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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
manuscript in this collection (a few were granted to present without an accompanying manuscript).

The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal
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ABSTRACT

Swirling flow and gas entrainment induced by vortex
formation at pump intakes are possible causes for pump
failures and damages. Thus, the avoidance of hollow
surface vortices is a safety-related issue for all plants
which require a reliable pump operation.

The most efficient measure to avoid these problems is a
sufficient submergence of the intake. An acceptable
submergence can be determined by means of costly
experiments, complex CFD calculations or special cor-
relations. When using correlations their applicability for
the specific case has to be taken into account carefully,
because a universally applicable correlation is not avail-
able yet. Hence, there is a present need for improved
correlations or numerical methods which are capable to
compute the necessary submergence.

Within the research alliance SAVE experiments and
numerical simulations were performed to investigate the
occurrence of surface vortices at industrial scales.
Amongst others, the lengths of the gas cores of the sur-
face vortices were measured with varying boundary
conditions and the velocity fields were determined by
means of PIV (Particle Image Velocimetry) measure-
ments. These experiments were accompanied by CFD
simulations, the results were compared with the experi-
mental data. A methodology was developed based on
single phase CFD simulations with ANSYS CFX in
combination with the Burgers-Rott vortex model which
can be used to compute the gas core length with very
good accuracy. Additionally, two phase CFD simula-
tions were performed which use a free surface model
based on recent developments.

In order to develop an improved correlation for the
computation of the necessary submergence, which con-
siders in particular the circulation in the approaching
flow, several parameter studies were performed. As a
result of these studies two new theoretical approaches
for the limiting cases of very small and very large circu-
lation were developed which yield new correlations for
the computation of the necessary submergence of pump
intakes.

Keywords: pump intake design, submergence, free surface
flow, surface vortices.
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NOMENCLATURE

Greek Symbols

a Volume fraction, [m3/m?3].

Y Interfacial area density, [1/m].
r Circulation, [m?/s].

) Mass density, [kg/m’].

Hep Effective dynamic viscosity, [Pa s].
\Y Kinematic viscosity, [m?/s].

® Interfacial mass transfer, [kg/(m? s)].
b Interfacial momentum transfer, [N/m?].
Latin Symbols

a Suction parameter, [1/s].

C, Drag coefficient, [-].

d Suction pipe diameter, [m].

d, Vessel diameter, [Pa].

F, Drag force, [N/m?].

g,g  Gravity acceleration, [m/s?].

I Identity matrix, [-].

h Submergence, [m].

) Gas core length, [m].

M Mass flow rate, [kg/s].

n Surface normal vector, [-].

p Pressure, [Pa].

Q Volume flow rate, [m*/s].

r Radial coordinate, [m].

T ax Characteristic radius, [m].

S Mean strain-rate tensor, [1/s].

t Time, [s].

u Velocity, [m/s].

u Velocity in the suction pipe, [m/s].
w Kinetic energy per unit time, [J/s].
z Axial coordinate, [m].

Dimensionless numbers

Dimensionless suction parameter, [-].
Froude number, [-].

Dimensionless submergence, [-].
Dimensionless gas core length, [-].
Circulation number, [-].
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Re Reynolds number, [-].
Sub/superscripts

gl Gaseous and liquid phase, respectively.
r Radial component.

0 Azimuthal component.

crit Critical.

ref Reference.

INTRODUCTION

In many industrial applications a reliable operation of
pumps is required. The applications range from the
simple emptying of fluid tanks or tank ships over dewa-
tering or wastewater applications to cooling in the nu-
clear industry. Depending on their intended use distur-
bances of the pumps may lead to consequences like
production downtimes or even safety-relevant problems,
if for instance cooling, fire-extinguishing or dewatering
systems are affected.

Since gas entrainment and swirl caused by surface vor-
tices at free surfaces are two main sources of possible
pump problems, the occurrence of surface vortices
should be prevented. The consequences of swirl and gas
entrainment include for instance a decreased flow rate
up to a complete blockage of the pump, vibrations,
noise and mechanical damage. The most effective
measure to avoid surface vortices is a sufficient sub-
mergence of the pump intake.

