ONOOGRARWN =

©

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

E.-S. Zanoun

Department of Aerodynamics and Fluid
Mechanics,

Brandenburg University of Technology Cottbus,
Siemens-Halske-Ring 14,

D-03046 Cottbus, Germany

M. Kito

Mie University,

1577 Kurimamachiya-cho,
Tsu City,

Mie Prefecture, Japan

C. Egbers

Department of Aerodynamics and Fluid
Mechanics,

Brandenburg University of Technology Cottbus,
Siemens-Halske-Ring 14,

A Study on Flow Transition and
Development in Circular and
Rectangular Ducts

The present paper reports observations on some aspects regarding the dependence of the
transition Reynolds number and flow development on the inlet flow conditions and the
entrance length in circular and rectangular ducts for Re,, <106 X 10°, where Re,, is the

Reynolds number based on the bulk flow velocity (U,) and the duct integral length scale
(D). The hot-wire anemometer was used to carry out measurements close to the circular
duct exit; however, the laser-Doppler anemometry was utilized for the rectangular duct
measurements. Particular considerations were given to the bulk flow velocity, the mean-
velocity profile, the centerline-average-velocity, and the centerline turbulence statistics to
the fourth order. Transition criteria in both ducts were discussed, reflecting effects of flow
geometry, entrance flow conditions, and entrance length on the transition Reynolds num-
ber. A laminar behavior was maintained up to Re,, ~15.4 X 10° and Re,, ~2 X 10° in the
circular and rectangular ducts, respectively, and the transition was observed to take
place at different downstream positions as the inlet flow velocity varied.
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1 Introduction and Aim of the Work

Transitional flows either in circular or rectangular ducts are
encountered in a variety of industrial applications, and therefore a
correct prediction of flow transition is of vital importance, for
instance, in flow control either trying to delay or to have an early
transition to turbulence. Flow transition in the circular ducts, i.e.,
pipes, goes back to 1883 when Osborne Reynolds performed his
well-known circular pipe flow experiment. He observed that the
pipe flow, depending on a dimensionless number later named the
Reynolds number, consists of basically two different states, either
laminar or turbulent. Reynolds also found that the transition from
the laminar to turbulent state sets in intermittently by “flashes”
that occur in localized regions when the Reynolds number ex-
ceeds a so-called “critical” value. As the Reynolds number in-
creases, the frequency of these “flashes” increases until a state of
fully developed turbulence is obtained in the downstream direc-
tion of the so-called core region. All these fundamental properties
of the pipe flow were later found to represent some common fea-
tures of wall-bounded shear flows where velocity and temperature
gradients and geometry of flows change. However, the detailed
process and mechanism involved in the transition of the circular
pipe flow are still under progress. Significant international col-
laboration has been therefore recognized, trying to understand its
physics of transition [1-6]. Some more detailed experimental and
theoretical progress about the pipe flow transition have been re-
viewed by Kerswell [7] and given, recently, by Willis et al. [8].
Different scenarios, for instance, the transient growth of distur-
bances proposed by Trefethen et al. [9] or the so-called self-
sustained process (SSP) introduced by Waleffe [10], and recently
the nonlinear traveling wave [3,4], may be considered appropriate
processes to explain the pipe flow transition. Besides, earlier ex-
tensive experiments have been conducted by Wygnanski and
Champagne [11] and Wygnanski et al. [12], identifying two types
of structures in the transitional pipe flow, which they called puffs
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and slugs. Figure 1 illustrates some selected samples of the 35
streamwise traces from the hot wire, located at the pipe centerline 36
(see Fig. 2(a)), for various inlet flow velocities, showing the lami- 37
nar, intermittent, and fully turbulent flows. At x/D=70.2, for 38
Re,,=~3.,700 and 12,300, a laminar behavior was observed and at 39
x/D=27.3 as the inlet flow velocity increases the flow transition 40
to turbulent regime occurred passing through an intermittent flow 41
with 0.44% intermittency for Re,,=~27,800. It is worth noting that 42
the transition from the laminar to turbulent regime in the present 43
pipe flow has been carried out naturally, i.e., without triggering 44
the flow at the pipe entrance. 45

Transition of such kind of flows was found to depend, for in- 46
stance, on the smoothness of the inlet contraction, triggering the 47
flow at the entrance, the surface roughness of the test section, and 48
therefore on the minimum entrance length (L) required for flow to 49
develop. Hence, the flow usually reaches the fully developed state 50
when all mean flow quantities (i.e., velocity and pressure fields) 51
and all turbulence quantities (i.e., u'?, skewness, flatness, spectra, 52
etc.) become invariant with the streamwise location, see Zagarola 53
and Smits [13]. However, a discrepancy through investigations 54
[14-19] concerning criterion on the minimum entrance length 55
needed to assure the state of the fully developed turbulent flow 56
still exists. For example, Nikuradse [14] concluded by comparing 57
the mean-velocity profiles at successive streamwise distances 58
from the pipe inlet that flow was fully developed turbulent be- 59
tween 25D and 40D, where D stands either for the pipe diameter 60
or the channel full height. In a similar way, Laufer [20] claimed a 61
pipe full development length of 30D based on the measured 62
mean-velocity distributions. For axisymmetry disturbances, pipe 63
flow experiments by Sarpkaya [15] yield x/ D=30 before reaching 64
the fully developed region, and the analysis by Haung and Chen 65
[16,17] predicts x/D=32 for the fully developed state. However, 66
for the nonaxisymmetric disturbances, a development length was 67
found by Haung and Chen [16,17] to lie between 40D and 48D 68
and through flow triggering at the pipe entrance using the wall 69
fence type; their critical Reynolds number was 2300. Perry and 70
Abel [18] observed a fully developed state at 71.9D and 86.2D 71
with triggering the flow at the pipe entrance for Re,=3 X 10°. 72
Patel and Head [21] concluded that both the mean and the fluctu- 73
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Fig. 1 Some selected samples of the streamwise traces from

