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Abstract

The paper deals with the turbulent flow through the face clearance, which is a characteristic
element of the flow system of the disk which relieves the axial force in a multi-stage centrifugal
pumps. The presented description illustrates the automodelling flow, i.e. the square dependence
of hydraulic resistances on the flow rate, applying the model k-& and making use of the Tasc-
Flow program of calculations. The essential aim was to compare the pressure fields in both these
descriptions. The pressure field decides about the value and direction of the hydrodynamic mo-
ment affecting the walls of the clearance. The hydrodynamic forces and moments in the sealing
clearances influence essentially the dynamic properties of the rotor of centrifugal pumps. The re-
sults of calculations have been compared basing on a numerical example with the same assumed
geometry of the clearances, the same flow rate and the same pressure drop. The pressure fields
obtained by means of both methods of calculations have been presented graphically, providing
numerical values of the calculated axial forces and moments, as well as the direction of their
activity. Moreover, for the selected cross-section of the clearance the fields of radial and spher-
ical speeds have been given. The coefficients of the inlet resistance and continuous resistance
in the clearance, the application of which in the description of the automodelling flow provided
the pressure field have been calculated similarly as in the case of applying the model k-¢ . As
we see, in order to obtain correct results, the description of the automodelling flow ought to
differentiate the coefficient of continuous resistance along the perimeter of the clearance.

Keywords: Turbulent flow; Face clearance
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Nomenclature
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F,F,

M, M., M,
P; P2, p3
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q
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T2, T3

Re, Rep, Rec

u=wr

Us (j,i=1,2,3)
Ur, Vp, Uz

=9,

Tj(i,5=1,2,3)

T >0

s
[I: "
=
ki~

SR TN LG

width of the clearance, mean value of this width, m

force, axial force, N

momentum, components of the momentum vector, Mm

pressure, pressure at the inlet, pressure at the outlet of the clearance,
Pa

total, inlet and continuos pressure drop in the face clearance, Pa

flow rate through the clearance, m*/sec

coordinates of the cylindrical coordinate system, m, rad, m

internal radius, external radius of the clearance, m

Reynolds similarity number, Re in Poiseuille’s flow, Re in Couette’s
flow

circumferential speed of the wall, m/s

components of the vector of the flow velocity in a Cartesian coordinate
system (in T-F), m/sec

components of the vector of the flow velocity in a cylindrical coordinate
system, m/sec

coordinates of a Cartesian coordinate system, m

coordinates of a Cartesian coordinate system, m

angle of convergence of the walls of the clearance, rad

value of energy of dissipation (in T-F), m?/s?

coefficient of continuity resistance

dynamic viscosity, kg/ms

dynamic turbulent viscosity (in T-F), kg/ms

kinematic viscosity, m?/sec

angular velocity of the rotating ring, s~*

angular velocity of the rotating system (in T-F), s~!

density of liquid, kg/m?®

coefficient part of inlet losses

load capacity coefficient of slip ring

coefficient of inlet resistance

1 Introduction

The face clearance is an essential element of the flow system of hydraulic
machines, particularly of balance disks (Fig. 1), the sealings of the rotor necks of
the rotors of single stage pumps for contaminated liquids, but also of face seals.
Whereas in the relieving disks and sealings of the rotor necks we have mostly to do
with turbulent or transient flows, in sliding face seals there occur either boundary
or laminar flows. In rigidly fastened sliding rings and stop collars of the balance
disks the distribution of pressure in the face clearance does not essentially affect
the operation of this structural node.

It works correctly if dry friction between the rings is prevented, warranting an
adequate width of the clearance [5]. The application of a flexible slip-ring or stop
collar permits to take advantage of the favourable distribution of pressure in the
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Figure 1. Balance disk of a multi-stage centrifugal pump with a characteristic face clearance.

face clearance, which is the case when the flow is centrifugal, so that the walls of
the clearance do not contact. In this way the fluid friction can be maintained in
spite of the average width of the clearance being several times smaller than the
sum of the axial run-out of both walls of the clearance [1].

Figure 2 provides exemplary results of measurements of the pressure in the
face clearance [3]. These measurements were taken for: 7o = 80 mm, r3 =
140 mm, a,, = 0.25 mm, Aa = 0.1 mm, p; — p3 = 0.46 bar, ¢ = 0.87 1/s,
n = 2820 r.p.m.

