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Abstract:

Numerical simulation method of the working process of a centrifugal unit contactless face impulse seal is pro-
posed. A seal functioning physical model was created. Its operation key aspects that are not taken into account
in the traditional methods of calculating contactless impulse seals are identified. A numerical simulation of seal
working process based on the Reynolds equation solution for the medium vortex-free motion in the gap between
moving surfaces is proposed. Hypothesis that simplify the equation's numerical solution for the face impulse seal
is formulated. The numerical solution is obtained using the boundary element method. Based on the obtained
numerical solution, the distribution of the working medium pressure field in the seal gap is simulated.
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INTRODUCTION

Currently, double and tandem seals with liquid lubrication
are widely used in chemical production equipment, but
since late 20 century leading companies have been devel-
oping double gas seals designs for pumps and chemical
production devices, which in their performance charac-
teristics significantly exceed seals with liquid lubrication
[1, 8]. The vast majority of these seals use the gas-dy-
namic principle of operation by creating a gas-dynamic
lifting force with, spiral, logarithmic or other micro-
grooves on the working surfaces, that provides a non-con-
tact mode of operation when unit rotor rotates [12, 13].
They are not inferior to the newly developed a contactless
gas-barrier face seal design, which uses impulse operation
principle (IGBFS) [2, 35]. It does not contain micro-grooves
on the working surfaces, and a lubrication film of gas is
created and maintained by special feed channels that sup-
ply the barrier gas into the operation gap, and isolated
chambers that accumulate gas (Fig. 1).

The seal design is simple, compact and due to the impulse
principle of creating a gap is able to maintain performance
in a wide range of sealing and barrier pressures [14, 15].
The creation of this type new seals is impossible without
the development of a theoretical model of its operation
process. The basis for the creation of such a model is the
analysis of the experimental studies results of the seal
function in different modes of operation.

barrier gas
inlet

Fig. 1 Impulse face seal

1 - rotated sealing ring with chambers; 2 — fixed mating ring
with channels; 3 - isolated chamber; 4 - feed channel;
5 —operation gap

Main aim of this paper is to provide an analysis-based ap-
proach to determining a critical seal characteristic such as
pressure distribution in the operation face gap.

LITERATURE REVIEW

In order to study the function of the seal, a set of experi-
mental studies was carried out. As a result, the flow of
barrier gas through the face gap was studied. The studies
included measurements of flow rate characteristics and
pressure at key locations of the gap [2, 4, 5, 6, 7]. The re-
sults of the study of such seals can also be found in the
works [17]. The development of a mathematical model is
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based on a physical model of operation process that gen-
eralizes the analysis of experimental studies [3, 19, 20, 21,
22,23, 24, 25].

When calculating the IGBFS characteristics, it is usually as-
sumed that the gas pressure in the gap space between the
chambers does not differ from some averaged pressure in
the chambers [9, 10, 17, 18, 34]. This occurs when the
space size between the cameras is commensurate with
the circumferential cameras length. However, as shown
by recent experimental studies [2, 4, 5, 16], the efficiency
and the seal reliability can be significantly increased by
changing the number of chambers and feeders, i.e. by
changing the inter-chamber spaces [28, 30, 31, 32].

Thus, in order to create more perfect seals, it is necessary
to take into account the pressure unevenness factor in the
circumferential direction, i.e. the pressure drop in the
space between the chambers, when determining the
pressure distribution in the seal gap [2, 4, 5, 29].

In this article, we propose a method for determining the
pressure distribution in the impulse seal gap, taking into
account both the radial gas flow due to the difference be-
tween the sealing and atmospheric pressure, and the cir-
cumferential flow caused by the sealing surfaces relative
rotation [36, 37, 38, 39].

