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An experimental investigation on reverse transition from turbulent to laminar 
flow in a two-dimensional channel was carried out. The reverse transition occurred 
when Reynolds number of an initially turbulent flow was reduced below a cer- 
tain value by widening the duct in the lateral direction. The experiments were 
conducted at Reynolds numbers of 625,865,980 and 1250 based on half the height 
of the channel and the average of the mean velocity. At all these Reynolds num- 
bers the initially turbulent mean velocity profiles tend to become parabolic. The 
longitudinal and vertical velocity fluctuations (3 and 3) averaged over the 

~ height of the channel decrease exponentially with distance downstream, but 
ufvf tends to become zero at a reasonably well-defined point. During reverse 
transition ufvf12/uf2 2/vf2 also decreases as the flow moves downstream and 
Lissajous figures taken with u‘ and vf signals confirm this trend. There is ap- 
proximate similarly between z2 profiles if the value of u z x  and the distance 
from the wall at  which it occurs are taken as the reference scales. The spectrum 
of is almost similar at  all stations and the non-dimensional spectrum is expo- 
nential in wave-number. All the turbulent quantities, when plotted in appro- 
priate co-ordinates, indicate that there is a definite critical Reynolds number of 
1400 5 50 for reverse transition. 

_ _ - -  

1. Introduction 
The phenomenon of reverse transition from turbulent to laminar flow has been 

the object of study only recently, even though the transition from laminar to 
turbulent flow has been investigated to a considerable extent by many investi- 
gators. Reverse transition can be classified under the general topic ‘the decay of 
turbulence ’ and in this field most investigations have been generally restricted 
so far to the case of isotropic turbulence (Batchelor 1959) where turbulent 
energy production is completely absent, which makes the analytical approach 
to the problem somewhat easier. On the other hand, the decay of non-isotropic 
turbulence, for example shear flows, is also of importance, but very little informa- 
tion is available on this subject. Our present-day knowledge even regarding the 
general nature of the process being poor, an analytical approach to this problem 
is not available and hence experimental investigations are necessary to under- 
stand the basic features of the reverse transition process. 
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Reverse transition in compressible boundary layers was observed some years 
ago by Sternberg (1954) and by Sergienko & Gretsov (1959). Holder, Gadd & 
Regan (1956) suspected decay of turbulence in the wake of a body at  high Mach 
numbers. Recently, reverse transition has been reported by Launder (1964) and 
Moretti & Kays (1965) in accelerated incompressible turbulent boundary layers. 
In  all these experiments the flows were subjected to large favourable pressure 
gradients associated with changes in Reynolds number. 

In the present investigation, it was decided to study the reverse transition 
phenomenon in a simple and basic flow so that the gross features of the decay of 
non-isotropic turbulence could be understood. It has been observed that turbu- 
lence cannot persist below a certain Reynolds number for each particular type of 
flow, though the exact value has not yet been well established in all cases. The 
simplest set-up for this type of investigation is to decrease suddenly or gradually 
the Reynolds number of the flow which is initialIy turbulent and this condition 
can be easily achieved in a pipe or channel flow by increasing the area through a 
diffuser. In  this way a large change in Reynolds number can be achieved in a pipe 
or channel flow depending on the area ratio of the diffuser and if the mass flow 
is properly controlled reverse transition can be achieved. A two-dimensional 
channel flow is more suitable for this investigation since measurements are some- 
what easier in a channel than in a pipe. In  the present case, the channel height was 
kept constant throughout its length and the width was increased through a dif- 
fuser to reduce the flow Reynolds number. 

Some preliminary work of the same nature has been carried out independently 
by Laufer (1962) and Sibulkin (1962) in a pipe. Their experimental set-up was 
almost the same as that of the present investigation except that a pipe flow was 
chosen instead of a two-dimensional channel flow. Their measurements were 
confined to the mean velocity profiles, the longitudinal velocity fluctuations 
(.I”, and the spectrum of s. Laufer showed that during reverse transition in 
some regions the decay of z2 is exponential and that the non-dimensional spectra 
of z2 at the centre of the pipe exhibit complete similarity at all axial stations and 
the spectrum is exponential in wave-number. Sibulkin’s experiments also indi- 
cated the similarity in the spectrum of zz and he noticed that the angle of the 
diffuser had no effect on the overall decay process, except for a short distance 
near its downstream end. 

