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Abstract

Dust stop seals are widely used in powder and rubber mixing industries.

Design of the sealing system requires a continuous supply of pressurised lubri-

cant, which is not recycled because of the risk of contamination. There is also

the potential of large volume leakage of oil due to poor sealing, increasing

operational costs and necessitating remedial measures to avoid environmental

protection. Furthermore, the seal faces are prone to failure in relatively short

periods of time due to reduced gap and lubricant leakage. The paper presents

an analytical method and numerical predictions based on Reynolds equation

under combined hydrodynamic and hydrostatic conditions with the entrant

lubricant through hydraulically loaded feedholes. The validity of these

methods is ascertained through comparison with a more complex but time-

consuming solution of Navier–Stokes equations. The numerical predictions

allow for determining the prevailing tribological contact conditions and asses-

sing its suitability for evaluating the sealing performance of mixing machinery.

KEYWORD S
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1 | INTRODUCTION

Mechanical face seals are critical components of many
machines. They are used extensively as contacting or non-
contacting lubricated devices1,2 or as gas seals in pipeline
systems.3,4 Their variety and differing operating conditions
give rise to a broad range of conjunctional behaviour from
hydrostatics to hydrodynamics, as well as their combined
effects with incompressible, compressible or turbulent flow
conditions.5–7 The current study deals with dust-stop seals
of industrial internal batch mixer chambers. These mixers

are used to process rubber compounds. The seals should
be effective in order to prevent the escape of mixture from
the chamber. To achieve this requirement, a pair of ring
seals is mounted onto the mixer shaft. The design of the
dust-stop seals is primarily based upon hydrostatic mecha-
nism of lubrication, where the pressurised oil from a
hydraulic pumping system is injected into the seal contact
through feed-holes. The lubricated seal faces are usually
loaded through springs and/or a hydraulic pressurising
system. Nevertheless, the leakage of the mixed compound
from the chamber onto the sealing conjunction occurs,

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CFD, computational fluid dynamics; FDM, finite difference method; FVM, finite
volume method; PEEK, polyether ether ketone; PSOR, point successive over-relaxation method.
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often causing abrasive wear of seal faces, as well as adverse
environmental issues. Additionally, loss of sealing often
leads to significant leakage of lubricant which aside from
exacerbating environmental pollution also adds to the
operational cost of mixing machines. Furthermore, any
ingression of the lubricating oil into the mixing chamber
can compromise the quality of the mixture and thus the
final intended product.

The use of lubricant-free dust-stop seals has been sug-
gested in order to avoid the aforementioned problems
associated with oil leakage. Such solutions seek to utilise
thermoset materials such as cured carbon fibre reinforced
polyimide and fibre reinforced polyetheretherketone
(PEEK) thermoplastics.8 However, such solutions require
further reinforcement and strengthening of the polymer
matrix to counter the effect of abrasive particles, amongst
other issues. In the meantime, it seems that a combina-
tion of research for enhancing the seal ring surface mate-
rial properties and making provisions to improve the
design of lubrication system would enhance the perfor-
mance of the next generation of mixing machinery.

As noted by Key et al.,9 the principal means of gener-
ating pressure in flat-face seals is through hydrostatic
load carrying capacity, where the gap between the seal
faces must converge from high-pressure side to lower
pressures in the radial direction for a stable sealing per-
formance. However, this is not always possible for a mul-
titude of reasons, such as the use of low viscosity fluid
(to counter viscous friction) or low sealing pressures at
high operating temperatures. In such cases, shallow or
deep slots or recesses called hydropads are added to one
of the seal faces. In the case of shallow hydropads, the
maximum generated pressure is achieved when the depth
of hydropad is of the order of lubricant film thickness.9

Interestingly, the similar finding is reported for optimum
performance of textured surfaces.10,11 In fact, the arrange-
ment of oil feedholes in the contact of dust-stop seals is
analogous to the hydrostatic pocket seals. The specific
design of such pockets and their in-flow patterns have
been studied extensively, for example by Braun and
Dzodzo,12 who investigated the effect of pocket shape on
the flow pattern and generated pressure distribution in
pocket seals using 2D Navier–Stokes equations. They
showed various swirl patterns inside the pockets with dif-
ferent geometries. They concluded that the fluid inertial
effects may appear downstream of pocket's exit irrespec-
tive of that generated through shear or the jet flow
strength. Shen et al.13 also reported the results of a com-
bined experimental–CFD numerical study on the effect of
pocket geometry on the performance of thrust pad hydro-
static bearings for machine tool applications.