But the necessary submergence depends on several site
specific parameters like the intake geometry, the flow
rate or the circulation of the inflow. Therefore, a lot of
work has been done and is still going on to provide
methods to determine the necessary submergence of
pump intakes. This includes the design of model ex-
periments and the development of numerical methods as
well as easy-to-use correlations.

Although several correlations are available, they are all
linked with certain ranges of applicability or boundary
conditions, respectively. For instance the American
National Standard for pump intake design represented
by the Hydraulic Institute recommends the so-called
ANSI correlation (Hydraulic Institute, 2012). According
to this standard this correlation is only applicable for
cases with moderate circulation. A universally applica-
ble and reliable correlation does not exist.

Therefore, the research alliance SAVE investigated the
conditions for the occurrence and the shape of surface
vortices. Amongst others, the aim was to improve exist-
ing design recommendations with particular considera-
tion of the influence of circulation on the surface vor-
tices.

For this purpose an industrial scale experimental facility
was built at the Hamburg University of Technology
(TUHH) (Szeliga, 2016). The experiments at this facility
were used to develop and to validate numerical methods
which are able to compute the onset and the shape of
surface vortices. Furthermore, the results of the experi-
ments and simulations were used to develop new corre-
lations which can be applied for the determination of the
necessary pump submergence.

In the following the experimental setup at the TUHH is
presented first. The corresponding single and multi-
phase CFD models are explained next. In the subse-
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quent section a short overview of selected analytical
vortex models is given. These vortex models are used in
the following sections which start with the validation of
the CFD models. In the next section a theoretical model
is proposed which yields new correlations for the de-
termination of the necessary submergence in the pres-
ence of strong circulation. Moreover, the new model is
validated with available experimental data. Finally also
a second model is proposed for the opposite case of very
small circulation. This model is confirmed by different
parameter studies. The paper closes with a summary and
some conclusions.

EXPERIMENTAL SETUP

Many experiments dealing with surface vortices were
performed at small scale test facilities. In order to ex-
clude scaling effects from the outset, a test facility was
built at the TUHH that on one hand has typical indus-
trial dimensions and on the other hand is flexible
enough to allow the examination of all relevant parame-
ters which affect the surface vortices. The test facility
consists mainly of a large cylindrical vessel with 4 m
diameter and 4 m height (see figure 1).

RTEe

Figure 1: Test facility at the TUHH (left: exterior view; right:
sketch of the interior) (Szeliga, 2016)

The water enters the test vessel via four adjustable
DN200 inlet pipes. The water jets from these pipes
generate an angular momentum, which causes a circula-
tion that depends on the pipes’ inclination. The pump
suction intake is located at the centre of an intermediate
floor. Its shape can be altered in order to examine the
influence of the intake geometry. The basic configura-
tion is a flush mounted suction pipe with 0.2 m inner
diameter. Optical measurements are possible through
small windows in the vessel. Due to the symmetrical
setup different types of stable, hollow vortices can be
generated in the centre of the vessel. The types range
from swirl without any surface deformation to fully
developed gas cores which reach into the suction line.
Gas cores whose lengths equal exactly the submergence
are of particular importance. They characterise the so-
called critical submergence. Submergences lower than
the critical one usually lead to continuous gas entrain-
ment into the pump.

Among others, the gas core lengths as well as the tan-
gential fluid velocities were measured during the ex-
periments under varying boundary conditions.

CFD MODELS

To numerically analyse the experiments different CFD
models were set up with ANSYS CFX. First a single-
phase model was built that simulates only the liquid
phase. Compared to two-phase simulations this ap-
proach is much less computationally expensive. But a
direct computation of a surface deformation is not pos-
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sible by applying this kind of simulations. Therefore,
additionally a two-phase model was developed that
considers also the gaseous phase and is capable to track
the water surface.

