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Effects of Turbulence and Lubricant Inertia on
Dynamics of Journal Bearings Lubricated with
Molten Zinc in a Galvanizing Process

M. Rashidi, A.B. Ebiana, J.T. Sawicki, and R. Sinnadurai

In a galvanizing process a continuous sheet of steel is passed through a bath of molten zinc around a series
of rotating rollers. One or more of these rollers are submerged in the bath of molten zinc and are sup-
ported by journal bearings that are lubricated with molten zinc. Dynamic characteristics of these bear-
ings influence the quality of the finished galvanized sheet and also determine the production speed. This
work presents a theoretical study of these bearings in terms of the damping, stiffness, and inertia coeffi-
cients of the film of molten zinc separating the journal from the bearings. This work also addresses the
influence of turbulence on the bearing dynamics. The damping, stiffness, and inertia coefficients of jour-
nal bearings lubricated with molten zinc are determined for different zinc alloys at 450, 650, and 850 °F.
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1. Introduction

IN THE PRODUCTION of galvanized metal sheets, one or two
of the guiding rollers are submerged in a molten zinc bath as
shown in Fig. 1. The molten zinc acts as the lubricating fluid for
the journal bearings supporting the submerged rollers. The dy-
namic behavior of these bearings, the control of the metal sheet
passing through the molten zinc bath, and the vibrational char-
acteristics of the guiding rollers are among the factors that limit
the production speed of the galvanizing process. Bearing sei-
zure, lateral vibrations of guide rollers at certain production
speeds, and frequent bearing failures are among the problems
that have dictated a low rate of galvanizing production. In-
creases in productivity and quality assurance are obtained via a
reasonable understanding of the dynamics of the machinery in-
volved in the manufacturing of the galvanized sheet.

Numerous theoretical and experimental investigations of
the design/analysis of journal bearings have been reported in
the literature (Ref 1-7). The hydrodynamic lubrication problem
has typically been analyzed using the classical Reynolds lubri-
cation theory, which assumes a thin lubricant laminar flow and
negligible fluid inertia. However, with the trend toward high-
speed bearing design, and the use of low-viscosity, unconven-
tional lubricants such as water or liquid metal, the fluid inertia
becomes important and a high Reynolds number can no longer
be regarded as negligible. Indeed, the effects of turbulence and
inertia of the lubricant film on bearing behavior become more
pronounced as the Reynolds number increases. For some range
of moderately large Reynolds numbers, classic lubrication
models are inadequate to predict bearing performance. An ana-
lytical solution can be obtained only with many oversimplify-
ing assumptions and thus gives little insight into the practical
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problem. Where the problem is not amenable to direct analysis,
tedious experimental trial-and-error methods, expensive by na-
ture and confined in results, were considered the only effective
means to understand and predict journal bearing behavior oper-
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ating at turbulent regimes. With the advent of digital comput-
ers, versatile computational software is now used extensively
to overcome the mathematical complexity of the problem.

The present work extends Rashidi’s (Ref 8) study of journal
bearings lubricated with molten zinc to include the effect of tur-
bulence and inertia of the oil film. The dynamic analysis of the
journal bearing was carried out by evaluating the fluid film
forces under the short bearing assumption. Using these forces
the steady-state equilibrium position of the journal bearing was
obtained. The fluid film forces were then used to determine the
bearing dynamic coefficients (inertia effects, damping and
stiffness parameters).

2. Mathematical Modeling

2.1 Journal Bearing Set with Molten Zinc Lubricant

The system analyzed in this work consisted of only one-half
of the galvanizing process setup, taking advantage of the sym-
metry of the system about the middle journal plane. Under the
rigid supports assumption, in a reference fixed to bearings, a
Oxyz right-handed rectangular cartesian coordinate system was
used, as shown in Fig. 2. The molten zinc separates the rotating
journal (roller) from the stationary bearing, and the pressure
developed in the radial clearance of the bearing supports the
static load, as well as any dynamic load due to external distur-
bances.

