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Helical groove seal is designed in reactor coolant pump to control the leakage along the front surface of the impeller face due to
its higher resistance than the circumferentially grooved seal. The flow and the friction factors in helical groove seals are predicted
by employing a commercial CFD code, FLUENT. The friction factors of the helical groove seals with helix angles varying from
20 deg to 50 deg, at a range of rotational speed and axial Reynolds number, were, respectively, calculated. For the helically grooved
stator with the helix angle greater than 20 deg, the leakage shows an upward trend with the helix angle. The circumferentially
grooved stator has a lower resistance to leakage than the 20 deg and 30 deg stators. It can be predicated that, for a bigger helix
angle, the friction factor increases slightly with an increase in high axial Reynolds number, which arises from the high-pressure
operation condition, and the friction factor is generally sensitive to changes in the helix angle in this operation condition. The
study lays the theoretical foundation for liquid seal design of reactor coolant pump and future experimental study to account for

the high-pressure condition affecting the leakage characteristic.

1. Introduction

Recently, it has been recognized that the leakage flow
of highly effective seal is the key point of nuclear plant
safety. Leakage flow characteristics of the seal in the nuclear
equipment were investigated by several researchers.

In high temperature gas-cooled reactor (HTGR) core, the
prevention of leakage flows of coolant gas is important for a
thermal hydraulic design; the seal mechanism for the core
was researched by Kaburaki and Takizuka [1, 2]. The leakage
flows through the gaps between core support blocks were
restricted because the gap between the core support blocks
was still kept wide during the reactor operation to prevent
the interaction of the blocks.

The improvements in the leakage along the front surface
of the impeller face are the key point of reactor coolant
pump (RCP) reliability. Leakage control in the clearance
is the most important problem to be solved, which can
increase the reliability and efficiency of RCP and, thus, assure
the satisfactory operation. If the leakage is out of control,

the leakage flow will disturb the main flow at the inlet of the
impeller, and then the circulation area will decrease. It will
lead to a decrease of the hydraulic efficiency of RCP. Once
the pump operates on a low head due to the larger leakage,
there will be a serious danger of water coolant undersupply,
which leads to excess reactor core temperature.

To gain a better leakage control, circumferentially
grooved seal is commonly used in the pump. But its
performance in the high-pressure condition is unsatisfied. To
fit in the extreme condition, helical groove seal is designed in
reactor coolant pump to obtain a higher resistance to leakage
than the circumferentially grooved seal. High rotational
speed yields backflow along the groove-forward inlet and
reduction in the average axial and circumferential fluid
velocity. Beyond that, the helically grooved stator application
is to remove any impurities through the groove path.

However, helically grooved seals have not been investi-
gated thoroughly because of their complex characteristics.
Bootsma [3] investigated the spiral-groove bearings by
employing a turbulence model, which was similar to Hirs [4].



FIGURE 1: Helically grooved stator.

Kim and Childs’ [5] model evaluated a bulk-flow analysis for
helical groove seals with grooved rotors and grooved stators.
The analysis also incorporated both Hirs [4] turbulent
lubrication theory and “fine-groove” theory. The governing
equations were expanded in the eccentricity ratio to yield
zeroth and first-order perturbation solutions. Additionally,
Walowit [6] developed a fine-groove-based analysis for
laminar helical groove seals; however, it was not suitable for
the highly turbulent flow.

Kim and Childs [5] predicted that the helically grooved
stator is more stable than the helically grooved rotor. But
the helically grooved stator configuration had higher leakage
rate than the helically grooved rotor configuration due to
its significantly lower power consumption. Besides, Iwatsubo
et al. [7] reported that the formation of the negative cross-
coupled stiffness coefficients was the reason why helically
grooved stator was more stable.

