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Rotation effects on a fully-developed turbulent pipe flow 
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Abstract. A fully-developed turbulent pipe flow is allowed to pass 
through a rotating pipe section, whose axis of rotation coincides w: 
with the pipe axis. At the exit end of the rotating section, the flow 
passes into a stationary pipe. As a result of the relaxation of surface X 

6 rotation, the turbulent flow near the pipe wall is affected by extra 
turbulence production created by the large circumferential shear v 
strain set up by the rapid decrease of the rotational velocity to zero 0 
at the wall. However, the flow in the most part of the pipe is absent tr 
of this extra turbulence production because the circumferential 
strain is zero as a result of the solid-body rotation imparted to the f2 
flow by the rotating pipe section. The combined effect of these two 
phenomena on the flow is investigated in detail using hot-wire Subscript 
anemometry techniques. Both mean and turbulence fields are mea- 0 
sured, together with the wall shear and the turbulent burst behavior 
at the wall. A number of experiments at different rotational speeds 
are carried out. Therefore, the effects of rotation on the behavior of 
wall shear, turbulent burst at the wall, turbulence production and 
the near-wall flow can be documented and analysed in detail. 
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normalized skewness, 

integration time (used in VITA) 
mean inter-burst time, 1If b 
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normalized scaled burst frequency, - -  
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mean velocity components in radial, circumferential and 
axial directions, respectively 
fluctuating components of velocity in radial, circum- 
ferential and axial directions, respectively 
axial bulk mean velocity 

friction velocity, ( ~ )  lj2 

distance measured from the entrance of the bend 
thickness of the viscous layer 
kinematic viscosity 
density of fluid (T~v2~)l/2 
normalized standard deviation, __ 

(~;2)U 
rotational speed of pipe in RPM 

condition at X/D = -- 18 

1 Introduction 

When a turbulent  wall shear flow is subjected to axial rota- 
tion, a destabilizing and/or  a stabilizing effect would result 
depending on the flow condition. Here, the term destabiliz- 
ing is used to describe the phenomenon of extra turbulence 
production created by flow rotation, while the term stabiliz- 
ing is used to describe the rotating flow characteristics with- 
out the extra turbulence production present. In the case of a 
flow through an axially rotating pipe with uniform entrance 
velocity, flow regions with extra turbulence product ion pres- 
ent (destabilizing) or absent (stabilizing) could be found in 
different parts of the pipe. Near the entrance, the wall 
boundary  layer is very thin. Therefore, fluid rotat ion has to 
decrease quickly from pipe rotation at the wall to zero out- 
side of the wall boundary  layer. The flow near the wall is 
subjected to a very high mean circumferential shear strain 
and turbulence production is greatly enhanced. As a result, 
the near-wall flow is destabilized by rotation. Far  down- 
stream, the flow becomes fully-developed and the fluid ro- 
tates as a solid body. Since the solid-body rotat ion curve has 
a constant  slope, turbulence production due to the mean 
circumferential shear strain is zero. Consequently, rotation 
gives rise to a stabilizing effect on the flow. In  the region 
spanning the entrance and the fully-developed region, the 
flow is subjected to both destabilizing and stabilizing effects 
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of rotation. However, the transition from destabilizing to 
mixed to stabilizing effect occurs over a finite region and 
depends on many factors; among these are inlet flow condi- 
tion and pipe Reynolds number. This three-dimensional flow 
has been investigated by Murakami  and Kikuyama (1980) 
and Kikuyama et al. (1983). 

For  external boundary-layer flows with rotation, such as 
one represented by the flow along an axially rotating cylin- 
der (Bissonnette and Mellor 1974; Lohmann 1976), only a 
destabilizing effect is present in the boundary layer. This is 
a consequence of the presence of a large mean circumferen- 
tial shear strain, created by cylinder rotation, in the 
boundary layer. As a result, turbulence production is greatly 
enhanced across the boundary layer (Bissonnette and Mellor 
1974). The effect due to cylinder rotation is always destabiliz- 
ing because, no matter how long is the cylinder, fluid rota- 
tion inside the boundary layer will not asymptote towards a 
solid body. In this flow, there is also no mixed region where 
stabilizing and destabilizing effects are of equal importance. 
Therefore, it is not an appropriate flow to investigate if the 
combined stabilizing and destabilizing effects are to be 
examined. 