The distribution of pressure in the face clearing with an assumed axial run-
out can be measured in a limited range of its dimensions and parameters. It is
particularly difficult to achieve a controlled width of the clearing within the range
< 0.1 mm, while the slip-ring rotates. Large pressure drops are also restricted by
the rigidity of the model, imposing the range of the parameters, in particular the
range of average clearance widths and pressure drops, as assumed, for instance,
in [3]. In the balance disks of multi-stage centrifugal pumps, employed e.g. to
feed steam boilers, the pressure drop in the face clearance may amount to 10 MP,
the width of the clearance amounting to < 0.1 mm.

In general, the actual level of technology permits to obtain butting faces of
the slip-ring and stop collar featured by negligible out-of-flatness and deviation
of its smoothness. Operational tests have proved that losses caused by erosion,
amounting even to several millimeters of the wall thickness do not affect the
smoothness of the walls, if the hardness of the material of the rings is adequately
differentiated. The eccentricity of the rings constituting the face clearance may
be neglected, because it must be related to the length of the clearance.



128 A. Korczak, A. Papierski

Figure 2. Measured pressure distributions in the face clearing [3].

Of essential importance for the flow, and particularly also for the distribution
of pressure in the face clearance, is the convergence resulting from the axial run-
out of both surfaces, due to the dimensional tolerances and coaxial arrangement
of the shaft and the casing of the pump. This is also affected by the static
deflection and precession of the rotor. The parallelity error of the walls in the
face clearance of the relief unit is practically unavoidable. The geometry of the
face clearance has been presented in Fig. 3.

In the present paper it has been assumed that the stop collar is perpendicular
to the axis of the shaft, i.e. the angles ap = ¢y = ¢, = 0, and the slip-ring is
tilted at an angle of ;. The erosion of the slip-ring and the stop collar occurring
in the balance disk due to the operation of the pump does not influence the
geometry of the clearance. The increase of its average width and of the flow
rate through the relief unit (Fig. 1) is caused by the erosion of the longitudinal
clearance in the outlet casing of the pump.
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Figure 3. Geometry of the face clearance.

2 Description of the automodelling flow through the
face clearance (Fig. 3)

In fundamental calculations of the flow through throttling clearances it has
been assumed that the drag coefficient is independent of the Reynolds number
and that we have to do with an automodelling flow. In the case of large gradients,
when the kinetic energy in the face clearance is neglected the equation of motion
in the radial direction takes the following form [2, 5]:

d(pa) _
2dr

Taking into account the Darcy-Weisbach’s empirical formula as well as the aver-
aged condition of continuous flow we get:

==

d(pa) = —Bi—g . (1)
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The width of the face clearance at any arbitrary point is expressed by the formula:
a(r,¢) =am+racosp .

For the centrifugal flow through the face clearance the following boundary con-
ditions were assumed:

Ap =py—p3 — total pressure drop in the clearance,
p(re) = (1 —¢Y)Ap — pressure at the inlet to the clearance,
p(r3) = p3 — pressure at the outlet from the clearance.

Taking into account the influence of variation of the radius in the face clear-
ance, the local and continuous pressure drop in the automodelling flow may be
expressed by the average velocity at the inlet v(rg, ) = vpo [4]:

Ufz
Apyp = p(l+ C)T (2a)

and A o 2,
53— 9ol rs
T (T3) L (20)
The coefficient of continuous resistance is affected by the width of the clear-
ance a(rg, ). In effect also the coefficient of the share of the pressure loss at
the inlet differs along the circumference of the clearance and is expressed by the
formula:

Aps, = p

1+¢ Apy _ Apy

o) = ==
/\251(3;2,;)) 2 4 ( ) + ¢ Apsz = prl Ap

(3)

In our example in section 4, it was ¢ = 0.5 and A = 0.04.
After integration of equation (1) and calculations of the coefficient B and
integration constant, basing on the geometry of the clearance and boundary
conditions, the obtained pressure value in any arbitrary point of the clearance

amounted to:
a9 19 31T

p(re)=(1—yp)apR23-T (4)
a r.ra '

The resultant axial force is expressed by the formula:

re-2m

//p r,0)rdedr . (5)

T2
The load capacity coefficient of the slip-ring is expressed by the quotient:

F,

U= T— Dby (©)
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The lack of a symmetrical distribution of pressure in the clearance is responsible
for the occurrence of a momentum, the components of which are:

21 T2

M, —= //p(r, ©)r? sin pdrdp |
o 7

2T 7o
M, = //p(r, ©)r2 cos pdrdyp .