Fluid viscosity and type of fluid (Newtonian or non-Newto-
nian) are the two major lubricant characteristics that influence
the hydrodynamic properties of a journal bearing set. The vis-
cosity of the molten zinc is dependent upon composition (i.e.,
percentage of the other elements such as Pb, Al, etc.) and tem-
perature and is independent of pressure (Ref 9). Also, the mol-
ten zinc obeys the Newtonian law of viscosity (Ref 10).

y
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Fig. 3 Stiffness and damping properties of molten zinc (linear-
ized model)
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The mechanical properties of the molten zinc film between
the journal and bearing are modeled by the standard stiffness
and damper sets, as shown in Fig. 3. These stiffness and damper
sets, along with the inertia of the molten zinc, determine the dy-
namic behavior of the rotating guide rollers. The system of
spinning and orbiting roller can be modeled as a two degrees of
freedom system.

The orbital motion of the journal around the steady-state
equilibrium position (xg, yy), which is indicated by point Oy in
Fig. 2, is influenced by bearing diameter D, bearing length L,
radial clearance c, static load on bearing W, dynamic viscosity
of molten zinc u, and angular velocity of the journal ®. The
modified Sommerfeld number ¢ incorperates all these parame-
ters into a single dimensionless variable as follows:

G = HO(RL/W) (R/c)* (L/D)? (Eq 1)

where R is the radius of the journal. The stability of the system
means that the orbital motion of the journal is well within the
limits of the geometric dimensions (radial clearance, c¢) of the
bearing. The equation of the journal motion in the cavity of the
bearing can be expressed as (Ref 11):

m+C, ny-l {x} . B, BIy {x}
Cyr m + nyJ ¥) | By By |y

. Kxx ny X=X ={0}
ny Kyy y—Yo 0

(Eq2)

where m is a dimensionless mass supported by a bearing, C,,,,
is a dimensionless acceleration coefficient of lubricant film,
B,,, is a dimensionless damping coefficient, and X, is a di-
mensionless stiffness coefficient. The [K], [B], and [C] matri-
ces in Eq 2 are not symmetric. This leads to the possibility of a
self-excited vibration for the orbital vibration of the roller in-
side the bearing clearance. This self-excited vibration of the
roller can grow in amplitude up to the threshold of instability at
a given roller spinning speed, o, (proportional to the galvaniz-
ing production speed). Any increase in the production speed
will cause an instability of the orbital motion of the roller. The
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Fig. 4 Typical behavior of a vibratory system with resonance
and self-excited instability characteristics
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mechanism of this instability can be thought of as the imparta-
tion of energy from the spinning motion to that of the orbiting
motion of the roller. Mathematically, this transfer of energy (in-
stability mechanism) is related to the nonconservative force
field stemming from the symmetric part of the [B] matrix and
the skew-symmetric part of the [K] matrix (Ref 12).

The instability condition of the orbital motion of the roller is
not a resonance condition. The amplitude of the orbital motion
does not decrease with increase in journal angular speed, as
shown in Fig. 4. A properly designed journal bearing set for a
galvanizing process, with molten zinc as its lubricant, must
have its @, such that the production speed can be maintained at
an acceptably high rate.

2.2 Formulation of Mathematical Model

For a journal bearing set under the short bearing assump-
tion, the momentum and continuity equations in dimensionless
form, respectively, are (Ref 13, 14):

w
h—-12G, —
0z D 9z Zh

(Eq3)

Re

+

1Dokwh|_ L 9
gt 2 00 4L

c|d(hw) 1 d(hw)
R { +

where z is the coordinate along the axial direction of the bear-
ing, w is the velocity of the fluid in z direction, and A is the mini-
mum film thickness.