In the cases of rotating pipe flows and boundary-layer 
flows along rotating cylinders, the plane of rotation and the 
plane of the mean shear do not coincide. As a result, all three 
turbulent shear stresses are non-zero. When the plane of 
rotation and the plane of the mean shear coincide, two of the 
turbulent shear stresses vanish and the complexity of the 
flow is greatly reduced. Such a flow can be found in a two-di- 
mensional channel rotating about  an axis normal to the flow 
direction. When the flow in the channel is fully developed, a 
stabilizing effect prevails near one side of the channel while 
a destabilizing effect dominates the flow on the opposite side 
of the channel (Johnston et al. 1972). The stabilizing and 
destabilizing effect switches sides when the rotation is re- 
versed. Johnston et al. (1972) found that the rate of sub-layer 
bursting was reduced by the stabilizing effect and enhanced 
by the destabilizing effect. In addition, large-scale roll cells 
were observed on the destabilized side of the channel. How- 
ever, they did not report any turbulence measurements. Con- 
sequently, the characteristics of combined stabilizing and 
destabilizing effects on a fully-developed turbulent flow are 
not known. 

The present experiment is designed to study the com- 
bined stabilizing and destabilizing effects of rotation on ful- 
ly-developed turbulent flows. Instead of examining the de- 
veloping flow in a rotating pipe (Kikuyama et al. 1983) or 
investigating the flow in a rotating channel whose axis of 
rotation is normal to the flow direction (Johnston et al. 
1972), the present approach chooses to investigate the effect 
of a sudden relaxation of pipe rotation on a fully-developed 
turbulent pipe flow. The fully-developed turbulent pipe flow 
is allowed to pass from a stationary pipe, through a rotating 
section, and then exit into another stationary section of the 
pipe again. The flow is forced to achieve a solid-body like 
rotation within the rotating section. Upon leaving the rotat- 

ing section, the flow very near the wall is immediately sub- 
jected to the action of a large mean circumferential shear 
strain due to the sudden relaxation of surface rotation. 
Therefore, the flow downstream of the rotating section is 
influenced by both stabilizing and destabilizing effects. 

2 Experimental set-up and measurement techniques 

The experiments are carried out in the curved pipe rig of 
Anwer and So (1988), which consists of two straight pipes, 
7.62 cm in diameter and ~ 100 diameters in length, connected 
by a 180 ~ bend. A rotating section, six diameters long, is in 
stalled in the upstream straight pipe. The rotating section 
has an I.D. slightly larger than the O.D. of the straight pipe 
and is supported by roller bearings mounted at each end. A 
2.5 HP  variable-speed motor  is used to rotate the section via 
a belt drive. The rotating section is located at 6 diameters 
upstream of the curved bend (Fig. 1). The interior of the 
section is filled with honeycomb sections, each 5 cm long. 
The honeycomb sections have a 6 mm cell size and are sep- 
arated by 24 x 24 wire mesh screens. This arrangement helps 
to create a solid-body rotation on the flow exiting from the 
rotating section. According to Anwer and So (1988, 1989), 
the turbulent pipe flow at 18 diameters upstream of the 
curved bend is fully-developed and the normalized charac- 
teristics at a pipe Reynolds number of 50,000 are in good 
agreement with Laufer's (1954) measurements. Furthermore, 
the effects of bend curvature are limited to one diameter 
upstream. Therefore, at four diameters upstream of the 
curved bend entrance, the flow is not affected by bend curva- 
ture at all. Furthermore, at two diameters (or 144 mesh 
width) downstream of the last wire mesh in the rotating 
section, the turbulence generated by the honeycomb sections 
and wire meshes would have decayed to less than 1% of the 
stream velocity (Loehrke and Nagib 1976; Lumley 1964; 
Corrsin 1963). Consequently, all measurements are carried 
out at this location, or two diameters downstream of the 
rotating section. 