METHODOLOGY — CALCULATION MODEL SELECTION
Usually, the Reynolds equation, widely known from the
hydrodynamic lubrication theory, is used to calculate the
liquid or gas pressure. This equation relates the lubricant
pressure function p(x,z) (Pa) to its layer thickness h (m), its
viscosity u (Pa-s), density p (kg/m?), and working surfaces
movement speed U (m/s):

O s0p), 9 50p d(phU) d(ph)

g[ph a)+a—z[ph a—zj—@u ™ +12u g (1)
Water (p = const) or gas (p #const) can act as a lubricant
in this equation. Calculation are performed for the gas lu-
brication layer. This equation is universal, since it can be
used both for calculating bearings (flat, cylindrical, coni-
cal, spherical) and for calculating seals (gas-static and gas-
dynamic) [4]. The pressure calculation distribution in the
IGBFS gap also based on this equation use. Due to the
equation non-linearity (1), its analytical integration in gen-
eral form is currently not possible. In practice, it is possible
to obtain quotient solution, but only by a numerous sim-
plifying hypotheses, and when calculating the character-
istics, one has to resort to integrating the equation nu-
merical methods using a computer. All of them are based
on the transformation equation (1) into a dependence
with finite differences, solved by the method of subse-
qguent iterations. The methods are similar and differ only
in the boundary conditions that are defined for each spe-
cific case. The Raimondi method is the most widely used,
which is the most accurate, but has high requirements for
computing tools and methods for discretizing solution
parcel which is reflected in the convergence of finite dif-
ference equations. Therefore, the nomograms available in
the literature for determining the gas lubricant layer bear-
ing capacity are intended mainly for support bearings, and

for individual eccentricities values and relative sliding sur-
faces lengths [40].
In most cases, for engineering calculations of hydro- or
gas-dynamic units, a stationary one-dimensional lubrica-
tion equation is considered, i.e. the lubricating medium
pressure or shear flow is neglected [2]. In this case, equa-
tion (1) will take the form:

d ;0p d(phU)
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For hydrostatic and gas-static units, the right side of equa-
tion (2) equals to zero:

0 ,0p

Equations (2) and (3) have analytical solutions for simple
boundary conditions, which are often used to calculate
the main of couple sliding characteristics. However, in
some cases, the results obtained using this simplified
Reynolds equation are not accurate enough. The paper
considers the Reynolds equation solution, which is per-
formed by the modern numerical method of boundary el-
ements. This method is quite simple to implement and
does not require the method choice for sampling the cal-
culated parcel. By expressing p = p*(k—the polytropy in-
dex) and assuming, as a first approximation, that the gas
flow mode in the gap does not change over time
(dp/dt = 0), it is possible to rewrite (1) as:

l+i] [Hl]
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Equation (4) is a Poisson equation. To find its solution, you
can use the following method [4]: find a solution (1) with-
out the right part (in the form of the Laplace equation),
and then subtract a particular solution (the right part) that
does not depend on the boundary conditions from the re-
sulting general solution. It is possible to lead (1) to the La-
place equation by assuming that the gas flow mode in the
end gap is only radial, i.e., due to the pressure difference
between the outer and inner radii of the sealing gap.
Then, after introducing a substitution P = p*¥/*that takes
into account the lubricant density change when the pres-
sure changes (compressibility of the medium), equation
(4) is rewritten as:

9 h3a—P +i h3a—P =0. (5)
ox dx ) dz 0z

Unknown values in this equation are the target pressure
function P and the value of the gap h. The gap value also
is a coordinate function in the circumferential direction,
and characterized by inclination sealing rings in radial and
warping under the action of pressure. The sealing surfaces
rotations under pressure, as well as radial and axial forces,
can be determined using the well-known Biceno axisym-
metric deformations theory. Earlier calculations show
that, in the first approximation, it is assumed that h is too
little changes in the circumferential and radial directions
and this change can be ignored. Then the expression (5)
will take the Laplace equation form with respect to only
the desired pressure function P:
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Equation (6) describes the gas flow in the IGBFLS end gap.
Next, solving method it will be considered.

0. (6)

RESULTS OF THE NUMERICAL SOLUTION METHOD

The boundary element method used in this paper is now
becoming increasingly popular in continuum mechanics
problems [11]. The essence of this method is to reduce
the boundary value problem for the partial differential
equation (6) to an integral equation along the study parcel
(region) boundary, which is obtained by applying the third
Green formula to the target function. In general, the inte-
gral equation for a region with a boundary has the form:

COPE+[P() ¢ E0)dlx) = [q P E0dl),  (7)

where:

&—is an arbitrary point on the region boundary;

¢(£) - function, taking into account the peculiarities aris-
ing from the border region integration;

P*(Ex) = (1/27)-In(1/r) — is a fundamental Laplace equa-
tion solution for two-dimensional case,

r—the distance between the points £and x on the border
region (m);

q'(Ex) = 0P (Ex) /In(x) (derivative of potential by nor-
mal).

