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The present paper contains the results of an experimental study of the
effect of the exactness of specification of boundary resistances on the
temperature distribution in a steam turbine rotor in transient states as
determined by means of a net model. i

The exactness of solutions of heat conduction prob-
lems obtained by means of modeling devices depend
not only on the calculation accuracy and on the choice
of the net of resistances of the object; it is also de-
pendent in large measure on the exactness of specifi-
cation of the heat transfer conditions at the boundaries
of the region under investigation.

In problems with boundary conditions of the third
kind the resistances modeling heat transfer between
the object and medium can be found from the following
formulas, depending on the type of boundary point (see
Fig. 1a):

for points obtained at the intersection of the net
lines r with the boundary surface,
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for points obtained at the intersection of the net
lines z with the boundary surface,
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for points obtained at the intersection of the net
lines @ with the boundary surface,
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Relations (1)—(4) were derived for a three-dimen-
sional region in cylindrical coordinates by the method
described in [1].

Since errors in measurement of the net branches
affect both the interior and boundary net resistances,
it is possible to incorporate this error in the scale
factor K,. The accuracy of determining the boundary
resistances is then affected by the cosines between
the exterior normals and net lines and by the criterion
of heat transfer intensity ozb/x.

If the boundaries of the domain under investigation
are defined by a contour consisting of lines parallel
and perpendicular to the net lines, the error in the
quantities Ry due to errors of measuring of the angles
between the exterior normals and net lines does not
exceed 1.5-2.5% . It is clear that the accuracy of com-
puted values of the boundary resistances is determined
in this case largely by the accuracy of thedata concern-
ing the heat transfer conditions at the boundaries.

The question of exactness of specification of the
boundary resistances is especially relevant in solving
the heat conduction problem with time~dependent bound-
ary conditions. This class of problems includes those
of heating of steam turbine elements during start-up
over sliding parameters. The fact that electrical mod-
eling machines do not incorporate devices which would
permit the specification of continuous time-dependent
boundary conditions makes it necessary to use the Lieb-
man method [2] in solving such problems. At the same
time, our limited knowledge of the effect of exaciness
of specification of boundary conditions on the tempera-
ture distribution in the body makes it necessary to re-
duce the number of steps in the Liebman method with
constant boundary resistances and to increase the num-
ber of respecification of these resistances.

We carried out our study with the purpose of de-
termining the effect of heat transfer intensity on tem-
perature distributions in a steam turbine rotor in sim-
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ple heating problems and estimating permissible errors
in the specification of boundary resistances in model~
ling. Since we varied Ry, only by way of ay,, all our
conclusions concerning the exactness of specification
of boundary resistances apply to the effect of heat trans-
fer intensity.
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Fig. 1. a) Diagram of possible types of

boundary points for a three-dimension-

al domain with a cylindrical net. b)Steam
turbine rotor element.

The study was carried out on an MSM-1 modeling
machine modernized to solve non-steady-state prob-
lems of heat conduction by the Liebman method [2]. In
the course of it we solved several problems of simple
heating of a steam turbine rotor over a wide range of

variation of heat transfer coefficients at its boundaries.

The measured results were plotted for the most char-
acteristic points (Fig. 1b) of the rotor as functions of
the relative temperature § = f(Bi, 7).

Since the rotor of a multistage turbine consists
largely of the elements shown in Fig. 1b, it follows
that in estimating the effect of heat transfer intensity
on the thermal state and exactness of specification of
the boundary resistances we can limit ourselves to the
analysis of the relations § = f(Bi, ) for the character-
istic points of one such element.

The curves of Fig. 2 which represent the relative
temperature § = f(Bi, 7) for points lying on the surface
of the rotor between the disks (the diaphragm conden-
sation zone, point 1 in Fig. 1b) show that the require-
ments as regards the calculation accuracy and the
exactness of the set of boundary resistances in solv-
ing heat conduction problems by the net method depend
essentially on the heat transfer intensity and duration
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of the process. Deviations in Bi of £10—15% for values
Bi < 2.0 and +20% for Bi > 2.0 do not affect the tem-
perature distribution in the body of the rotor to with-
in the accuracy of solution of problems by the net
method. At the same time, we see thatthe requirements
as to calculation accuracy and selection of boundary
resistances for Bi > 6.0 are still less stringent.

For Bi > 15.0 and a process duration of over 15
min further increases in heat transfer intensity in de-
termining the thermal state of the rotor have practi-
cally no effect on the temperature distribution at the
various points of the region under investigation. This
fact enables us to ignore these changes in investiga-
ting processes with time-variable boundary conditions
of the third kind for Bi > 15.0.

Analysis of the curves of variation of the relative
temperatures § = f(Bi, ) for points lying within the
body of the rotor not only confirmed all that we have
said concerning surface points; it also showed that
for interior points far removed from the heat trans-
fer surfaces with values Bi > 4.0, the duration of the
process has no effect on the requirements as regards
the exactness of specification of the boundary resis-
tances. .

