m; F nq" area of the boundary of the volume zones n and q'; g coefficients of convective heat transfer; N, total num-

- mn’ s
ber of zones; M, total number of C zones; A7, time step; T, zone temperature at time 7, = Ari; ©' /2, temperature field
in the interval [7;, 7,

el B TJ;l , value of the zone temperature after the j-th iterations; I| Al, a (N — M) X (N — M) matrix;

74 B, Q, ¢+ , (N — M) dimensional vectors; 8, positive constant, § < 1.
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IS

SOLUTION OF THE STEADY-STATE PROBLEM OF HEAT
EXCHANGE AND FLOW OF LUBRICANT IN RADIAL
SLIDING BEARINGS WITH SELF-ALIGNING SEGMENTS

V. V. Rukhlinskii, L. A. Gura, and O, M. Borisenko UDC 621.165

The article describes a method based on the use of implicit finite-difference schemes, and it presents the
results of the numerical solution of the problem of heat and exchange and flow of lubricant in multisegment
radial sliding bearings,

The numerical solution of the problem of liquid flow and heat exchange in radial segmental sliding bearings is based
on the well-known assumptions of Reynolds’ hydrodynamic theory of lubrication. The physical parameters of oil were
taken as constant, and they were determined according to the mean oil temperature in the gap, which was found from the
solution of the heat-transfer equation.

The initial system of differential equations describing the intensity of heat transfer of the shaft in radial sliding
bearings has the following form in dimensionless values:

L(}ﬁﬂ +_6_ hsﬁij:(j_af‘_’ (D
dx \ dx 0z 0z | 0x
ot " :
uﬂ_‘#(_vm,,_y_a_h\_a_aw o0 _ 1o, Ec jy.>2+ _%)2 , ©)
dx n hodx ] dy dz Peh? 92 ' Reh? |\ dy dy
2n L/R
N = — RIE j ( O e
wph(l—12) 5 5 Oy |,_, 3

The coordinate Y is reckoned from the surface of the shaft, X from the horizontal axis, and Z from one of the end faces
of the bearing.

The boundary conditions for solving the problem had the following form:

Kharkov Polytechnic Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 43, No. 3, pp. 475-483,
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for pressures
P (@1, 0<<z<<L/R) = p(pps, 0 <2< L/R) = py,

4)
plx, Gy=p(x, LIR)=0;
for speeds
u(x, 0, 2) =1, v(x, 0, 2y =w(x, 0, 2) =0, "
u{x, 1, y=vuv{x, |, 2y =w(x, 1, 2) =0;
for temperatures
ey, y>0, 2) =0
or
ot at
(g, 4 2y =1—2y 4+ y% - :
0% limgy; 0% limg,j—as ©)
t d 1 ot 8
t(X,O,Z): ) 0 { :“—t =0; —— :***‘—'——————‘ql .
02 mo Oz =t ho 0y lym1  ATu—Ty

2R

It follows from expressions (4) that the pressure on the edges of the segments is taken as constant across the width
of the bearing and equal to the initial pressure, and on the end faces as equal as zero. For finding the speeds, we use the
conditions of adhesion and of the impermeability of solid boundaries (5).

Whereas the boundary conditions for pressures and the component of the speed are generally accepted, specifying
the conditions of unambiguity for determining the temperatures is a very complex problem. Specifying an oil temperature
that is constant across the thickness for y > 0 in the sections of the front edges is a characteristic trait of segments with
individual lubricant supply. In this case the used hot oil in the gaps between the segments, under the effect of the centri-
fugal forces, is detached from the shaft surface, and the formation of the lubricant film occurs within the boundaries of
each segment only by the newly supplied lubricant. The parabolic temperature distribution corresponds better to the
design of bearings with intersegmental spaces flooded with oil, where the hot oil is not completely removed from the
surface of the shaft; this affects the formation of the inlet profile of the temperatures in the subsequent segment.

It was assumed that in the end face sections of bearings, with z = 0 and z = L/R, convection is the sole mechanism
of heat transfer in a liquid. With y = 1, the specific heat flow on the working surfaces of the segments was taken equal to
a constant magnitude determined from the conditions of their cooling. With x = 0,0 the temperature at the outlet edges
was found from the condition of conserving the rate of its change in the vicinity of the boundary.