The current study strives to establish an analytical-
numerical approach to study the tribology of dust-stop

seals. The developed analytical model is based on the
principle of operation of hydrostatic seals. However, due
to the specific design of the sealing face, including the oil
feedholes, it is anticipated that an analytical hydrostatic
approach, despite of its simplicity and convenience, par-
ticularly for application as a design tool for industry,
would not provide sufficiently accurate description of the
in-situ conditions. For instance, the hydrostatic model
does not provide any information about the extent of the
lubricated area occurring between the positions of con-
secutive oil feedholes. Furthermore, it is not possible to
take into account the waviness of surfaces caused during
the process of manufacture. Therefore, a numerical
model based on the solution of Reynolds equation is
developed to take into account both hydrostatic and
hydrodynamic effects. A primary aim of the study is to
develop models to enhance the understanding of prevail-
ing conditions and guide the development of a suitable
test-rig. The predictions of analytical and numerical
models are compared with those from a more detailed
CFD analysis, which includes the effect of fluid inertia
for lubricant leakage through relatively large emerging
gaps. This problem can occur due to poor sealing perfor-
mance. Such a comprehensive analysis of dust-stop seals
has not hitherto been reported in the literature.

2 | SEALING ARRANGEMENT

The mixing machines investigated here are utilised to mix
rubber compounds in the presence of additional mixing
elements, providing final compounds with desired physical
and chemical properties, intended for various applications.
Figure 1a shows an internal rubber batch mixer as an
example of such machinery. A pair of seals in this configu-
ration is shown in Figure 1b. These are mounted upon the
rotating mixing shaft at its exit from the chamber. The
split gland ring constitutes the stationary part, and the
wear ring is the rotating face of the contact.

3 | THEORETICAL ANALYSIS

Three different predictive methods are developed and
used in the current study. These are

i. an analytical approach, based on the principle of
hydrostatic bearing analysis.

ii. a combined hydrostatic and hydrodynamic numeri-
cal approach, based on the solution of 2D Reynolds
equation.

iii. a CFD approach, providing a 3D detailed flow analy-
sis in the sealing conjunction.

2 FATOUREHCHI ET AL.
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The aim of the analytical model is to provide a quick
and industrially efficient analysis tool. However, it lacks
the inclusion of finer details. Furthermore, its suitability
for modelling existing dust stopper seals has not yet been
ascertained. On the other hand, the 2D model based on
numerical solution of the Reynolds equation is expected to
provide finer predictions of the prevailing conditions,
including any variations in the surface features away from
the oil feedholes, but with the drawback of additional
modelling complexity and time-intensive computations.
The aim of the CFD analysis is to provide further fine-
tuning and establish a good understanding of the underly-
ing physics of fluid flow. It is a useful tool to investigate
the importance of some aspects such as inertial fluid flow
but can only be limited to the analysis of a segment of the
seal because of computational costs. CFD is also used for
the purpose of validation of the other two models.

3.1 | Analytical hydrostatic lubrication
model

An analytical model is developed, based on the hydrostatic
bearing concept. Owing to geometrical symmetry with
peripheral placement of oil feedholes, a single oil feed-hole

can be isolated for the purpose of analysis as shown in
Figure 2. As the seal contact is exposed to the ambient
pressure at its inner and outer rims, it is assumed that the
higher pressure region of the contact around an oil feed-
hole would expand into a circular region of a radius
ro� ri. A further simplification is to convert the elliptical
shape of the recess cross-section around the oil feedhole
into an equivalent circular cross-section with an equiva-
lent area. Therefore, an equivalent radius of r0 ¼

ffiffiffiffiffi
ab

p
=2

can be considered for this circular cross-section.
Assuming purely Poiseuille radial flow from an oil

feedhole to the edges of the equivalent circular recess, the
mass flow rate at each oil feed-hole may be obtained as14:

_m¼ πρrprh
3
0

6ηr

1

ln ro�ri
2r0

� �
2
4

3
5: ð1Þ

The generated load carrying capacity at the considered
portion of the seal contact, including the inner recess
area is obtained as14:

Wc ¼ 3ηr _m

ρrh
3
0

ro� ri
2

� �2
� r20

� �
: ð2Þ

FIGURE 1 (a) Internal rubber

batch mixer and (b) schematic

configuration of a sealing ring pair

FATOUREHCHI ET AL. 3
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To take into account, the pressure drop in the oil supply
line, and assuming that the opposing seal face would act
as a baffle, the Bernoulli's principle can be used between
the lubrication pump and the exit from the recess. For a
single oil feed-hole line, neglecting any change due to the
gravitational head, this can be expressed as follows:

ps
ρs
þ v2s

2
¼ pr
ρr
þ v2r

2
þ f l

l
d
v2s
2
þK

v2s
2
, ð3Þ

where the last two terms on the right-hand side of
Equation (3) account for the losses through Darcy–
Weisbach relationship.15 The loss coefficient for a lami-
nar flow (Red <2320), which is the case in the current
study, is given as: f l ¼ 64=Red. However, for a gradual
enlargement such as in the case of a recess with an
opposing surface proximate to the oil feed line exit, the
minor loss coefficient becomes a function of the angle of
expansion and the ratio of the inlet and outlet diameters,
as well as the surface lubricant film thickness near the
exit. Therefore, simple discharge coefficient values for
nozzle-diffuser cannot be used in this case, as the oppos-
ing ring is very close to the diffuser's exit, hence acting as
a baffle. Idel'chik16 provided tables and graphs, based on

which the discharge coefficients for various configura-
tions may be obtained. The closest case to the current
configuration is the case of a rectangular edge diffuser
opposing a baffle. However, the data does not cover the
very low h0=d ratios which are encountered in this case.
Therefore, using extrapolation of the available data, a
curve fit equation in the form of a third-order polynomial
is made as follows:

K ¼�520
h0
d

� �3

þ418
h0
d

� �2

�111:2
h0
d

� �
þ10:53: ð4Þ

Rearranging the terms in the Bernoulli's equation, the
supply pressure to the oil feedhole is obtained as follows:

ps ¼
ρs
ρr
prþ

8
π2

_m2 ρs
ρ2r d

4
0

þ 1

ρsd
4 16π

ηsl
_m
þK�1

� �" #
: ð5Þ

Lubricant rheological properties are evaluated, depend-
ing on the prevailing conditions. These are in terms of
pressure and/or temperature upstream of the oil supply
and recess conditions. The corresponding rheological
relationships are given by Equations (11)–(14). As the
prevailing conditions may not be known a priori, one
would need to re-evaluate the lubricant density and vis-
cosity at the calculated pressures.

The applied sealing load due to hydraulic cylinders,
F, should be balanced by the hydrostatic generated con-
tact pressures at the oil feedholes and in their vicinity.
Considering that there are three such oil feedholes, the
film thickness is obtained as follows:

h0 ¼ 9ηr _m
Fc

ro� ri
2

� �2
� r20

� �	 
1=3

: ð6Þ

Using this evaluated seal gap, the mass flow rate and the
required supply pressure at each oil feedhole can be cal-
culated using Equations (1) and (5), respectively.

Neglecting viscous shear due to the dominance of
pressure gradient (Poiseuille flow) in the contact, the fric-
tion torque is obtained as follows:

Tf ¼ π

4
ηrω

h0
roþ rið Þ2 r2o� r2i

� �
: ð7Þ

3.2 | Numerical analysis based on the
Reynolds equation

Due to the presence of recessed features in the contact, it
is expected that hydrodynamic pressures will be generated

FIGURE 2 Modelling a single pressurised oil feed-hole contact

4 FATOUREHCHI ET AL.
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in addition to the hydrostatic pressures predicted by the
above-described analytical model. Therefore, a detailed
numerical model is envisaged in addition to the aforemen-
tioned simplified analytical hydrostatic approach. Predic-
tions from such a model can be compared with the purely
hydrostatic analytical approach for generated friction,
power loss and lubricant leakage. This approach ascertains
the extent of hydrodynamic action and its necessity in pro-
moting the necessary load carrying capacity for effective
sealing. It is assumed that the seal operates under steady
state conditions with laminar lubricant flow, and with the
generated pressures not causing any local elastic deforma-
tion of the sealing rings. Any misalignment of sealing
rings is also ignored. However, in practise misalignment,
waviness, and thermal distortion of face seals can occur
and lead to localised high pressures and thermal-
elastohydrodynamic conditions.1,17 Some representative
misaligned analysis is provided by Haardt and Godet.18

Reynolds equation is commonly used for the analysis
of mechanical face seals.19 Considering the contact
dimensions in the radial and circumferential directions
and comparing these with the gap between the two seal
rings, the necessary conditions for applying Reynolds
assumptions are satisfied.19 However, for mechanical face
seals with thick lubricant films, significant lubricant iner-
tial effects can exist as described by Dobrica and Fillon.20

Therefore, a CFD approach is also undertaken later to re-
examine the validity of the Reynolds-based model for the
current analysis. Reynolds equation in cylindrical (polar)
coordinates is expressed as follows21:

1
r
∂

∂r
ρh3

6η
r
∂p
∂r

� �
þ 1
r2

∂

∂θ

ρh3

6η
∂p
∂θ

� �
¼ω

∂ ρhð Þ
∂θ

þ2
∂ ρhð Þ
∂t

:

ð8Þ

The gap between the two opposing surfaces at any
point can be written as a function of the minimum gap
(or minimum film thickness), h0, and the profile of the
solid contacting surfaces, s as follows:

h r, θ, tð Þ¼ h0 tð Þþ s r, θð Þ: ð9Þ

The geometry of the recess is approximated by a half-
ellipsoid. Therefore, the seal surface profile, incorporat-
ing the recesses as:

s r, θð Þ¼ hr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r�rm

b=2

� �2
þ rþrmð Þ θ�θnð Þ

að Þ2
h ir

for r, θð Þ � Ar ,

0 for r, θð Þ =2 Ar :

(
ð10Þ

where, hr is the maximum recess height, rm is the mean
radius at the radial location of the oil feed-holes, a and b
are the semi-major and semi-minor axes of the elliptical

recess cross-sectional profile, θn is the angular position of
the nth oil feed-hole and Ar is the area of the contact
exposed to the recesses.

During the operation of the seal as the pressure and
temperature rise, the lubricant density and viscosity alter.
The variation of lubricant density with temperature and
pressure is given as22,23:

ρ¼ ρ0 1� γ T�T0ð Þ½ � 1þ 6�10�10 p�Patmð Þ
1þ1:7�10�9 p�Patmð Þ

� �
, ð11Þ

where ρ0 is the measured density at atmospheric pres-
sure, Patm, and ambient temperature, T0 and γ is the coef-
ficient of thermal expansion of the lubricant.