Single-phase model

The single-phase model consists only of the liquid phase
(water at 20° C). The geometry and the boundary condi-
tions are shown in figure 2. Because of symmetry only a
model of a quarter of the test vessel geometry is re-
quired. At the vertical cut planes a rotational periodicity
is used. A mass flow rate and a pressure boundary con-
dition define the inlet and the outlet, respectively. The
water surface at 1.467 m is replaced by a non-
deformable free slip wall at which the water can move
freely in azimuthal and radial direction.

free slip wall f
rotational ';
periodicity I,;F
\ mass flow rate

M(Fr)

Figure 2: Single-phase CFD model

The underlying equations are the incompressible Rey-
nolds averaged Navier-Stokes equations (RANS) (Wil-
cox, 1993). Thus, the influence of turbulence is mod-
elled by the Reynolds stress tensor in the momentum
equations. To close the system of equations the Shear
Stress Transport model (SST) is used with automatic
wall functions. The SST model is a two equation turbu-
lence model based on the turbulent kinetic energy and
the turbulent dissipation frequency (Menter, 1994). It is
crucial to turn on the built-in curvature correction
(Spalart and Shur, 1997), because otherwise the SST
model is not an appropriate choice for strongly swirling
flow. The curvature correction considers the swirling
flow and enhances or damps the turbulence production
appropriately.

ANSYS CFX applies a co-located, vertex-centered
Finite Volume Method (ANSYS, 2016). In the present
case a high resolution scheme is used to discretise the
advection terms of the conservation equations and the
transient parts are discretised by an implicit second
order Euler method.

In figure 3 the grid is shown that is mainly structured
and consists of hexahedral cells. Only the vicinity of the
inclined inlet pipe is meshed with tetrahedral cells in
order to achieve a better grid quality. The grid is locally
refined at walls and the vessel centre. The maximum
edge length is 40 mm. In the centre the grid resolution is
much finer. The horizontal edge length in this region is
between 3 and 4 mm. Altogether the grid contains ca.
0.5 million cells.
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Figure 3: Computational grid (top and side view)

Two-phase model

In the two-phase case both the liquid phase and the
gaseous phase above the free surface are modelled (wa-
ter and air). Therefore, it is necessary to extend the
model by an air domain above the water surface (see
figure 4). The air is treated as an ideal gas. In contrast to
the single-phase model the top is now modelled by a no-
slip wall. The other boundary conditions remain un-
changed. The air domain is obtained by extruding the
grid shown in figure 3. Thus, the principle grid structure
and the grid quality do not change.

no slip wall

air domain

mass flow rate
M(Fr)

water domain

Figure 4: Two-phase CFD model

In the two-phase model each phase has its own continu-
ity and momentum equation which now contain the
volume fractions a, and a; of the gaseous and liquid
phase, respectively. Furthermore, the terms ®, and ¥y
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for interfacial mass and momentum transfer are in-
cluded.

Continuity equation:

6(02;)/() +V-(ayp,u)=0, (1)
Momentum equation:
0
%+v'(akpk u, ®u,)= @)

-, Vp+V- (ak/'lgf/',k S )+ a.pg+ Y,
with & e {g,/} and

S, =Vu, +Vu/ —%(V-uk)l

is the main strain-rate tensor. Since no mass transfer
occurs between the two phases, the transfer term ®
vanishes.

Although there were several successful attempts in the
past to use the Volume-of-Fluid Method in order to
simulate hollow surface vortices (Ito, 2010a, or Merzari,
2008), the above Two-Fluid Model was chosen in this
case. The main reason is that recent developments show
that this model can be applied successfully in order to
cover different flow regimes simultaneously (Haensch,
2012). Thus, it is a promising candidate for future simu-
lations that aim to quantify the gas entrainment, since
this involves free surface and dispersed flow regimes.
The use of the Volume-of-Fluid Method for this purpose
is probably too costly, since also small bubbles have to
be resolved.

For the computation of the remaining momentum trans-
fer term the concept of the Algebraic Interfacial Area
Density Model (AIAD) (Hoehne, 2011) was adopted. In
the case of free surface flows ANSYS CFX computes
the interfacial area density from the volume fraction
gradient

7=[Vol (3)
and the momentum transfer is
Y, = CD(O‘gpg +a,p, }/Hug _“IH(“g -u, ) 4)

Equation (4) describes an interfacial drag force that is
dependent on the drag coefficient Cp. This drag coeffi-
cient is computed in the AIAD model, as if the water
surface acted like a wall. Then the phase specific drag
force Fp can be computed via

Fp, :Y“k(l_nk ®nk)sk ‘ny Q)
with the surface normal vector
Va,
n=- v (6)
So finally the drag coefficient can be calculated from
CD(ocgpg +a,p, )yHug —ule = ochFD’gH +OLIHFDJH' 7)

The other settings are very similar to the single-phase
case. For instance the SST turbulence model with curva-
ture correction is used again. However, the time step has
to be chosen much smaller than in the single-phase
simulations in order to keep the Courant number smaller
than one. This makes the two-phase simulations very
time consuming. However, some time can be saved,
when a single-phase simulation is used as initial condi-
tions.
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ANALYTICAL VORTEX MODELS

As already mentioned it is not possible to determine any
surface deformation with the single-phase model. But
by means of an analytical vortex model this situation
can be remedied.