The projections of the speeds on the axes are determined from the expressions obtained by integrating the equations
of motions taking into account the boundary conditions (5):

K dp )
u=(1—py|— y+17, Q)

0= (5-Fy 1

_ Yt Op  yPhr(2y-—3) [ p | 9% Yy o
4 ox 12 wr | oz 9 ox ®)
hz 9
w:~2—_5p—y(1-—y).

z &)

In the mathematical formulation of the problem, one of the principal questions is the specification of the distributions of
the thickness of the lubricant according to segments. The load-bearing capacity, the damping properties, and the tempera-
ture state of the bearing depend on the distribution of the thicknesses, i.e., on the position of the segments relative to the
shaft.

For the cylindrical bore of the segments and for the rigid shaft we write the distribution of the thicknesses of the
lubricant layer in the adopted system of coordinates in the following way:

=1+ esin(x — ¢ + AL (10)

The value of Ah was determined from the condition that the minimum thickness is equal to (1 — e) and is the same for
all'segments. The position of the section with minimum thickness for load-bearing segments was found from the condition
of maximum load capacity, for the upper segments it was taken to coincide with the outlet edge of the segment. The
maximum thickness of the film in the section of the inlet edge of the upper segments was equal to the value obtained for
the cylindrical bore, i.e., from the condition Ah = 0.
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The solution of Egs. (1)4(3) was found in finite differences by the establishment method using locally uni-
dimensional schemes [11,

The spatial network had 157 nodes along the x axis, 6 across the thickness of the lubricant layer, and 11 across the
width of the bearing. With a view to the symmetry of the boundary conditions (4)}(6) relative to the central section, the
distribution of pressures, speeds, and temperatures of the liquid lubricant was determined for half the bearing. The
numerical solution of Eqgs. (1) and (2) was effected by using implicit difference methods.

Approximation of the derivatives in the Reynolds equation was carried out by the three-point scheme which ensured
absolute stability of the calculation.

The lack of derivatives of second order of the temperature with respect to the longitudinal coordinates in the heat
transfer equation has the consequence that for their solution by an implicit scheme the remaining derivatives of first order
cannot be replaced by the symmetric difference because then the conditions of positive approximation, which are indispen-
sable for the stability of the method of matching, are not satisfied. The known methods of obtaining stable implicit
difference schemes for solving boundary layer problems are very cumbersome, they require very fine space-time networks,
and they lead to the loss of the principal advantage of implicit schemes: economy.

To overcome these difficulties, the approximation of the derivatives of first order in the i-th mode with respect to
the coordinates x and z was effected by using difference combinations of the type

ot
ox

_ St — iy B+ tia— 4 1y

_. (11)
: 2Ax IAx (=B

where the terms are the derivatives in the (i — 1)-st and (i + 1)-sf nodes written with weight § according to known three-
point one-sided patterns, forward and backward, respectively, with an error O(Ax?).

Algebraic transformations yield the working formula

ot
ox

(1—4p) ¢, —4 (=200 4+ B—4f) lia 12)
i 2Ax ’

The values of the weight may change from 0 to 1. For 8 = 0.5 ‘we obtain the ordinary symmetric approximation
_with the smallest error O(Ax?). Depending on the sign of the coefficient in front of the derivative, the complex (12)
satisfies the conditions of stability when g < 0.25 or § 2 0.75. A change of § during the process of matching does not
affect the stability of the solution.

The use of expression (12) makes it possible to obtain stable implicit schemes for solving difference analogs of
differential equations of first and second orders by the method of matching. In that case, for derivatives of second order,
an ordinary stable symmetric approximation with an error of O(Ax?) is maintained.

The calculation scheme using the method of matching presupposes the existence of two boundary conditions along
each axis of coordinates including the X and Z axes, along which Eq. (2) is parabolic. This equation is approximate, it was
obtained from a more accurate equation containing derivatives of second order with coefficients that were negligibly small
compared with the coefficients of the derivatives of first order. A comparison of the numerical solutions of Eq. (2) and
of the refined equation containing derivatives of second order with respect to the longitudinal coordinates showed that the
results practically coincides with each other, On the other hand, the more complex equation entails unjustificable complica-
tions of the Algol program and longer computer time.