Some studies were presented to determine the leakage
characteristics of helical groove seals, which were just oper-
ated in the low-pressure condition. Kanki and Kawakami [8]
reported that the leakage flow of the helical groove seal was
less than that of the plain seal. The effect of the helical groove
was predominant in the high-speed region. Iwatsubo et al.
[9] performed a systematic analysis on turbulent annular
seals with a helically grooved rotor. As the journal rotating
frequency increased, the leakage flow decreased. Zero net
leakage flow was possible at a particular rotating frequency.
The leakage data and friction factors were presented for
helical groove seals by Childs et al. [10]. The test results
supported the conclusion that the number of grooves and
the leakage rates increased steadily with increasing the helix
angles in the low pressure.

Gowda and Prabhu [11] present theoretical investiga-
tions of high-pressure annular seal that deal with the steady-
state mass flow rate, labyrinth seal-influence coefficients, and
unbalance response of a high-pressure fuel turbo pump.

Before this paper, the leakage characteristic of the helical
groove seal in the pressure higher than 17 MPa condition has
not been researched. To fit in the extreme condition, helical
groove seal is designed to control the leakage in reactor
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coolant pump. To obtain helical groove seal with high-
resistance, this paper is initiated to predict a high friction
factor for a proper choice of the helix angle « in the high
pressure condition.

2. Computational Descriptions

2.1. Model. A three-dimensional CFD model is used in this
study to calculate the steady incompressible flow within
the seal. Water is employed as the sealing medium, and
the temperature is treated as a constant value. The leakage
characteristics are determined by employing the standard x-¢
turbulence model, and CFD analysis of the seal is performed
by ANSYS FLUENT.

The turbulence kinetic energy, k, and its rate of dissipa-
tion, ¢, are obtained from the following transport equations:
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In these equations, Gk represents the generation of turbu-
lence kinetic energy due to the mean velocity gradients; Gy, is
the generation of turbulence kinetic energy due to buoyancy;
Yum represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate.
The model constants C;; = 1.44, C;c = 1.92, C, = 0.09,
and o = 1.0, 0. = 1.3 are the turbulent Prandtl numbers
for k and &, respectively. Sy and S, are user-defined source
terms [12]. The capability of the k-&¢ turbulence model
for the grooved liquid annular seal has been validated by
comparison between the computed results and the three-
dimensional laser Doppler anemometer measurements [13].
A second order discretization scheme is used for the
pressure, density, and momentum terms. First-order upwind
scheme is used for turbulent dissipation rate terms. Resolving
boundary layers, standard wall function is used to model
the viscous effects in the near-wall regions. The convergence
criterion for continuity, velocity, x, and & equations is
below 1073, Parametric study is conducted over a wide
range of Reynolds number (90000-245000). Pressure outlet
boundary is maintained at constant value, and the inlet
pressure is changed to achieve different Reynolds number.

2.2. Dimensions and Conditions. A typical helically grooved
stator annular seal is illustrated in Figure 1. The seals used in
this paper provide smooth rotor and helically grooved stator.
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Rotor

(a) Groove cross section (not scaled)

F1GURE 2: Groove dimension.

The helical groove results in fluid rotation in a direction
opposite to the shaft rotation.

The helix angle « is set to oppose the fluid rotation and
yields a reduction in the average axial and circumferential
fluid velocity. The angle « can vary from zero (circumferen-
tial grooving) to 90 deg (axial grooving).

The five seal configurations were computed to evaluate
the influence of helix angle a on the leakage characteristics.
Figure 2 provides the seal nominal dimensions. Five helix
angles, namely, 0, 20, 30, 40, and 50 deg, were computed.
These seals maintain the same cross section as the inlet as
shown in Figure 2(a). The seal length is 50 mm, and the rotor
diameter is 100 mm. Computational results are presented for
an outlet pressure of 17.1 MPa.