The probably simplest vortex model is the Rankine
model (Wu et. al, 2006) that divides the vortex into two
regions, an outer free vortex region and a core region.
The core region behaves like a rotating solid. Therefore,
the tangential velocity of the vortex can be expressed by

L forrzr,,,

T 2
U, =——
2y [F] ,forr<r,,. .

rmax

()

The model depends on the parameter 7, that character-
ises the location, where the velocity attains its maxi-
mum. Furthermore, the model depends on the circula-
tion I'.

A more evolved model is the model of Burgers and Rott
(Rott, 1958). It describes a rotationally symmetrical
stagnation-point flow. Inserting this assumption into the
Navier-Stokes equations leads to the following tangen-
tial velocity.

r r’
Uy = Zm’{l—exp[—a‘wﬂ. )

Again, two parameters have to be provided by the user
of equation (9). Beside the circulation I' the so-called
suction parameter (or downward velocity gradient) a
has to be specified. The suction parameter is related to
Fmax Via the equation

Vo v
mx = |~ 10
1.1209 \/; (10

Note that the shape of the water surface is characterised
by a constant pressure condition. By applying this con-
dition one obtains the ordinary differential equation

dz u;

dr gr ()
that describes the deflection of the water surface. Sub-
stituting equation (9) in equation (11) and integration
yields the formula

1= zn(z)(rf (12)
vg \4n

for the gas core length of surface vortices (Ito, 2010).
The difficulty with the application of the analytical
vortex model of Burgers and Rott is the determination
of the parameters circulation I" and suction parameter a
for arbitrary or even for simple intake geometries. For
this task CFD is an excellent tool. By determining the
circulation and the suction parameter from the CFD
results and by applying equation (9) or (12), respec-
tively, it is possible to compute the shape and the length
of gas cores of hollow vortices. This is even possible, if
only single-phase CFD simulations are performed,
which require much less effort compared to two-phase
models.

There exist several other analytical vortex models of
comparable complexity. But there are also attempts to
obtain a more general description of vortex flow. One is
given by Granger who developed a sequence of systems
of partial differential equations resulting from a power
series expansion based on the radial Reynolds number
(Granger, 1966). The 0" order model of Granger, i.e. the
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first term of the power series, consists of two partial
differential equations for the dimensionless stream func-
tion and the dimensionless circulation. The solution of
these partial differential equations requires the know-
ledge of the centre line distribution of vorticity and axial
velocity or alternatively the application of numerical
methods. In the present case the 0™ order Granger model
was used in parameter studies and the equations were
solved with a second order finite difference method.

VALIDATION OF THE CFD MODELS

The single-phase CFD model in combination with the
Burgers-Rott vortex model as well as the two-phase
CFD model were validated by the comparison of gas
core lengths and tangential velocities with correspond-
ing experimental measurements.

Figure 5 shows the tangential velocities determined with
the single-phase CFD model for Froude number

u
(13)

Jed

This Froude number corresponds to a total mass flow of
53 kg/s. At this mass flow the submergence became
critical in the experiments. The computed tangential
velocities are evaluated along three lines at different
elevations. There are only slight differences in the core
region of the vortex between these three positions. Ad-
ditionally, the tangential velocities according to the
Burgers-Rott model with adjusted parameters are in-
cluded in the figure. The Burgers-Rott model agrees
well with the CFD results.
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Figure S: Tangential velocities according to CFX and the
Burgers-Rott vortex model; Fr=1.2

