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ABSTRACT

The mean velocity and Reynolds shear stress distribu-
tions in a turbulent pipe flow past a streamlined axisymmet-
ric body were examined using particle image velocimetry.
Here, we report the behavior in the bow region of the body
where the flow experiences a favorable pressure gradient
and convex curvature, as well as the subsequent flow re-
covery behavior over the constant cross-sectional area mid-
section of the body. Three body diameters were chosen to
provide pressure gradients and streamline curvature of dif-
ferent magnitudes. In the bow section, the mean streamwise
velocity followed a linear distribution in the region above
the overlap layer of the pipe wall. The formation of the lin-
ear profiles was explained by examining the Reynolds shear
stress, which indicated strong momentum transfer near the
body surface in the direction opposite to that near the pipe
surface. This momentum transfer was initiated by flow de-
celeration and streamline divergence in the region just up-
stream of the bow tip. The severity of these processes in-
creased with the size of the body. In the constant area recov-
ery section, noticeable variations were observed near walls,
but overall the flow remained far from equilibrium, and the
recovery appeared to be very slow.

INTRODUCTION

Wall-bounded turbulence subjected to non-equilibrium
conditions is widely encountered in practical flows, and sig-
nificantly affects the performances of many fluid dynamic
devices. However, our understanding of such flows is lim-
ited — there is no general framework to extend our knowl-
edge on canonical wall-bounded turbulence (constrained by
parallel walls or a flat plate) to flows experiencing changing
boundary conditions. In particular, when there are curved
boundaries and/or non-constant cross-sectional areas, pres-
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sure gradients and streamline curvature play important roles
in turbulence production, dissipation and transport. For
flows under these conditions, the extent to which our knowl-
edge on scaling laws, coherent structures and physical mod-
els need to be modified is of great interest; existing mod-
els for Reynolds-averaged Navier-Stokes (RANS) simula-
tion and Large-eddy simulation (LES) need to be validated
through experimental studies.

Past studies have revealed some effects of favorable
pressure gradients (FPG) and adverse pressure gradients
(APG) on the mean velocity and turbulence intensity of
wall-bounded flows. When the pressure gradient changes
from FPG (dp/dx < 0) to APG (dp/dx > 0) (for pipe and
channel flows, dp/dx here is the net pressure gradient after
subtracting the part balancing the wall friction), the slope
of the log-law region increases (Spalart & Watmuff, 1993;
Nagib & Chauhan, 2008). In the wake region, APG tends to
amplify the deviation from the log law and shorten the ex-
tent of the log-law region (Monty et al., 2011). For the in-
fluence of pressure gradients on turbulence intensity, some
insights can be gained by examining additional production
terms besides fﬁ%. For instance, fuz% is positive
when dp/dx > 0 and negative when dp/dx < 0, leading
to turbulence being energized and suppressed under APG
and FPG, respectively. Such effects have been widely ob-
served in experiments, as in Harun et al. (2013); Nagano
et al. (1993).

The effects of streamline curvature have also been in-
vestigated experimentally, notably by Muck et al. (1985)
and Hoffmann ez al. (1985), who concluded that convex cur-
vature ’stabilized’ (attenuated) turbulence whereas concave
curvature 'destabilized’ (amplified) turbulence. Similar ef-
fects were also observed by Smits ef al. (1979) in boundary
layer flows subjected to impulses formed by short regions
of wall curvature. In particular, Smits et al. (1979) dis-
covered a non-monotonic recovery (second-order response)
of turbulence to the equilibrium state, which is now recog-
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nized as representative of a variety of non-equilibrium tur-
bulence undergoing recovery processes. See, for example,
Van Buren et al. (2019); Smits et al. (2019); Saxton-Fox
etal. (2019).

In the present work, a fully developed turbulent pipe
flow is perturbed by a streamlined axisymmetric body
placed on the centerline, introducing a spatially-varying
pressure gradient and streamline curvature. We will exam-
ine the response of the flow to combined pressure and curva-
ture effects, as well as the recovery behavior downstream.