the hot-wire anemometer, located at the pipe centerline, for
various inlet flow velocities and streamwise locations

ating velocity distributions in a turbulent pipe flow indicate a full
development state for a downstream distance of 50—80D. Lien et
al. [19] indicated that a minimum channel length of 130D is re-
quired for flow to become sensibly constant with the streamwise
direction. More recently, Doherty et al. [22] noted that the mean-
velocity profiles required development length over x/D=50 to
become invariant; however, a streamwise distance of x/D = 80 for
higher order statistics is needed. Figure 2(b) shows a summary of
the normalized total pipe length (L/D) from some existing and
planned experimental pipe test facilities.

In spite of the above significant efforts, no quite clear entrance
length criterion was assumed for the fully developed flow either in
the pipe or in the channel flows. However, it becomes common in
the fluid mechanics community to exceed the entrance length by
large enough x/D to assure the state of full development of the
flow. Therefore, aiming at better understanding and developing
criteria for flow transition and development in both the pipe and
the channel facilities, a comparative study between the two types
of flows was carried out. The present experimental studies are
therefore carried out with particular attention being given to the
centerline measurements for low range of Reynolds numbers,
Re,,=< 106X 103, and to assure that the selection of the measuring
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section L/ D=85 of Zanoun et al. [23] was appropriate and enough
far away from the contraction exit to assume fully developed tur-
bulent pipe flow.

The outline of the present paper can be briefly described as
follows. Section 2 describes the pipe experimental test facility and
the measuring techniques. The data presented in Sec. 3 resulted
from both the present pipe experimental measurements and some
available channel flow data [24]. Finally, conclusions and final
remarks are drawn and suggestions for further work have been
reported in Sec. 4.

2 Experimental Apparatus and Measuring Techniques

The Department of Aerodynamics and Fluid Mechanics (LAS)
at BTU Cottbus maintains a high quality aeroacoustic test facility
for the sake of research and development, see Fig. 3. The aeroa-
coustic test facility is laid out openly, i.e., free jet without direct
feedback, and it is mainly designed for aeroacoustic applications;
see Ref. [25] for more details. The facility uses a radial fan to
provide air with a maximum velocity of 60 m/s at the nozzle exit
with centerline turbulence intensity level less than 0.35%; see Fig.
4. For the sake of carrying out the present work, a pipe test section
was added to the test facility in the measuring room; as Fig. 3
indicates. The pipe test section was made out of a high-precision
smooth acrylic-glass tube that was connected directly to a care-
fully machined two-cubic arcs exit nozzle, having an aspect ratio
of 8. The nozzle was used between the plenum chamber and the
pipe test section to assure a smooth and uniform inlet flow in
addition to damping further any flow disturbances coming from
the plenum chamber. The geometric dimensions of the pipe
showed an internal diameter, D, of 32 mm and total length, L, of
6 m, providing total pipe length-to-diameter ratio of L/D=187.5.
The pipe consisted of various sections connected together by
custom-designed couplings. Measurements of the mean-velocity
profiles, the bulk flow velocity, the centerline-average-velocity,
and the centerline-velocity fluctuations were made at several sta-
tions along the pipe section between x/D=3.9 and 156. It is worth
mentioning that all measurements were carried out without trig-
gering the flow at the pipe inlet, and here is a summary of the
different measuring locations

x/D =3.90,7.81,11.72,15.60,19.53,23.44,27.34,31.25,35.16,
38.97,46.78,54.59,62.40,70.20,78.00,93.66,108, 125,140,
156

The pipe flow rate for each investigated case was controlled by
changing the rotational speed of a 5.5 kW radial fan via a fre-

L Delft [Draad et al. (1998)], D, = 40 mm ——L/D Zagarola & Smits [1998] |

F Wygnanski & Champagne (1973), b;= 33 mm
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»ll -

— N
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| .
[Zanoun (2007)], D, = 148 mm
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Fig. 2 (a) Photograph of the current pipe test section and (b) summary of the L/D versus
the mean-based Reynolds number, Re,,, from some existing and planned pipe facilities
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Fig. 3 Schematic of the experimental test facility

quency converter unit. A conventional one-dimensional laser-
Doppler anemometry (LDA), FlowLite System Dantec Dynamics
GmbH, operating in the dual-beam backscattering mode was used

to calibrate the wind tunnel. The bulk flow velocity, U, was mea-
sured using the LDA at the contraction exit, where a uniform
velocity distribution exists. In addition, it was also obtained by
integrating the velocity profile at the measuring location for each
Reynolds number to ensure a good assessment of the bulk flow
velocity for each case. Good agreement of about =1% was
achieved for the average velocity from both methods and the bulk
flow velocity was then used to compute the bulk-velocity based

Reynolds number of the flow, Re,,=U,D/v. A low range of Rey-
nolds numbers, i.e., Re,, =< 106X 10%, was set up in this way. Fi-
nally, by careful installation of the pipe test section with the ple-
num chamber and the contraction using the laser alignment, we
were able to limit any misalignment in the test facility.