It is not expected that the generated pressures in the
contact would be high enough to affect the lubricant vis-
cosity significantly. Nevertheless, for the sake of com-
pleteness of the analysis, lubricant viscosity variation
with pressure is considered through use of Roeland's
expression24:

η¼ η0 exp ln
η0
η∞

� �
1þp�Patm

Cp

� �Z

�1

" #( )
, ð12Þ

where η0 is the lubricant dynamic viscosity measured at
atmospheric pressure, Patm, and ambient temperature,
T0, and parameters η∞ ¼ 6:31�10�5 Pa.s and
Cp ¼ 1:98�108 Pa are constants.14

In addition, Z is the Roelands' pressure-viscosity
index25 and is independent of any variations in pressure:

Z¼ Cpα

ln η0=η∞ð Þ , ð13Þ

where α is the lubricant piezo-viscous coefficient.
To take into account variations of lubricant viscosity

with temperature, Vogel's equation is used14:

η¼ ηc exp
β

T�T∞

� �
: ð14Þ

The variation of lubricant viscosity with temperature was
measured using a Hydra-motion resonant viscometer
with the operational temperature range of �20�C to
120�C. In the equation above, the temperature at which
the lubricant has infinite viscosity, T∞, the inherent
thermo-viscous coefficient of the lubricant, β, and the
‘thickness’ of the lubricant, ηc, are obtained as26:

T∞ ¼ ϑTmid�ϱTmax

ϑ�ϱ
ð15Þ

in which,

FATOUREHCHI ET AL. 5
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ϑ¼ ln
ηTmin

ηTmid

� �
= ln

ηTmin

ηTmax

� �
,

ϱ¼ Tmid�Tminð Þ= Tmax �Tminð Þ, and
β¼ Tmin þT∞ð Þ TmidþT∞ð Þ

Tmid�Tminð Þ ln
ηTmin

ηTmid

� �
,

ð16Þ

ηc ¼
1
M

XM
m¼1

exp lnηm� β

Tm�T∞

� �
, ð17Þ

where Tmin , Tmax and Tmid are the minimum, maximum
and middle temperatures for which the viscosity of the
lubricant was measured. The parameters ηTmin and ηTmid

are the measured viscosities at the minimum and middle
temperatures, and M is the total number of
measurements.

Figure 3 shows the variation of dynamic viscosity
with temperature for both the measured and curve-fitted
data using Vogel's equation.14

For a simultaneous solution of the Reynolds equation,
film thickness shape and the lubricant rheological state
equations, boundary conditions for the computational
domain should be defined. In the radial direction, the
pressure at the inner and outer radii of the seal is atmo-
spheric. This condition represents the in situ seal in the
devised test rig. It should be noted that in real mixers, the
exposed seal side to the mixing chamber experiences
higher pressures than atmospheric. This can be easily
accommodated by setting the pressure at the correspond-
ing edge to the mixing chamber pressure. Therefore, in
general form, the boundary conditions for pressure, in
the radial direction, can be summarised as follows:

p ri, θð Þ¼ Pi and p ro, θð Þ¼Po: ð18Þ

Since the entire contact is modelled, in the circumferen-
tial direction, the following periodic condition for pres-
sure is applied:

p r, 0ð Þ¼ p r, 2πð Þ: ð19Þ

Any evaluated pressures below the atmospheric pressure
indicate presence of cavitation. In order to take cavitation
into account Swift27 -Stieber28 (or Reynolds exit bound-
ary) condition are used in the analysis to determine the
position of lubricant film rupture. Sliding occurs in the
circumferential direction with no relative motion occur-
ring in the radial direction. Thus, the boundary condi-
tions become:

p r, θcð Þ¼ Pc and
∂p
∂θ

j r, θcð Þ ¼ 0: ð20Þ

By setting the pressure at all computational mesh points
equal to the cavitation vaporisation pressure of the lubri-
cant in each iteration cycle, both conditions in
Equation (20) are automatically satisfied.29 For the cur-
rent analysis, the cavitation pressure is assumed to be the
same as the atmospheric pressure (i.e., Pc ¼ Patm). When-
ever pressures fall below the atmosphere, ambient air
would immediately enter into the contact from the
periphery of the seal exposed to the environment. There-
fore, it is expected that gaseous cavitation would be
presented.

The generated pressures in the lubricant entry
recesses should be determined when solving Reynolds
equation as: the flow rate at the oil feedholes is known,
the generated pressure at the feedhole exit to the recess is
obtained through an iterative procedure. Detailed calcu-
lations are provided below. The pressures at the oil feed-
holes determine the hydrostatically applied contact force.