The use of the described method for solving the energy equation (2) confirmed that the given scheme is reliable
and efficient, yet retains all the positive traits of implicit difference methods.

Equations (1)-(3) were solved successively for each segment. The position of the shaft in the bearing with specified
eccentricity, characterized by the load angle, were found from the condition of equilibrium which had the form:

2x L/R (13)
j psinxdzdx = n,,

0 0

25 L/R (14)
( p cos xdzdx = 0.

0 0

The conditions of equilibrium separately for each segment served for determining the angular coordinate of its point of
support (edge of oscillation)
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Fig, 1. Distributions of the relative thicknesses of the lubri-
cant layer (1), of the dimensionless pressures (2) and tempera-
tures on the working surfaces of the.segments found for t(cpl.,
y>0,2)=003) and tp,, ¥y, 2) = 1 — 2y +y* (4) in the

central section of a five-segment bearing.

972 L/R
V) psin(x— ) dadx
@., 0
jon = @31 -+ aresin —* .
Pion = Pj1 “,!2 LR (15)
j pdzdx
©., 0

it

During the process of solving the problem with a computer, it was envisaged that the consumption of lubricant would be
determined for each segment

Lo o B
gi=— P b ( p dz +-— (-i—) (16)
6 0z ls—p 12 ) X =g, 2 R
©ij 0 ‘
and the frictional forces on the surface of the shaft
| ;p_sz/R h? ZP =1
X
P —— dzdx. 17
I 2 j . h (
(91]. 0

The integrals in (13)-(17) were calculated by methods of numerical integration.

With specified e, g1, ¢25, R, L, 8, @, Py, T, Ty, g, for the selected oil and the number of segments, we found the

pressure, velocity, and temperature fields, the load angle, the load capacity coefficient, frictional losses, lubricant consump-
tion, specific heat flows, and heat transfer coefficients.

The described method was applied to the calculation of three-, four-, five-, and six-segment bearings. The obtained
results are presented in Table 1. In all cases the segments were arranged symmetrically about the vertical axis. The angular
extent of the segments was determined from the expression v = 1.5 w/k, where k is the number of segments. The shaft
diameter was taken to be 0.5 m, the width of the bearing 0.4 m, and there was not heat flow on the working surfaces of
the segments, The physical parameters of the lubricant were found from the exponential dependences obtained by approxi-
mation of the tabulated data of [2] for oil “Turbinnoe-22.” As the characteristic temperature for determining the physical
parameters in the energy equation and in the dimensionless integral characteristics we took the mean flow rate temperature
of the oil in the bearing, Such an approach yields acceptable agreement between calculation and experimental data, as was
previously demonstrated in [3] for radial bearings with 360° contact.

A comparison of the results of the numerical investigations shows that bearings with self-aligning segments have a
larger load capacity with eccentricities ¢ > 0.85 than solid bearings {3), and a smaller load capacity when the eccentricity is
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Fig. 2. Temperature distribution at the outlet from the
fourth segment of a five-segment bearing across the thick-
ness of the lubricant layer in the central section (a) and
across the width of the segment on its working surface
(b) in dependence. on the rotational frequency of the
shaft: 1) n = 1000 rpm; 2) 1500; 3) 2500; 4) 3000; 5)

5000. T, °C.
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Fig. 3. Dependences of the averaged heat transfer coefficients and oil temp-
eratures in a five-segment bearing on the temperature of the shaft journal (a)
and on the rotational frequency (b). T, °C; n, rpm; &, W/m*-°C; Ty, °C.

is small. This indicates that they have good damping properties and high efficiency under heavy loads.

When the frictional losses in ordinary and in multisegment radial sliding bearings are to be compared, the flow
regimes of the lubricant must be taken into account. If the oil flow is laminar in both types of bearing, then the solid
bearings are more economical. The values of F in Table 1 exceed the frictional losses in solid bearings by 40-50%. This is
due to the appearance of zones of elevated hydrodynamic pressures on the upper segments and the associated additional
losses of power. It therefore makes sense to use segmental bearings when in solid bearings there are no more possibilities of

laminarizing flow and increase their damping properties by improved design.