Intensive measurements utilizing the hot-wire anemometer
(HWA) at the above mentioned measuring locations have been
carried out with particular attention being given to

the bulk flow velocity (U,) and the centerline-average-

velocity (U,)
* the centerline turbulence statistics up to the fourth moment
(i.e., uéz, skewness, and flatness)

the mean-velocity distributions, U=f(y)
* the mean wall pressure gradient (dP/dx) and therefore the
wall skin friction velocity (u,)

The detailed velocity measurements were carried out using a
Multi-channel constant-temperature anemometer (CTA) System
from Dantec Dynamics GmbH. The hot-wire measurements of the
local velocity were made utilizing a boundary layer probe
equipped with a 5 um diameter wire (d) and 1.25 mm an active
wire length ({), providing an aspect ratio (€/d) of 250. Hence the
wire had a sufficiently large aspect ratio to suggest a negligible
influence of the prongs on the actual velocity measurement. All
calibrations and measurements were performed with an 80% over-
heat ratio, a=(R,,—R,)/R,, where R,, is the operational hot-wire
resistance and R, is the resistance of the cold wire, i.e., at ambient
air temperature. For the statistical data analysis of the local flow,
5X 10*x 10 samples were acquired over 60 s at every measuring
point.

The local mean static pressure measurements were employed to
evaluate the streamwise pressure gradient (dP/dx), which in turn
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was used to obtain the wall shear stress (7,) and then the wall
friction velocity (u,) that needed to normalize the mean-velocity
Ty=— 7, =U;=

data
[ Tw
2 dx p

where R is the pipe radius. At each x-location for the streamwise
pressure measurements, three static pressure holes of 500 um
were carefully installed around the circumference of the pipe.
Care was taken to ensure that the inner surface of the pipe, where
the pressure holes were drilled, was free from remaining drilling
defects of the holes (i.e., smoothness was ensured around the pres-
sure tappings). The mean static pressure at each location was then
obtained by averaging measurements over the three pressure
holes. As a result, the wall skin friction data were computed,
independently of the mean-velocity profile measurements. A tem-
perature sensor was used to measure the temperature with high
accuracy directly at the pipe exit. The ambient pressure was moni-
tored in the laboratory and reported for each test run using Bara-
tron 626A electronic barometric sensor, MKS Instrument GmbH.
Utilizing both the mean pressure measurements and the corre-
sponding air stream temperature in the pipe, the air density (p)
and the kinematic viscosity (v) were calculated using the ideal gas
relationships and Sutherland’s correlation [23].

RdP (1)

3 Experimental Results and Discussion

There is no doubt that there are remarkable effects for the pipe
or the channel inlet flow conditions, geometrical dimensions, and
entrance length on flow development, transition location, and tran-
sition Reynolds number. To simplify the problem, we summarized
here the most relevant parameters that influence the transition
from the laminar to turbulent flow regime either in the pipe or in
the channel as follows:

(x)crit =f( Uc’ Mé’D’ €,p, M) (2)
where f expresses a functional relationship, (x). is the critical

entrance length at which transition occurs, U, is the average flow
velocity at the pipe or at the channel centerline, u_. is the center-
line turbulence level, D stands either for the pipe or the channel
integral length scale, € is the pipe or the channel surface rough-
ness, p is the fluid density, and u is the fluid dynamic viscosity.
Equation (2) can be rewritten as follows by carrying out the di-
mensional analysis:
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stating that the critical entrance length, i.e., transition location,
needed for flow transition depends on the entrance Reynolds num-

ber (Re,), the entrance turbulence intensity level (u//U,), and the
relative surface roughness (e/D). On the other hand, Eq. (3) can
be rewritten as follows:

!
X u, €
(Rec)critzf _’ch_ (4)
Dy D
.
indicating that the transition Reynolds number depends on the
dimensionless streamwise distance or the measuring location

(x/D), the entrance turbulence intensity level (ué/UC), and the
relative surface roughness (e/D). Even, the critical turbulence in-

tensity level (u,/U,)q can be represented as a function of Re,,
x/D, and €/D; see, e.g., Figs. 5, 6, 11, and 12. However, the
centerline turbulence measurements at different locations have
been taken, in the present study, as a transition indicator for the
state of flow full development and to specify a value for the tran-
sition Reynolds number.