2.3. Mesh Generation. The 3D mesh applying the structured
hexagonal cells for the land and groove is created using
the commercial mesh generator Gambit. The 2D view for
the inlet section of the helical groove seal mesh is defined
as shown in Figure 3. A mesh independent density study
is performed to investigate the effect of mesh density and
to determine how fine a mesh is required to capture the
important pressure physics. The mesh is refined in the
radial direction and circumferential direction dependently.
Figure 4 shows the effect of refining the mesh in the cross
section on the inlet average pressure. The pressure varies less
than 0.002% with increasing mesh density and is mesh inde-
pendent. To obtain a better pressure prediction, maximum
density mesh will be used in subsequent calculations.

Starting with the one node away from the wall, the mesh
points are redistributed as the double-sided ratio 1.15 in the
radial direction and 1.2 in the circumferential direction of
the groove width. The near-wall mesh points are disturbed
so as to maintain a smaller value y*, resulting in improved
wall shear stress and pressure prediction.

3
(b) Helix angle «
FiGure 3: 2D view for the inlet section mesh.
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FIGURE 4: Mesh density study.
Law-of-the-wall formulations model the sharp pressure

gradients near the wall and are used with standard x-¢
turbulence model as follows:

U* =y* for y* <11.225,
. 3)
U* = ;ln(Ey*) for y* > 11.225,
where
U C1/4k1/2
U* = TP PP (4)
To/p

is the dimensionless velocity.
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FIGURE 5: Friction factor for five helix angles.
Consider that (= 0.4187), E = empirical constant (= 9.793), Up = mean
Cl/ALL2 velocity of the fluid at the near-wall node P, kp = turbulence
« _ PLu Kp )P .. .
=—*r — 7 (5)  kinetic energy at the near-wall node P, yp = distance from
H point P to the wall, and g = dynamic viscosity of the fluid.
is the dimensionless distance from the wall, Cy = turbulent The laws of the wall for mean velocity and pressure are

viscosity constant (= 0.09), ¥ = von Karman constant  based on the wall unit, y*, rather than y* (= pu,y/p).
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These quantities are approximately equal in equilibrium
turbulent boundary layers [12].

3. Results and Discussion

Two faces are located about the midplane of the seal at 0.23
and 0.5 of the seal length. The pressure differential is defined
as the pressure computed upstream and immediately inside
the seal. The axial pressure gradient is defined by the two
average pressure faces at 0.23L and 0.5L. The seal length, L, is
50 mm.

The friction factor definition reference of Childs et al.
[10] is modified. The minimum clearance is replaced by the
hydraulic diameter, because that is a better representation for
the frictional head loss coefficient. The following definition is
used for the friction factor developed in the seals:

L. 4P D ®)

Az 2pv?
where P is the static pressure, Z is the axial seal coordinate, D
is the hydraulic diameter, p is the density, and v is the average
axial velocity. Figure 5 illustrates the friction factor versus
the axial Reynolds number, Re = vDp/y, and the rotational
speed for stators with the helix angle of 0, 20, 30, 40, and
50 deg.

3.1. Helix Angle. There are comparable representative resis-
tance characteristics among the five models. As can be
observed from Figure 5, for all helically grooved stators,
the friction factor shows an upward trend with the helix
angle reduction, because the seal with a smaller helix angle
has less axial component flow and longer groove in favour
of energy dissipation. And it becomes more sensitive to
the rotational speed when the helix angle decreases. For
the helically grooved stators, the friction factor generally
decreases with the increasing axial Reynolds number. At the
condition of low axial Reynolds number, it obviously drops
monotonically with axial Reynolds number. At compara-
tively high axial Reynolds number, for a = 30, 40, and 50 deg,
the friction factor tends to converge to the same value with
axial Reynolds number, and the friction factor even increases
slightly with axial Reynolds number at the low rotational
speed condition. The curve tends to get in self-simulated
domain with axial Reynolds number higher than 250000.

