9™ Annual Conference of the CFD Society of Canada, 27 - 29 May, 2001, Kitchener, Ontario

COMPUTATIONAL STUDIESOF FLUID FLOW AND PRESSURE
DISTRIBUTIONSIN A SPIRAL GROOVE SEALS

Vladimir Kudriavtsev', M. Jack Braun® and Robert C. Hendricks®
wk@cfdcanada.com, mbraun@uakron.edu, robert.c.hendricks@grc.nasa.gov
Principal Engineer, CFD Canada / CERCA, Montreal
*Professor, University of Akron, Akron, Ohio
3Principal Scientist, NASA Glenn Research Ceneter, Cleveland, Ohio

Key Words: Spiral Groove Sed (SGS), CFD, load
capacity, flow visualization, turbomachinery

ABSTRACT

The Spiral Groove Seal is a self-acting device that
uses the fluid flowing between its faces to lift the
sealing faces from each other. Thus, it is aso
referred to as a non-contacting face seal. In this
paper we utilized a full 3D Navier-Stokes
equations solver (CFD-ACE+) to study the flow
patterns inside an inward pumping spira groove
seal CFD-ACE+ (http://ww.cfdrc.con)isa
commercial software package that has inherited
many advanced features implemented in a research
code SCISEAL[1] developed by CFD Research
Corporation for NASA Glenn (Lewis) Research
Center (1992-96).

INTRODUCTION

The Spira Groove Sed (SGS), a typical example
of hydrodynamic self-acting device [2,3/4], is
presently widely used by the industry in form of
cylindrical seals [4], face mechanica sea [5], or
even as aform of thrust bearing. The seal assembly
of atypical SGS (face sed) is shown in Figs. 1 and
2. Here, the grooves on the outside portion of the
stator are oriented such as to pump inward with the
pressure gradient [6]. The inward pumping is
produced, in this case by the clockwise motion of
the rotor. The cylindrical seal vesion of the
example shown in Figure 1 has the grooved pattern
etched on the stationary cylindrical surface and the
seal is divided into two areas. The first low
pressure region has grooves that are optimized to
produce a maximum stagnation pressure. Grooves
are spatially oriented to produce a pumping
component in the axia direction. Pressure will
increase due to the pumping action and will
partially offset the imposed pressure gradient
between Piign and Py, sides [6]. The second region
is smooth and serves as the seal dam. This region

works in conjunction with the grooved region. As the
fluid is pumped through the grooves towards the
dam, the pressure increases inside the spiral groove
due to the interaction of the rotating flow with the
groove sidewalls. Typicaly, the shaft(or disk) is
rotating at speeds in excess of 10,000 rpm, with
clearances between the rotating and stationary
components below 0.001 inch. The SGSs have dua
utilization and are now also actively pursued in
advanced bearing designs [7]. The inward pumping
spiral groove (face or cylindrical) creates a positive
pressure gradient that causes the required sealing
effect. The pumping characteristic is most critical and
strongly depends on the rotational speed, direction of
rotation, groove depth, orientation and shape, groove

Figure 1. Example of John Crane’ s Face Seal

to dam ratio and liquid/gas properties. Possible
aternate groove layouts are show in Fig. 3

Existing numerical simulations of SGS are limited
mostly to Reynolds equation application [5-9].
However, very strong flow recirculation patterns take
place in the groove/dam area (see Fig. 5) and flow
formations can be rather complex[10]. Presently
NASA developed computational models SPIRALI,
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SPIRALG [4,6], Crane's CSTEDY [5] and others
[9] are limited to narrow groove theory

[4,11], and can not accurately consider effects of
turbulence, inertia, non-isothermal flow, or flow
choking [6]. Computational fluid mechanics (CFD)
methods have been actively utilized to study 2-D
and 3-D fluid flows in many advanced sedls and
bearings (Launder[13], Braun/Dzodzo[14],
Braun/Kudriavtsev[15], SCISEAL[1]). Despite
some recent advances in spiral groove sed
modeling [9,12] no one was able to solve 3-D
flows and obtain pressure distributions in full
Navier-Stokes formulation. This can be attributed
to computational difficulties that arise a the
gap/clearance and groove interfaces a high
rotational speeds. Considerable ‘grid stretching’
(over 1:100) may be required to adeguately
resolve flows in these type of gaps. On the basis of
the previous CFD work of the present authors we
consider that it is presently feasible to utilize 3-D
Navier-Stokes models for studies, design and
optimization of the spiral groove seal.
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Figure 2. Generic Geometry [9]