In nature, the pipe or the channel surface roughness does play a
role in the flow transition except if the surface is hydraulically
smooth. In the present study, we can neither verify nor quantify
this influence because we did not change the surface roughness.
Therefore, the effect of the roughness was omitted since both the
present pipe and the channel of Fischer [24] were hydraulically
smooth. In addition, the geometrical dimensions and the contour
of the inlet contractions were not subjected to changes during
either the current phase of the pipe or the channel experiments
[24]. Hence the following relation holds:

X U

(Rec)cril =f( Bv ;)

Figure 4 illustrates the pipe inlet turbulence intensity level

)

(w'1U= ull U,) versus the bulk-velocity based Reynolds number
(Re,,), which is equivalent to the centerline-velocity based Rey-
nolds number (Re,) at the contraction exit, where the velocity
profile is uniform. It is natural to assume that finite and even small
amplitude perturbations at the pipe or at the channel inlet sections
are needed for triggering turbulence; however, these perturbations
might become of less importance as the Reynolds number in-
creases; see Fig. 4. At higher input velocities, i.e., high Reynolds
numbers, the flow is less stable and therefore any small distur-
bances at the entrance grow fast due to the higher rate of energy
production, leading to flow transition. The perturbations at the

contraction exit were observed to inversely proportional to the

Reynolds number, i.e., u:,/UCOCRe;nl, as the figure clearly illus-

trates. This turned out to be in good agreement with the scaling
law proposed by Hof et al. [26], indicating that the amplitude of
perturbation required to cause transition scales as O(Re™"). Gross-
man [27] indicated also that the onset of turbulence has a double
threshold: beth the initial disturbance, measured either by its en-
ergy or its amplitude, and the Reynolds number have to be large
enough, i.e., the disturbance needed is the smaller the larger the
Reynolds number already is and vice versa in agreement with Fig.
4.

From previous investigations we might conclude that the type,
the magnitude, and the frequency of the perturbations at the pipe
entrance play important roles to characterize the laminar-to-
turbulent flow transition. However, in various experiments in
which the perturbations of the laminar flow could be, carefully,
avoided or considerably reduced, the onset of turbulence can be
delayed to high Reynolds numbers. For instance, Reynolds in
1883 concluded from his pipe flow experiment that the transition
from the laminar to turbulent flow forms takes place at about the

1-4 / Vol. 131, MAY 2009

4

Inlet turbulence intensity (u'/U) %

0.0 L I L I L I L I L I

T T T T T
0.0 2.0x10°  4.0x10'  6.0x10'  80x10°  1.0x10°  1.2x10°

Inlet Reynolds number (Re )

Fig. 4 The turbulence intensity level (u’/l._l) versus the bulk-
velocity based Reynolds number (Re,,) at the contraction exit;
without triggering the flow

same Reynolds number, i.e., (Re,).;=2300. However, he ob-
served that at low level of perturbations, the transition Reynolds
number could be much larger than the most accepted critical
value, i.e., (Re,,)qi=2300. Investigations by Schiller [28], for in-
stance, have shown laminar behavior at Re,,=2 X 10*. In addition,
a recent work by Draad et al. [1] indicated a natural transition at
locations between x/D=788,75 and 807,75 for Re,,=6 X 10*, and
their setup was able to sustain a fully developed parabolic pipe
flow for Reynolds number up to 14,300. A laminar pipe flow was
also observed even at more higher Reynolds number, i.e., Re,,
=10’ [29]. Hence, we might conclude that specifying a numerical
value for the transition Reynolds number depends on the bound-
ary conditions of each individual test facility.

Therefore, in addition to the input flow velocity, some other
important factors that influence flow transition to turbulence either
in the pipe or in the channel flows can be resummarized as fol-

lows:
e the level, type, and frequency of disturbances of the inlet
flow
¢ the smoothness, geometry of the entrance, and the wall
roughness

» the entrance length, and the alignment of the test section
e the pressure distribution of the internal flow

Now, an important question arises: Is it difficult to have a pre-
cise estimation for the transition Reynolds number and conse-
quently a definition for the term fully developed flow? In the past,
three different criteria have been used [21] to characterize the
fully developed turbulence in pipes or channels:

1. Having a well established relationship between the wall skin
friction and the Reynolds number, for instance, obeying the
1/4 power friction relation A=0.3164 Re’* of Blasius [30].

2. For Reynolds number much higher than the transition Rey-
nolds number, the measured mean-velocity profiles scaled
with the inner wall variables (i.e., the viscous lengtwle
(€.=v/u,) and the wall friction velocity (u.=u,=\r,/p))
collapse and agree well with the well-known logarithmic
law of the wall, i.e., U/u,=1/« In(yu,/ v)+B, showing Rey-
nolds number independence of the mean-velocity data,
where « and B are believed to be universal constants [31].

3. A continuously turbulent flow exists or, in other words, the
intermittency factor is equal to 1 [24]. The authors of the
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Fig. 5 The present pipe centerline turbulence statistics (u,/ u,,
S.(u’'), and F (u')) versus x/D for 3X10*=Re,<=8X10* (2.63
X 10*<Re,,=7X10% and 0% tripping

present paper use rather the centerline statistics as represen-
tative of the turbulent motion to show that the flow is Rey-
nolds number independent or does not depend further on the
streamwise coordinate, x. The authors believe that reaching
the constant behavior of the turbulence statistics at the pipe
or at the channel centerline (i.e., the last station of turbu-
lence across the pipe or the channel cross sectional area) is
enough to state that flow is fully turbulent and intermittency
disappears.

