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Comparison of PIV measurements and CFD simulations of the velocity field
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ABSTRACT: In this work, the comparison of the velocity field over a bottom rack system measured by
Particle Image Velocimetry (PIV) and simulated with numerical simulations (ANSYS CFX v14.0) is presented.
Laboratory measurements are taken in a physical device located in the Laboratory of Hydraulic Engineering of
the Universidad Politécnica de Cartagena (Spain). Velocity and pressure coefficients of the energy equation are
obtained and used to evaluate the water profile along the racks. Pressure distribution along the flow depth is
presented for several distances along the rack. Pressure results are compared with the pressure deviation terms
from hydrostatic pressure profile proposed by several authors.

1 INTRODUCTION where 4 is the flow depth, H the energy head consid-
ered constant, m the void ratio, and C, the discharge
Bottom intake systems, made by racks disposed lon-  coefficient as a function of the flow depth.
gitudinally to flow and located at streambed, are used Curvilinear flow over bottom racks and slots
to derive flood flows from ephemeral gullies in semi-  have been experimentally characterized in labora-
arid regions. The shape and spacing between the bars  tory by several authors using pressure measurements,
that constitute the rack have influence in the derived  and obtaining velocity and pressure coefficients
flow per unit length. Leading, therefore, to different = (Mostkow, 1957; Nakagawa, 1969; Nasser et al.,
discharge coefficient values (Orth et al., 1954). The  1980).
intake system is a spatially-varied flow with decreas-
ing discharge, in which the curvature of the water
profile and the streamlines creates a non-hydrostatic 2 OBJECTIVES
pressure distribution over the bottom rack. Following
previous studies of Mostkow (1957), Righettiand Lan-  The definition of velocity and pressure fields along
zoni (2008) verified the relation between the angle of ~ bottom systems and its influence in derived flow are
streamlines with the plane of the rack and the discharge  of interest. In this work, a Particle Image Velocime-
coefficient. The streamlines slope also influences in  try (PIV) system is used to define the 2D velocity
the direction of the drag force that water exerts on  field in a vertical plane located in the space between
solids, defining areas of preferential deposition of  bars. Results are compared with computational fluid
solids over the racks (Castillo et al., 2013a, 2013b,  dynamic (CFD) simulations (ANSYS CFX v14.0).
2014, 2015). Velocity and pressure coefficients, o and A respec-
Several researchers proposed analytical solutions of  tively, are defined and used to evaluate the water
the continuity and momentum equations in the vertical ~ profile and the derived flow per unit length. For
plane over the rack. Nakagawa (1969) used a a lin-  that purpose, the following equation, obtained from
eal profile for the horizontal velocity component with  frictionless energy equation, has been used:
regard to its average in each section, while Castro-
Orgaz and Hager (2011) estimated it as a constant. D2 A an)=2C,m a(H = an)h
These solutions provide pressure distribution and its % _ dx dx - (2)
deviation from hydrostatic values. & a(2H -34h)
Mostkow (1957) considered two-dimensional equa-
tions of momentum and continuity.
Common solutions to estimate the water profile =3 MATERIAL AND METHODS
and the derived flow along bottom intakes consider
frictionless irrotational flow with hydrostatic pressure 3.1  Physical device
distributions (Garot, 1939; De Marchi, 1947; Noseda,
1956). For the horizontal rack case

An intake system located at the Hydraulic Laboratory
of the Universidad Politécnica de Cartagena (Spain)
dh h(H ~h) (1)  hasbeen used. It consists of a 5.00 m long and 0.50 m

=-2mC . . . . .
dx " 2H -3h wide approximation channel, a rack with different
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Figure 1. Scheme of bars position.

Table 1. Geometric characteristic of racks.

Experiment A B C

Spacing between 5.70 8.50 11.70

bars, b; (mm)

Void ratio 0.16 0.22 0.28
— _b

m=p75%

slopes (from horizontal to 33%), a discharge chan-
nel, and the channel to collect derived water. Three
different racks, with 0.90 m length, are available. All
of them are made of aluminium bars with 7 profiles
(T 30/25/2 mm). Bars are disposed longitudinally to
the inlet flow. The differences be-tween the racks are
the spacing between bars, so different void ratios are
available (Figure 1).