07

The module of the moment vector takes the value:

M= /M2+M2. 8)

The angle between the moment vector and the axis z is:
wnm = arctan(M, /M) . 9)

This model does not take into account the effect of rotation of the slip-ring
on the pressure distribution in the face clearance and the angle of the moment
vector. This is accounted for by the considerable pressure loss in the clearance,
the order of which exceeds the pressure gradients caused by rotation of one of
the walls of the clearance. The results of calculations carried out in compliance
with the model presented above have been gathered in section 4.

3 Calculation model of k-¢ applying the Tasc Flow
programme

In order to determine the structure of a three-dimensional flow the commercial
programme CFX-Tasc Flow developed by ASA Technology Engineering Software
Company [10] was applied.

3.1 Basic equations

The basic equations in the assumed system of Cartesian co-ordinates look as
follows:

e equation of continuity:

0

.

(pUj) =0 (10)

where U; stands for the Cartesian components of the three-dimensional
velocity vector (7,7) =1,2,3 ;
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mesh node

control volume

Figure 4. Arrangement of the elementary control volume in the calculation net for the integra-
tion of basic equations.

e equation of the conservation of motion:

- o 0 ou;  au;
Uj) = — oo — o o
el g = {“eff <axj = &ci)} 0

where the term f; = —p (2&5 x U+ x (& x f')) represents in the system
rotating with the angular velocity &, the Coriolis force and the centrifugal
force, whereas piorf = p + pr, where pur denotes the turbulent viscosity
determined by means of the selected model of turbulence.

The authors have noticed that calculations of the flow in this type of clearances
with a discretization of the first order yielded results much different from the
results obtained experimentally and by means of other methods of calculations.
This is caused by the occurrence of the so-called numerical viscosity in schematic
diagrams of the first order [6].

3.2 Model of turbulence

The value of the term of Reynolds stresses is rather unknown, and if so,
only in simple cases. The value of these stresses is connected with the averaged
distribution of the velocity fields. The relations between the velocity field and
the stresses are final equations and have been called models of turbulence. In the
investigations presented in this paper the turbulent viscosity ur was determined
making use of the k — ¢ turbulence model.

Turbulent viscosity is proportional to the product of the turbulent scale of
velocity v; and the way of mixing l;, defined by Prandtl, viz:

BT =p-Cu Vg lp. (12)
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In the model k-¢ the value vy, is determined as the root of the kinetic energy
of the turbulence v; = v/k. The way of mixing I; is connected with the equation
£= 5# Substituting it, we get the relation concerning the dynamic turbulent
viscosity ur = p- cu]“E—Z, whereas k and € are determined by means of the following

differential equations:

for k:
O(pk)  O(pUjk) 0 (pr 0k .
=P, - — | == 13
ot i Oz P p€+(9:nj Ty O 1) s
for e:
O(pe) O(pUje) € 0 (ur Oe
= = — = 14
ot e Ox k(C'de Ceapt) + dzy \ s O )
where P, denotes the production of the energy of turbulence:
all; — olU\ 9,
B : ! - 15
i e (8{17] T 61131) 8a:j ( )

The constants in this model are:

O, =009  Cu =144 E©,=192 =10 -5 =11
They have been assumed basing on a preliminary analysis of the results of calcu-
lations of the flow through the face clearance, applying simplified formulae [2, 4]
and comparing them with the results of measurements [1].

In the case of fluid-flow machines the frequently employed model described
above requires the application of the so-called wall law in which a logarithmic dis-
tribution of velocities between the first node of the net of calculations is assumed,
situated in the flow range and the node on the channel wall.

In the considered model of the flow through the face clearance the value of
the Reynolds number may be in the range of a laminar, transient and turbulent
flow. Within this range the logarithmic velocity distribution is of no importance.
Therefore, the double-layer model k — ¢ has been applied, in which the flow range
has been divided into nodes in which pr/p > 36. and nodes in which pr/p < 36.
This delimiting criterion had been suggested by Rodi [9].