Hence, to provide an answer for the above question, the time-
averaged properties of a turbulent flow are to be described by their
statistical moments M", and consequently a spatially fully devel-
oped turbulent flow is assumed if all statistical moments of the
flow show invariant behavior under translation, i.e.,

Vx> xp, (6)
where x; , can be determined experimentally by conducting inten-
sive turbulence measurements through the flow field along the
streamwise direction. The above equation represents, therefore, a
good criterion to fulfill the assumption of the full development
state of the flow either in the pipe or in the channel by carrying
out intensive centerline measurements at different x-wise posi-
tions. This approach turns out to be in close agreement with the
criteria introduced by Patel and Head [21], and recently by Zaga-
rola and Smits [13].

In the current phase of the experimental study, the HWA and the
LDA have been utilized for evaluating, quantitatively, the mean
flow characteristics and the turbulence statistics in both the pipe
and the channel facilities. A precise location of the hot wire at the
pipe centerline was of vital importance, and therefore great care
was taken to ensure a correct positioning of the wire. Hence, a
calibration positioning procedure proposed by Bhatia et al. [32]
and Durst et al. [33] was applied to position the wire. Without
triggering the flow at the pipe entrance, i.e., turbulence was de-
veloped naturally, efforts have been therefore concentrated to pro-
vide an answer for the following question: How does the inlet
flow conditions and the measuring locations influence the transi-
tion from the laminar to turbulent flow regime?

Flow transition to turbulence through the pipe was detected via
the centerline measurements in similar way to the channel flow
data of Fischer [24]. The available channel flow data [24], with
and without triggering the flow at the channel inlet section, were
utilized to perform the comparative study versus the present pipe

results. A summary of the centerline measurements (i.e., (u,/ U,),
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S.(u"), and F.(u')) in both the pipe and the channel test sections
for different streamwise distances, x/D, is presented in Figs. 5 and
6. Figure 5 indicates that a pipe fully developed turbulent flow
could be achieved for a transition length x/D=60 and high
enough Reynolds number (i.e., Re,,=2.63 X 10%), supporting Pa-
tel and Head’s [21] conclusion, and turned out to be in good
agreement with Zagarola and Smits [13]. Similar channel center-
line measurements by 20% tripping have been carried out [24] at
different x/D from the channel input, and data are presented in
Fig. 6 for Re,,=10* Both figures, i.e., Figs. 5 and 6, clearly show
independence of the streamwise turbulence characteristics on a
streamwise distance of x/D = 60 either for the circular pipe or the
rectangular channel facilities. A constant behavior for both the
centerline skewness S.(u’) and flatness F.(u’) factors was also
observed; however, for a relatively long entrance length x/D
=70, i.e., S.(u’')=-0.51 and F.(u')=3.5, which are very close to
values for isotropic and homogeneous turbulence [34]. As a result,
for x/D=70, it might be concluded that there is no systematic
dependence of the flow properties on the streamwise distance any-
more, and therefore the state of full development of the flow was
achieved.

Based on a conclusion deduced from Fig. 6, Fischer [24] car-
ried out, for various tripping ratios and Reynolds numbers, all his
channel measurements at a fixed station x/ D =80 from the channel
input that assured no dependence on the streamwise distance
(x/D). On the other hand, the pipe flow measurements were car-
ried out at different measuring locations and for various input
velocities without triggering the flow. Figures 7 and 8 present the
mean flow results in both the pipe for x/D=54.6 and the channel
at x/D=80, showing the ratio of the centerline-average-velocity to
the bulk flow velocity versus the centerline-average-velocity and
the bulk-velocity based Reynolds numbers. Figure 7 clearly shows
almost a constant behavior of U./U, for long enough pipe test
section, x/D=54.6, and for high enough Reynolds number, Re,
=3 X 10* (Re,,=2.63 X 10%). A similar behavior can be observed
in Fig. 8; however, with slight and monotonic decrease in the ratio

U,/ U, versus the Reynolds number for Re,=3%10° (Re,,
=2.46X10%), reaching an asymptotic behavior for Re,=10*
(Re,,=8.2X 10%).