EXPERIMENT

Figure 1 illustrates the test configuration. A stream-
lined axisymmetric body was placed on the centerline of a
pipe that has an inner diameter of D = 2R = 38.1 mm. The
body consisted of three sections — the bow (0< x/R <2.67),
stern (10< x/R <12.67) and cylindrical recovery (2.67<
x/R <10) sections. The bow section is a prolate spheroid;
the contour of the stern follows a 4th-order power law
to minimize the drag (Moonesun et al., 2017). With the
presence of the body, the incoming flow experienced FPG
and convex curvature over the bow, followed by relaxation
in the recovery section, and then entered the stern region
with APG and convex curvature. Three body diameters,
d=D/3,+/2D/3 and v/3D/3, were chosen to vary the mag-
nitude and rate of change of pressure and curvature, where
d is the diameter of the body of revolution. The inflow was
ensured to be fully developed by allowing a development
length of 200D upstream of the body.

We conducted planar particle image velocimetry (PIV)
in the axial-radial plane to study the evolution of turbulence.
As depicted in figure 2, two cameras (LaVision Imager sC-
MOS) with an offset in the axial direction were positioned
on opposite sides of the pipe to simultaneously achieve high
spatial resolution and an extended field of view. A 2x tele-
converter (Vivitar) was attached to each camera to further
enhance the resolution, leading to a magnification of 0.54
(83 pix/mm). Data were taken at two axial locations cov-
ering the bow section plus approximately half of the recov-
ery section. A water-filled box was sealed around the pipe
to alleviate image distortion due to unmatched index of re-
fraction. The body in our experiment was supported by an
airfoil-shaped (NACAOO015) sting attached to a pipe insert.
We chose our field of view to be the top half of the pipe
while the sting was positioned at the bottom ensuring min-
imum influence to the flow. The pipe insert had an inner
diameter matching that of the glass pipe, and was housed
in a joint block connecting the upstream and downstream
pipe sections. The pipe facility operated at a bulk velocity
Uy, =~ 4.1 m/s for the upstream fully developed flow, corre-
sponding to Rep = UpD/v & 156,000, where v = 107° is
the kinematic viscosity of water at 20 °C. Using the friction
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Figure 1: Test section geometry. Three body diameters
were tested, i.e. d = D/3, \@D/3 and \@D/& Blue
solid lines are selected streamlines from a potential
flow simulation. Flow is from left to right.

Figure 3: Streamline coordinate system and notations.
Flow is from left to right.

factor correlation reported by McKeon ez al. (2004), we ob-
tained the upstream friction velocity, u; = 0.186 m/s, and
Rer = urR/v = 3550.

For each of the three bodies used here, 20,000 im-
age pairs were processed to calculate mean statistics. Par-
ticle tracking analysis was performed with an in-house
code that tracks matched particle pairs using a non-iterative
histogram-based algorithm (Fuchs et al., 2017). Particle
tracking was done first in the image space, and displacement
vectors were mapped to the physical space to calculate ve-
locity. This was to eliminate errors associated with interpo-
lation of pixel intensities during dewarping. Mean velocity
and Reynolds stresses at each grid point were then calcu-
lated by averaging quantities of individual particles within
a small volume (Kihler et al., 2012; Agiiera et al., 2016).
The final spatial resolution is 0.8x0.4 mm?.

RESULTS
Streamline coordinate system

As the flow was constrained by two surfaces (pipe and
body) that were not parallel, we examined the evolution of
turbulence statistics in a streamline coordinate system gen-
erated using OpenFOAM (v6). The notations are defined
in figure 3: subscripts ‘s’ and ‘¢’ (e.g. us and u;) denote
quantities in the streamline and potential line directions, re-
spectively, where positive u; points toward the body surface.
Also, y; starts from the pipe wall and is the coordinate along
each potential line, and Y; is the total length of a potential
line, which decreases in the axial direction until the recov-
ery section. In addition, x, r and y = R — r are the axial, the
radial and the wall-normal (pipe wall) directions, as usual,
and x = 0 is at the tip of the bow.

To see the extent to which streamlines of the poten-
tial flow represent the true turbulence mean flow, we ex-
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amined the ratio between Uy and U; (hereafter, we will use
Reynolds decomposition, # = U + «’). Tt turned out that
U; /Us is below 3%, indicating the mean flow only slightly
deviates from the potential flow streamlines.