The aim of the present investigation is to study in greater detail the reverse 
transition process in a two-dimensional channel flow. The experiments were 
carried out with the following objectives: (a )  to find out the critical Reynolds 
number for channel flow; ( 6 )  to  measure the rate and mode of decay of the 
turbulent quantities; (c) to study the overall turbulent energy balance during 
decay; ( d )  to measure the spectrum of z2 to find out whether simiIarity exists. 

The accuracy of the measurements is not high due to the low mean velocities 
and low frequency fluctuations involved in the flow. The output readings were 
averaged over reasonably long periods (15-20 min) to obtain consistent results. 
The results show, with all the shortcomings, some definite and consistent trends 
and throw some light on the mechanism of the reverse transition process. 
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2. Experimental set -up 
2.1. Two-dimensional channel 

The geometry of the two-dimensional channel used for the investigation is shown 
in figure 1. The basic difficulty with this experimental investigation is the re- 
stricted height of the channel required to obtain sufficiently high velocities at  
low Reynolds numbers for accurate hot-wire measurements. It was decided that 
a two-dimensional channel having a width of Q in. is the most convenient size for 

Wooden side wall 

Y 

FIGURE 1. Diagram of the two-dimensional channel flow. (Not to scale.) 

the experiment. Since both laminar and turbulent flows have to be obtained in 
the same set-up, the channel is made up of an initial narrow portion (;in. high, 
3 in. wide and 50 in. long) where the velocity is high and turbulent, and down- 
stream of this a broad portion (i in.  high, gin. wide and 80in. long) where the 
velocities and Reynolds numbers are low. A 3" half angle diffuser connected the 
two parallel sections of the channel. The complete channel was made of l in.  
thick plywood and the inner surface was polished very smooth, after being 
treated with Araldite resin. A suction pump was used to produce the flow in 
the channel. Strips of sand paper 6 in. long were pasted on each side of the channel 
at  the entry region to hasten transition. Static pressure holes were drilled 6 in. 
apart along the channel and a sensitive manometer was used to measure differen- 
tial pressures to an accuracy of 0.005 mm of water. In the early stages of the ex- 
periment, the diffuser was kept fixed and the hot wire was shifted from station 
to station along the channel. This method proved to be cumbersome and resulted 
in large scatter of the readings due to repeated shifting of the hot wire. It was 
later found more convenient to keep the hot wire fixed at  one station (x) and to 
move the diffuser (see figure 1) along the channel. 

2.2. Hot-wire measurements 

The mean velocity and measurements were made using 0.0001 in. diameter 
platinum wire approximately lmm long. For cross wires, i.e. for v'2 and u" 
measurements, 0.0001 in. diameter platinum wires 4 mm long were employed. 
A constant current anemometer system was used for the turbulence measure- 
ments. The hot-wire bridge and the amplifier were built in the laboratory. The 
circuit of the amplifier is the same as that of Townsend (1947) at  the Cavendish 
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Laboratory except for some minor modifications. The amplifier had an overall 
gain of nearly 6000. Because the low-frequency fluctuations were quite large, the 
output readings had to be averaged over a long time to get reasonably repeatable 
results. The spectrum of 3 was measured using a general electric wave analyser 
having a lower frequency limit of 2 clsec. The hot wires were calibrated in a 
separate tunnel built for this purpose. 

1.5 

1.0 

E 

0 5  

0 0.1 0.2 0.3 0.4 0.5 

Y P  
FIGURE 2.  Mean velocity distributions at  various axial stations. 

_ _ -  , theoretical laminar profile. 