Figures 9 and 10 present selected samples from the results in
both the pipe and the channel flows for x/D=62.4 and x/D=280,
respectively, showing the inner scaling of the mean-velocity pro-
files for different Reynolds numbers. Figure 9 clearly shows that
the mean-velocity distribution over the cross section of the pipe
collapsed into a single curve for high enough Reynolds number
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Re,,=4x10* (R*=1040), and long enough entrance length
x/D=62.4 when the mean-velocity data are scaled with the wall
friction flow velocity, u,, and the wall distance scaled with the
viscous length scale, /.=v/u,. Both figures illustrate clearly that
there is a too short or even no real log region since the current
experiments have simply too low Reynolds numbers to show a
real logarithmic character of the so-called overlap region [35]. In
spite of that fact, a satisfactory agreement for the normalized
mean-velocity distribution with the logarithmic line, U*
=1/« In(y*)+B, proposed by Perry et al. [36] with x=0.39 and
B=4.42, Nagib et al. [37,38] (k=0.384 and B=4.127), and Za-
noun et al. [23] (k=0.384 and B=4.43), might be observed in Fig.
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bulk flow velocity (U,) versus the centerline-average-velocity
based Reynolds number in the channel flow for various trip-
ping ratios [24]
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9. The mean-velocity data of Fischer [24] obtained using the LDA
were presented in Fig. 10, showing poor agreement with the chan-
nel logarithmic line, proposed by Zanoun et al. [31] with «
=0.37 and B=3.7. On the other hand, a satisfactory agreement
might be obtained for Fischer’s higher Reynolds number data [24]
(i.e., R*=481) with the logarithmic line when higher values for
both constants, i.e., k=0.41 and B=5.5, are used; see also Fig.
4.12 in Ref. [24] for more details. Therefore, it appears from Fig.
10 that Fischer’s mean-velocity data [24] did not support the ac-
cepted logarithmic velocity profile because of its low range of the
Reynolds number. A displacement effect, i.e., velocity overshoot,
can be also observed in Figs. 9 and 10 in the region where y*
=150, resulting in deviation from the logarithmic velocity profile
that might be interpreted also as a result of the low Reynolds
number effect. On the other hand, this bump, i.e., velocity over-
shoot, in the mean-velocity profile for 10=y* =150 can be inter-
preted as a local power law similar to the one found by McKeon
et al. [35].

Let us now apply the centerline turbulence intensity as a tran-
sition indicator or an argument for the state of flow full develop-
ment. The pipe centerline-velocity fluctuations were measured for
various Reynolds numbers, Re.,=1.2X 103 (Re,, =106 X 103),
and entrance lengths, 3.9=x/D =156, and the results are pre-
sented in Fig. 11. It is worth noting again that the present pipe
centerline measurements were carried out using the HWA without
triggering the flow at the pipe entrance, looking for the transition
Reynolds number and flow development as a function of the mea-
suring location and the input flow velocity. The pipe centerline
results are then compared with the channel centerline-velocity
fluctuations [24] presented in Fig. 12 for Re,=<1.2X 10* (Re,,
=10%. In Figs. 11 and 12, the centerline-velocity fluctuations
were scaled with the centerline-average-velocity and presented
versus the centerline-average-velocity and/or the bulk-velocity
based Reynolds numbers for the pipe and the channel flows, re-
spectively. For the low range of the pipe Reynolds number, i.e.,
Re,=2X10* (Re, =1.76x10%), flow disturbances were not
growing fast enough, and therefore flow remained laminar. How-
ever, for Re,=30%X103 (Re,,=26.3X10%), flow disturbances
grow fast due to the higher growing rate of energy production,
resulting in transition to turbulent regime. The channel measure-
ments [24] were carried out at a fixed streamwise distance x/D
=80, utilizing the LDA, aiming at investigating the effect of trip-
ping the flow on the transition Reynolds number. The tripping
device, i.e., an inlet fence, used by Fischer [24] was mounted at
the channel entrance, i.e., x=0, with height ratios of 26/D
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=<R*=481[24]

=0%,10%,20%,30% ,40% to trigger the flow over the lower and
upper walls of the channel test section. The channel results pre-
sented in Fig. 12 were obtained for 0% tripping and for a tripping
device with height of 26=(1/10)D, i.e., 10% of the channel full
height. For Re.=2.4 X 10? (Re,, =2 X 10%), Fischer [2] noticed
that the laminar behavior with 26/D=10% tripping stay unaf-
fected, meaning that disturbances were not strong enough to grow
in the downstream direction for this range of Reynolds number.
On the other hand, for high enough channel Reynolds number,
ie., Re,=10* (Re,,=8.2X 10%), the channel flow was fully tur-
bulent either with or without tripping the flow. In spite of the fact
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Fig. 11 The present pipe normalized centerline-velocity fluc-

tuations (u;/ L_IC) for various x/D versus the centerline-average-
velocity and/or the bulk-velocity based Reynolds numbers
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that the Reynolds number range in the current pipe and the chan-
nel [24] is different, Figs. 11 and 12 show almost the same general
characteristics. A similar behavior to the channel flow was ob-
served for the pipe flow, however, along different ranges of the
Reynolds number. When the Reynolds numbers are less than the
critical values, i.e., Re,<17.5X10° (Re,,=<15.5X 10%) and Re,
=2.4x%10% (Re,, =2 X 10%) in the pipe and in the channel, respec-
tively, all the initial conditions are attracted to the laminar state,
which is the global attractor for both systems. However, if the
Reynolds numbers are higher than the above critical values, nearly
all the initial conditions give rise to turbulence and the laminar
state becomes a local attractor. These arguments are consistent
both with Reynolds’ original observations [39] and the recent ex-
perimental results of Draad et al. [1].
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Fig. 12 The channel normalized centerline-velocity fluctua-

tions (u;/ L_IC) for 0% and 10% tripping versus the centerline-
average-velocity based Reynolds number [24]
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For the measuring locations at x/D =27.3, a wide range of the
transition Reynolds number was observed, ie., Re.~17.5
X 103-60X% 10° (Re,,~15.5X 10°~53 X 10%), with lower turbu-