A straight and a slanted miniature hot-wire are used to 
measure the flow at X/D = - 1 8  and - 4 (Fig. 1). If the flow 
is measured at different angles of attack to the hot-wires, all 
components of the mean flow and the Reynolds stress can be 
resolved (Anwer and So 1989). Furthermore, the total wall 
shear stress at X/D = -  18 and - 4  is measured using a 
hot-film type flush-mounted shear stress gauge. The gauge is 
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Fig. 1. Schematic of test section 
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mounted  on an a luminum ring which is installed at the 
measuring locat ions in such a way that  the ring can be 
ro ta ted  a round  the pipe without  leakage present in the joints  
(Fig. 2). Therefore, the total  wall shear a round  the pipe cir- 
cumference can be measured easily (Anwer and So 1988). 
Details  of the hot-wire and wall shear measurement  tech- 
niques are given by Anwer and So (1988, 1989). Fur ther  
details of the hot-film type shear stress gauge can be found 
in Menedez and Ramapr ian  (1985) and Mautner  and Van 
Atta  (1986) who used the technique to study unsteady turbu-  
lent boundary  layers and the characteristics of a turbulent  
spot, respectively. 

A DISA 56C01 constant  temperature  anemometer ,  a 
DISA 56C16 general purpose bridge and a DISA 55N21 
linearizer are used to interpret  the signals from the sensors. 
The sensors used are: DISA 5 5 P l l  miniature straight-wire 
probe (sensing element 1.25 mm long and 5 gm in diameter), 
DISA 55P12 miniature slanted-wire probe (same size as 
55P11) with the sensing element mounted  at 45 ~ to the probe 
axis, and a DISA 55R45 flush-mounted hot-film probe. Both 
the straight and slanted wires are cal ibrated in a free air jet  
and the cal ibrat ion curves are found to be quite repeatable. 

The hot-film probe is 0.2 mm wide and 0.75 mm in length. 
Therefore, the sensing element corresponds to 15 viscous 
lengths, which is well within the limit p roposed  by Ligrani 
and Bradshaw (1987) for accurate measurements  of the 
propert ies  of the small-scale turbulence in the near-wall  re- 
gion. Fur thermore ,  heat transfer from a sensor placed in the 
substrate (like the hot-film probe used in this study) is differ- 
ent from the heat  transfer from a probe placed in the flow. 
Consequently,  the frequency response of a wal l -mounted 
probe may be of crucial concern (Bellhouse and Schultz 
1966). The frequency response of the wal l -mounted sensor 
used in this s tudy is est imated to be of the order  of 100 kHz  
(Bellhouse and Schultz 1966). This is almost  two orders of 
magni tude larger than the dynamic range of the flow esti- 
mated from the Kolmogorov  time scale. The hot-film type 
shear stress gauge is cal ibrated in the present test rig with a 
fully-developed turbulent  flow established at the measure- 
ment location. Again, the cal ibrat ion curve shows little or no 
shift with time. 

All the signals are digitized using a Met rabyte  DAS-16, 12 
bit resolut ion A/D converter. Sampling rate for the hot-wire 
signals is selected to be 3 KHz  and a record length of 10 s is 
used to calculate the flow characteristics. On the other hand, 
a sampling rate of 20 K H z  is chosen for the wall shear 
stress signal. This high sampling rate is necessary because 
the burst ing event itself is very short. Therefore, it is neces- 
sary to collect as many da ta  points  as possible in this short  
interval. Three da ta  records of 1 s each are collected for 
analysis. Finally,  a s t roboscope accurate to 1 R P M  is used to 
measure the ro ta t ional  speed of the rotat ing section. 

Altogether 11 sets of experiments at different ~2 (RPM) 
are carried out. The total  wall shear is measured together  
with the flow characteristics. However,  detailed measure- 
ments of the flow propert ies  are carried out  only at % = 0.0, 
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Fig. 2. Details of wall shear measurement 

0.5 and 1.0. In addit ion,  the flow propert ies  at X/D = - 1 8  
are also measured, so that  the disturbances,  created by the 
rotat ing section, on the fully-developed pipe flow can be 
proper ly  documented and accounted for in the assessment of 
rota t ion effects. All the experiments are carried out  at 
W o g 10 m/s, corresponding to a pipe Reynolds number  of 
50,000. 