3. Experimental results and discussion 
In  the region upstream of the diffuser some of the fluctuating quantities (u? 

3 and a) and mean velocities were measured to make sure that the flow was 
fully turbulent before being subjected to reverse transition process. The results 
indicated that the flow was reasonably fully developed and the mean velocity 
profiles when plotted in the universal logarithmic form, using wall shear values 
obtained from pressure gradient measurements, showed a definite logarithmic 
region and the wake component was practically negligible. 
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3.1. M e a n  velocity projiles in the reverse transition region 

The mean veIocity profiles downstream of the diffuser were measured at many 
axial stations (x) along the length of the channel at  Reynolds numbers of 625, 
865,980 and 1350 based on half the channel height and the average of the mean 
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FIGURE 3. Variation of C, along x1 during inverse transition. 

velocity (U,). It was noticed that in each experiment hot-wire measurements 
showed that the average velocity (U,) did not vary more than 5 % with x, and 
hence for practical purposes the Reynolds number is taken to be constant all 
along x in the reverse transition region. The velocity profiles for the case of 
R e  = 865 are shown in figure 2. The mean velocity profiles show a tendency to 
become laminar as the flow moves downstream and this change is more rapid as 
the Reynolds number decreases. The estimated values of the skin friction co- 
efficients (cf) obtained from static pressure and mean velocity measurement show 
a decrease in the value of cf (figure 3) during reverse transition. The flow field 
being not invariant with respect to x the change in momentum due to the mean 
velocity variation is also taken into account in the evaluation of cf. At Reynolds 
number of 625 and 865, the value of cf reached that of laminar flow much earlier, 
even though the mean velocity profiles in the outer region have not reached simi- 
lar conditions, indicating that the history of the flow is retained more in the outer 
region than in the inner region. 

3.2. Turbulent quantities 
_ -  

The turbulent quantities uf2, v f 2  a n d u "  were measured at  all the four reverse 
transition Reynolds numbers and the measured profiles are shown in figures 4-6 
for the case of R e  865. Due to the finite thickness of the hot-wire probes, r2 and 
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FIGURE 4. Distributions of 2 across the channel at various axial stations. 
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FIGURE 6. Distribution of u7 across the channel height. 

I I I I I I I \  

0 20 40 60 80 100 120 140 

- - "ID 
FIGURE 7. Decay of u& and u:: along the channel. - - -, ~ 2 ~ ~ ;  - f Uav 

- - 
'2 



616 M .  A .  Badri Narayanan 

u'd could not be measured very close to the wall, and in figure 6 the curve 
has been extrapolated to the wall (dotted line). The values of the fluctuating quan- 
tities decrease as the flow moves downstream and there is a shift in the position 
(y /D)  of the peaks of u7 and towards the channel centre during the reverse 
transition process. The average value of u3 obtained by integrating across the 
channel height exhibits an exponential decay with respect to x (figure 7 ) ,  indi- 
cating that the overall decay process is essentially exponential unlike the case 
of isotropic turbulence where the decay is proportional to l /x in the initial region. 
The maximum value of z 2  also shows an exponential decay (figure 7 ) .  But this 
exponential decay is not maintained at  all layers (y /D)  except near the wall and 
the channel central regions. A similar trend has been noticed by Laufer also 
during his investigation of reverse transition in pipe flow. 

During the reverse transition process the location of u7 shifts away from the 
wall, as the flow moves downstream. If the distance between the wall and the 
location of c, is taken as the characteristic length scale (a), the decay of __ 3 
becomes exponential at  all (y /D)  layers. Using the length scale (a) and the ugaX 
(as the velocity scale) it is now found possible to collapse all the curves on to a 
single one (figure 8). This result indicates that there is some kind of near similarity 
in the decay process. 

The decay of 3 along the centre of the channel is again exponential (figure 9) 
and since the gradients in the y-direction are small the overall decay also should 
be exponential as in the case of p. The F2 profiles also exhibit similarity when 
the same velocity and length scales used in conjunction with uX are employed. 
The decay curves show that 3 decreases faster than u-. For example, the ratio 
of uf2/vf2 which is around 16 a t  x/D = 10 for Re = 865, increases to a value of 36 
at x /D = 110, and the increase is more (200) at  the lower Re = 625. W'2could not 
be measured accurately due to the small size of the channel. The mean velocity 
itself was appreciably affected when the hot-wire probe was oriented for w' 
measurements. But some crude measurements made at  a few stations indicated 
2 2  to be of the same magnitude as that of p. Since is much larger t h a n 3  
and hence wX, the errors involved in the estimation of the total turbulent 
kinetic energy will not be more than 6 yo, even if the error in the measurement of 
z2 is of the order of 50 %. 