Bulk acceleration and streamline curvature

Based on the geometry of the bodies and the conserva-
tion of mass, we can calculate Uy, (x) at any axial location.

v dU,
Ut dx’
is plotted in figure 4. It may be seen that Kj, at x = 0 for the
three bodies varies approximately in the ratio 1:2:3, that is,
it scales approximately with 42. However, the largest body
creates a non-monotonic K, peaking at x/R =~ 0.6, while for
the medium and small bodies Kj;, monotonically decreases
to zero.

Figure 5 shows the curvature (the reciprocal of local
radius of curvature, 1/|a|) of streamlines for —0.3 < x/R <
0.3 at different radial locations. Only the results for the
large body are shown, but for the small and medium bodies
the variation of curvature is qualitatively the same but less
dramatic. It is clear that the curvature effect is strong near
the body surface (r small) and fades towards the pipe wall,
and that a rapid switch from concave to convex curvature

The acceleration factor in terms of Uy, i.e. K, =
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Figure 4: Acceleration factor Kj, based on the bulk ve-
locity.

20

-10 : :
03 02 -0

0 01 02 03
z/R
Figure 5: Curvature of streamlines near x = 0 of the
large body at different radial locations, where r in-
creases from red to yellow. Here, |a| is the local ra-

dius of curvature (a > 0 and a <0 represent concave
and convex curvature, respectively).

occurs near x = (. In fact, the flow behavior in this region
is even more complicated because, in addition to the curva-
ture, there also exists a strong APG as the flow approaches
the tip of the body. The combined deceleration and curva-
ture effect poses an interesting question to the response of
turbulence, for which we will gain some insights from our
later discussion on the Reynolds shear stress. Further down-
stream (0.3 < x/R < 2.67, not shown here), the flow sees
convex curvature with the magnitude decreasing in both the
axial and radial directions.

Mean velocity
Figure 6 shows the mean velocity profiles in the
streamline coordinate system, that is, U as a function of
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Figure 6: Profiles of U; as functions of y, /Y; in the bow
section (x/R < 2.67). The results are shown at differ-
ent stations of x,,,/R, where x,,, is the x-coordinate
where a potential line intersects with the pipe wall.
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y:/Yt. The results are displayed for the bow section (x/R <
2.67) at multiple stations of x,, /R, where x,, is the x-
coordinate of an intersection between a potential line and
the pipe wall. The incoming fully developed velocity profile
is also plotted for reference. As expected, the flow over the
large body exhibits the strongest global acceleration. The
evolution of mean velocity distributions for the three body
sizes are qualitatively similar, despite the differences in the
strengths of the pressure gradients and streamline curvature
(c.f. figure 4 and 5). When the flow is approaching the
body of revolution, the velocity near the pipe center is dra-
matically slowed down by the presence of the bow, as seen
at xoy/R = —0.07. Meanwhile the flow near the pipe wall
(small y;) speeds up to satisfy conservation of mass. The
velocity increase near the pipe wall is much smaller com-
pared to the decrease in the pipe center, since the central
part of the pipe only occupies a very small fraction of the
pipe cross section. After the flow passes the line of x/R =0,
the flow near the body surface quickly accelerates to catch
up. As seen at xq,/R = 0.07 for the medium and large bod-
ies, the maximum Uj already occurs very close to the body
surface (y;/Y; > 0.95) ; for the small body, this occurs only
slightly later.

The flow then continues to accelerate, and the acceler-
ation appears to be relatively uniform across 0.1 < y;/¥; <
0.9 from approximately x,,,/R = 0.3 to 2.0. Interestingly,
we observe a linear law established away from the pipe wall.
To confirm the existence of the linear region, we computed
dUys/dy; and plot the result for the large body in figure 7
(the results for the small and medium bodies are similar).
Compared to the continuously decreasing slope of the fully
developed flow, the results clearly suggest a region of con-
stant dUs/dy; starting from y; /¥; = 0.5. The linear region
extends to at least y;/¥; = 0.95 up to xoy,/R = 1.15. Fur-
ther downstream the linear region shortens as a result of the
boundary layer development on the body wall. From our
later discussion it will become evident that the linear distri-
bution, as opposed to the lessening gradient in a fully devel-
oped flow, is due to the Reynolds shear stress redistributing
the momentum.