Table 1 summarizes the geometric characteristics of
each rack.

In this work, the rack with void ratio m =0.28 in
the horizontal position was used. Figure 2 shows the
intake system in the Hydraulic Laboratory.

3.2 PIV equipment

Velocity field was measured with a PIV system com-
posed by a high-speed camera Motion Pro HS-3,
75 mm focal length objective, lens aperture f/11,
520 x 520 pixel resolution, 8 bits — 255 shades and a
distance from the camera to stream recorded of 0.50 m.
Recording window dimensions are 9x9 cm.

The laser is an Oxford Laser whose configura-
tion is: pulse =10 us; beam width =5.5 mm; power
peak =200 W; delay = 30 us; wavelength = 808 nm.

The temporal increment between frames is
At=1/600s; so the ratio=0.00017 meter/pixel.
Duration of each test was about 12.5 seconds.

Flow was seeded with polyamide particles of 50 um
size. Frames were analysed in consecutive pairs by
cross-correlation in an interrogation area of 64 x 64
pixel with sub-windows of 32 x 32 pixel (Thielicke &
Stamhuis, 2014).

3.3 Numerical simulations

A Computational Fluid Dynamics simulation of the
intake system with ANSYS CFX v14.0 was also
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Figure 2.

Intake system physical device.

used. Previous works demonstrated the suitability of
this code to solve the flow through an intake sys-
tem (Castillo and Carrillo, 2012; Castillo et al., 2014,
2015).

CFD codes solve the differential Reynolds-
Averaged Navier-Stokes (RANS) equations of the
phenomenon in the fluid domain, retaining the ref-
erence quantity in the three directions for each control
volume identified. The equations for conservation of
mass and momentum may be written as:

op o

o e, PV ®
opU; o w0 x
%+E(pUin):—a%+ax—j(2ySij—puiuj) 4)

where i and j are indices, x; represents the coordi-
nate directions (i, j=1 to 3 for x, y, z directions,
respectively), p the flow density, ¢ the time, U the
velocity vector, p the pressure, u; presents the turbu-
lent velocity in each direction (i=1 to 3 for x, y, z
directions, respectively), 1 the molecular viscosity, S;;

the mean strain-rate tensor, and —pu;u; the Reynolds
stress. Eddy-viscosity turbulence models consider that
such turbulence consists of small eddies which are
continuously forming and dissipating, and in which
the Reynolds stresses are assumed to be proportional
to mean velocity gradients. The Reynolds stress may
be related to the mean velocity gradients and eddy
viscosity by the gradient diffusion hypothesis:

O ou; U 2 au
—P“i“j=ﬂ1{ a‘; + &Z}‘Z’é‘ij[ﬂk*“ﬂi &:J (5)

with & being the eddy viscosity or turbulent viscosity,
1 the eddy viscosity or turbulent viscosity and § the
Kronecker delta function.

The k-w based Shear-Stress-Transport (SST) turbu-
lence model was selected to complement the numer-
ical solution of the Reynolds-averaged Navier-Stokes



equations (RANS). To solve the two-phase air-water,
the homogeneous model was used. The fluid domain is
divided into control volumes, which must satisty the
balance of the governing equations. The total num-
ber of elements used in the simulations was around
350,000 elements, with 0.004 m length scale near
the rack.

For simplicity, it was considered that all the longitu-
dinal bars work in the same mode in the intake system.
For this reason, the domain fluid considers three bars
and two spacing between bars. Symmetry conditions
were used in the central plane of the extreme bars.

The model boundary conditions correspond to the
flow at the inlet condition (located 0.50 m upstream
of the rack), the upstream and downstream water
levels and their hydrostatic pressures distributions. In
the bottom of the water collected channel, opening
boundary condition were used. It has been assumed
that the free surface is on the 0.5 air volume frac-
tion. To judge the convergence of iterations in the
numerical solution, we monitored the residuals. The
solution is said to have converged in the iterations if
the scaled residuals are smaller than fixed values rang-
ing between 10~ and 107 In this work, the residual
values were set to 10~* for all the variables (Castillo
et al. 2016).