The distributions of the relative thicknesses of the lubricant film, of the dimensionless pressure and temperature
values of the working surface of the segments in the central section of a five-segment bearing are presented in Fig. 1.

It can be seen from a comparison of the resuits of solving the heat transfer equation with different boundary condi-
tions at the entrance to a segment that when the temperature distribution across the thickness of the lubricant on the inlet
edges of the segments is parabolic, the maximum temperatures in the gaps are 3-7° higher than when t(p Y >0,2z)=0is

specified. This shows that it is advisable to arrange for removal of the hot oil ahead of the entrance to the segment.

Increased circumferential speed of the shaft leads to increased oil temperature in the working gaps of the segments
and to lower intensity of heat transfer on the surface of the shaft (Fig. 2). The same effect occurs when the load is

increased.
An important parameter characterizing the thermal state of the bearing is the surface temperature Tw of the shaft

which is introduced as a specified magnitude into the formulation of the problem, but which in reality is dependent on the
operating regime of the bearing and on the external conditions of heat supply to the shaft. Study of the effect of Tw on

the intensity of heat transfer of the shaft (Fig. 3) showed that there exists such a shaft temperature (which is usually higher
than the oil temperature at the inlet to the bearing) at which the directions of the heat flows on the surface of the shaft
change. For instance, for the calculated five-segment bearing (Fig. 2) at Tw = 66.8°C the heat transfer coefficient and the

mean specific heat flow are equal fo zero, As the positive direction of the heat flow we took the heat supply from the
shaft to the oil.
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Fig. 4. Distributions of the specific heat flows (W/m?)
averaged over the circumference of a five-speed bearing
in dependence.on the circumferential speed (a: 1) 1500
rpm; 2) 2000; 3) 3000; 4) 5000) and on the shaft
temperature (b: 1) 70°C; 2) 80; 3) 90; 4) 100).

The distributions of the mean specific heat flows across the width of a five-segment bearing in dependence on the
circumferential speed and the surface temperature of the shaft are presented in Fig. 4.

Thus, the use of the described method of numerical investigation of heat exchange and flow of lubricant makes it
possible to carry out a detailed qualitative and quantitative analysis of the intensity of the thermophysical processes
occurring in liquid-friction bearings with self-aligning segments with a view to the principal regime and geometric parameters
of their operation.,

NOTATION

X, Y, Z, running coordinates; x, y, z, dimensionless coordinates; L, width of the segment; R, radius of the shaft; H,
running thickness of the lubricant; h = H/§, dimensionless thickness of a layer of lubricant; §, mean radial gap; u = U/wR;
v = V/wb; w = W/wR, dimensionless speeds in the directions of the x, v, z axes, respectively; P, p = Py /uw, dimensional
and dimensionless pressure at an arbitrary point; ¥ = 8/R, mean relative gap; Px’ oil pressure at the inlet to a segment; T,
running temperature; T1’ T2, Tw’ oil temperature at the inlet to a segment, at the drain from the bearing, and on the
surface of the shaft, respectively; Ty, mean flow-rate temperature; t = (T — Tl)/(Tw — Tl ), dimensionless oil temperature
at an arbitrary point; Nu = ad/A, Nusselt number; Pe = w62 /g, Peclet number; Re = wp? /v, Reynolds number; Ec =
wRYC, (T — Ty , Eckert number; o, mean heat-transfer coefficient; Cp’ specific heat of the oil; p, density of the oil; A,
thermal conductivity; v, coefficient of kinematic viscosity; a, thermal diffusivity; CHp load angle; @15, @5, o; , angular
coordinates of the beginning, the end, and the support of the jth segment, respectively; q,, mean specific heat flow on the
working surface of a segment; e = E/§, relative eccentricity; Ah, change in the thickness of the lubricant in comparison with
the cylindrical bore due to a turn of the segment induced by hydrodynamic forces; QH, vertical load on the bearing; Gj,

g = Gj/pwéR, mass and dimensionless flow rates of Iubricant, respectively, through the gap of the j-th segment; Fj, fj =
Fjw [rwR2, dimensional and dimensionless friction force, respectively; ny = Qu¢¥uoRL , summary load capacity coefficient
of the bearing; ms;. me; , dimensionless projections of the resulting forces of the pressures on the vertical and horizontal
axes of the j-th segment, respectively.
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