lence intensity level, ué/l_]l,SZ%. However, for the measuring
locations at x/D =39, a narrow range of the transition Reynolds
number, ie., Re,~17.5X103-45X10° (Re,~15.5%x103-39
% 10%), took place. In other words, for a narrow range of inlet
flow velocities, the pipe flow experiments showed that a longer
streamwise entrance, i.e., x/D =39, is needed to achieve the tur-
bulent flow regime. On the other hand, a shorter pipe entrance,
i.e., x/D=27.3, might be used, however, with higher input flow
velocity or higher Reynolds number, i.e., Re.=6X10* (Re,,
=53 X 10%) to reach turbulent flow at earlier measuring position.
This came in good agreement with the observation mad by Zaga-
rola and Smits [13], indicating that at high Reynolds numbers the
transition length is considerably smaller. After assuring the fully

turbulent regime, the turbulent fluctuations, u_/ U, at the pipe or
at the channel centerlines were observed to monotonically de-
crease, however, slightly with increasing the Reynolds number for
x/D=39 (see Fig. 11) or for high enough disturbances, i.e.,
268/ D= 10% tripping the flow (see Fig. 12). In case of not tripping
the flow at the channel entrance, a wide range of the transition
Reynolds number Re,~2X103-2X10* (Re,~1.6X10°-8.2
% 10°) existed as can be seen in Fig. 12. On the contrary, all the
channel flow measurements collapsed into a single curve and a
narrow range of the transition Reynolds number was obtained,
Re,~2X103-3.5x 10> (Re.~1.6X103-2.8X10%), with 10%
tripping, and therefore an earlier transition to turbulent flow re-
gime was observed at Re,~3.5 X 103. For the pipe measurements
at x/D=78, which is almost equivalent to Fischer’s channel mea-
suring location x/ D=80 [24], and under the natural transition con-
dition, the pipe transition Reynolds number was found to be Re,
~28.8%10° (Re,,~25X 10%), which is almost three times the
transition Reynolds number in the channel flow Re,~10* (Re,,
~8.2X 10%). One can observe also from Figs. 11 and 12 that the
maximum turbulence intensity level is around 10% that took place
at Re,~2 X 10* (Re,,~17.5X 10%) in the pipe, however, for the
channel flow under the natural transition occurred at Re.=~6
X 10° (Re,,~4.9x10% and at Re,~3X 10> (Re,,~2.4X 10%)
with 10% tripping.

The centerline-velocity fluctuations, u., are also presented ver-
sus the centerline-average-velocity and/or the bulk-velocity based
Reynolds numbers in Figs. 13 and 14 for the pipe and the channel
flows, respectively. In the pipe flow (Fig. 13), depending on the
measuring location (x/D), a transition Reynolds number (Re,)
between 17.5X10° and 60X 10° (Re,,~15.5%X103-53 X 10°)
was observed. An earlier transition for Re.~25X 103 (Re,,~22
X 10%) was obtained at larger downstream distance x/D=156, in
comparison to Re.~45x10% (Re,,~39X 10%) for the shorter
downstream distance x/D=46.8. One could speculate that at
higher input velocities, i.e., at high Reynolds numbers, the flow is
more less stable and therefore disturbances are growing fast
enough along a short pipe entrance due to the high rate of energy
production, resulting in earlier transition to the turbulent regime.
At higher Reynolds number, Zagarola and Smits [13] indicated
also that the transition length is considerably smaller. On the other
hand, for lower values of the inlet flow velocities, a further distant
measuring location, i.e., an extended wall distance to amplify dis-
turbances in the downstream direction, leading to transition to the
turbulent flow is expected. Nishi et al. [40] obtained a pipe natural
laminar-to-turbulent transition at x/D=533.3 for Re,=11.5
X 103, utilizing Durst and Unsal’s [41] pipe facility, who had a
slightly higher value Re,,=13 X 10° for a natural transition. Nishi
et al. [40] showed in their paper, Fig. 14, that a strong dependence
of the laminar-to-turbulent transition on the measuring position
exists, i.e., shorter pipe entrance x/D=260 can achieve the
laminar-to-turbulent transition if the time interval between distur-

2

1-8 / Vol. 131, MAY 2009

T
14
v
o 5 »SV?’D v 1 @ © ©© © v <1§7*
o °® < g 7 4s7
&S 01+ a © oev vﬁgvvng)g i
.E. > 0 e 292 %
[ A »®
“.‘:D o q v .
% . B xD=390 ® x/D=7.80
b o v Wy % xD=116 v xD=155
001 L o Bov v < xD=194 v xD=233 | |
: = ¢ © xD=27.3 b x/D=39.0
ot o G xD=468 0 x/D=546
13 x g’ o xD=624 v x/D=702
Py %Vt‘% > xD=780 O x/D=93.7
* aowle = xD=108 o xD=125
00
< i > xD=140 P x/ID=156
1E-3 > .
R |
10" 10°
Re,
| n |
T T
10°* 10°
Re

Fig. 13 The present pipe centerline-velocity fluctuations (u.?)
for various x/D versus the centerline-average-velocity and/or
the bulk-velocity based Reynolds numbers

bances at the pipe entrance is too small, i.e., applying inlet distur-
bances with higher frequency. On the other hand, if the time in-
terval is large, a more distant measuring station is needed to
achieve the transition to turbulence, similar to the effect of trip-
ping the flow at the channel entrance as can be clearly observed in
Fig. 14. For instance, earlier transition to turbulent flow in the
channel at Re.= 2400 (Re,, =2000) took place if the tripping ratio
is increased from 10% to 20%.