The a profiles indicate that the turbulent shear stress varies linearly with y 
for some distance near the centre of the channel and then drops towards zero as 
the wall region is approached. To study the rate of decay, values of u 7  a t  
yID = 0-25 are taken for comparison. The decay of a with x seems linear 
(figure 10) instead of being exponential as in the cases of z2 and p. This result 
was somewhat unexpected and in addition u.7  decays earlier and approaches 
zero value before other turbulent quantities vanish. It is also interesting to note 
that u.I2)) becomes zero at  the same x region where the wall shear drops to laminar 
value (see figure 3). No similarity exists in the &? distribution when the same 
length and velocity scales used in connexion with 2L'2 a n d r 2  are employed. During 
the reverse transition process there seems to be decoupling between the uf and 
vf fluctuation because measured correlation coeEcients ufvf/(u'2)* (TI'"*, indi- 
cate a gradual decrease in the correlation (figure 11) as the flow moves down- 

_ -  - 
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stream. Lissajous figures obtained by feeding u’ and v’ signals to an oscilloscope 
(long exposure) also show a similar trend. The above results definitely support 
the view that the uf and v f  fluctuations are getting uncorrelated during the re- 
verse transition process. 
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FIGURE 8. Similarity in Tz profiles. 
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3.3. Turbulent spectrum 
The spectrum of u-was measured along the centreline of the channel (y/D = 0.5) 
at three axial stations at R = 865. The non-dimensional spectrum is shown in 
figure 12. The measurements show that there is complete similarity a t  all the three 
stations during the decay process. Similar trend had been noticed by Laufer 
(1962) and Sibulkin (1962) during reverse transition in pipe flow. They have 
shown that the spectrum follows roughly the curve given by 

a = y / L -  - 

where L, is the integral length scale, k is the wave-number. In  the present in- 
vestigation also the same relation seems to hold good. This similarity of the 
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spectrum during the reverse transition process is somewhat surprising since the 
relation between wave number and the spectrum is not very clear even in the 
case of isotropic turbulence except possibly at high wave numbers. But during 
inverse transition one would expect the problem to be more complicated since 
the Reynolds numbers are low and the energy transfer process from the various 
eddy sizes are unknown. But, on the other hand, there is almost perfect similarity 
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FIGURE 9. Decay of eT (at y/L) = 0.5) along the channel axis. 
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FIUURE 10. Variation of u'v' along the channel. Shear measured at  y/D = 0.25. 
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and this trend suggests some kind of local equilibrium in the flow. This view is 
supported to some extent by the near similarity in the 7 2  and 7 2  profiles ob- 
served during the decay process. 

The integral scale L, ( = [2/n] FJO)), and the microscale A,, given by the equa- 
tion 

as obtained from the spectrum measurements are tabulated below: 

“ID AzlD L I D  
10 0.72 1.7 
70 1.18 2.35 

110 1.56 2.90 

(Measured at y /D  = 0.5 and at Re = 865.) 

The microscale as well as the integral scale are comparable with the height 
of the channel (D) and the latter is in fact larger than D at all stations downstream 
of the diffuser. 

3.4. Critical Reynolds number 

The critical Reynolds number for reverse transition is estimated on the assump- 
tion that the decay rates for all the fluctuating quantities should tend to zero 
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FIGURE 13. Determination of critical Reynolds number. 

