resolution of measurements 
within the constraint of lab space available. The channel is 
connected to the exit of the second contraction.

A contraction is designed to smoothly take the flow 
from the exit of SC2 to the entrance of the channel. The 
contraction design objectives are minimal non-uniformity 
at exit, avoidance of boundary layer separation, reduction 
of relative turbulence level, least pressure loss, cost and 
available space (Morel 1977; Ramaseshan and Ramas-
wamy 2002). The geometric parameters that affect these 
considerations are area contraction ratio (c), length of 
the contraction and the shape of the contraction contour 
(Morel 1975). The final expression for the contraction 
based on Ramaseshan and Ramaswamy (2002); Borger 
(1976) is

where � =
x

L
 and � =

y−yi

yo−yi
 . In our case, yi = 312.5 mm , 

yo = 25 mm and L = 625 mm for the longitudinal contrac-
tion. For static pressure recovery, an exit diffuser of exit 
dimensions 1200 mm × 250 mm and length 1.5 m is used.

3 � Measurements in the transition regime

The channel flow experiments were performed in the open-
circuit blower-type wind tunnel as described in Sect. 2. All 
measurements are made at the channel test section located 
around 6000 mm from the entrance. For a plane channel, 
the mean momentum equation when simplified leads to

(1)� = 6�
5
− 15�

4
+ 10�

3
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Hence, the wall shear stress �
w
 and friction velocity u

�
 are 

calculated directly from static pressure measured along the 
streamwise direction.

Pressure is measured using a micromanometer from Fur-
ness Controls FCO 510. Two units of FCO 510 capable of 
measuring pressure difference in different ranges 0–200 
mmH2O (0–18 m/s) and 0–2000 mmH2O (0–57 m/s) were 
used. The first manometer has precision to 3 decimals and 
is used for measuring in the transitional flow regime since it 
involves low pressure differences and is thus very sensitive. 
The second manometer has precision to 2 decimals is suffi-
cient for measurements in the turbulent regime. The manom-
eter is set to the desired time of acquisition (sampling rate 
is 1 Hz), and the data are by acquired using FC487 software 
provided by Furness Controls. For all the cases considered, 
pressure data are averaged for 1 min (acquired for 2 mins, 
out of which the first 1 min is used for settling down and not 
considered in the averaging).

The accuracy of wall shear stress measurement is critical 
in wall-bounded turbulence, since all the scaling results are 
largely dependent on this. Zanoun (2003) established that 
the shear stress obtained using static pressure measurements 
are fairly accurate and compare well with values obtained 
from oil-film interferometry. Hence, static pressure measure-
ments are carried out to obtain wall shear stress. A recent 
study that measures wall shear stress in a transitional plane 

(2)
h

�

(

−dP
0

dx

)

= u2
�
=

�
w

�

= �

(

du

dy

)

w

channel flow using hot film sensors has been reported by 
Agrawal et al. (2008).

There are 50 static pressure ports installed on the bottom 
wall of the channel with a diameter of 0.5 mm and pitch of 
3cm. The static pressure (streamwise) gradient ( dP

w
∕dx ) 

is calculated as the slope of linear fit to the wall pressure 
plotted against streamwise distance. Friction velocity ( u

�
 ) 

is then calculated from the streamwise pressure gradient 
using Eq. 2. Figure 2 shows the pressure drop plotted against 
streamwise distance for various Rem in the range 2492–5276. 

Fig. 1   Channel tunnel design 
drawing

Fig. 2   Calculation of friction velocity using wall pressure measure-
ments along the streamwise direction for various speeds
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The pressure gradient is thus calculated as the slope of the 
fitted straight line as shown in Fig. 2. The friction Reynolds 
number (Karman number) is calculated as Re

�
= u

�
h∕� and 

the wall shear stress as �
w
= �u2

�
 . It is found that for the 

lowest possible motor RPM of the tunnel, Rem is calculated 
to be 5760, which corresponds possibly to fully developed 
turbulence and lower flow rates are required to establish flow 
in the transitional regime. In order to achieve this, a constant 
area section (of length around 0.2 m) used to connect the 
exit of the blower to the first diffuser is removed to bleed the 
flow and reduce the mass flow rate. This leads to a portion of 
the oncoming flow lost to the atmosphere, thus reducing the 
flow rate of the flow entering the tunnel. With this arrange-
ment, measurements could be performed from the end of the 
laminar regime through the complete transitional regime and 
beginning of turbulent regime till Rem of 5760.

Two-dimensionality of the flow is checked at the entrance 
to the channel (contraction exit). One of the main causes for 
non-uniformity is the curvature of the streamlines when the 
flow passes through the contraction. As the flow enters the 
channel, there would be a convex curvature of the stream-
lines from the contraction away from the wall, toward the 
center, and the centripetal effects are balanced by the pres-
sure gradient (In this connection please see Panton (2013) 
and Fig. 7.2 therein showing the entrance velocity profile 
and its associated discussion).