Once the parameters of the Burgers-Rott model are
determined equations (11) and (12) can be used to com-
pute the gas core shape. Figure 6 shows the gas core
shapes, which are determined by the vortex model of
Burgers and Rott, for two different mass flows and the
maximal deflection of the water surface observed in the
corresponding experiments. In both cases the length of
the gas cores matches the experimental data with very
good accuracy. Even the critical conditions at Fr = 1.2,
for which the gas cores lengths equal exactly the sub-
mergence, are well predicted.
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Figure 6: Gas core shapes for different mass flows

For the case with lower Froude number (Fr = 0.5)
measurements of the tangential velocities are available
(Szeliga, 2016). They were obtained by Particle Image
Velocimetry (PIV). A comparison of the measurements
and the CFD simulation results is presented in figure 7.
Obviously also the measured and computed tangential
velocities coincide well.

So far it was demonstrated that the combination of sin-
gle-phase CFD simulations with the Burgers-Rott model
is an accurate approach for the determination of the gas
core length. Therefore, the attention is now turned on
the two-phase model that allows the computation of the
water surface directly without applying an analytical
vortex model.
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Figure 7: Comparison between measured and computed
tangential velocities, Fr = 0.5

For the two-phase simulations a Froude number Fr = 1
was used, corresponding to 45 kg/s mass flow. Thus,
critical conditions are not reached yet, but the experi-
mentally observed gas core length of the surface vortex
is about 70 % of the submergence. To simplify the
simulations they were started with the single-phase
results as initial conditions. After a simulation time of
approximately 1s an elongated gas core was formed
during the simulations which corresponds very well
with the experimental observations and the Burgers-Rott
model (see figure 8). By continuing the simulation it
turned out that the gas core became thinner and tore off
at some point. As a consequence the surface vortex
vanishes and has to develop again. However, the two-
phase model has proved its suitability and ability to
reproduce the shape of the surface vortex.
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Figure 8: Comparison between CFD simulation (left) and
Burgers-Rott model (right)

COMPUTATION OF THE GAS CORE LENGTH
AND THE NECESSARY SUBMERGENCE IN THE
PRESENCE OF LARGE CIRCULATION

According to equation (12) the computation of the gas
core length of a surface vortex requires the knowledge
of the circulation I' and the suction parameter a. The
circulation is a parameter that depends strongly on the
specific geometry. For the TUHH experiment the CFD
simulations reveal an affine linear relationship between
the angular momentum induced by the inlet pipes and
the circulation in the vessel. This relation can be ex-
pressed for a given submergence and inclination of the
inlet pipes by a simple equation. For instance the for-
mula

L (14

m?/s

can be derived for a submergence of 1.467 m and inlet
pipes that are inclined at an angle of 45°.
While the circulation is highly system-dependent the
suction parameter can be obtained by a theoretical ap-
proach that is described in the following.
A rotating fluid without any suction behaves like a ro-
tating solid, because in this case the kinetic energy at-
tains a minimum for a given circulation. This can be
easily demonstrated with the Rankine model in equation
(8). Enlarging r,, reduces the tangential velocities.
Therefore, the kinetic energy in the cylindrical vessel
reaches a minimum, if 7,,, attains a maximum, €.g. 7.,
= dy/ 2. In this case the entire fluid can be interpreted
as solid body. But pumping changes the character of the
flow. The typical tangential velocity profile (cmp. figure
5) consisting of a free vortex and a solid body rotation
appears. This happens because a certain portion of ki-
netic energy is detracted from the vessel through the
suction line. However, to sustain the rotation with the
same circulation it is necessary that the rotating fluid
also contains this additional portion of kinetic energy.
This can be controlled by the parameter 7,,,,.
The kinetic energy per unit time which is detracted
through the suction line can be expressed by

p 0O

2(n/4d’f (15
Because in strongly rotating flow the tangential velocity
dominates the axial and radial velocities, the radial and
axial components can be neglected in the cylindrical

vessel. Therefore, the kinetic energy that passes a cer-
tain radius per unit time becomes

=(0.258+0.542 F*)

AW =
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W:EQ%. (16)

As explained this expression becomes minimal, if the
characteristic radius is chosen as half of the cylinder
diameter which yields the reference kinetic energy per
unit time

_B r 2 2 2
e

By subtracting equation (17) from equation (16) and
evaluation at » = r,,,, one obtains