4 RESULTS

4.1 Velocity field

Particle Image Velocimetry (PIV) allowed us to cal-
culate velocity field and streamlines along the flow
over bottom racks. The orientation of the laser light
sheet is vertical and streamwise at the centreline of
the screen. Values are compared with numerical sim-
ulations. Figures 3—5 show the velocity vector field,
together with the streamlines and the free surface
flow profile are presented for approximation flow of
q1=77.0; 114.6 and 138.81/s/m, void ratio m = 0.28
and horizontal rack slope. Data consists in a steady
state test. Duration of each test was about 12.5 seconds.
Free surface is measured in lab, with a good agree-
ment with CFD numerical simulation (Castillo et al.,
2014, 2016). Velocities and streamlines show a good
agreement between measured and simulated values.

4.2 Velocity and pressure coefficients

The coefficients of velocity («) and pressure (A) of
the energy equation can be obtained, by numerical
integration, from the following equations:

U da

“T U4 (6)
1 rp —|

A= udA 7
thbwj @)

where U; is the horizontal component of the vector
velocity, U the velocity module of the cross section,

Free surface flow profile 770.0 Vsm
Velocity field measured by PIV
Velocity field computed by CFD
— Streamlines computed with PIV
—— Streamlines computed by CFD
—————  Bottom rack slope 0%
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Figure 3. Velocity field and streamlines measured with PIV
and simulated with CFD for rack with m = 0.28, horizontal
slope and approximation flow, ¢; =77.01/s/m.
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Figure 4. Velocity field and streamlines measured with PIV
and simulated with CFD for rack with m = 0.28, horizontal
slope and approximation flow, g; = 114.6 I/sm.
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Figure 5. Velocity field and streamlines measured with PIV
and simulated with CFD for rack with m = 0.28, horizontal
slope and approximation flow, g; = 138.8 I/sm.

A the area of flow, g the specific flow across the con-
sidered section, y the vertical coordinate of the point
in the cross section, and p the pressure in the point in
which the y value is considered.

In Figures 6 and 7, the coefficients of velocity and
pressure from equations 6 and 7 are shown for dif-
ferent cross sections located in different distances to
the beginning of the rack (0.00, 0.05, 0.10, 0.20, and
0.30m), as well as for three specific approximation
flows (77.0, 114.6, and 138.8 1/s/m).

Coefficients presented in Figure 6 and 7 are
obtained as a result of the proportional weight of the
areas located over and between the longitudinal bars of
the rack. From these coefficients, the Equation 2 can
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Figure 6. Velocity coefficient of the energy equation, «, in
cross sections located X distances from the beginning of the
rack, and for three specific approximation flows.
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Figure 7. Pressure coefficient of the energy equation, A, in
cross sections located X distances from the beginning of the
rack and for three specific approximation flows.

be numerically solved using the fourth-order Runge—
Kutta algorithm. To solve the system, the equation of
flow derived is required:

dq

dx

-C,m-|2gh

1

q'=

®)

The system of Equations 2 and 8 is equivalent to the
solution of two ordinary differential equations with the
unknown quantities A(x) and g(x).

At the inlet section, two boundary conditions are
considered: the inlet specific flow ¢ and the ini-
tial water depth h (being energy estimated as critical
section).

Along the rack, the values of «, da/dx, A, and dA/dx
can be adjusted to exponential functions, expressed as
functions of the x coordinate.

The discharge coefficient value is obtained from
(Noseda, 1956):

|— h ,()13‘|
c, :|0.66m’”[ J |
i

]

&)
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Figure 8.

(a) Comparison of the flow profile over the bottom

rack along the rack solved with equations 2 and 8, and with
laboratory measurements.
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Figure 8. (b) Comparison of the flow derived along the
rack solved with equations 2 and 8, and with laboratory
measurements.

where / is the interaxis distance. In this case, the
interaxis distance is 0.0417 m.