MODEL SETUP

To design an efficient spiral groove device, one
needs to optimize in tandem combination of
parameters, most critical being groove depth,
groove angle, groove width and the number of
grooves aong the circumference(that determines
groove-to-land-ratio). In Fig. 3 we demonstrate 4
possible plane layouts for the spiralgroove
computational setups. Groove angle can be
aligned/or opposite to the direction of rotation and
grooves can be converging or diverging. To these
authors best knowledge, no studies were attempted
to comparatively analyze groove layouts, compare
3-D flow formations, leakage and resulting
pressure gradients. Here, grooves are on the stator
while the rotor moves with speeds up to 40,000
rmp and a clearance between 0.0002 and 0.001
inch. Depending on the application, one optimal
groove layout will emerge out of the four
schematics presented in Fig. 3. In this study we
will focus on a realistic generic geometry and will
present resulting three-dimensional flows and
pressure drops for diverging groove layout .
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Figure 3. Case Studies of Possible L ayouts

Rowl : converging groove; Row?2 : diverging groove
Columnl: opposite rotation; column2: aligned with
rotation

Computational Configuration. The spiral groove
seal section is shown in Fig. 4, and represents a
diverging groove layout. Depending on the direction
of rotation the groove angle is aigned with, or
opposed to a pumping vector. The groove inlet is
located at the high pressure end and the sealing dam
(just like a Rayleigh step) is located at the low
pressure end. Flow leaks from «inlet » to «outlet »
due to the pressure differential and is also entrained
into the groove area by the mechanica pumping
action of the rotating shaft. We utilized a segment of
real face sed (Rime=1.84 E-2m, Ryue=5 E-2 m,
clearance=1E-5 m, groove depth Gg=5E-4 m and a
runner speed of ?=25,000 rpm (2600 rad/s). Phgn
(outer diameter) at the inlet was 4.5E5 Pa and Py,
was equa 1E5 (outlet, inner diameter). Due to
cylindrical symmetry in the direction of rotation we
utilized cyclic boundary conditions in the clearance
area on the left and right boundaries (Fig. 4). These
boundaries are also marked as «symmetry» on Fig. 3.
Cyclic boundary condition means that left boundary
outlet isused asinlet for the right boundary.
Rayleigh Step (dam) low P
rotation e n"““

e o,

cyclic BC

Figure 4. Generic Computational Setup —
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Compressible laminar and k-? turbulent flow
models were utilized using CFD-ACE+ [16]
developed by CFD Research Corporation. Gas
properties followed Sutherland’'s formula for
viscosity, ideal gas law for density (Mol.wt=29),
C,=1000 J/kg-s. Rotational speed of 414 turns/sec
was specified on the runner surface. Computational
setup also alows to account for effects of groove
angle/rotation  alignment. This is done by
changing sign of rotating velocity from positive to
negative.

A structured multi-block computational grid was
utilized, with 20,163 cells. Grid was partitioned on
groove, dam, and 2 land areas (see Fig.4). A
typical solution process required 350 iterations to
converge 4 orders of magnitude for u,v,p, resulting
in computational time of 45 min on a Pentium 1l
300MHz computer (Fig. 5).
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Fig. 5 Convergence plot, DeltaP=3.5E5 (51 psi)
at 25,000 rpm

The computational model (grid, geometry,
coordinate system) was developed using the
advanced features of CFD-ACE+/GEOM  that
alows to create configurable physical model setups
(GUI), and to link the parametric template-based
gridding with the solver input parameters [17]. The
resulting models become flexible application tools
tailored for non-expert CFD users, and capable to
perform a wide range of spira groove design and
optimization analysis (see Appendix 1).

RESULTS & DISCUSSION

The goals of this paper were three-fold. First, we
intended to demonstrate feasibility of the full

Navier-Stokes solution for spira groove sea
configuration at realistic operating conditions. These
conditions are : gap seal clearance C<0.001 inch, sed
inside diameter, ID>1 inch, and angular velocities
higher than 10,000 rpm. Secondly, we planned to
demonstrate the complex 3-D nature of the flow in
the seal, and by doing so to highlight the limitations
of narrow groove [4,6] and Reynold's equations.
Finaly, authors compare performance of two
dternative designs (Fig. 3, Row2) at redistic
operating conditions. Authors intend to further utilize
developed computationa tools to propose advanced
new design of azero-leakage cylindrical sedl .

Fig. 6 Tornado-like flow formation in the groove
Arrows pointing in circumferential direction show
direction of rotation. No external pressure
gradient.

Results of the 3-D flow analysis are shown in Fig. 6.
Note that vertical axis (z) was scaled by afactor of 10
(on al figures shown in this study) in order to be able
to visualize the flow in the groove. This particular
example shows fluid flow due to rotation only, no
pressure gradient was imposed. Red arrows (Fig. 6)
show the direction of the runner rotation and blue
arrows show the recirculation flow structure in the
groove. We can clearly see how the flow stream is
entrained along the left groove side into the seal and
how its rotational intensity grows, as it moves along
the sidewall and further towards the dam. At the dam,
it reaches full width of the spiral groove and part of it
leaks (seal leakage) through the dam to the low
pressure zone and part of it returns back along the
other side of the groove. Such recirculation formation
is due to inertial effects and can not be properly
considered in a framework of Reynolds based
lubrication theory [7-12].