3.2. Rotational Speed. As can be observed from Figure 5,
for all helically grooved stator, the friction factor generally
increases with increasing the running speed. Figure 6 shows
the variation of the friction factor with the axial Reynolds
number for all the stators at 1750 rpm. 20 deg stator has
higher resistance to leakage than the remaining stator. For the
helix angle greater than 20 deg, the helically grooved stators
leak increasingly more as the helix angle increases, because
the leakage flow in the groove with greater helix angle has
more axial component flow and shorter groove at the lack of
energy dissipation. The circumferentially grooved stator has
lower friction factor than the 20 and 30 deg stators because it
cannot yield backflow along the groove-forward inlet.
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FiGurek 6: Friction factor for helically grooved stators at 1750 rpm
versus Re.

Figure 7 illustrates the friction factor for helically
grooved stators at 4000 rpm versus axial Reynolds number. It
is clear that the 20 and 30 deg stators have higher resistance
to leakage than the circumferentially grooved stator. At
low axial Reynolds number, 40deg stator surpasses the
circumferential grooved stator in friction value due to the
increment in the rotational speed. Increasing rotational
speed yvields more backflow along the groove forward inlet
and reduction in the average axial and circumferential fluid
velocity.

3.3. Flow Field. Figure 8 shows the pressure contour of the
circumferentially grooved stator. It is clear that the pressure
contour gradient vector of circumferential grooved stator is
parallel to the rotor axis. Comparatively, in Figure 9, which
shows the pressure contour of 20 deg stator, it can be found
that the stagnation area exists along the upwind surface of
the groove due to the impingement of rotational fluid. Fluid
rotation opposes the helix angle , and it yields a reduction in
the average circumferential fluid velocity that ensures the seal
stability. Figure 10 shows the pressure contour of 0.2L cross
section for four helix angles. The value range of the pressure
becomes narrower, and the peak value declines as the helix
angle increases. The stagnation region shrinks in area and
moves to leeward as the helix angle increases. This fact
influences the distribution of the turbulent kinetic energy,
which can be found in Figure 11 showing the turbulent
kinetic energy contour of 0.2L cross section for

four helix angles.

The turbulent kinetic energy value is related to the
energy dissipation. It is seen that the turbulent kinetic
energy of 20deg stator is higher than any other stator,
and the highly turbulent kinetic energy region existing on
the left of the groove is the largest, which is in favour
of energy dissipation. The highly turbulent kinetic energy
region shrinks in area and moves to leeward as the helix angle
increases. The highly turbulent kinetic energy region of the
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FiGure 7: Friction factor for helically grooved stators at 4000 rpm
versus Re.
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FIGURE 8: Pressure contour of circumferential grooved stator.

50 deg stator is the smallest, and the peak value is the lowest.
It is speculated that the difference in friction factor among
helically grooved stators is related to the relative location of
the highly turbulent kinetic energy region in the groove and
the turbulent kinetic energy value range.

4. Conclusions

(a) The friction factor shows an upward trend with
the helix angle reduction, because the seal with a
smaller helix angle has less axial component flow
and longer groove in favour of energy dissipation.
Helically grooved stators with helix angles greater
than 20 deg leak increasingly more as the helix angle
increases. The circumferentially grooved stator has a
lower resistance to leakage than the 20 deg and 30 deg
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FIGURE 9: Pressure contour of 20 deg stator.

stators, thereby helical groove seal is designed better
than the circumferentially grooved seal in reactor
coolant pump.

(b) For all helically grooved stators, the friction fac-

tor generally increases with increasing the running
speed. The friction factor is more sensitive to the
rotational speed especially for the smaller helix angle
stator.

(c) The friction factor generally decreases with axial

Reynolds number. At Re lower than 160000, the fric-
tion factor drops monotonically with axial Reynolds
number. At high Re, for « = 30, 40, and 50 deg,
the friction factor tends to converge to the same
value with axial Reynolds number, especially for low
rotational speed, and the friction factor increases
slightly with axial Reynolds number. The curve tends
to get in self-simulated domain with axial Reynolds
number higher than 250000.