The curves in Fig. 3, which represent the relative
temperature § = f(Bi, ) for point 4 in Fig. 1b (i.e.,
within the body of the disk itself) indicate that the
temperature distribution obtained in a thin element of
a disk blade is satisfactory if the error of calculation
and specification of boundary resistances under time-
variable conditions of the third kind does not exceed
+10—15% for Bi < 4 and £20% for Bi > 4. As in the
case of points in the diaphragm condensation zone,
the requirements as to calculation accuracy and selec-
tion of boundary resistances are much less stringent
for Bi > 6-8.

The curves of Fig. 4, which represent the relative
temperature for nodal points on the disk blades show
that a deviation in Bi of £10—15% for Bi < 0.65 and of
+20% for Bi > 0.65 do not affect the temperature dis-
tribution in the disk blades and in the rotor as a whole.

We note that the disk thickness was taken as the
determining dimension in our estimates of heat trans-
fer at the blades. Thus, equal heat transfer intensi-
ties at the blades and in the diaphragm condensations
correspond to an approximately threefold difference
in Bi.

The requirements as to calculation accuracy and
boundary resistance specification for points on the
disk blades are much less stringent for Bi > 0.65;
for Bi > 3.0 and process durations in excess of 15
min further increases in heat transfer intensity have
practically no effect on the temperature distribution
in the region under investigation. It is clear that for
points on the disk blades in problems with time-vari-
able boundary conditions of the third kind these vari-
ations in the boundary resistances can be ignoredupon
attainment of values Bi > 3. 0.

All we have said implies that the minimum permis-
sible error in the determination of boundary resis-
tances for any point on the rotor does not exceed +10—
15%. Increases in the permissible error are associ~
ated with increases in Bi. The results of our study



JOURNAL OF ENGINEERING PHYSICS 405

g of a2 a3 a4 T

Fig. 2. Variation of the relative temperature 9 = f(Bi, ) for
points on the rotor surface inthe diaphragm condensation zone
(point 1 in Fig. 1b). 1) for Bi > 20 (a—45; b—37); 2) Bi = 14.0
(a—16.5; b—11.65; c—15.4; d—12.65); 3) 8.0 (a—7.59; b—9.24;
¢—17.9; d—10.0); 4) 6.0 (a—6.3; b—5.6; c—5.06); 5) 4.0 (a—4.2;
b—3.8; ¢—3.50;,°d—3.60); 6) 2.0 (a—2.1; b—1.89; ¢—2.53; d—
2.32;e—2.32); 7) 1.2 (a—1.17; b—1.27); 8) 0.55 (a—0.58;
b—0.47; ¢c—0.633); 9) 0.3 (a—0.29; b—0.33; c—0.25); T7is in
hours,
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Fig. 3. Variation of the relative temperature 0=

= f(Bi, 7) for points inside the disk itself (point 4,

Fig. 1b). 1) for Bi > 18.0 (a—50; b—35; c—28;

d—30; e—17); 2) Bi = 12.0 (a—12.7; b—11.5; c—

13.7); 3) 6.0 (a—6.03; b—5.8; c—6.4); 4) 2.5

(a—3.01; b—2.90; ¢c—2.8; d—2.3); 5) 1.5 (a—1.59;
b—1.44); 6) 1.0.
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Fig. 4. Variation of the relative temperature 9=
= f(Bi,7) for points on the disk blades (point 6 in
Fig. 1b). 1) Bi = 3.5 (a—3.8; b—3.5; c—3.44);
2)2.0 (@—2.42; b—1.9;¢c—2.1); 3) 1.5 (a—1.4;
b—1.55; c—1.5); 4) 0.65 (a—0.60; b—0,75); 5)
0.45 (a—0.49; b—0.47; ¢—0.37); 6) 0.2 (a—0.19;
b—0.24); 7) 0.11 (a—0.135; b—0.12; ¢c—0.094);
7 is in hours.
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showed that the level of Bi values permitting equal er-
rors in the specification of Ry, depends essentially on
the nature of the point and varies over a very wide
range. Hence, in studying the effect of heat transfer
intensity on the permissible error of specification of
boundary resistances it is advisable to use functions
of the form 7 = fle/A, 7).

Conversion to such functions generalizes more ful-
ly the data contained in Figs. 2—4 from the standpoint
of the permissible error in the specification of bound-
ary resistance. In fact, a permissible error of the or-
der +10-15% in the specification of Ry, corresponds to
a ratio ap/A < 8.0 for all of the types of points con-
sidered; a permissible error of +20% corresponds to
ozb/?» > 8.0. For ap/A = 30.0 further increases in the
heat transfer intensity with time-variable boundary
conditions of the third kind do not affect the accuracy
and level of the temperatures to be determined in the
solution of heat conduction problems by means of net
models and need not be allowed for in the boundary re-
sistances.
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NOTATION

cos(n;r), cos(n;z), and cos(n; ¢) are the cosines be-
tween the exterior normal and the net lines at the bound-
ary; hy, hg, hy, hs, hg, and hy are the netspacingsin
the case of an irregularly spaced system; vhs 4, Shs,
and thgareincomplete spacings on the net; Kyisthescale
factor; M is the scale of the model; oy, is the heat
transfer coefficient at the boundaries of the region;
Mr, z, @) is the thermal conductivity of the material as
a function of the coordinates.
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