Besides the total  wall shear stress, the shear stress signals 
are also analyzed for turbulent  burst  behavior  at the wall. 
The Variable Interval  Time Averaging (VITA) technique is 
used to detect bursts  in the wall shear stress signal. Details  
of this technique are provided by Blackwelder and Kap lan  
(1976) and Chen and Blackwelder (1978). Since the VITA 
technique is essentially a mathemat ical  low pass filter, turbu- 
lent burst  detection is a s trong function of the integrat ion 
time t and the threshold level k. The effects of t and k on the 
number  of bursts detected have been examined by Jo- 
hansson and Alfredsson (1982). Blackwelder and Kap lan  
(1976) propose a value for k = 1.2 and a non-dimensional  
integrat ion time of twZ/v =10.  F o r  the present analysis, 
k -= 1.2 and t w2/v = 17 are chosen. According to Anwer and 
So (1988), these values of t and k give a burst  frequency for 
a fully-developed pipe flow that  is consistent with other 
measurements  (Sabot and Comte-Bellot  1976; Achia and 
Thompson  1977). The choice of these values is not  too crit- 
ical for the present s tudy because the absolute burst  fre- 
quency is not  important .  Rather, the relative increase of the 
burst  frequency under the influence of ro ta t ion is more sig- 
nificant. Therefore, once the threshold value and the integra- 
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tion time have been decided upon, the same values are used 
throughout  the study so that  the relative effects of rotat ion 
on the burst  frequency can be proper ly  assessed. 

3 Discussion of results 

A cylindrical coordinate  system is used to describe the flow 
of the present experiments with X denoting the axial direc- 
t ion and measures zero at the entrance to the curved bend 
and r representing the radial  direction. In this flow, the plane 
of ro ta t ion and the plane of the mean shear do not  coincide. 
Therefore, v' w' and u' v' are not  necessarily zero. The hot-  
wire technique used measures all three components  of the 
mean flow and all six components  of the Reynolds stress. 
These, together with the wall shear data,  are discussed under 
the following headings: (1) mean and turbulence field behav- 
ior, (2) wall shear var ia t ion and (3) turbulent  burst  behavior. 
The values of the various quantit ies used to normalize the 
flow proPerties are summarized here as: (CI00 = (Crz) o 
= 2.3 x 10 -3 ,  (fb)0 = 46 events/s, (wZ~ Ta/v)o = 153.2, ~w~'z~l/2j0 
= 4.8 x 10-  3 (N/m2), [(r~3)/(r,2)3/2]o = 0.348 and [(%'4)/(r w,2 ) 2]0 

= 2.78. 

3.1 Mean and turbulence f ie ld behavior 

The results for the three different N, cases are shown in 
Figs. 3 6. In these figures, the measurements obtained at 
X / D  = - 1 8 ,  or six diameters  upst ream of the rotat ing sec- 
tion, are also plot ted for comparison.  As expected, the flow 
is axisymmetric and the mean radial  velocity, U, is zero 
everywhere. Therefore, only the U distr ibution for the N~ -- 0 
case is shown in Fig. 3. The V velocity is also zero every- 
where for the Ns = 0 case. Thus, the scatter shown in Fig. 3 
serves to il lustrate the accuracy of the present measurements.  
Fo r  the N~ > 0 cases, the dis t r ibut ion of V is indeed given by 
a sol id-body rota t ion curve. The linear behavior  extends all 
the way to the measurement  point  closest to the wall, which 
is at r/a = 0.94. This gives an approximate  estimate of the 
thickness of the viscous layer, 6, which is at most  given by 
0.06a. The axial velocity distr ibutions at X/D = -  18 and 
- 4  for the N s = 0 case is essentially identical. Therefore, 
little or no dis turbance to the flow is created by the passage 
of the fully-developed pipe flow through the rotat ing section, 
and the flow inside the rotat ing section can again be consid- 
ered as fully-developed turbulent  pipe flow. The effect of 
ro ta t ion is to flatten the W profile, thus creating a more 
uniform W distr ibut ion across the pipe (Fig. 3). 