Beyond x/R = 2.67, the flow starts the recovery pro-
cess over the midbody region where the streamwise curva-
ture and bulk acceleration become negligible. The velocity
profiles in this range (2.67 < X, /R < 5.50) are presented
in figure 8. Again, we see the behaviors of the mean veloc-
ity are qualitatively similar for the three body sizes but the

0 0.2 0.4 0.6 0.8 1
Yt / Y;

Figure 7: Profiles of the mean velocity gradient in the
streamline coordinate system, dU,/dy;, showing the
existence of linear region.

1.3 e AN vy
~12f
=)
=
= 1.4
y R=414
& Zow/R =445
il // Zow/R =487  \
A Zow/R = 5.19 Y
/ Zow/R = 5.50 \
/ — — fully developed annular
0.9 1 L L L L \
0 0.2 0.4 0.6 0.8 1
vt/ Y
(a) Small body
16 ‘ ‘
15}
14
=)
=
= 13}
12}
14 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
yt/ Y;
(b) Medium body
1.8 ‘ ‘ ‘
17F
~16f
)
=
=)

0 0.2 0.4 0.6 0.8 1
yt/ Y;

(c) Large body

Figure 8: Profiles of Uy as functions of y,/Y; in the
recovery region (2.67 < x/R < 5.50). Black dashed
lines are schematic distributions of fully developed
annular flows based on Kaneda et al. (2003).

process takes place in a more pronounced way for the larger
bodies. The velocity grows in the central part between the
two walls, whereas the near-wall flow is retarded by the
walls so that the low-momentum layers gradually thicken.
For the large body, the velocity at y;/¥; = 0.5 grows by
about 3%, and this growth for the small body is only about
1%. It is evident by the comparison in figure 8 that the
flow is far from the equilibrium state which is a fully devel-
oped annular pipe flow. The recovery process is therefore
expected to last for a long distance, well beyond our mea-
surement domain.

The thickening of the boundary layers at both walls
may be viewed as an analogy to the growth of a turbulent
boundary layer absent mean pressure gradient. After the
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flow exits the bow section, it loses a significant amount of
driving force from the pressure differences. The net effect
is that the flow only feels the retardation by the wall, and it
slowly adjusts itself until the pressure gradient and the wall
shear stress are balanced.

Reynolds shear stress

As indicated earlier, the Reynolds shear stress plays
an important role in shaping the velocity distribution in the
bow section. Shown in figure 9 is the Reynolds shear stress
—ulu; for —0.13 < x4y /R < 1.20, a range over which —uju;
undergoes a relatively dramatic change. The most notable
result is the emergence of negative —uu, near the body sur-
face, as opposed to the fully developed flow having positive
—uu, across the pipe radius. We can gain some insights
into the negative Reynolds shear stress by examining its
production in the transport equation (presented in Cartesian
form for convenience):

3u’v’+vau’v’7iﬁal,v728—lj+... (1

v ox dy dx dy

Here, u and v are the velocity components in the s- and ¢-
direction, respectively. Note that gradients in the azimuthal
direction are zero, and also that —/v/(dU /dx+ AV /dy) =
0 on the right side due to continuity. Close to the pipe cen-
ter, as the flow approaches the body, dU/dy is negative
and large; dV /dx is also negative and large due to strong
streamline divergence. So the production on the right side is
positive and significant, which means —u’v' decreases (/v
increases) as a fluid particle moves along the mean stream-
line direction (U,V). As a result, —u/v/ near the pipe cen-
terline becomes negative, i.e. the momentum transfer is en-
hanced in this region. For the large body, the enhancement
is more pronounced because of more significant JU /dy and
dV /dx compared to the smaller bodies.

