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Abstract

Erosion-corrosion in a pipe system often occurs at
fittings, valves, and weld beads where flow separa-
tion and reattachment yield high turbulence intensity.
Thus identifying their correlations would be the first
step towards resolving the erosion-corrosion problems
associated with industrial applications. In an ear-
lier work, we proposed that a rotating cylinder with
surface roughness (two backward-facing steps periodi-
cally mounted on a circular cylinder) be an economical
and tractable tool which can generate extreme flow
conditions for erosion-corrosion study. In this work,
DNS has been carried out for turbulent flow around
the same rotating cylinder as the experimental appa-
ratus used in the previous study. The aim of this
paper is to elucidate the flow characteristics associ-
ated with this particular configuration. The numerical
result shows that a region of intense turbulence inten-
sity and high wall-shear stress fluctuation is formed
along the cylinder surface in the recirculating region
downstream of the step, where high mass-transfer ca-
pacity is also experimentally observed. Since corrosion
is mass-transfer controlled, our finding sheds light on
the direction of future corrosion research.

Introduction

Corrosion is often found in mechanical and/or chem-
ical processes, especially at fittings, valves, and weld
beads in a pipe system, and has to be under control

from the safety and economical points of view. For
example, rust which is formed by oxidization on the
inner surface of metal pipe plays an important role as
a protective film for the pipe. However, this film gets
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thinner and thinner due to erosion and dissolution.
Erosion is caused by mechanical actions such as tur-
bulence or wall-shear stresses, impingement of bubbles
or droplets, and cavitation. On the other hand, dis-
solution is a chemical mechanism explained by mass
transfer of rust into the main flow. When the film
is completely removed by the two mechanisms, the
raw metal of the pipe is again exposed to the solu-
tion. Repeated cycles of the formation and removal of
the protective film may result in perforation through
the pipe wall; this can be a hazardous situation if the
solution is toxic or radioactive.

Turbulence not only plays an important role in ero-
sion, but also indirectly influence the dissolution of
a protective film by enhancing the mass transport
into the main flow stream via turbulent mixing. In
practice, corrosion in aqueous solutions is known to

be mass transfer (:ontrolled.l’2 However, mass trans-
fer in complex flow geometries where flow separation
and reattachment yield high turbulence intensity, is
strongly influenced by the local fluid dynamic condi-
tions such as turbulence. Therefore, corrosion in a
pipe system is closely related to turbulence in the flow
fields, and identifying their correlations would be the
first step towards resolving corrosion problems.

Laboratory investigations into the velocity sensitiv-
ity of corrosion can use a number of means of es-
tablishing a velocity field for testing. Unfortunately,
not all methods lead to well defined fluid dynamic

conditions.4 Fully developed pipe flows, annular flow
and impinging jets are amongst the best defined con-
ditions. For most testing, these require expensive
testloops and large amounts of test fluid and are dif-
ficult to control for more sophisticated tests involving
electrochemical studies. A much more practical ar-
rangement is the rotating cylinder electrode which will
allow easy testing even at elevated temperatures and

4
pressure by use of autoclaves. Silverman has deter-
mined the equivalence of a smooth rotating cylinder
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electrode to fully developed pipe flow for identical mass
transfer coefficients. This was achieved by use of rel-
evant mass transfer correlations for pipe flow and for
rotating cylinder flow. However, since only smooth
surfaces are generally used, only low corrosion rates
result. In processing plants such as used, for example,
in the production of alumina, highly accelerated corro-
sion rates are found at tube inlets of heat exchangers,
valves and behind baffles near the flow reattachment
region.

For easy generation of extreme flow conditions, a ro-
tating cylinder with surface-mounted two-dimensional
backward-facing steps was proposed and its mass-
transfer characteristics were experimentally studied in

de‘cail.5 The objectives of this Direct Numerical Simu-
lation (DNS) are two-fold; firstly to describe the fluid
dynamic characteristics of the turbulent flow associ-
ated with the rotating cylinder in detail, and secondly
to identify any differences between the conventional

6,7
plane backward-facing step flow = and the current
one.