_ oo TY[( e ) (2 )
W'Wﬂwwbgh@]ﬁmmj [%]} o

for the additional energy flux resulting from a certain
choice of the parameter r,,,. This additional flux must
equal the expression in equation (15) to compensate the
loss of energy through the suction line. This condition
finally leads to the equation

2 g4
429 178 g o 2 e (19)
d’ T ¢ d,
which is a quadratic equation in & with the solution

3 -2
J1+8 % yithe = 025 LN . (0
4 2 d,

In the above equation (20) the circulation I' has been
replaced by the dimensionless circulation number

rd
en

N=—o.
0
The Rankine model is a model with simplifications and
it doesn’t yield the correct kinetic energy distribution.
For this reason a correction factor k = 0.41 is intro-
duced, when the parameter r,,, is determined from the
definition of &, i.e.

&=

(22)

The correction factor is derived from the experimental
data. Now the suction parameter @ can be computed
with equation (10).

Usually it is preferable to use dimensionless quantities.
The dimensionless suction parameter A can be defined
by

d,
r =K——C¢C.
max 2 (t?

ad’
= . 23
0 (23)

Substituting equation (10) and rewriting equation (22)
by using equation (23) leads to the dimensionless equa-

A

tion
2
4101 d (24)
Re &\ d,
where Re denotes the Reynolds number
d
Re="2. (25)
Y

Note that equation (20) is already written in dimen-
sionless form.
The dimensionless version of equation (12) is given by

r l”fz) A Re Fr*N*. (26)
4

L=

Equation (26) contains two more dimensionless quanti-
ties, i.e. the dimensionless gas core length

[

L=2 7)

and the Froude number.
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The equations (26), (24) and (20) form a new mathe-
matical model for the computation of the gas core
length which uses the Reynolds, Froude and circulation
number as input parameters. This new model is applica-
ble for surface vortices with strong circulation. Note
that the circulation number depends on the circulation
which therefore has to be given for instance by a rela-
tion like equation (14).

In the following the model is validated with the experi-
mental data gained from the TUHH experiments and
with data from the independent experiment of Moriya
(Ito, 2010).

Figure 9 shows a comparison of the theoretical gas core
lengths obtained from equation (26) with experimentally
observed gas core lengths from the TUHH. The accu-
racy of the theory is very good in particular for larger
gas cores.
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Figure 9: Theoretical vs. experimental gas core lengths;
TUHH experiments for Froude numbers Fr=0.5, 1, 1.2

In order to compare the theory also with independent
measurements the experiment of Moriya was addition-
ally considered. The setup of this experiment is similar
to the TUHH experiments. The test facility consists
also of a cylindrical vessel with a vertical pump suction
intake (see figure 10). The main differences are the
dimensions and the flow inlet. In Moriya’s experiment
the water enters the test vessel tangentially through an
inlet slit that causes the circulation in the vessel. The
circulation is known (equation (41) in the paper of Ito,
2010) and it depends solely on the volume flow rate for
fixed submergence.

vessel diameter 400 mm

inlet slit 40 mm

—ft

= flow inlet
water depth
500 mm

l“t'l outlet nozzle 50 mm

Figure 10: Moriya’s experiment (Ito, 2010)
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So, the circulation number N is already given via equa-
tion (21). The second parameter, the suction parameter
A, can be computed with the above theory (equation
(24)). Afterwards the gas core length follows from equa-
tion (26). The results are plotted in figure 11.
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Figure 11: Validation against Moriya’s experiment

Again the theory matches the experimental data with
very good accuracy. Only at a high flow rate of
100 /min the theory deviates slightly from the corre-
sponding measurement.

Since the developed theory allows the determination of
the gas core length, only a small modification of equa-
tion (26) yields a new correlation for the computation of
the critical submergence. By definition the critical sub-
mergence is reached, if the gas core length equals the
submergence, i.e. / = h. Therefore, the dimensionless
critical submergence H,;; = h..;/d results from equation

(26) by simply setting
nin(2) 22
i =5 ARe Fr'N". (28)
4

The suction parameter A and the circulation number N
are in general functions of the submergence, i.e.
A=A(H,,) N=N(H,, ).

(29)

This is a nonlinear implicit equation that has to be
solved for H,,;.