oh oh 1 d(hw)
oh _dh 13(hw) _ .
®2nt2 g 0 (Eq4)

where Re is the Reynolds number, T is time, 6 is angular dis-
placement, p is pressure, G, is the turbulence coefficient, and
the dimensionless film thickness A is given by:

h=1-xcos®—-ysin0 (Eq5)

For the turbulence coefficient G,, Capone et al. (Ref 15)
have proposed an expression which considers the effects of the
oil film nonlaminar flow, even when the turbulence is not de-
veloped in the whole gap:

G,=1+7shRe09% (Eq6)

where ¥ is a constant with the value of 3.47 x 104 and s is de-
fined as follows:

1 2 Re,—Re;  Re/Rex
s=—tan"!|— (EqT7)
b1 7 Re, + Re; 1 — Re/Rex
where
12
R/c
Re, =41.2 5 Eq 7a
t [(1 —e)3 +43(L/D)2eX(1 ~ e):| (Eq7a)
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R/c

Re, =41.2 - Eq7b

i [(1 +8)% +4/3(L/D)2eX(1 + s)] (Eq7b)
Re# = (Re, + Re))

2

e= (x2 + y2)1/2

__xx+yy

TR (Eq7c)

Re, and Re; represent the Reynolds numbers for the turbulent
and laminar flow regimes, respectively.

Using continuity and momentum equations, the pressure
distribution can be obtained as (Ref 1):

2

. c 1{0%h 9%k 19%h 1(on 2ah
PR n 92 T 300t 4902 2h|30 ' ot

G,(an ) .,
+ —|—+2— -
wlae i [ D

Substituting Eq 6 for G, in Eq 8 makes Eq 8 valid for any value
of the Reynolds number (Ref 11).

The unsteady fluid film force components f, and £, can be
obtained by integrating the pressure distribution, as given by
Eq 8, in the intervals B< 8 < o* and 1A < 7 < W5:

fy 12 B cos 6
=— dod
{f;} j— 12 J‘oz* d sin 0 ‘

2.3 Evaluation of Dynamic Coefficients

(Eq8)

(Eq9)

To evaluate the integrals in Eq 9, o* is replaced with o = B
— 1, where B is the value of © for which p = 0 and dp/36 < 0. By
doing so, it is possible for the integrals in Eq 9 to be replaced
with the derivatives of opposite functions (Ref 11).

Evaluating the integrals with the above substitution, the
fluid force components £, and f, are obtained as shown in Ap-
pendix A, Eq Al.

The bearing dynamic coefficients now can be obtained from
the derivatives of the above fluid force components. An infini-
tesimal variation in o results in an infinitesimal variation of a
high order in the components f, and £, of the fluid film force.
Also, it is assumed that the flow regime does not vary around
the steady state and coincides with the regime corresponding to
the steady state itself. Hence, the dynamic coefficients can be
evaluated by taking o and s as constants. The bearing dynamic
coefficients (stiffness, damping, and inertia coefficients) can
be determined as shown in Appendix A, Eq A8to A17.

With the bearing dynamic coefficients determined, the
analysis of the stability of the system can be carried out by
evaluating its eigenvalues, A. The motion of the journal about
the steady-state equilibrium position is described by Eq 2. As-
suming a solution of the form
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X — X
0 _ {X}em (Eq 10)
Y=Yo Y
we obtain:
|:(m +c A2+B A+K C M +B A+K,
2 2
CA+B A+K, (m+c )M +B A+K,

X]| _fo
=0 @t
Equating to zero the determinant of the above linear homoge-

neous system, the characteristic equation of the system is ob-
tained as follows:

— 2\ 4
( CyxCoy + MCyy +MCy + €00 +m A

+(=¢,,B,, + Byc, + ¢ B +mB, — B, c.+mB )\

+ (—cnyxy + BxxByy - ByxBxy + cxxKyy - nycxy + mey

2 - -
+K, ., +mK I\ + (B K +K, B, —-K B -B K\

+K K, — K K, =0 (Eq 12)

The stability of the system can be analyzed using the eigenval-
ues, A, determined from the above characteristic equation.