Since V/r is constant  over 90% of the pipe diameter, 
turbulence product ion by the mean circumferential shear 
strain, rO (V/r)/~r, is zero over this por t ion of the pipe. How- 
ever, the turbulent  normal  stresses in the region away from 
the pipe wall are greatly enhanced by rota t ion (Fig. 4). The 
increase cannot  be at t r ibuted to disturbances brought  on by 
the rota t ing section, because the measured distr ibution of 
(W'2) 1/2 at  X / D  = - - 1 8  is pract ical ly the same as that ob- 

tained at X/D = -- 4 for the N s = 0 case. Furthermore,  the 
studies of Corrsin (1963), Lumley (1964) and Loehrke and 
Nagib (1976) show that, at X/D = - 4, the turbulence gener- 
ated by the honeycomb sections and wire meshes would 
have decayed to less than 1% of W o and can hardly account 
for the differences shown in (w'2) 1/2 for the three cases: 
N s = 0, 0.5 and 1.0 (Fig. 4). The enhancement of all the nor- 
mal st_resses increases with Ns and, at N s = 1, the distr ibutions 
of (v'2) 1/2 and (u'2) 1/2 across the pipe are close to uniform. 
This increase in normal  stresses has to come from turbulence 
product ion very near the wall, where rO(V/r)/Or is not  zero. 
Once produced,  the turbulence energy is immediately trans- 
ported away from the wall and into the pipe core. This 
energy t ransport  contributes to the flattening of the W pro-  
file as N~ increases. 

The shear stress u' v' is identically zero across the pipe. So 
is v' w', except in a region very close to the wall, where Via s 
decreases from one to zero at the wall (Fig. 5). If the locat ion 
where v' w' starts to deviate from zero is taken to be a mea- 
sure of 6, then 6 is again determined to be ~ 0.06 a. This can 
be taken to indicate that  turbulence product ion due to 
rotat ion is limited to within the viscous wall layer of thick- 
ness 6. On the other hand, w' u' starts to deviate from the 
linear distr ibution as early as r/a = _+ 0.5. Most  likely, this is 
the result of turbulence product ion by the mean strain ~ W/ 
~r. Within the viscous wall layer, the shear stress v' w' is quite 
a bit larger than w'u' and becomes the dominant  
shear stress in the flow. The total  shear stress, given by 
[(w'u') 2 + (v' w')2] 1/2, is plot ted in Fig. 6. In the same plot is 
also shown the wall shear measurements obtained from the 
hot-film type shear stress gauge. The hot-wire measurements 
asymptote  correctly to the wall shear values, which are es- 
sentially the same on opposite sides of the pipe and reaffirms 
the axial symmetry of the flow. However, the measurement  
next to the wall is consistently too high. Possible errors are 
wall effect on hot-wire measurement,  finite wire length, ve- 
locity gradient  effect, etc. Overall, the measurements are very 
consistent and show that rotat ion increases wall shear sub- 
stantially. Most  of that  increase comes from vrO(V/r)/~r. 
Furthermore,  the hot-wire measurements substantiate the 
fact that the wall shear stress gauge measures the total  wall 
shear rather  than the wall shear along the axial flow direc- 
tion only. 

3.2 Wall shear variation 

The variations of wall shear around the pipe at X/D = -- 18 
and - 4 have been measured for the N s = 0, 0.5 and 1.0 cases. 
At X/D = -  18, the circumferential variations of the wall 
shear stress are found to be no more than _+ 2% and the 
measurements are essentially identical to those reported by 
Anwer and So (1988). Uniform wall shear is also obtained at 
X/D = -- 4 for the three cases studied. Again, the variations 
are similar to those measured at X/D -- - 1 8 .  Consequently, 
the axisymmetric nature of the flow is confirmed. The varia- 
tion of wall shear with N s is shown in Fig. 7. Here, the skin 
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friction coefficients, CI1 and CI2 , are plot ted together with 
the normal ized rms value of wall shear, or. In order  to discern 
the true behavior  of the skin friction coefficient, two coeffi- 
cients are defined; one normalized by �89 W02 while another  
is normal ized by �89 2 + a 2 ~r~2). The relative increase in 
CI1 and CI2 is shown in Fig. 7 by normalizing these quanti-  
ties by the respective values at X/D = - 18. Even though the 
rotat ing section does not  appreciably disturb the turbulent  
pipe flow, it does impar t  more frictional loss to the flow. As 
a result, the skin friction coefficient at X/D = - 4  is about  
13 % higher than its value at X/D = - 18; the increase in the 
skin friction coefficient due to rota t ion is substantial.  At 
Ns = 1, C i t  is about  3.8 times its value at N~ = 0. Most  of this 
increase comes from the contr ibut ion vrS(V/r)/Sr. The in- 
crease in CI~ is essentially linear in the region 0 < N~ < 0.4 
and tapers off gradual ly  in the region N~ > 0.4. This defini- 
t ion of skin friction coefficient is not  very physical because 
the trend tends to indicate a finite CI~ as f2 increases to a 
very large value. On the other hand, the plot  of CsE indicates 
that  the skin friction coefficient increases with N~ to a maxi- 