The energized turbulence then experiences the convex
curvature and FPG near the body surface, both of which
tend to attenuate the turbulence (Muck et al., 1985; Harun
et al., 2013). This attenuation is expected to be the most
severe for the largest body that provides the strongest cur-
vature and FPG, but more high-resolution near-wall data is
needed to confirm this expectation. The current data sug-
gest the attenuation of —u/u, aty; /¥; = 0.9 is approximately
O.ZM% for all three cases. At the pipe wall, the FPG is the
dominant mechanism suppressing the turbulence. The de-
crease in —ulu, over the largest body is found to be about
twice that of the smallest body. The value of y,/Y; for
zero shear stress is about 0.6 for the large body, 0.7 for the
medium body, and 0.8 for the small body. In each case, this
value tends to increase with x,,, /R as a result of decreasing
turbulence intensity near the body wall. L

The physical process associated with negative —uu,
is that, in an average sense, high momentum fluid moves
towards the body wall and low momentum fluid moves to-
wards the pipe wall. Note that in the region where —ufu] <
0, dUy/dy; > 0. This is to say, the momentum transfer in
this region enhances the velocity gradient. In addition, in
the region where —uju; > 0, the momentum transfer hap-
pens in the same direction as in the fully developed pipe
flow but less intensely. The end result is that the veloc-
ity profile in this region is less flattened compared to the
fully developed flow. Therefore, the flow in the bow section
maintains a high velocity gradient when y;/Y; increases,

2
T

ob=tmt/B=013 _ _ T o
—— 2o/ R = -0.00 e =
—e—Tpy/R = 0.13 Y
—o— Loy /R = 0.27
Tow/R = 0.40

051 Zow/R = 0.67

Zouw/R = 0.93

Touw/R = 1.20
o inflow

—uu/u

0 0.2 0.4 0.6 0.8 1
yt/ Y;

(a) Small body

2
-

—ujug/u

0 0.2 0.4 0.6 0.8 1
Y/ Ye

(b) Medium body

2
-

—ujug/u

0 0.‘2 0.‘4 0.‘6 O.‘S 1
yt/ Y
(c) Large body
Figure 9: Profiles of —u/u] as functions of y;/¥; in the
bow section. Black dots represent the incoming fully
developed flow. u; is the friction velocity of the up-
stream fully developed flow.

in contrast to the lessening gradient in the fully developed
flow. This helps to explain the existence of the linear distri-
bution observed in figure 6.

The Reynolds shear stress in the recovery section of
the medium body is displayed in figure 10 (the results for
the small and large bodies are qualitatively similar). The
most noticeable change occurs near the walls as —uu, is
mostly produced in high-shear regions. However, for the
most part the variation of —u/u, is very small, and it is far
from the fully developed annular pipe flow. It is therefore
reasonable to expect a long-lasting recovery process.
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Figure 10: Profiles of —u/u for the medium body in
the recovery section (2.72 < x4y, /R < 5.14). The re-
sult of a fully developed annular pipe flow is based on
Kaneda et al. (2003).

CONCLUSIONS

We investigated a turbulent pipe flow at Rep = 156,000
passing over different bodies of revolution placed on the
centerline. Each body had a streamlined shape introducing a
favorable pressure gradient and convex streamline curvature
to the flow over the bow section. The flow subsequently
underwent recovery through a circular annulus formed by
the pipe wall and the constant area mid-section of the body.

The mean streamwise velocity in the bow section ex-
hibited a linear distribution in 0.5 < y;/¥; < 0.9, a region
above the overlap layer of the pipe wall. The linear distri-
bution was observed over the major part of the bow section.

The production of Reynolds shear stress appeared to
be responsible for the formation of the linear distribution
of the mean velocity. We found strong negative —u/u, near
the body wall at the beginning of the bow section, which
strengthened the velocity gradient to form the linear distri-
bution, as opposed to the velocity gradient of the equilib-
rium flow which continuously decreases towards the pipe
center. L

The strong negative —uluj, which indicated ener-
gized turbulence, resulted from the strong deceleration and
streamline divergence prior to the bow tip. We analyzed the
transport equation of —uu, to explain the strong production
of Reynolds shear stress in this region.

In midbody recovery section, the flow underwent
a slow recovery process. The variation near the walls
were more pronounced, but overall the flow only changed
slightly. The recovery process was therefore expected to
continue for a long distance.
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