3. Parametric Study of the Model

3.1 Journal Bearing Parameters

The theory described in the preceding sections is imple-
mented here for two test cases. Table 1 gives the bearing ge-
ometry and the journal angular velocity for which the test cases
were evaluated. The journal angular velocity given in Table 1
(44.401 rad/s) is equivalent to the galvanizing production rate
of 2.54 m/s (500 ft/min).
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Fig. 5 Dimensionless stiffness coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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These test cases were carried out for typical galvanizing
process operating temperatures of 450, 650, and 850 °F. For
each of these temperatures the test cases were carried out for 86
and 100% of purity of zinc. Table 2 gives the viscosity values
of the molten zinc for the above temperatures and purities, and
Table 3 gives the values of molten zinc density at the above
temperatures (Ref 8).

Table1 Journal bearing test case parameters

L,m D,m c,m o, rad/s mj2, kg
0.25 0.25 0.000051 44,401 317.53
Table2 Viscosity values of molten zinc
Temperature, Viscosity for Viscosity for
°F 86% zinc,Pa - s 100% zinc,Pa - s
450 0.00176 0.00285
650 0.0013 0.00208
850 0.00107 0.00165
Table3 Density values of molten zinc
Temperature, Density,
450 6600
650 6400
850 6200
Table4 Reynolds numbers (Re) for test cases
Temperature, Refor Refor
°F 86% zinc 100 % zinc
450 0.00176 0.00285
650 0.0013 0.00208
850 0.00107 0.00165
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Fig. 6 Dimensionless stiffness coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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Fig.7 Dimensionless stiffness coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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Fig. 11 Dimensionless damping coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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Fig.8 Dimensionless stiffness coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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Fig. 10 Dimensionless damping coefficients versus modified
Sommerfeld number for zinc purity = 86% (solid line, positive;
dashed line, negative)
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With all of the above data, computer runs were made for where p is the molten zinc density. For the journal bearing de-
each of the test cases for modified Sommerfeld number values scribed here, the critical Reynolds number Re, is given as (Ref
of 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100, which correspond to 8):
varying loads on the bearing.

In addition to the above cases, the eigenvalues for zinc pu- 41.1
rity of 86% at 850 °F were evaluated without considering the Re, = (Eq14)
acceleration coefficients. These eigenvalues were compared
with the eigenvalues obtained by considering the acceleration
coefficients for the same case, to determine the influence of the
oil film inertia. The numerical values obtained for the above 1
runs are given in the results section. 10

3.2 Study of the Influence of Flow Regime

The type of flow regime in the bearing cavity is determined
by the Reynolds number, which is defined as:
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Fig. 14 Dimensionless acceleration coefficients versus modi-
fied Sommerfeld number for zinc purity = 86% (solid line, posi-
tive; dashed line, negative)
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For the parameters given in Table 1, Re,=2034.8. The
Reynolds number for the test cases are given in Table 4.

All of the test cases had Reynolds numbers less than Re,.
Hence, the flow regime for all of the above test cases was lami-
nar. To determine the effects of a turbulent flow regime, a com-
puter run was made with journal angular velocity ® = 133.203
rad/s, for zinc purity of 86% at 850 °F. For this case Re =
4920.4191, which is above the Re_ number. Therefore this case
had a turbulent flow regime. The numerical values obtained for
the above runs are given in the results section.