__ - 
as this Reynolds number is approached. When the slopes of ut2, d2 and &’ 
(figures 7, 9 and 10) are plotted against Reynolds number, the curves (figure 13) 
tend to zero simultaneously around a Reynolds number of 1400 f 50 and this 
seems to be a t  present the best method for the evaluation of the critical Reynolds 
number for reverse transition. 
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3.5. Turbulent energy balance 

The complete turbulent energy equation is given by (Corrsin 1953) 

- - -  
where 912 = u'2+ v'2+ wf2  and& is the fluctuating pressure. In  this equation, the 
last two terms give the total turbulent energy transported and dissipated by vis- 
cosity but do not represent them individually, unless the Reynolds number is 
high, where viscous effects are predominant only in the small eddy level. This 
assumption is highly questionable at  low Reynolds numbers. In  this report for 
convenience the two terms are called viscous diffusion and isotropic dissipation 
respectively. 

By using the following assumptions, relevant to this particular flow, the num- 
ber of terms in (1) is considerably smaller. 

(i) The mean velocity component V is small compared to U since the profiles 
change their shape slowly. 

(ii) The mean velocity W is zero due to two-dimensionality of the flow. 
(iii) There are no gradients in the Z-direction. 
(iv) 
(v) The gradients of 7 2  = u ' ~  + vf2 + w'2 are larger in the y-direction than in the 

With these basic assumptions, equation (1) reduces to: 

is approximately equal to 1112 in magnitude. _ - _  

x-direction. 

In  the above equation ( 2 )  the terms represent respectively advection of turbulent 
energy along the mainstream, production of turbulence, turbulent convection, 
convection due to pressure fluctuations, turbulent energy transfer due to vis- 
cosity and dissipation of turbulence into heat respectively. Estimation of all 
these terms is rather difficult since it calls for elaborate measurements. An in- 
tegral approach is used in the present investigation. When the energy equation 
( 2 )  is integrated across half the width of the channel, it reduces to the form, 

$D 2 3  
(The term I0 $dy is found to be very small.) 

According to this equation the overall advection and production is balanced by 
dissipation. With the help of the present measurements, it is possible to calculate 
the first two terms and the sum of these two terms should be dissipation. The 
results are plotted in figure 14. The advection is relatively small throughout the 
flow and it looks as though production and dissipation nearly balance each other. 
This trend suggests the possibility of some kind of local equilibrium in the flow 
during the reverse transition process and this idea is also supported to some 
extent by the similarity in z 2  profiles and the spectrum of u-. 
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FIGURE 14. Variation of integrated turbulent energy along the channel. 

4. Conclusions 
The fluctuating turbulent quantities, as well as the mean velocity profiles, 

indicate that the decay distance (x) for reverse transition increases with Reynolds 
number. The mean velocity profiles show that the wall region adjusts itself to 
laminar conditions earlier than the outer region. The decay rates of the fluctuat- 
ing quantities ( ~ ' 2 ,  v'2, u'v') when plotted against Reynolds number show that the 
rates tend to zero simultaneously for all the fluctuating quantities at  a definite 
Reynolds number of 1400 f 50 indicating that this is the critical Reynolds num- 
ber for reverse transition in channel flow. The decay of z2 (average) is expo- 
nential with x, but in detail, the laws of decay are different at different layers 
(y /D) .  The decay of v- (average) is also exponential. Though the rates and laws 
of decay of u.12 are different at  different layers ( y /D) ,  there is approximate simi- 
larity in the u'2 profiles if the maximum value of u'" and its location ( y /D)  are 
taken as the characteristic velocity and length scales. $ also exhibits similarity. 
The turbulent shear stress - p a  measurements show that the distribution of 
a is linear in the outer region of the flow and in this region the decay of zLl?i'l 
with respect of x is almost linear. At some distance x, UIZI' becomes zero when ,u'2 
and are still finite. Beyond this region, the flow can be considered to be just 
disturbed laminar flow. The correlation coefficient u'w'/(u'~))" (vr2)* also decreases 
during reverse transition and this fact is supported by Lissajous figures obtained 
with u' and vf signals. u3 spectrum show almost perfect similarity along the cen- 
tral line of the channel and the spectrum function is nearly exponential in wave- 
number. The turbulent energy when integrated across the height of the channel 
shows that the dissipation is almost balanced by production, indicating some 
kind of local equilibrium in the flow. This idea is supported to some extent by 
the similarity in 

- - _ _  

- ~ -  

profiles and the spectrum. 
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