The numerical results for /(x) and for the derived
flow g, obtained are in agreement with the laboratory
measurements. Figures 8a and 8b shows the results
obtained for the specific flow of 114.61/s/m.

4.3 Pressure head along the rack

The curvature of streamlines in the flow leads to pres-
sure deviations from hydrostatic conditions. Castro-
Orgaz and Hager (2011) proposed an expression to
calculate this deviation:

where Ap is the pressure deviation, g the gravitational
acceleration, ¢’ =dq/dx the derived flow (Equation
8), W' =dh/dx the slope of the surface of flow, and
W’ =d*h/dx? the curvature of flow profile.
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Figure 9. Pressure head calculated from velocity field and
equation 10 compared with pressure head computed with
CFD in a cross section located 0.00 m from the beginning
of the rack.
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Figure 10. Pressure head calculated from velocity field and
equation 10 compared with pressure head computed with
CFD in a cross section located 0.05m from the beginning
of the rack.

From the field of velocities along the flow, in
Figures 9-12 the three terms on the right side of
Equation 10 are calculated and compared with the
pressure head computed with CFD, pcrp, in several
cross sections and along the flow depth for the case
of g =114.61/sm. Equation 11 shows the terms on the
right side of Equation 10 defined as Ap I, Ap II, Ap
11l and X Ap:
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)

Some differences are observed between the terms
of pressure head computed with CFD, pcgp, and the
term (2-y + X Ap) computed from velocity field and
equation 10 (Castro-Orgaz and Hager, 2011). These
differences are significant in the lower zones of the
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Figure 11. Pressure head calculated from velocity field and
equation 10 compared with pressure head computed with
CFD in a cross section located 0.10 m from the beginning
of the rack.
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Figure 12. Pressure head calculated from velocity field and
equation 10 compared with pressure head computed with
CFD in a cross section located 0.20 m from the beginning
of the rack.

flow, near to the bottom rack, while 2-3 cm above the
bottom rack, values are very similar.

From the Euler equation in the vertical direction and
the continuity equation, the term Ap (Equation 10) was
obtained by integration in the vertical direction.

The zones near the bottom rack are characterized
with significant shear stress due to the increment of
turbulence generated by a relevant transversal deriva-
tive of the vertical velocity within that area. Actually,
vertical velocity has to change from significant values
in the centre of the spacing between bars, to near null
values close to the rack.

Thus as a first approximation, the term of viscous
stresses that would appear in the vertical Euler equa-

. 3’ U, ?U, U,
tion, v; (7; + ayl) + 57 ), has been calculated,

resulting in a new equation system:

1 ou, au, 1 op v, (U, @d'U, @&'U,
U, +U, == —cos 6 + S St 3
g ox oy pg oy g ox ay oz
U, oU,
4+ =0
ox ay
(12)
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where U, and U, are the horizontal and vertical veloc-
ity components, respectively, and v, the kinematic
eddy viscosity.

U,
ox2
gration in the vertical direction has been done. Kine-
matic eddy viscosity divided by gravity acceleration is
2

i zz?,

. U, T
Neglecting terms of 57+ » a numerical inte-

in the order of 10~* ms, while the term shows val-

ues in order of 10> m~!s~!. Integrating in the vertical
direction, values of 10~2 m are obtained in the bottom
part of the flow. These results are in agreement with the
differences between pcpp and the term (b —y + X Ap)
showed in Figures 9-12.

5 CONCLUSIONS

The definition of the velocity field through the bot-
tom racks is of importance to evaluate the derivation
capacity and clogging phenomena over intake sys-
tems. In this work, Particle Image Velocimetry (PIV)
laboratory measurements and Computational Fluid
dynamics simulations (CFD) have been used to obtain
the velocity field.

The knowledge of the velocity and the pressure
coefficients in the energy equation, allows to define
the flow profile and the derivation flow with a good
agreement to the values measured in laboratory.

In a first approximation, pressure heads computed
with CFD, show differences with empirical methods
proposed that does not take into account turbulent
viscous stresses.

Further experimental measurements and CFD sim-
ulation are required to improve the knowledge in
curvilinear flows with decreasing discharge in bottom
intake systems.
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