EXTENSION OF THE THEORY TO SMALL AND
MODERATE CIRCULATION

The theoretical approach that leads to the suction pa-
rameter in equation (24) is valid for strongly circulating
flow. Therefore, it is applicable to the TUHH experi-
ments and Moriya’s experiment. To examine if it is also
suitable for moderate circulation further parameter stud-
ies were performed.
So firstly, cases without any circulation were investi-
gated. For this purpose the 0™ order Granger model was
solved with a second order finite difference method.
This procedure was chosen, because it allows the varia-
tion of the suction line diameter and the submergence
without the necessity of complex remeshing steps.
The variations of the submergence and the suction line
diameter in the Granger model reveal a relationship
between the dimensionless suction parameter 4 and the
dimensionless submergence A that fits very well to the
equation

A=1.1H%, (30)
Both the results from the Granger model and the graph
of the derived correlation are shown in figure 12.
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Figure 12: Suction parameter in dependency of the submer-
gence (cases without circulation)

Since the applied finite difference solver of the Granger
model considers no circulation, more parameter studies
were performed with another generic ANSYS CFX
model. This generic model consists of a simple cylindri-
cal domain, but it is possible to generate a specified
moderate circulation by imposing an inflow angle at the
circumference. All parameter studies as a whole yield a
correlation for cases with small circulation which is
given by the following equation
2arctan (NH )j

A= 1.1H2‘83[1
T

(31)
Equation (24) and equation (31) represent two different
correlations developed for the limiting cases of large
and small circulation. The corresponding graphs for a
pump intake diameter of 0.2 m, 45 kg/s mass flow and a
submergence of 1.467 m as well as varying circulation
numbers are plotted in figure 13.

Obviously the theory for small circulation fits well to
the simulations with the Granger model and the generic
CFX model, while the theory for large circulation fits
well to the simulation of the TUHH experiment with an
inlet pipe inclination of 45°. Hence, both theories are
confirmed by CFD simulations and in particular the
theory for large circulation is also validated with ex-
perimental results. Moreover, the experimental data of
Jain (1978) indicates that the desired suction parameter
for moderate circulation lies indeed between both theo-
ries. Therefore, an appropriate interpolation between
both theories is required to capture the correct suction
parameter in cases with moderate circulation. This will
be the topic of future investigations.
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Figure 13: Dimensionless suction parameter over circulation
number according to the theories of large and small circulation
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SUMMARY AND CONCLUSIONS

The avoidance of gas entrainment and a homogenous
flow without swirl are basic requirements for an undis-
turbed pump operation. As a consequence surface vor-
tices, which might occur at free surfaces, have to be
prevented. The most effective measure in this regard is a
sufficient submergence of the intake. But the determina-
tion of the critical submergence requires either elaborate
model experiments or estimations by means of some
correlation. Due to the lack of an universally applicable
and reliable correlation, there is an ongoing need for
improved correlations.

Therefore, an industrial scale test facility has been built
at the TUHH in order to examine the conditions for the
occurrence and the shape of surface vortices. In particu-
lar the length of gas cores of those hollow vortices was
analysed with varying boundary conditions. The so
gained experimental data was used to develop appropri-
ate strategies for the computation of the gas core
lengths, the vortex shapes and therefore also the critical
submergence. Numerical methods were applied based
on single- and multi-phase CFD models. The multiphase
CFD approach has shown its ability to calculate the
shape of the gas cores directly, but the computational
effort of the multiphase simulations is very high. In fact,
it turned out that it is possible to accurately compute the
shape of the surface vortices with single-phase CFD
simulations in combination with the Burgers-Rott vortex
model that is a much more efficient approach. Both
methods were applied to simulate the TUHH experi-
ments and they were validated with the corresponding
measurements.

Furthermore, two new theories have been developed
which yield new correlations for the computation of the
gas core length of surface vortices and the critical sub-
mergence, respectively. The first theory results from an
energy balance and is applicable for flows with strong
circulation. In addition it was validated with the TUHH
experiments and the independent experiment of Moriya.
The second approach is based on parameter studies with
CFD and yields a correlation for flows with very low
circulation. These theories represent the two limiting
cases for swirling flows. Cases with moderate circula-
tion like Jain’s experiment lie in between and require an
adequate interpolation between both theories.
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