Figure 3 shows static pressure measurements right at the 
entrance for a range of tunnel operating speeds (based on 
Reynolds number at the centerline and channel half height). 
For each speed, as we move away from the center, toward 
the side walls, static pressure is nearly a constant up to 30% 
about the centerline. Somewhere around 60% from the cen-
terline, it reaches a maximum and starts decreasing again, 
indicating the curvature effects are prominent around 60%. 

For the highest speed case considered, the static pressure 
differs by 4.7%, 5.7%, 52.5% and -22.5% from the center-
line value at distances w/6, w/3, 2w/3 and 29w/30 from the 
centerline. This indicates that the curvature effects due to 
the contraction are prominent away from the center and the 
central region of the channel is fairly two-dimensional even 
at the entrance, presumably because of the reduced non-
uniformity caused by the high contraction ratio.

Two-dimensional velocity field is measured in the x-y plane 
using LaVision FlowMaster particle image velocimetry (PIV) 
system is used with repetition rate of 15 Hz. From the PIV 
measurements, first- and second-order statistics were evaluated 
for various averaging times (30 s, 40 s, 50 s, 60 s). While the 
first-order statistics converge much earlier, the second-order 
statistics converge only around 50s averaging time (Figs. 4, 5). 
Hence, 1 min (900 snapshots) is taken as the acquisition time 

Fig. 3   Static pressure measured at the channel entrance with span-
wise distance for various speeds

Fig. 4   U profiles plotted for various averaging times for Re
m
= 4100

Fig. 5   u′2 profiles plotted for various averaging times for Re
m
= 4100
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for all the speeds considered. Summary of the experimental 
parameters is tabulated in Table 1. 

Figure 6 shows the mean velocity profile obtained from 
the PIV measurements for various transitional Rem , plotted 
in the semilog scale. It will be seen from the C

f
 curve later 

that the last case Rem = 5276 correspond to the fully devel-
oped turbulent regime. The variance of streamwise velocity 
fluctuations is also plotted for the same set of Rem in Fig. 7. 
It can be seen that the normalized intensity comes down with 
Rem presumably due to increase in value of u

�
.

4 � Delayed transition

The skin friction coefficient, C
f
 is determined as the ratio of 

wall shear stress to mean dynamic pressure.

This is calculated using u
�
 (estimated from the wall pres-

sure gradient) and um (obtained from the PIV measurements) 
as described in Sect. 3. This is also done for few laminar 
and turbulent Rem cases and the results are plotted in Fig. 8 
against Rem in the log–log scale.

Also plotted are lines corresponding to skin friction 
variation with Rem for laminar [ C

f
= 12∕Rem from theory 

(White 1991)] and turbulent [empirical correlation (Dean 

(3)C
f
=

�
w

1

2
�u2

m

= 2

(

u
�

um

)2

1978)] channel flow. The first two points in Fig. 8 that fall 
on the turbulent correlation line correspond to the case with 
Rem = 5276 as observed earlier in Fig. 6. There are a few 
experimental works (Davies and White 1928; Whan and 
Rothfus 1959; Hartnett et al. 1962; Patel and Head 1969; 
Jones 1976) and DNS works (Iida and Nagano 1998; Tsu-
kahara et al. 2005) that report skin friction data in the tran-
sitional regime of channel flow. These are plotted along 
with the present data in Fig. 8. It is observed that the data 

Table 1   Summary of experimental parameters

Measurement method Instrument details Quantities measured Sampling rate Total duration (s) Re
m
 range

Micromanometer Furness controls FCO 510 P (static and total) 1 Hz 1 min 2500–80,000
PIV LaVision GmbH u, v along x–y plane 15 Hz 1 min 2500–80,000

Fig. 6   Mean velocity profiles for various Re
m
 cases

Fig. 7   Variance profiles of streamwise velocity fluctuations for vari-
ous Re

m
 cases

Fig. 8   Skin friction coefficient variation with Re
m
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from present experiments are distinctly away from data of 
others around the transitional region. The data from other 
works show start of transition at Rem of 1300 and end 
around 2100–2500 with the transition extent, ΔRem ≈ 1000 , 
whereas data from present experiments show start of tran-
sition at 2050, ending at around 5200 with ΔRem ≈ 3150 
(summarized in Table 2). This is a relatively large delay in 
onset and also further protraction in the extent of the tran-
sitional regime. The mean velocity, non-dimensionalized in 
outer coordinates, at Rem when the flow has departed from 
the laminar state, is plotted for the present study and com-
pared with corresponding results from some other studies in 
the literature. The velocity profiles from other studies plot-
ted around Rem 1500 just after transition onset value deviate 
from the laminar parabolic curve and fuller, thereby indicat-
ing that they are already transitional. In contrast, the profile 
from the present PIV measurements at Rem ≈ 1906 , shown 
in Fig. 9, still follows the parabolic curve, showing it is still 
laminar, consistent with the observations from the C