To further expand on this finding we
imposed a pressure difference of 3.5E5 Pa (51 psig)
between the outer and inner radii and performed
computations for clockwise and counter-clockwise
runner rotation. Results of this study are depicted in
Figs. 6-8.



9™ Annual Conference of the CFD Society of Canada, 27 - 29 May, 2001, Kitchener, Ontario

Opposite rotation, angular velocity ? =2600
rad/s. In this case flow compoonent due to
rotation hits the left sidewal, splitting in two
directions (Fig. 7a). This is superimposed with the
outer-to-inner radii flow direction, causing pressure
hike shown in Fig. 7c. The reader can find the
resulting flow visuaization and related pressure
distributions in Fig. 7(a,b,c). The force developed
by the seal segment Fs in the vertical direction
(load capacity) is equal to 324.3N and the leakage
mass flow rate Qs is egua to 19.041E-6 kg/s.
Total leakage flow Q will be equal to 8Qs, and
total force F wil be equa to 8Fs (per geometry
shown in Appendix 1) .

Fig. 7a Horizontal cross-section, vector plot

Tornado-like flow formation (as shown in Fig. 6)
can also be found on Figs. 7b. Zones of positive
and negative velocity (y-direction) indicate that
part of the flow turns around and flows against the
pressure gradient. For this particular design, size of
this area of counterflow is very limited (compare
Figs. 7aand 83).

Fig. 7b Groove flow and recirculation

LR

480000 oo-g
45000000—5
47GOOD‘OD—§
460000 oo-f
45000000—5

440000.00

R

na?

Fig. 7c Pressuredistribution on the runner
surface
Arrows pointing in circumferential direction show
direction of rotation. XY Z coordinates are shown
on thefigure.

Aligned Rotation (shown in Fig 4), ? =-2600 rad/s.
In this case runners inward “pumping” action
stimulates the flow to move continuously aong the
right sidewall. In Figs. 8 (a, b, c) the reader can find
the respective flow visualization results and related
pressure distributions. The total force developed by
the seal segment in vertical direction (load capacity)
is equa to 215.76N (x8 for total force along the
circumference), while the leakage mass flow rate is
8.379 E-6 kg/s. We can see that for the same
operating conditions and characteristic sea ratios
(gap/groove depths, land-to-groove areas, dam- to-
groove lengths, etc.) groove layout, groove angle and
orientation can considerably change leakage flow. In
this particular case inward pumping action (aligned
with rotation) produced 200% more efficient seal.
Maximum peak pressure is 8% lower (compare Fig.
7b and 8c), which is due to  “unfriendly”
aerodynamic shape of the left boundary (Fig. 7c) and
stronger stagnation effects. These effects, however,
fail to produce required flow sealing effect. It is our
hypothesis that sealing is predominantly due to flow
stagnation near the dam. Reader can notice that for
inward pumping resulting force Fsis smaller. Thisis
due to reduction in overall mass flow rate. In order
to adequately compare forces we need to change our
model formulation. We shall use inlet flow boundary
conditions instead of pressure boundary conditions.
Presented results show that groove angle alignment
can considerably affect load capacity and sealing
efficiency of the spira groove design. Aligned
rotation (inward pumping) layout produces 200%
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Fig 8a. Horizontal cross-section. Shows flow turn-
around in the groove. Rotation from left to right.

Fig. 8bVortical flow structure. Dark color shows
negative horizontal velocity component, light color
shows positive. Positive direction heads out of the
groove.
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Fig. 8c Pressure Field on the surface of the
runner (range shown 4.8E5 to 4.3E5 Pa). Flow
vectors point to the flow direction.

reduction in the leakage flow. We aso clearly
demonstrated that at seal operating conditions flow
separation and recirculation develops in the spira

groove leading to complex 3D tornado-like vortex
formation, which in turn considerably affects overall
sealing efficiency.

CONCLUSIONS

The authors had successfully solved the full 3-D
compressible Navier-Stokes flows in aredlistic spira
groove seal configuration when the working fluid is a
gas. The results clearly demonstrated the practica
computational feasibility and technical need for such
an approach. The seal flow formations are very
complex in nature, and at the angular velocities used
demonstrated strong inertial effects (Fig. 6-8),
pointing to limitations of the Reynolds equation and
narrow groove theory based approaches. Seal leakage
flows were calculated and load carrying capacity was
established for a given set of operating conditions.
The results also showed that groove layout and
direction of rotation can significantly impact leakage
flow. Finally, the computational templates developed
by the authors can be widely and easily utilized by
industrial engineers.
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APPENDIX 1

GUI for the SPIRAL Groove Seal Setup
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Figure shows “ ect” unneF surface and‘ speé:ifiéd
rotational velocity of 2600 rad/sec.

SPIRAL GROOVE WIREFRAME LAYOUT

Eight full segments per circumference.