To control the seal contact, the hydraulic and spring
(closing) forces acting at the rear of the gland ring should
balance the hydrostatic/hydrodynamic generated reac-
tion (the opening forces). This equilibrium yields a gap
filled with the lubricant guarding against undue friction
and power loss, whilst minimising the lubricant quantity.
In addition, wear of seal surfaces is mitigated, enhancing
its durability. The observed significant leakage of lubri-
cant in practise indicates that the operating gap is larger
than one would expect of an effective seal. This is one of
the motivations for the current study.

Table 1 lists the calculated applied contact load
through hydraulic cylinders, based on the pressures pro-
duced by the hydraulic supply pump.

The pressure distribution obtained through solution
of the Reynolds equation comprises both hydrostatic and
hydrodynamic contributions. The total opening force
becomes

Fo ¼
ð ð

prdθdr: ð21ÞFIGURE 3 Measured and curve-fitted viscosity variation with

temperature

6 FATOUREHCHI ET AL.
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There are two main parameters which best describe the
sealing performance. These are the power loss and lubri-
cant leakage. The frictional power loss normally trans-
lates into generated heat, thus a rise in operating
temperature, as well as potential thermo-elastic seal dis-
tortion. The power loss from the sealing contact is a func-
tion of the rotational speed and friction, which itself is a
function of sliding speed.

Viscous friction comprises two components; one due
to Poiseuille flow and the other because of sliding shear
(i.e., Couette flow). The total friction due to viscous shear
of the lubricant in contact becomes13,21,26:

f v ¼
ð ð

j*τvjrdθdr, ð22Þ

where viscous shear is

*
τv ¼ τv,r r̂þ τv,θθ̂ ð23Þ

in which

τv,r ¼�h
2
∂p
∂r

and τv,θ ¼�h
2

∂p
r∂θ

þηrω
h

, ð24Þ

where the negative sign is used for the moving surface.
The coordinate system is attached to the stationary
opposing surface (positive sign). The frictional power loss
is obtained as follows:

Pl ¼
ð ð

j*τvjωr2dθdr: ð25Þ

The frictional torque resisting the applied driving tor-
que is

Tf ¼
ð ð

τv,θr
2dθdr: ð26Þ

The volumetric flow rate (leakage) is calculated by inte-
grating the flow flux through the boundaries of the seal
as follows:

_Ql ¼∯*
vd
*
As, ð27Þ

where As is the total side-leakage area around the edges
of the seal gap and v is the velocity of the lubricant at
these boundaries. Since the mass flow rate per unit cir-
cumferential length at both the inner and the outer radii
is known, the leakage mass flow rate can be obtained as
follows:

_ml ¼
Z2π
θ¼0

_mrjri ridθþ
Z2π
θ¼0

_mrjro rodθ, ð28Þ

where the mass flow rate at any radial position is

_mr ¼�ρh3

12η
∂p
∂r

: ð29Þ

If the integration of mass flow rate over either of the
inner or the outer boundary radii becomes negative, then
a leakage volume is obtained.

3.2.1 | Method of solution

Finite difference method (FDM) with Gauss–Seidel point
successive over-relaxation (PSOR) iterations30 is used to
solve the Reynolds equation and obtain the generated
pressure distribution:

pki,j ¼ 1� εp
� �

pk�1
i,j þ εpp

k
i,j; where εp � 0, 2ð Þ: ð30Þ

The value for over/under-relaxation factor is largely
problem-dependent.30 Through numerical testing an opti-
mum value of εp ’ 1:0 is obtained for the current analy-
sis. The value of unity indicates that no under or over-
relaxation is required in this case. The following conver-
gence criterion for generated pressures is used. Therefore,

Erp ¼

PI
i¼1

PJ
j¼1

jpki,j�pk�1
i,j j

PI
i¼1

PJ
j¼1

pki,j

≤ ϵp, ð31Þ

where in this case: ϵp ¼ 1�10�5.
The iterative procedure is summarised as follows:

TABLE 1 Contact loads generated by the hydraulic cylinders

Pump
pressure (bar)

Force per
cylinder (N)

Total Force on seal
faces (N)

10 804 2412

20 1608 4824

30 2412 7236

40 3216 9648

50 4020 12 060

60 4824 14 472

FATOUREHCHI ET AL. 7
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1. Assume an initial minimum film thickness and deter-
mine the film shape.

2. For a given flow rate through the oil feedholes,
assume an inlet pressure at the oil feed-holes.

3. Assume an initial contact pressure distribution.
4. Update the corresponding rheological parameters;

lubricant density and viscosity for given pressures and
at the measured operating temperature.

5. Apply the boundary conditions.
6. Compute pressure distribution through solution of

discretised Reynolds, using the PSOR iterative
method.

7. Integrate the hydrodynamic pressures over the contact
area to obtain the generated opening force (lubricant
reaction).

8. Calculate the oil leakage from the contact and com-
pare it with the given inlet flow rate at the oil feed-
holes by applying the following convergence criterion:

ErF ¼ j _min� _mlj
_min

≤ ϵF , ð32Þ

where typically: ϵF ≤ 1�10�3.
If _min is the inlet mass flow rate exceeds the above

convergence criterion set for the flow balance between
the inlet and outlet, then update the assumed inlet lubri-
cant feed pressures at the oil feedholes as follows:

pφþ1
in ¼ 1þ εF

_min� _ml

_min

� �
pφin, ð33Þ

where εF is the numerical damping coefficient (typically,
εF ’ 0:55) for the flow iteration loop and φ is the current
flow iteration loop.