f
 curve 

shown in Fig. 8. 
A measure of the turbulence level in the fully developed 

channel section can be taken to be u�
cl
∕Ucl . This is indicated 

in 2 along with the onset and terminal Reynolds numbers 
as well as the experiments of others in the literature. The 
delayed onset and protracted transition zone of the present 
experiments are evident and correlated with the disturbance 
level in the centerline in the fully developed flow region. 
Figure 10 shows the turbulence intensity at the centerline 
from current experiments along with hot-wire measurements 
of Seki and Matsubara (2012) which had a contraction, 
c = 34—around 3 times smaller compared to the present 
experiments. The turbulence intensity of Seki and Matsub-
ara (2012) at Rem = 1530 just after the start of transition is 
larger at 0.105, whereas corresponding value from the pre-
sent experiments ( Rem ≈ 2000 ) is 0.067. This indicates the 
relative quietness of the flow presumably brought about by 
the larger contraction ratio in the present study. Furthermore, 
this also results in protracting the transition regime as can 
be seen in Fig. 10.

4.1 � Mechanism causing transition onset delay

Turbulence in a pipe or a channel in the entrance region is 
generated in localized packets (turbulent slugs) close to the 
wall known. They are localized in streamwise and spanwise 

directions but spread quickly over the wall-normal direc-
tion (Wygnanski and Champagne 1973). These slugs interact 
with each other and grow in size, while new slugs also origi-
nate with time. At some particular downstream distance, 
the slugs grow and spread through the domain making it 
completely turbulent. The critical Re at which the transition 
onset ensues is extremely sensitive to the geometry of entry 

Table 2   Transitional regime 
Re

m
 range and corresponding 

centerline turbulence intensities, 
comparison with others 
experimental values

Transitional 
regime

Current experiments Others experiments

Re
m

Re
�

u
�

cl
∕U

cl
 (at Re

m
) Re

m
Re

�
u
�

cl
∕U

cl
 (at Re

m
) (Seki 

and Matsubara 2012)

Onset 2050 60 0.066 (1907) 1500 46 0.140 (1530)
End 5200 175 0.046 (5276) 2100–2500 60–70 0.042 (2660)

Fig. 9   Mean velocity profile plotted in outer coordinates compared 
with those from other experiments from literature around the start of 
transition

Fig. 10   Centerline turbulence intensity plotted with Re
m
 for present 

experiments as well as for those from literature
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and the disturbance levels in the oncoming fluid (Tritton 
1977). The entry flow depends on the geometries leading 
to the entrance, and is mostly irrotational. Boundary layer 
grows on both the walls and the velocity profile gets closer 
to parabolic shape as the boundary layers merge. When the 
boundary layer thickness is small compared to channel half 
width, flow is more prone to be unstable at high Re (Garg 
1981; Sarpkaya 1975). Stable and unstable regions alter-
nate with each other as the profile approaches Poiseuille 
flow. Amplification of disturbances in the unstable region 
could lead to onset of transition. The onset of transition is 
thus subjected to high variability. This is based on veloc-
ity profile at entrance having variations due to the entrance 
geometry that might affect the extent of unstable region; if 
there are sharp edges or corners, the disturbances would be 
amplified rapidly, leading to accelerated onset of transition.

The experimentally observed value of critical Re for plane 
channel flow is 1000–1100 (Biau 2008), while linear stabil-
ity analysis shows a critical Re for transition to turbulence 
to be 5772 (Drazin and Reid 1981), showing subcritical 
nature of the instability (non-modal growth). Beyond the 
development length, Re is not a function of streamwise dis-
tance. This would mean the disturbance levels at the channel 
entrance plays a pivotal role in the delay or advancement of 
transition onset. The flow non-uniformities decrease by a 
factor of c2 in the streamwise direction where c is the con-
traction ratio (Prandtl 1933; Corrsin 1952; Mehta 1979). 
This causes a stabilizing influence with very low disturbance 
levels in the flow at the channel entrance. This would make 
the velocity profile more uniform and fuller (low shape fac-
tor) and the local Reynolds number (based on displacement 
thickness, �∗ or momentum thickness, � ) in the entrance 
region would decrease. According to Drazin and Reid 
(1981), the critical Re for a boundary layer is a decreasing 
function of shape factor. The critical Re required for transi-
tion thus increases with flatter profiles resulting in delay in 
the onset of transition.

5 � Conclusions

Fully developed transitional channel flow has been studied 
experimentally. A large contraction ratio of c = 108, brought 
about by combining in series two contractions was used. For 
this purpose, an existing blower wind tunnel was used as 
the upstream section, connected to a downstream channel. 
The aim of this study was to delay transition by increas-
ing the contraction ratio as well as carefully designing the 
contraction geometry, thereby quietening the inflow to the 
channel. This resulted in a channel flow where the transition 
onset occurs at Rem = 2050 and transition was complete at 
Rem = 5200 . This is protracted compared to other results in 

the literature which are typically about Rem = 1500–2300. In 
summary, effectively high contraction ratio delays transition 
onset and also protracts the extent of the transition region.
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Prof. Tom Mullin (University of Oxford).
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