4. Results

4.1 Dynamic Coefficients, Eigenvalues, and Time
Response Curves

Using the parameters given in the preceding sections, dy-
namic coefficients, eigenvalues, and the time response of the
system were evaluated. Tables 5 and 6 give the bearing dy-
namic coefficients for 86 and 100% zinc alloys at 450 °F. Bear-
ing dynamic coefficients for other zinc alloys at 650 and 850 °F
are given in Appendix B in Tables B1 to B4. The bearing stiff-
ness properties with 86% molten zinc as the lubricant are each
plotted as a function of the modified Sommerfeld number ¢ for
three different temperatures in Fig. 5 to 8. Figures 9 to 12 and
Fig. 13 to 15 depict the bearing damping and inertia properties,
respectively, for 86% molten zinc alloy as the bearing lubri-
cant. The bearing dynamic coefficients (stiffness, damping,
and inertia effects) for 100% molten zinc are plotted versus the
modified Sommerfeld number in Appendix C. These graphs in-
dicate that K, , K, B,,, and B, values do not vary with tem-
perature. Even K, K, , B, and B, values undergo small

variation with temperature only at higher values of 6. Values
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Fig. 17 Time response curve for zinc purity = 100%, tempera-
ture = 650 °F, and modified Sommerfeld number = 0.05
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for the parameters C,, C,, C,,, and B, increase with increas-
ing temperature. The purity of zinc does not have any effect on
any dynamic coefficients.

The eigenvalues of the system calculated from the dynamic
coefficients are given in Appendix D in Tables D1 to D6. It can
be seen from these tables that neither temperature nor zinc pu-
rity has any noticeable effects on the eigenvalues or, hence, on
the stability of the system for the assumed operating condi-
tions.

The orbital motions of the journal (roller) inside the bearing
are given in Fig. 16 through 18. As expected, the trajectories of
the cases for which the eigenvalues have small negative real
parts show more loops. The trajectory of the case that has the
largest negative real parts in its eigenvalues converges rapidly
to its equilibrium position.

4.2 Effects of Lubricant Film (Molten Zinc) Inertia and
Flow Regime

To study the influence of lubricant film inertia, eigenvalues
were calculated for the test case of zinc purity of 86% at 850 °F
without considering the acceleration coefficients. These eigen-
values are given in Table 7. The eigenvalues for the same case,
taking into consideration the acceleration coefficients, are
given in Appendix D in Table D2. Comparing the values from
the two tables, it can be seen that the effect of the oil film inertia
is to reduce value of the real part of the eigenvalues. In other
words, the results of analysis of a stable bearing approaches the
threshold of instability as the inertia effects of the molten zinc
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Fig. 18 Time response curve for zinc purity = 100%, tempera-
ture = 850 °F, and modified Sommerfeld number = 100
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Fig. 19 Dimensionless stiffness coefficients versus modified
Sommerfeld number for temperature = 850 °F and zinc purity =
86% (solid line, positive; dashed line, negative)

are included in the mathematical model of the system. This
means that for design purposes, the inclusion of inertia coeffi-
cients provides a more conservative result, guarding against
bearing instability.

To evaluate the effects of flow regime, a computer test run
was made for the case of zinc purity of 86% at 850 °F with Re
= 4920. This Reynolds number corresponds to journal angular
velocity o = 133.203 rad/s, and it also indicates that the flow
regime in the bearing gap is turbulent. The dynamic coefficients
evaluated for this case are plotted against modified Sommerfeld
number in Fig. 19 and 20 and also in Appendix E in Fig. E1 to E9.
These figures also contain the dynamic coefficients given in Ap-
pendix B, Table B3, for the same case, but with Re = 1640,

The eigenvalues for Re = 1640 are given in Appendix D, Ta-
bie D2. Comparing these eigenvalues with those in Table 8, it
can be seen that the eigenvalues of the turbulent regime have
smaller negative real parts. Therefore, as expected, the effect of
the turbulent regime is to reduce the stability of the system.

5. Conclusions

This paper has attempted to improve the theoretical predic-
tions of journal bearing behavior by taking into account the ef-
fects of turbulence and fluid inertia. A major assumption made
in this work is that no chemical reactions take place between
the molten zinc and journal bearing material(s). Any chemical
reaction may affect the mechanical properties of the molten
zinc within the bearing radial clearance and hence influence the
bearing performance.
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