9. Repeat the steps 3 to 8 using the newly calculated
inlet lubricant fee pressure until the criterion for flow
balance is satisfied.

10. Compare the calculated load carrying capacity of the
contact (the opening force) with the applied contact
load (the closing force), using the following load con-
vergence criterion:

ErL ¼ jFc�Foj
Fc

≤ ϵF , ð34Þ

where the limit of convergence is typically, ϵF ≤ 1�10�3.
If the equilibrium condition is not satisfied, then

update the minimum oil film thickness as follows:

hϕþ1
m ¼ 1þ εL

Fo�Fc

Fc

� �
hϕm, ð35Þ

where εL is a numerical damping coefficient (typically,
εL ’ 0:055) for the load balance iteration loop and ϕ is
the current load loop.

11. Repeat Steps 2 to 10 using the newly calculated mini-
mum film thickness until the criterion for load bal-
ance is satisfied.

12. Finally, calculate the performance parameters based
on the calculated minimum film thickness, shape,
and the corresponding pressure distribution.

For the current analysis, the computational mesh typ-
ically included 23 � 1187 finite differences in the radial
and circumferential directions, respectively.

3.3 | Computational fluid dynamics
(CFD) analysis approach

With formation of thick films and high flow rates, the
effect of lubricant inertial flow and turbulence can
become important. Furthermore, at the peripheral edges
of the seal, exposed to the environment, promoting side
leakage flow with reduced contact pressures, multi-phase
flow as well as cavitation can occur. These issues are not
accounted for in the Reynolds-based numerical analysis
described above. Therefore, it is important to undertake
detailed mass-conserving analysis, based upon the solu-
tion of Navier–Stokes equations in order to ascertain the
validity of the less computationally rigorous analytical
and numerical Reynolds solutions.

The CFD approach is based on similar analyses
highlighted in more detail by Shahmohamadi et al31,32

for the case of journal bearings and piston compression
ring respectively. The governing equations for conserva-
tion of mass and momenta are:

Dρ
Dt

þρr*: v
*¼ 0, ð36Þ

ρ
Dv
*

Dt
¼�r*pþr*: η

∂Ui

∂xj
þ ∂Uj

∂xi
�2
3
δijr

*
: v
*

� �� �
þF

!
, ð37Þ

where D=Dt is the covariant (material) derivative opera-
tor,

*
F is the body force field vector, and δij is the Kro-

necker delta.

8 FATOUREHCHI ET AL.
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3.3.1 | Boundary conditions and solution
procedure

The system of Equations (36) and (37) is solved using the
finite volume method (FVM). Figure 4 shows the compu-
tational domain with the associated boundary conditions.
Hexahedral elements are used with the hexa-dominant
meshing scheme. The entire flow domain is meshed using
approximately 130 000 hexahedral computational cells.

Pressure staggering option was chosen for pressure
interpolations with semi-implicit method for Pressure-
Linked (SIMPLE) equations for pressure–velocity cou-
pling.33 This approach is used for tribological contacts by
Shahmohanadi et al.ss,31,32 and in conjunction with cavi-
tation in rig-cylinder liner contact.34 Momenta are solved
using the second-order accurate scheme. As for the inlet
boundary conditions, a constant flow rate of lubricant is
applied. A pressure outlet boundary condition is imple-
mented downstream, where the gradients of all the vari-
ables are set to zero in the normal orthogonal direction.
No-slip boundary conditions are applied at all the solid
boundaries.

4 | RESULTS AND DISCUSSION

4.1 | Effect of flow rate

Figure 5 shows the variation of seal gap and the gener-
ated frictional torque with the lubricant flow rate, using

the simplified analytical method, as well as the Reynolds-
based numerical analysis. It should be noted that the rise
in the flow rate in each case is not linked to any previous
case. Therefore, the results are for steady-state conditions
for each stated flow rate, excluding the effect of tran-
sience. The lubricant film thickness (seal gap) increases
with any rise in the lubricant flow rate, whilst the fric-
tional torque reduces accordingly. As a result, it is
expected that the generated contact heat would be
reduced with a decreasing frictional power loss. In addi-
tion, any rise in the flow rate increases the convective
heat transfer because of passage of lubricant through the
contact. This would also result in a further reduction in
temperature of the sealing surfaces. However, the down-
side would be the rise in the potential penetration of the
powder/rubber compound from the chamber into the
seal contact due in the presence of an increasing sealing
gap at higher flow rates.

The numerical predictions show that a 6-fold rise in
the flow rate would result in an approximately 50%
reduction in viscous friction due to roughly a two-fold
increase in the lubricant film thickness. It can also be
observed that the analytical method predicts a lower film
thickness compared with that of the numerical model.
This difference can be better explained if the predicted
injection pressures by both models are compared.
Figure 6 shows the variations in injection pressure with
the flow rate predicted by both the analytical and the
numerical models.