In the external layer the turbulent viscosity is determined by means of the
double-equation standard model £ — €. And in those nodes in which pur/u < 36,
the viscosity is determined by means of a single-equation model, in which Eq. (13)
must be solved. The value of the energy of dissipation ¢ is determined by means
of the equation:

k3/2
B =
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and the turbulent viscosity by:
pr=p-CuVk - fu

where the way of mixing:

gt = LY
o
k=04 - von Karman’s constant
y — distance between the node and the wall

and the function of influence:

y* y*
o :1—exp(———> i :1-—exp<———————
: B 83-0.0

in which y* is the dimensionless distance between the node and the wall.

Of essential meaning is the control of the value y* in the course of calculations.
If the calculations are carried out by means of the model k-¢, the value of y* ought
to be contained within the range of 20-100, and in the case of the double-layer
model y* < 2. If these conditions are not satisfied, the calculation mesh must be
modified.

3.3 Boundary conditions of calculations by means of the TascFlow
code

In the calculations the following boundary conditions were given:

e value of the total pressure in the inlet chamber of the clearance,
e value of the static pressure in the outlet chamber of the clearance,

e neutralization of velocities on the immobile walls of the clearance and both
chambers,

e the values of peripheral velocities on the mobile walls of the clearance and
the chambers,

e the intensity of turbulence and the way of mixing concerning the k — ¢

turbulence model in the inlet chamber of the clearance.

The applied numerical values were identical with those applied in the description
of the automodelling flow.
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4 Example of calculations

This paper provides a comparison of the results of calculations concerning the
distribution of pressure p(r, ¢) in the face clearance, the axial force F,, coefficient
of this force ¥, momentum M and its components M., M,, the angle of the
moment vector ¢y, carried out basing on the assumption of automodelling flows
and the description by means of the model k — . Moreover the field of radial
velocity and the field of peripheral velocity along the radius for the selected
peripheral angle calculated by means of the model k — ¢ have been presented.
These calculations were carried out assuming the same geometry of the face
clearance and the same values of pressure at the inlet and the outlet.

Hereby the following ;,assumptions were made: ro = 127.5 mm, r3 = 170 mm,
am = 0,12 mm, o, = 0.00047 rad, ag = 0, w = 157 s~. Parameters of the flowing
water: py = 5.5 MPa, p3 = 0.1 MPa, temperature ¢t = 15°C, v = 1.1414 m?/s,
g = 0.00423 m3/s, the resulting mean velocity amounting to v, = 37.71 m/sec.
Average criterial Reynolds numbers in:

— Poiseuille’s flow Re, = Q—S%M =-7930.,

—  Couette’s flow Re, = 2“””“’;‘1"1 =4750.

5 Results of calculations

Fundamental results of calculations carried out in compliance with both de-
scriptions are the pressure fields concerning the varying peripheral angles and the
radius of the clearance over its entire surface, as shown in Figs. 5 and 6. Due
to simplifications applied in the description similarly as in the case of automod-
elling flows the curves of pressures are symmetrical to the axis of symmetry of
the clearance, i.e. the axis Ox.

Calculations carried out according to the programme Tasc Flow provided
also curves of the radial and circumferential velocities in the clearance, as shown
in Figs. 7 and 8 concerning the selected longitudinal section. The maximum
value of the radial velocity in the clearance amounted to Urmaz = 59.4 m/sec.
The velocity profiles are monotonic after they have been formed by turbulences
caused by the resistance at the inlet. The case looks similar concerning other
longitudinal sections of the clearance.

Besides simple cases, the value of Reynolds stresses is unknown. The values
of such stresses are related to the averaged distribution of velocity fields. The
relation existing between the velocity field and the stresses are final equations,
called models of turbulence. In the case of simple models empirical values of
these relations have been obtained for a given geometry of the flow.

A comparison of the numerical values obtained according to both models of
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Figure 6. Distribution of pressures calculated in compliance with the Tasc Flow code
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Figure 7. Distribution of the radial velocity in the clearance calculated in compliance with the
Tasc Flow code, concerning a constant circumferential angle cp:1830.