Formulation

In this study, computations were carried out with
respect to a reference frame rotating with a constant
angular velocity(Q?). The governing incompressible
continuity and momentum equations are

V-u=0 (1)

~6—Ii-f-(u-V)u:—EVP+I/V2u—2Q><u (2)
ot p

where u, p, and v denote velocity, density, and kine-
matic viscosity, respectively. Turbulence modelling is
not included; all scales are resolved using a fine grid.
The last term in Eq. (2) represents the Coriolis force.
Since the centrifugal force is conservative, it is included
in the pressure term, and does not affect the velocity

field.” Thus, P in Eq. (2) includes not only pressure
but also the centrifugal potential. The governing equa-
tions were discretized using a finite-volume method in
a generalized coordinate system. Spatial discretization
is second-order accurate. A hybrid scheme is used for
time advancement; nonlinear terms and cross diffusion
terms are explicitly advanced by a third-order Runge-
Kutta scheme, and the other terms are implicitly ad-
vanced by the Crank-Nicolson method. A Fractional

10
Step Method ~ is employed to decouple the continu-
ity and momentum equations. For the details of the
numerical algorithm used in the code, see Rosenfeld

et al.m Unless specified otherwise, all the flow vari-
ables are normalized by the step height (k) and the
circumferential speed of the cylinder surface upstream
of the step (U,) as the length and velocity scales, re-
spectively.

Choice of Numerical Parameters

Simulation was performed for the rotation with
2=2,000rpm in the air. The shape of the cylinder
cross-section was taken exactly the same as that of the

central part of the cylinder in the experiment.5 Since
the steps are mounted symmetrically with respect to
the axis of rotation, only one half of the domain is
considered with the periodic boundary condition in
the circumferential direction. The axial (spanwise) di-
rection (2) was assumed as homogeneous. The outer
boundary of the computational domain is located ap-
proximately 3 diameters (0.07m) away from the center
of rotation, and the spanwise size (W) of the domain
is approximately one diameter (0.024m). The step
height is 0.002m. Figure 1 shows the computational
grid employed in this study. Figure 1(a) exhibits the
whole computational domain at one cross-section in
the axial direction, and Fig. 1(b) is a magnified view
around the cylinder. The grid is a body-fitted O-grid
system which is the most suitable for this compli-
cated geometry, with more resolution near the steps
and solid boundaries. The number of grid points was
progressively refined using grid-refinement study up
to 224 x 128 x 80 in the circumferential, normal, and
spanwise directions. Based on the friction velocity(u,)
at the location 3h upstream of the step, the mini-
mum and maximum grid spacing in each direction is

At.,=00174, A} .=3.18 in the circumferential di-
rection, A}, =0.0086, A} . =0.67 in the normal di-

rection, and A} =4.7 in the spanwise direction, respec-
tively. One typical run including statistical evaluation
takes about 12,000 time steps which correspond to 10
revolutions of the cylinder, and one time step takes
approximately 50 seconds on a CRAY C90 supercom-
puter.

Initial and Boundary Conditions

With respect to the rotating reference frame, the
inner cylinder is stationary while the outer circular
boundary is rotating in the clockwise direction. The
initial flow field was constructed such that at any lo-
cation in the flow field, the velocity was given as §
times the distance between the point and the center
of rotation. This is an obvious choice because in the
laboratory the cylinder starts rotating in stationary
ambient air. In addition, a small-amplitude random
noise of which root-mean-squared magnitude was ap-
proximately 0.1% of U, was added only at the begin-
ning of the simulation in order to bypass transitional
regime and to establish a self-sustaining turbulence as
quickly as possible.

The no-slip boundary condition was applied on the
surface of the cylinder and a periodic boundary con-
dition was employed in the homogeneous spanwise di-
rection. The outer boundary condition needs a special
attention. One could impose a constant circumferen-
tial speed of Qr,, where 7, is the outer radius of the
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Fig. 1 Cylinder cross-section and grid system em-
ployed.

domain, on the outer boundary. This corresponds to
the situation that the outer boundary is located far
way from the cylinder such that the air at the outer
boundary is not disturbed by the motion of the cylin-
der. From the numerical point of view, this requires
a large computational domain with a fine resolution
near the outer boundary which is not the region of
our interest. This will result in a significant waste in
computational resources. To minimize such a waste, a
proper boundary condition was devised and employed
on the outer boundary. That is,

Ovg

Ov,

Q, Vp = 0, -5; =
where vy, v, and v, represent the circumferential, nor-
mal, and spanwise velocity components, respectively,
and n denotes the direction locally perpendicular to
the outer boundary. This boundary condition allows
us a reasonably-small computational domain without
significantly disturbing the flow field near the cylinder
which is the region of our primary interest. Further-
more, since the circumferential velocity gradient is ex-
actly specified at the boundary, rather than computed
during the simulation, a fine numerical resolution is
not required near the outer boundary, which leads us
to an additional saving in CPU time.