The required injection pressure to maintain a given
flow rate in each case, using the analytical model is twice
that of the numerical method. There are two reasons for
this difference. First, it relates to the assumptions made
in determining the high-pressure area at the lubricant
injection hole. Concentration of high pressures in smaller
estimated areas used in the simplified analytical
approach can account for this difference. Second, the
analytical method is purely based on hydrostatic effect,
which affects the contact load carrying capacity, thus a

FIGURE 4 The computational domain and the applied

boundary conditions

FIGURE 5 Effect of flow rate at the oil injection points upon

seal performance

FATOUREHCHI ET AL. 9
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higher injection pressure would be required to sustain
the same flow rate compared with the combined
hydrostatic-hydrodynamic effect accounted for in the
numerical analysis.

4.2 | Effect of hydraulic cylinder
pressure

Figure 7 shows the effect of an increasing applied
hydraulic cylinder pressure (i.e., the closing pressure) on
the seal gap (minimum film thickness) and the generated
frictional torque for a constant lubricant flow rate. As it
would be expected, increasing the closing force results in
a reduction in the sealing gap. Consequently, there is an
increase in generated friction. Since the flow rate is kept
constant, the heat rejection rate would remain unaltered.
Therefore, a rise in contact temperature would be
expected with increasing friction.

The analytical predictions show thinner film thick-
ness compared with numerical predictions, again indicat-
ing under-estimation of contact load carrying capacity
with the simplified hydrostatic analytical method.

An interesting observation in Figure 8 is the linear
relationship found between the required injection pres-
sure at the oil feed-holes and the applied hydraulic pres-
sures. In the case of numerically predicted results, the
slope of the line is approximately 2.5 for the given operat-
ing conditions.

4.3 | Comparison of the analytical and
numerical results with CFD analysis

Comparisons are carried out for the predictions of the
simplified analytical and Reynolds-based numerical
models with those of the CFD model. Applying the simi-
lar iterative solution approach for load convergence as
that noted above to a mass conserving CFD would
require development of a moving mesh method, which
due to the thinness of the lubricant film presents prob-
lems with the elemental aspect ratio, computational
accuracy, and associated long computation times. For
this reason, the film thickness values shown in Figure 5
are used in the CFD analysis to obtain the pressure distri-
bution and load carrying capacity. Figure 9 shows the
predicted load carrying capacity for all the developed
models.

The results indicate that the predictions from the
numerical and CFD results correlate quite well. The dif-
ferences between the predictions of the three highlighted
methods reduce with an increasing film thickness as the
prevailing conditions tend to the dominance of hydro-
static effect (note that the analytical model is based on
hydrostatics alone).

FIGURE 6 Predicted oil injection pressures at oil feedholes

with different flow rates

FIGURE 7 Effect of applied hydraulic pressure on the contact

parameters

FIGURE 8 Predicted oil injection pressures at the oil feedholes

with different closing pressures
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Figure 10 provides a comparison for the predicted
injection pressures at the oil feedholes. Again, the results
from the Reynolds-based numerical analysis are closer to
the CFD analysis than those obtained through analytical
approach, which under-estimates the injection pressures.
This is another reason for the reduced load carrying
capacity using the simplified analytical predictions. A
conclusion reached is that the expounded analytical
method provides good predictions for conditions pertain-
ing to the dominance of hydrostatic load carrying capac-
ity. This means that for ideally smooth (low waviness)
and aligned seal faces with larger separations, the use of
analytical method would suffice and is particularly
advantageous in terms of its computational efficiency
and timeliness within the industrial time-scales.

4.4 | Pressure distribution in the contact

Unlike the simplified analytical method, the Reynolds-
based numerical analysis provides more detail, such as
the generated contact pressure distribution over the seal-
ing face. In practise this information helps the position-
ing of oil feed-holes in order to obtain a greater arc of
lubricated contact around the seal periphery, mitigating
friction and improving the load carrying capacity. Fur-
thermore, this approach would enable the inclusion of
surface waviness in detail as well as any contact misalign-
ment. The same can be achieved with the CFD analysis,

FIGURE 9 Load carrying capacity variation with film

thickness

FIGURE 10 Predicted injection pressures

FIGURE 11 3D pressure distribution in the seal contact obtained through CFD

FATOUREHCHI ET AL. 11
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but with a greater degree of computational complexity
and a significantly longer analysis time.

Figure 11 shows the pressure spikes in the vicinity of
the oil feed-holes, reducing significantly away from these
locations. Since the flow in the contact is in a counter-
clockwise direction, the pressure spikes generated by the
entrant lubricant are squeezed onto the opposing side of
each recessed area. There is clearly a lack of any build-up
of pressure in large areas of contact between successive
recesses. An implication of this is loss of sealing and the
potential ingression of abrasive mixture from the cham-
ber into the seal contact, as well as poor retention of
lubricant flow in the seal. The conclusion is that there is
ineffective hydrodynamic effect for much of the seal con-
tact. This is observed in practise by the inordinate leak-
age (thus use) of lubricant in most dust-stop seals.