(d) At 1750 rpm, 20 deg stator has much higher resistance

to leakage than the circumferentially grooved stator;
therefore, in reactor coolant pump, the helically-
grooved stator with significantly higher power con-
sumption can be used as the axial seal to control
backflow leakage along the front surface of the
impeller face and reduce the leakage flow rate, while
keeping the clearance comparable to that of a plain
seal. Because a helical groove yields a backflow
along the groove forward inlet, the other object of
the application is to remove impurities through the
groove path.

Besides, numerical studies are conducted to deter-
mine the basic characteristics of the helically grooved
stator in high-pressure condition. The conclusions will be
summarized for effective application in helical groove seals



International Journal of Rotating Machinery

Pressure Pressure
1.7304E+07 1.7221E+07
1.73024E+07 1.72195E+07
1.73007E+07 1.72181E+07
1.72991E+07 1.72166E+07
1.72975E+07 1.72151E+07
1.72958 E+07 1.72136E+07

1.72942E+07 1.72122E+07

1.72926E+07 S 1.72107E+07 -
1.72909%;07 1.7%092E+; (B2 L.
72893E+07 1.72077
"1.72877E+07 472063 E+07
1.72861E+07 I 1.72048E+07
1.72844E+07 1.72033E+07
1.72828E+07 1.72018E+07
1.72812E+07 1.72004E+07
1.72795E+07 1.71989E+07
1.72779E+07 1.71974E+07
1.72763E+07 1.71959E+07
1.72746E+07 1.71945E+07
1.7273E+07 1.7193E+07
(a) 20deg (b) 30deg
Pressure Pressure
1.7179E+07 1.7159E+07
1.71779E+07 1.71583E+07
1.71769E+07 1.71576E+07
1.71758E+07 1.71569E+07
oy
. + 1.71556E+07
1.71727E+07 1.71549E+07
L71716E407 o o L71S42E407 ot e N
1.71706 E4Q7 o= N 1.71535 E;+Q7 M — gy
1.71695E-+07 1.71528F+07 il
oT.71685E+07 1.71522E+07
- 1.71674E+07 1.71515E+07
1.71664E+07 1.71508E+07
1.71653E+07 1.71501E+07
1.71643E+07 1.71494E+07
1.71632E+07 1.71487E+07
1.71622E+07 1.71481E+07
1.71611E+07 1.71474E+07
1.71601E+07 1.71467E+07
1.7159E+07 1.7146E+07
(c) 40deg (d) 50 deg

FIGURE 10: Pressure contour of 0.2L cross section for four helix angles.
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of RCP and contribute future experimental studies on this

=

Friction factor

type of seal. P: Static pressure (Pa)

L: Seal length (m)

Z: Axial seal coordinate (m)
Nomenclatures D: Hydraulic diameter (m)

Density (kg/m?)
Average axial velocity (m/s)

Re: Axial Reynolds number
a: Helix angle (deg)

=R
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e Dynamic viscosity (Pa-s)

K: Turbulent kinetic energy (m?/s?)

& Turbulent dissipation rate (m?/s*)

Cu: Turbulent viscosity constant

K: Von Karméan constant

E: Empirical constant

Up: Mean velocity of the fluid at the near-wall
node P (m/s)

kp: Turbulence kinetic energy at the near-wall
node P (m?/s?)

yp: Distance from point P to the wall (m)

Gy: Generation of turbulence kinetic energy
due to the mean velocity gradients

Gp: Generation of turbulence kinetic
energy due to buoyancy

Yum: Contribution of the fluctuating dilatation
in compressible turbulence to the overall
dissipation rate

Cie> Cae, 3¢t Model constants for ¢ equations

Ok: Turbulent Prandtl number for k

0.t Turbulent Prandtl number for ¢

Sk: User-defined source term for k

Se: User-defined source term for &.
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