The outcome from Figs. 11-14 in both the pipe and the channel
flows could be also obtained by looking at the higher order statis-
tics, i.e., the third and the fourth moments, of the centerline mea-
surements presented in Figs. 15-18. Conclusions extracted from
Figs. 15-18 support the transition Reynolds numbers derived from
Figs. 11-14 either for the pipe or the channel flows. Figures 15
and 17 clearly show independence of the streamwise turbulence
higher order statistics (i.e., the skewness and the flatness), respec-
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Fig. 14 The channel centerline-velocity fluctuations (u[f) for
different tripping ratios versus the centerline-average-velocity
based Reynolds number [24]
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Fig. 15 The present pipe centerline skewness factor for vari-
ous x/ D versus the centerline-average-velocity and/or the bulk-
velocity based Reynolds numbers

tively, on a streamwise distance of x/D =39 for Re,~ 36X 10°
(Re,,~3 X 10% in the circular pipe facility. However, the rectan-
gular channel measurements of Fischer [24] have been carried out
at a fixed measuring location x/D=80, selected based on a con-
clusion derived from Fig. 6. Figures 16 and 18 show also an
independent behavioy of both the channel streamwise skewness
and flatness factors for Re.>3500 and 10% tripping. A constant
behavior for both the centerline skewness S,.(u") (Figs. 15 and 16)
and flatness F.(u') (Figs. 17 and 18) factors was observed, i.e.,
S.(u")=-0.51 and F(u") = 3.5, which are very close to values for
isotropic and homogeneous turbulence [34]. As a result, for a pipe
streamwise distance x/D =40 and high enough Reynolds number
Re,=45X 10° (Re,,=39 X 10%), it might be concluded that there
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Fig. 16 The channel centerline skewness factor for different
tripping ratios versus the centerline-average-velocity based
Reynolds number [24]
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is no systematic dependence of the pipe flow properties on the 590
x-wise position, and therefore the state of flow full development 591
was achieved. 592

4 Conclusions 593

594
595
596

By setting up a small pipe test facility at LAS, BTU Cottbus,
we were able to predict the transition Reynolds number for vari-
ous flow development lengths and inlet flow velocities. A com-
parative study of the current pipe results versus some available 597
channel data [24] is presented, reflecting effects of flow geometry, 598
entrance flow conditions, and measuring location on the transition 599
Reynolds number. Hence, to well define a criterion for the flow 600
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Fig. 18 The channel centerline flatness factor for different trip-
ping ratios versus the centerline-average-velocity based Rey-
nolds number [24]
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transition and the state of flow turbulence, the effects of factors
such as the entrance length/measuring location (x/D), and the

inlet flow conditions, e.g., U, or Re,,, have been taken into con-
sideration, resulting in the following conclusions.

*  Without triggering the flow at the pipe entrance, the transi-
tion Reynolds number was found to depend on the measur-
ing location, e.g., the natural transition was found to take
place for (Re.)q~45X10° [(Re,)ei=~39x10%] and
(Re,)erit =25 X 107 [(Re,,)erig =22 X 10%] at measuring loca-
tions x/D=46.8 and 156, respectively. On the other hand,
for the channel flow measurements at x/D=280, the transi-
tion Reynolds number was found to depend on the state of
flow at the channel inlet test section, e.g., (Re,)qq~ 10
[(Re,,)erii=8.2X 10°] for the natural laminar-to-turbulent
transition, and (Re,.).;;=2.4X 10> [(Re,,)eq=~2 X 10°] for
20% tripping the flow at the channel entrance.

e A laminar behavior was maintained in the present pipe fa-
cility up to Re,~17.5 X 10? (Re,,=~ 15.5 X 103). In addition,
a fully developed turbulent pipe flow was achieved at x/D
=60 for high enough Reynolds number, Re,=45X 103
(Re,,~39 X 10%), in close agreement with both Patel and
Head [21] and Zagarola and Smits [13].

* Based on the channel flow data, it might be concluded that
by triggering the flow at the pipe inlet section, the inlet
turbulence intensity level will play an important role for
flow transition.

In closing, the transition process to turbulence as well as defin-
ing a criterion by which the state of the turbulent flow to be
specified in the pipe flow are quite complex, and therefore further
research on the subject is still needed. For instance, detailed mea-
surements of the velocity and the pressure fields in the entry sec-
tion of the pipe is needed, taking effects such as alignment of the
pipe, smoothness, and geometry of the contraction, as well as the
surface roughness of the pipe test section, into consideration. In
addition, detailed measurements of the transitional flow using the
particle image velocimetry (PIV) are to be performed. This might
clarify what causes the reduction in the natural transition Rey-
nolds number with longer entrance pipe test sections.
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