The equation solution (7) is carried out by dividing the re-
gion boundary into sections (elements), the integration of
which is performed numerically by the mechanical Gauss
quadrature method. At the next stage of solving the prob-
lem, a linear algebraic equations system is obtained,
which is solved by the Gauss method. As a result of its so-
lution, unknown values of the function P and dP/0n on the
border are determined, knowing which it is possible to de-
termine the pressure function values at i-th point within
the region surrounded by the border I":

R:jqp*dr—qu*dr. (8)
r r

Thus, in comparison with the finite difference method,
the problem solution becomes less cumbersome, since to
determine the pressure distribution field in the region, it
is necessary to discretize only the boundary, and not the
region itself, which is much easier. In addition, the solu-
tion accuracy depends very little on the boundary sam-
pling rate and is very high even with a fairly rough. As a
region for determining the gas pressure field, a IGBFS seal-
ing surface section is selected that is bounded by the seal-
ing gap outer and inner radii and radial secants that pass
through the middle of the adjacent chambers (Fig. 2).
The pressure function is set as boundary conditions: on
the outer radius — the sealing pressure P1, on the inner ra-
dius — the atmospheric pressure P2, in the zones of the
feed channels — the barrier pressure Ps3, on the radius —
the pressure changes according to the quadratic law (iso-
thermal flow).

b)

Fig. 2 Isolation of the region to study the pressure field in the
gap between the isolated chambers:

a) selection of operation gap sector; b) assigning pressure val-
ues at the boundaries of the selected sector

The integral equation (7) converted to a discrete form by
writing it for a number of elements. For the solution, so-
called "permanent" elements are used, characterized by
the fact that:

a) for each element length, the target function value is set
constant;

b) the points where the target function values are consid-
ered (nodes) are located in the middle of each element.
The boundary is divided into N elements, each of which
has a Dirichlet-type boundary condition (pressure value).
Figure 3 shows the outline of the study area divided into
elements.

In this case (7) can be written as:

c,P, +JPq»dF=JqP»dF. (9)
r r

a)
Fig. 3 Splitting a region boundary and the region itself into ele-
ments:
a) splitting the sector boundary into separate elements;
b) splitting the sector into cells

Since the Laplace equation for a flat problem is considered
and constant elements are used when splitting the bound-
ary, then P"=(1/27)-In(1/r) and ¢j= 1/2. It should be noted
that here is taken as the point i for which there is a fun-
damental solution P(&) = Pi. For simplicity, the letters &
and x in parentheses are omitted here. The equation dis-
crete form takes the form:

1 N . N .

=P+ ([ ¢ dD)Pu;=Y ([P dD)g, (10)

2 =T =T
where:
Ijis the length of the j-th element.

Integrals I g dI" establish a connection between the i-th

i

node and the j-th element along the length of which the
integral is taken, and will continue to be indicated Hj in

the text. Similarly, integrals of the form IP* dr will be
r/
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denoted later Gj.. By entering the designation:

u - H,. i#j
PUVH, 412, =) (11)

equation (10) can be written as:
N N
ZHifPf :ZGiiqi : (12)
Jj=1 j=1

The complete equations system is rewritten in matrix
form:

HP=GQ. (13)
Integrals Hjj and Gj; are calculated using Gauss quadrature
formulas for elements (except for the element to which
the node in question corresponds and for which H; =0 and
Gjj = (1/7)-(l/2) In(1+1/]1/2]) (I — is the element length)).
From here, we get an equation that represents the rela-
tionship between the inner point i and the values P and g
on the border of the region:

N N
:ZGU(’]/_ZHUP/‘ : (14)
j=l j=l

Applying (14) to the entire study region with a given step
for selecting internal points, it is possible to get an array
of values that satisfy equation (6). Finding the right side of
equation (4) W(x) = 6(1+1/x) o(Uhp™*)/ox is quite a diffi-
cult task. However, it can be solved by successive itera-
tions, substituting the value of the derivative dP/dx found
from (5) into the integral equation (7) in the form:

[W P (€ nda) . (15)
Q

Here W(x) is taken in region separate points. The deriva-
tive dP/0x is easily determined by the equation:
% =e@at ¥y ((i, =[P S (‘(’; 2D aro, (16)
or using finite difference formulas (0P/0x)i = (Pi-1+Pi+1)/ A.
Here Pi1 and Pix1 is the pressure values at the points xiz
and xi1 in the vicinity of the point x; (Pa); 4 — is the dis-
tance between the points xi: and xi1 (m). The value U
(m/s) is determined by the rotation speed of the unit ro-
tor, and h (m) in the first approximation is assigned equal
to the average value inherent in gas-dynamic seals.
Now, to calculate the integral (15), it is necessary to divide
the entire region into separate cells and use numerical in-
tegration for them (Figure 3). The complete equations sys-
tem for N nodes can be represented in matrix form:
B+HP=GQ. (17)
After finding the values of the functions P and g the entire
boundary, it is possible to calculate P at an arbitrary inter-
nal point using the expression:

N N
=ZG,.,.q,.—ZH,.jP,.—B,., (18)
j=1 j=1

where:

Bi—is the integral numerical solution (15) for each funda-
mental solution value given in the i-th node.

Applying (14) to the entire study region with a specified
step for selecting internal points, obtaining a pressure val-
ues field in the impulse seal gap entire sector is possible.

DISCUSSION

Figure 4 shows examples of calculating the pressure field
in the sector between chambers. For the illustrating pur-
pose the pressure distribution, different pressure levels
are indicated by different shades of gray. Images a) and c)
in the figure correspond to the gap sector with 12 cam-
eras, and images b) and d) correspond to the gap sector
with 8 cameras. Sealing rings with a diameter of 80 mm
with chambers with a diameter of 3 mm were used. To
numerically determine the pressure distribution in the op-
eration gap sector, 50 boundary elements and division of
the sector region into 2000 cells were used.

Il 2.63 bar Hl 3.5 bar
3 I 2.25 bar Il 3.0 bar

a) I 1.88 bar c) B 2.5 bar

o _ [ 1.50 bar I 2.0 bar
1.13 bar 115 bar
b) [ 10.75 bar d) 1.0 bar

0.38 bar [ 10.5 bar

Fig. 4 Visualization of pressure distribution in the sector of op-
eration gap for seals with 8 and 12 isolated chambers on rotat-
ing sealing ring:

a) P;=2 bar, P,=0 bar, Ps = 3 bar, 12 chambers;

b) P; = 2 bar, P, = 0 bar, P3 = 3 bar, 8 chambers;

¢) P; = 1 bar, P, =0 bar, P3 = 4 bar, 12 chambers;

d) P; = 1 bar, P, =0 bar, P; = 4 bar, 8 chambers

The figure clearly shows that the increase in the distance
between the chambers (images b and d) is accompanied
by an increase in the pressure drop between them. This
means that under the same operating conditions with
equal gaps, the bearing capacity of the gas lubricant film
for a seal with 8 chambers will be less than for a seal with
12 chambers. In other words, other things being equal, a
seal with 8 chambers will operate with a face gap smaller
than the seal with 12 chambers. Accordingly, the barrier
gas flow rate through the seal gap with 8 chambers will be
less. This state of affairs is confirmed by experiments: the
seal with fewer chambers corresponds to lower flow rates
of the gate gas and less sensitivity to changes of the bar-
rier pressure.

CONCLUSIONS

In this paper, numerical simulation method of the working
process of a centrifugal unit contactless face impulse seal
is proposed. Firstly, a seal functioning physical model was
created and its operation key aspects that are not taken
into account in the traditional methods of calculating con-
tactless impulse seals were identified. A numerical simu-
lation of seal working process based on the Reynolds
equation solution for the medium vortex-free motion in
the gap between moving surfaces were proposed, then
the hypothesis that simplify the equation's numerical so-
lution for the face impulse seal was formulated. The nu-
merical solution was obtained using the boundary ele-
ment method. Based on the obtained numerical solution,
the distribution of the working medium pressure field in
the seal gap is simulated, revealing dependency between
number of the chambers and resulting flow rate.
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The presented approach allows to refine the existing
method for calculating the gas-barrier impulse seals char-
acteristics by taking into account the irregularity the pres-
sure field in the operation gap in the circumferential di-
rection.

Finally, it should be noted that present method does not
take into account the change in gap caused by warping
and inclination of the working surfaces. Therefore, the
main task of further studies of impulse type gas face seals
should consider to clarify the obtained mathematical
model.
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