Fig. 2 Mean flow field near the step; streamlines.

Results and Discussion
Averaged velocity fields

After the flow reached a statistically steady state,
collecting of instantaneous flow fields was initiated for
statistical evaluation. Averaging of the flow variables
was carried out in the homogeneous axial direction and
also in time. More than 160 instantaneous flow fields
were collected over 7 revolutions of the cylinder.

The averaged streamlines in the vicinity of the step
are shown in Figure 2. The main recirculating region
and a secondary one near the corner can be clearly
identified. Figure 2 confirms that this flow geom-
etry will create a qualitatively similar flow pattern,
as observed near a sudden pipe expansion or a plane
backward-facing step, including flow separation and
reattachment. The mean reattachment point is lo-
cated at s/h=4.9 where s is the coordinate axis along
the cylinder surface as indicated in Fig. 2.

The distributions of the averaged circumferential
and axial wall-shear stresses (7,, and 7,,, respec-
tively, where the overbar means averaging both in z
and in time) are shown in Fig. 3. The wall-shear
stresses are normalized by an upstream 7,,, at s=-4
(Tw,,in)- The coarse-grid (64 x 64 x 32) result con-
siderably deviates from those of the other fine-grid
(112 x 96 x 64, 224 x 128 x 80) computations in terms
of the shape of 7,, distribution and the location of
the reattachment point. Since the wall-shear stress is
very sensitive to numerical resolution, Fig. 3 indicates
that the finest grid (224 x 128 x 80) should be suit-
able for our main simulation. The maximum |7, | in
the main recirculating region (|7, |maz), and the reat-
tachment point where 7,,, =0 are identified at s/h=2.9
and s/h=4.9, respectively. The sharp peak at s/h=9.2
is corresponding to the sharp corner in Fig. 1(b) near
z/h=>5.1 far downstream of the step. This protrud-
ing part is necessary to re-establish the flow for the
next step located exactly opposite to the step shown
in Fig. 1(b). Recall that the cylinder is symmetric
with respect to the axis of rotation. Around s/h=-4
which corresponds to three step heights upstream of
the sharp edge of the step, 7, is nearly constant; u,
at this location was employed for the normalization
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Fig. 3 Distribution of the mean wall-shear stress;
Tw, circumferential, 7, , spanwise. The wall-shear
stresses are normalized by an upstream 7,, at s=-4
(?w, ,in)-

of grid spacing in wall units. The averaged spanwise
wall-shear stress is nearly zero along the cylinder sur-
face as it should be since the flow is homogeneous in
the spanwise direction. This also confirms that the
duration of averaging was adequate.

In Fig. 4, the profiles of the mean circumferential
velocity component (U,) are shown at selected s lo-
cations; each profile represents the radial distribution
of U, normalized by U,. The main recirculating re-
gion is clearly seen, even though the shape of each
profile is quite different from those in plane backward-

facing step flow. See Fig. 17 of Le et al.7 With respect
to the rotating reference frame, Uy is linearly increas-
ing in the radial direction as r goes to infinity. One
can also notice that the flow past the step is quickly
re-established and approaches the next step with con-
stant 7,,,. See the region for -5 < s < -=3. The
secondary recirculating region is much smaller than
the counterpart in the plane backward-facing step flow.
See the profile at s/h=0.5 and Fig. 2 of this paper and
Fig. 8 and the profile at z/h=0.5 in Fig. 17 of Le et
7

al.