5 | CONCLUDING REMARKS

Two methods, analytical and Reynolds-based numerical
analysis are developed to study the performance of dust-
stop seals of mixing chambers. The analytical model is
based on the assumption of dominant hydrostatic action.
Its predictions, whilst computationally time-efficient
diverge from those of more complex numerical analysis,
when combined hydrodynamic and hydrostatic condi-
tions prevail in the seal contact caused by the seal's rota-
tion. The validity of both developed methods is
ascertained through application of computational fluid
dynamics (CFD) analysis under quasi-steady conditions.
This shows closer conformance of the numerical
Reynolds-based predictions to the CFD analysis because
of combined hydrostatic and hydrodynamic contact con-
ditions as: well as more detailed pressure generation at
the feed-holes for the entrant supplied lubricant.

The developed analytical-numerical model can be
used to evaluate the performance of dust seals of mixing
machines. The developed methods provide an explana-
tion for an inordinate lubricant leakage from such
machines. They also provide means of parametric study
of dust-seals to improve upon their design and installa-
tion. The developed methodology will allow design and
use of a scaled test-rig to further investigate the funda-
mental findings of the current research. Furthermore, the
Reynolds-based numerical analysis tool may be further
developed to include the effect of surface waviness of seal
surfaces which occur during their manufacture and
deemed to play a role in leakage as well as hydrodynamic
flow. Combined with a dynamics analysis a more com-
prehensive approach may be developed to include the
effect of seal misalignment which is also noted by uneven
wear of surfaces in practise.

NOMENCLATURE
Roman symbols
Ar recessed area
As total peripheral gap area of the seal
a,b semi-major and semi-minor axes of a recess ellip-

tical cross-section
Cp a rheological constant
d diameter of an oil feed-hole
d0 diameter of an equivalent circular recess
ErF calculated iterative error in lubricant flow
ErL calculated iterative error in contact load
Erp calculated iterative error of generated pressure
*
F body force field vector
Fc closing force (applied contact load by hydraulic

cylinders)
Fo opening force
f v viscous friction
f l major loss coefficient
h contacting profile
h0 minimum film thickness
hr recess height
i,j computational node
I,J maximum number of mesh nodes in radial and

peripheral directions
K minor loss coefficient
l length of the oil feed line
M total number of viscosity measurements at vari-

ous temperatures
m measurement index
_m mass flow rate
_min inlet mass flow rate
_ml mass leakage flow rate
Patm atmospheric pressure
Pi,Po pressure at the inner and outer boundary radii
Pc cavitation pressure
Pl frictional power loss
p absolute pressure
pin pressure at the inlet of a recess
pr pressure at the recess
ps static pressure at the upstream of an oil feed-hole
_Ql volumetric flow rate
Re Reynolds' number
Red Reynolds' number based on the oil feed-hole

diameter
r radius (radial coordinate)
r0 radius of the equivalent circle
ri,ro inner and outer radii of the seal contact
rm mean radius
r,θ,z radial, circumferential and axial directions in

cylindrical coordinates
r̂,θ̂,ẑ unit vectors in radial, circumferential and axial

directions
s seal profile in the circumferential direction

12 FATOUREHCHI ET AL.
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T temperature
T0 ambient temperature
T∞ theoretical asymptotic temperature for infinite

lubricant viscosity
Tf frictional torque
t time
*v velocity vector
vr injection flow velocity at the recess exit
vs injection flow velocity at the upstream of oil

feed-hole
Wc load carrying capacity at each oil feed-hole area
Z Roelands’ pressure-viscosity index

Greek symbols
α piezo-viscous parameter
β thermo-viscous coefficient
γ thermal expansion coefficient of the lubricant
δij Kronecker delta
εF damping coefficient for inlet pressure update
εL damping coefficient for minimum film thickness

update
εp (under/over-) relaxation factor for pressure

calculations
ϵF convergence criterion for iterative flow calculations
ϵL convergence criterion for iterative load calculations
ϵp convergence criterion for iterative pressure

calculations
η dynamic viscosity of lubricant
η0 dynamic viscosity of lubricant at atmospheric

pressure
ηr dynamic viscosity of lubricant at recess
ss dynamic viscosity of lubricant at the oil feed-hole

upstream
η∞ rheological constant
ηc ‘thickness’ of the lubricant
θ angular (circumferential) coordinate
θc angular positions of the cavitation rupture points
θn angular position of the oil feed-hole
ϑ intermediate parameter in Vogel's equation
ρ lubricant density
ρ0 lubricant density at ambient temperature and

pressure
ρr lubricant density at recess
ρs lubricant density at upstream of oil feed hole
ϱ intermediate parameter in Vogel's equation
*τv viscous shear stress
ω angular speed

Subscripts

max maximum

mid middle

min minimum

r in the radial direction or conditions at the recess

s conditions at the upstream of oil feedhole

v viscous

θ in the circumferential direction

Superscripts
k pressure iteration step
φ flow iteration step
ø load iteration step
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