mum at Ns = 0.5 and then decreases with % beyond Ns = 0.5. 
This trend implies that as O becomes larger and larger, Cy2 
would eventually become very small, which is more consis- 
tent with our physical expectation. The maximum CI2 
reached at N s = 0.5 is about  2.5 times its value at X/D -- - 18. 
Therefore, it can be concluded that  pipe rotat ion enhances 
CI2 substantially in the region 0 < N, < 0.5. Beyond this 
region, further increase in ~2 causes CI2 to decrease. 

The behavior  of ~r with respect to N s is similar to that  of 
CI1 , except that a increases by a factor of 2 only. On the 
other hand, the normalized skewness, S, shows a steady 
decline from ~ 0.90 at Ns = 0 to ~ 0.09 at N~ = 1 (Fig. 8). 
This means that the turbulent  flow near the wall is becoming 
more and more Gaussian as rotat ion is increased. This result 
is consistent with the mean W and normal  stress results 
shown in Figs. 3 and 4. The normalized kurtosis, F, is not 
affected by rotat ion and its value is approximate ly  one in the 
range of N~ investigated (Fig. 8). 

The measurements examined up to this point  clearly 
show that the flow is axisymmetric and is greatly affected by 
the destabilizing effect created by the large mean circumfer- 
ential shear strain near the pipe wall. Turbulence product ion 
near the wall is substantially increased. Once produced,  the 
turbulence energy is immediately t ranspor ted away from the 
wall and into the pipe core. The normal  stresses in the most 
part  of the pipe core increase as a result and become more 
uniform across the pipe. All these processes are taking place 
in spite of the existence of a stabilizing effect over 90% of the 
pipe diameter due to rotation. 

3.3 Turbulent burst behavior 

The burst  frequency is determined from the wall shear signal 
using the VITA technique. Three records of 1 s each are 
collected, therefore, the result shown represents the ensemble 
average of the three records. Since the relative effects of 
rotat ion on the burst  phenomenon are of interest only, the 
conventional  way of presenting fb by normalizing it with 
outer variables (a and W0) and/or  inner variables (v and we) 
is not adopted here. Instead, the values of fb and T~ are 
plot ted versus N s in Fig. 9. Here, the burst  frequency and 
mean inter-burst time are normalized by their values at 
X/D = - 18. Therefore, the plot  shows the relative effects of 
rotat ion on fb and ~ .  It can be seen that .~ increases as N~ 
increases. The initial increase in the region 0 < % < 0.4 is 
slow. However, at % > 0.4, the increase in fb with N s is 
approximately  linear. This shows that  high circumferential 
shear promotes  turbulent  bursts at the wall, a phenomenon 
not unlike that found by Anwer and So (1988) in the flow 
along the top of a curved bend. In the curved flow case, the 
increase is small, ~ 20%, because the secondary velocity is 
small compared  to the axial flow velocity. Fo r  the present 
experiment, the increase amounts  to over 50% at N~ = 1. 
These results show that, as long as there is a circumferential 
velocity in the near wall region, turbulent  bursts at the wall 
is enhanced. It does not  mat ter  whether this circumferential 
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velocity is created by pipe rota t ion or by bend curvature. On 
the other hand, the plot  of T B versus N~ shows that  T B in- 
creases to a maximum and then starts to slowly decrease 
beyond Ns ~ 0.5 (Fig. 9). The increase in TB is about  260% 
above its value at X/D = - 1 8 ,  and suggests that  the inter- 
burst  time becomes longer as Ns increases to about  0.5. 