Turbulence intensity and wall-shear stress
fluctuation

Figure 5 shows the mean turbulence intensity (I =

1/ uiul/3 where u} is the velocity fluctuation in each

direction) around the step, normalized by U,. Steep
normal variation of I is noticed along a wide range of
the cylinder surface. Furthermore, the maximum I is
observed one h away from the cylinder surface above
the reattachment point. This is consistent with the ob-

servation of Nesic et al.3 They claimed that the most
important factor for mass-transfer-controlled erosion-
corrosion in turbulent flows is not 7,, but local I
near the cylinder surface, and that severe corrosion
is observed near the reattachment point in suddenly-
expanded pipe flows, where high turbulent fluctuation

2
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Fig. 4 Profiles of the mean circumferential veloc-
ity component (U,) at selected s locations. Here, r
denotes the radial coordinate measured in the di-
rection locally normal to the cylinder surface.
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Fig. 5 Distribution of the mean turbulence inten-
sity near the step, normalized by U,.

137%E- 1500
i i 1 -~ 1 1
1 ] 1 . - )
i el - !
LUxE2 — = = = r=-—=—-=-r-—=-—-7-= ~}__- _____ 3000
I I | I
.
l I . | E
_____ [ R4 S S| I A,
84SXE-3 h p— ) R T 500 o2
vy l A T e -
0 t T ) ) §
SENEIF — — — — L el eI [ P 000 ™3
1 I " IS
=
= ! ! experiment ‘3
i _ = ! ! ¢ (E’:PM) §<
3B — = - — Fm A — =t i
. ) I \ present
’ - | 1
- ° | 1 | 1
R e Tulfwk, Aalin Tulirlh slralirdirairdh dhrdieriiriier s Boviar oot Tatafiatete 1.4
! 7 2] 5 [

Fig. 6 Distribution of the mean turbulence inten-
sity along the cylinder surface, computed at 0.006%
away from the surface, together with the hot film

5
measurements at 2,000rpm indicating the mass-
transfer capacity.

is normally observed.

In Fig. 6, distribution of I along the cylinder sur-
face, computed at 0.006h away from the surface, is
shown together with the hot film measurernents5 in-
dicating the mass-transfer capacity. Here, ‘Equiva-
lent RPM’(ERPM) represents normalized values using
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Fig. 7 Distribution of the rms of wall-shear stress

5
fluctuation along with the mass-transfer capacity.

those of the circular cylinder without the steps; a value
larger (less) than 2,000ERPM means higher (lower)
4

mass-transfer capacity than the no-step counterpart.
The range between two small rectangles at a given
s indicates an error bar, and the small circles rep-
resent typical measurements at that s. Since I and
ERPM have different dimensions, quantitative com-
parison cannot be made between the two. Neverthe-
less, qualitative comparison can be made regarding the
tendency of mass-transfer capacity along the cylinder
surface and the location of the maximum value. Fig-
ure 6 reveals that the computation predicts a wide
range of high mass-transfer capacity (3.5 < s < 4.5)
which is consistent with the experimental measure-
ment; in this range of s, the mean turbulence intensity
also has a steep normal gradient(Fig. 5).

Fluctuation of wall-shear stress is another fac-
tor which plays an important role in mass-transfer-
controlled erosion-corrosion. In Fig. 7, is shown the
distribution of the computed root-mean-square(rms)

of wall-shear stress fluctuation (J = 7',’,,_2) along the
cylinder surface. Here, both the circumferential and
the spanwise components are considered and plotted,

ie.
J=yrt=yr,7+rn (4)

Figure 7 also shows the distribution of the mass-

transfer capacity5 using hot film measurements. The
computed data of J well (even better) match the ex-
perimental results; this suggests that not only turbu-
lence intensity but also wall-shear stress fluctuation
can significantly affect the mass-transfer-controlled
erosion-corrosion. Other Interesting features include
that the rms of the wall-shear stress fluctuation is of
the same order or larger than the mean value (Fig. 3)
throughout the domain, and that the spanwise compo-

nent (\/T{Uzz) is dominant in the range of maximum
J. The latter will be given more detailed explanation
in the next section.

Instantaneous velocity and vortical fields

To illustrate large-scale unsteadiness and three-
dimensionality in the turbulent flow, Fig. 8 shows the
regions of instantaneous reversed flow at two differ-
ent spanwise locations but at the same time (Fig. 8(a)
and 8(b)), and at two different times approximately
2.7 revolutions apart but at the same spanwise loca-
tion (Fig. 8(a) and 8(c)). The flow structures are quite
different both in space and in time as one can expect
in turbulent flows. The location of the instantaneous
reattachment point of the main recirculating region
varies considerably up to approximately 3h in time

and space as in a plane backward-facing step ﬂow.7
This explains why the hot-film measurement at the
same rpm (Fig. 6 or 7) has a not distinct but rela-
tively smeared peak.