Figure 8. Distribution of the peripheral velocity in the clearance, calculated in compliance with
the Tasc Flow code, concerning a constant circumferential angle =183°.
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the flow through the face clearance:

automodelling flow model k — ¢

I, - = (30N 70850 N
Y = 0.3626 0.3305
M = 1543 Nm 2270 Nm
Me—— 0 166 Nm
M, = 1543 Nm 9260 Nm
oy = wi2=15871ad 1.49 rad

The comparison of the results of calculations concerning the automodelling flow,
basing on the k — e model, indicates that the angular force differs by 8.8 %. More
essential are the differences between the calculated moments; the momentum
calculated for the automodelling flow is by 31.7 % lower than that calculated by
means of the k—& model. The direction of operation of the moment vector differs
only slightly. :

The pressure distributions and velocities determined by means of the k —
¢ model make it possible to calculate the coefficients of inlet losses ((¢) and
continuity resistance A(¢); when these are substituted in the equations (2a) and
(2b), we get the curves of pressure in the clearance, as calculated by means of the
model k — €. Linearizing the curve of pressure in the clearance obtained basing
on the & — ¢ model, and extending it across the area of contraction as far as
the inlet, the calculated pressure p(re ¢) at the inlet could be determined. From
this pressure p(rg, ) result the pressure drops Ap,,; and Aps,. Also the velocity
profiles formed beyond the area of contraction permit to determine their course
along the periphery of the calculated radial velocity vyo(p) on the radius rs.

100x x

1+&

© =N W s O N®

=3
-
N i
@
ES

2 (P frac®

Figure 9. Curves of the coefficients of the inlet resistance 1+ ¢(¢) and the continuous resistance
A(p) in the clearance, calculated by means of the equations (2a) and (2b), after
substituting in them the quantities Ap,; and Aps, taken from the description of
the k — & model.

For the pressure drops Ap,,; and Aps, and inlet velocities vpo(p) determined
by means of the equations (2a) and (2b), the coeflicients of inlet resistance ¢ and
continuity resistance A have been calculated and presented in Fig. 9.
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The diagram presented in Fig. 9 shows that the coefficient of misn lnsses
calculated in this way does not deviate much from the generally assummes Sl
1+ ¢(p) = 1.5 and that it changes only slightly along the circumferemss. The
average coefficient of continuous resistance A(y), however, changes along the =
cumference considerably. This leads to a larger asymmetry of the pressure Seid
in the clearance than that resulting from the description of the automodeTug
flow.

6 Conclusions

In spite of a considerable simplification, the description of the automodelling
flow is qualitatively similar to the description obtained by calculations according
to the k—e model. The k—e model requires the assumption of the values of several
empiricial constants affecting the results of calculations. The determination of
the flow rate through the clearance by means of the first algorithm, applying
coefficients taken from literature and determined by measurements permits to
verify the assumptions for calculations according to the k — & model.

Calculations carried out in compliance with the k — & model have proved that
the axial force is not much smaller than that calculated for the automodelling flow,
whereas the momentum is much greater. The results of TF calculations indicate
a variability of the coefficient of continuous resistance along the circumference of
the face clearance with a given geometry. The alteration of this coefficient along
the periphery of the clearance may make it possible to approximate the pressure
distributions and values of the moments calculated for the automodelling flow to
those resulting from calculations carried out in compliance with the k — ¢ model.
The confirmation of the agreement of the description by means of the £ —& model
with the actual phenomenon of the flow requires empirical investigations. Thus,
for instance, the results of calculations based on measurements of the coefficient
of the inlet resistance, quoted in [3], indicate that values between 0.1 and 0.2
have been assumed, i.e. smaller ones than those obtained in our analysis.

The application of coefficients obtained in the quoted numerical example in
the case of a clearance with other dimensions and other parameters of operation
may make it possible to assess quantitatively the results obtained similarly as in
the case of the automodelling flow.

As most of the results of investigations concerning the flow through the clear-
ance, described in literature, are based on the assumption of the automodelling
flow, this description may contribute to the assessment of the flow rate and tur-
bulence of the flow, which — in turn — will permit to specify more precisely the
assumptions dealing with calculations in compliance with the k — & model.
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