Recently, several researchers (Shah and Antonia  1987; 
Luchik and Tiederman 1987; Blackwelder and Hari tonidis  
1983) have argued that  the inner variables are the correct 
scaling parameters  for sub-layer bursting. The present result 
tends to confirm this argument  because the trend of Tn is 
very similar t o  Cf2/(Cf2)o, while the t rend of fb is not  (com- 
pare Figs. 8 and 9). Therefore, this means that, even for flows 
under the influence of axial rotat ion,  the proper  scalings for 
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Fig. 11. Spectral distributions of wall shear 

fb are the inner variables and the results show that  local flow 
similarity has been reached at or near  % = 0.5. This behav- 
ior is consistent with the var ia t ion of Cs2/(CI2)o with N s and 
suggests that  the increase in Cfz is associated with an in- 
crease in turbulent  burst  activities. 

If the turbulent  burst  phenomenon at the wall is r andom 
in both  time and space, then the inter-burst  t ime should have 
an exponential  distr ibution.  Bogard and Tiederman (1986, 
1987) show that  the inter-burst  t ime in a turbulent  channel 
flow indeed has an exponential  distr ibution.  Previous results 
on the wall shear and the turbulence field tend to indicate 
that  the flow is becoming more r andom and isotropic. If this 
is true, then a plot  of the inter-burst  time would show that  
the measurements  are better  correlated by an exponential  
dis tr ibut ion as % increases. Inter-burst  time is also calcu- 
lated in the present analysis and the results are shown in 
Fig. 10. In addit ion,  a least square exponential  fit is calcu- 
lated using all the actual  da ta  points  and the results plot ted 
as solid curves in Fig. 10. I t  can be seen that, as % increases 
the exponential  dis tr ibut ion fits the da ta  better and better. 
Therefore, the wall shear signal is becoming more Gauss ian  
as N S increases; a conclusion consistent with that  drawn 
above based on other turbulence data. 

The energy spectrum of the wall shear stress versus the 
frequency, f ,  at different N~ is shown in Fig. 1 i.  Consistent  
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with other results discussed before, the spectra at X/D = -- 18 
and - 4  for the case Ns = 0 are essentially identical. This 
further confirms the conclusion that the rotating section 
does not appreciably perturb the fully-developed turbulent  
pipe flow except to impart  a slightly higher frictional loss to 
the flow. Consequently, the present study truly represents an 
investigation of the effects of pipe rotation on a fully-devel- 
oped turbulent  pipe flow. As N s increases, the equilibrium 
range of the spectrum, which is characterized by a slope of 
-5 /3 ,  is observed to increase. This implies that the wall 
shear signal is becoming more Gaussian, and is essentially a 
consequence of the large mean circumferential shear strain's 
interaction with the turbulence field in the wall layer. Again, 
this result confirms the above findings based on turbulence 
measurements and the burst data. 

4 Conclusions 

An experimental study of the effects of axial rotation on the 
characteristics of a fully-developed turbulent pipe flow has 
been carried out. The results show that the relaxation of pipe 
rotation gives rise to a large mean circumferential shear 
strain in the viscous wall layer, which, in turn, produces a 
very significant destabilizing effect on the flow. Even though 
a stabilizing effect is present over 90% of the pipe diameter 
because of the solid-body rotation of the fluid, the destabiliz- 
ing effect completely dominates over the stabilizing effect 
and enhances the turbulence over the whole pipe. The turbu- 
lent normal  stresses are observed to increase significantly in 
the pipe core and to become more uniform across the pipe. 
The skin friction coefficient Cs2 increases as N s is increased. 
A maximum is reached at N~-~ 0.5. Thereafter, further in- 
crease in N~ leads to a slow decrease of Cs2 which suggests 
that, as N s becomes very large, Cs2 will eventually become 
very small. The augmentat ion of Cs2 comes mainly from the 
contribution,  vrS(V/r)/~r, and little from the term v~W/Sr. 
Concommitant  with the increase in Cs2 is a significant in- 
crease in the burst frequency at the wall. A proper scaling of 
this burst frequency by inner variables reveals that the non-  

d imens iona l  frequency essentially follows the same trend as 
Cs2, with a maximum at N s -~ 0.5 and slow decrease there- 
after. This implies that some kind of local flow similarity has 
been reached at or near Ns -~ 0.5 and that increased shear at 
the wall is associated with increased turbulent burst activi- 
ties. Further  evidence in support of this interpretation is 
provided by a detailed analysis of the wall shear stress sig- 
nals. Finally, the increase in burst frequency bears striking 
resemblance to that found near the top of a curved bend. 
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