The instantaneous reattachment points on a typical
spanwise (z-y) plane are depicted during three revolu-
tions of the cylinder in Fig. 9; the symbols represent
the reattachment points measured by zero 1,,. It is
seen that the recirculating region periodically stretches
out on the cylinder surface; simultaneously it breaks
into pieces (e.g. 1.0 < t/T" < 1.2, where T is the period
of the cylinder rotation). Figure 8(b) clearly shows this
situation. The same trend was observed in the plane

backward-facing step flow; see Fig. 3 of Le et al.7 They
pointed out that as the large-scale structure created by
the shear-layer roll-up grows, the reattachment loca-
tion travels downstream at a constant speed. They
also noted that the sudden decrease of the reattach-
ment length indicates a detachment of the turbulent
large-scale structure from the step. All these observa-
tions also hold in the current case.

Figure 10 exhibits magnitude contours of nor-
malized instantaneous fluctuation of the wall-shear
stress (y/72,% + 7t %/ |Tw,Imaz) on the cylinder sur-

face downstream of the step; Figs. 10(a) and 10(b) are
corresponding to Figs. 8(a) and 8(c), respectively in
time. It can be noticed that the wall-shear stress sig-
nificantly varies between s/h=2.0 and s/h=>5.0, consis-
tent with the peak range in Fig. 6 or 7. Furthermore,
one can estimate that the maximum magnitude of
the instantaneous wall-shear stress fluctuation is three
or four times larger than the maximum mean value
(Fig. 3). Such intense wall-shear stresses occur locally
and intermittently.

Recalling that the mean spanwise wall-shear stress
(Tw,) is nearly zero all along the cylinder surface
(Fig. 3), the high spanwise wall-shear stress fluctuation
(Fig. 7) implies the presence of strong streamwise vor-
tices. In Fig. 11, are shown contours of instantaneous
streamwise vorticity (w,) on the plane perpendicular
to the cylinder surface at s/h=3.5 at two different
times; solid and dashed lines represent positive and
negative values, respectively. Pairs of strong w, are
clearly identified at any instant; similar streamwise
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Fig. 9 Instantaneous reattachment points on a
typical spanwise (z-y) plane.
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Fig. 8 Regions of instantaneous reversed flow,
where T is the period of the cylinder rotation. b) t =t; +2.7T

Fig. 10 Magnitude contours of normalized in-
stantaneous fluctuation of the wall-shear stress
(V7,? + T,?/|Tw, maz) on the cylinder surface
downstream of the step.
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b) t=t +3.1T

Fig. 11 Contours of instantaneous streamwise
vorticity (w,) at s/h=3.5, normalized by U,/h,
Awsh/U;=0.19.

vortices were observed in the plane backward-facing
7
step flow. See Fig. 6 of Le et al.

Conclusion

In this investigation, turbulent flow around a ro-
tating cylinder with backward-facing steps mounted
symmetrically with respect to the axis of rotation was
numerically studied using DNS. The results are pre-
sented with respect to the rotating reference frame in
which the cylinder is stationary and the outer bound-
ary is ratating. A rotational speed of 2,000rpm in
the air is considered. A main recirculating region is
formed downstream of the step. Although the ba-
sic flow field is completely different from that of a
plane backward-facing step flow, the structures and
unsteady characteristics of the main recirculating re-
gion have many features in common with those of a
plane backward-facing step flow.

Intense turbulent fluctuation and its steep normal
gradient are observed in the vicinity of the cylinder
surface in the recirculating region, especially near the
reattachment point. Strong wall-shear stress fluctu-
ation is also detected along the cylinder surface in
a wide range of 2 to 5 step heights downstream of
the step. This is consistent with the range of high
mass-transfer capacity experimentally observed. Since
erosion-corrosion is mass-transfer controlled, it is con-
firmed that turbulence effects, such as turbulent fluc-
tuation and wall-shear stress fluctuation, can acceler-
ate the rate of erosion-corrosion. The results obtained
also reveal the practical applicability of the rotating
cylinder as a economic and tractable tool for corrosion

research.
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