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Nomenclature

— functions (eq. (18)),

— velocity of sound,

— absolute velocity,

— specific heat,

— quantity defined by the formula (27),
— mass force generated by the blade

action,

— mean friction force,

— total rothalpy (eq. (7)),

i — enthalpy,

— mass flow,

— pressure,

— individual gas constant,

— cylindrical system co-ordinates,

. — radius of the curvature of the meri-

dional stream-line,

— entropy,
— temperature,
+ — circumferential velocity, circumferen-

ceco-ordinate,

— relative velocity,
' — position of absolute velocity angles

vector and position of relative velo-
cities angles vector,

— surface angles for r=const,

4 QS x5 o
|

Indexing

1. Introduction

angle of S% surface inclination re-
lative to the radius direction,
coefficient of the flow losses,
isentropic exponent,

density,

coefficient of the perfectness of process
contraction of flow coefficient (con-
traction of section),

angular velocity.

pertaining of the consecutive point of
the stream-line,

pertaining of the consecutive stream-
line,

pertaining to the direction along the
meridional stream-line,

pertains to the section with known
parameters i.e. to the rim inlet,
pertains to components in the system
of co-ordinates r, $, z,

(above sign) pertains to stagnation
conditions.

constant growth of the heat turbines output and the increasing requirements

von their efficiency make the problem of the adequate flow description an immensely

ne. Along with comparatively high efficiences obtainable at present, the further

2sia Technical University, Gliwice.
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increase of the efficiency is at present possible only through a deep comprehension of the
nature of phenomena taking place in the blade channels. One of the factors enabling
such a comprehension is a constant development of calculating techniques.

In a situation where the special structure of the stream in a turbine depends on a vas
number of geometrical and kinetic factors as well as on the flow properties, only the ag
plication of digital computers enables the researcher to carry out a full analysis of all the
processes involved. Apart of the experiments the numerical experiments become at presest
an important means of carrying out research. The method presented in this paper may &
in practice utilized fully only with the help of a digital computer.

The flow through a turbine stage is'largely indetermined one having besides a thres
dimensional character. Hence the problem of its theoretical description is usually set fors
with some simplifying assumptions taken. In the majority of works the basic simplificatios
concerns the restriction of the theory of the flow in the turbines to the description of the
motion of the liquid within the inter-rim areas. One may point out the methods based on #i :
assumption of the form of stream-lines in the meridional cross-section. In the reference g
pers [17, 20], for instance, the solution is achieved by choosing the stream-lines adequates
to the geometry of the surface limiting the flow channel.

Among various possibilities the hypothesis of the sinusoidal shape of the stream-lime
as exemplified in the works of Bammert and Fiedler [2, 3] has proved to be a ven
useful one. :

The basic shortcoming of these methods lies in determining the stream-line shape «&
the basis of the distribution of flow parameters in the inter-rim areas while it is known 5
a greater part of the turbine flow developes within the blade rim areas. The blade influesas
has been partly taken into account in papers [4, 19]. :

The contemporary methods of analysis of the flow in blade channels of the fluid-Sas
machines have been originated by Wu [23] whose concept is based on reducing a thres
dimensional problem to a set of two two-dimensional ones. A similar point has been mas
precisely presented by Sirotkin [16]. Another method based on the three-dimensiomnst
character of flows, which describes however the incompressible fluids only, is the singulas
points method [14]. Despite the attempts to apply [11] the Wu’s method in practice. &
may be stated that the suggested procedures are very complex and ineffective, even with 15
application of contemporary digital computers. Therefore, the problem of preparise
adequate and fast methods of analysis that would take into account all factors characterisis
for the real flow —is still actual. The present considerations aim lies in solving the abows
problem.

There are known contemporarily the methods of solving the so called quasi thres
dimensional problem [7, 18, 20, 22], where the flow description is being obtained as a resul
of the two-step solution:

a) assuming that the flow is axially symmetrical the flow on the surface S is being
determined, ‘

b) the flow round the palisade profiles, is analyzed on the stream rotational surface:
(surface 7).

The presented work leads to the solution of the so called primary problem of the assi
hydrodynamics, consisting in solving the first problem of the quasi three-dimensional S
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i ysis 1.e. the axial-symmetrical flow on the surface S; (Fig. 1). A model of a generalized
= -symmetrical flow suitable to the case of a great blades number can be obtained with
considerable accuracy [18, 20].

The present work concerns a general stream structure. Hence the flow is generally a vor-
-“ow and the presence of the enthalpy and entropy gradients is accounted for. The aver-

woc effects of fluid viscosity have been introduced and therefore the real character of the
v has been indirectly considered.

2. The formulation of axial-symmetrical flow through the blade array

In what follows a certain axial-symmetrical flow along a mean surface S; of the blade
rannel rotating with a constant angular speed « will be considered (Fig. 1). In the first
wworoximation, with a practically sufficient accuracy, the mean geometrical blade surface
regarded as a surface S,. The consecutive approximations require an earlier solution

¢ the second problem of the quasi-three-dimensional flow.

Stream surfaces S and S5 in the quasi-
three-dimensional flow models

_nder the assumption that in a cylindrical rotating system of co-ordinates (r, 9 z) the

~zce equation S, may be represented by the function 9=f, (r, z) and assuming sub-
wently that z=const and r= const, the geometry of the surface is determined by the angles
"= two mutually perpendicular surfaces (Fig. 2)

o dd e dd
g—rﬁ, cgp—rgg.

=me angles may be determined by components of the vector n(n,, n,, n,) normal

n, n,
tgé:—;, ctgf,=——. (1)

u u



600 J. 1. Otte

The S, surface is the stream surface, therefore the vector of the relative flow velocity w
must lie on a tangent plane i.e.

w-n=0. )

The components of velocity vectors have been presented in Fig. 3. Angles of inclination
of the stream-lines as well as of the flux on the axial-symmetrical stream surface are des-
cribed as follows: : '

w, W,
gy~ @ clgfi=r . (3)
W, w_
Using relations (1) and (3) in the equation (2) one obtains
w,=Ww, tgd+w,ctgf, )

and consequently
ctgf=ctgp,cosy+tgdsiny. (5)

After averaging [18] the surface forces of the blade action change homogeneously (on
the circumference) into the field of the mass forces F,. A mean friction force fis also being
introduced. Hence, with the omission of the terms referring to the pulsation of the para-
meters (assumed as small) the equation of fluid motion can be written in the Crocco form

—wxrotw+2m x w=TVs—Vh*+F,+f. (6)

In above /* indicates a total enthalpy of the relative motion. Wu [24] suggested for /*
the term “total rothalpy”, which has been accepted for the present considerations. In
reference [6] the term of “total generalized enthalpy” has been used.

Fig. 2. Typical meridional section of a stage. Blade geometry Fig. 3. Velocity vectors

Under the assumption of the flow adiabaticity (i.e. when there is no heat exchange
between the fluxes) the total rothalpy does not change on the streamline:

) 2
: w- u
h*=i+?—?:00n5t(l//)$ 7
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were w=m(r)/m,. The formula (7) expresses the principle of the energy conservation along
line of stream (dh*/dt=0). The flow continuity equation has a form

div(zpw)=0, (8)

were 7 is the quantity characterizing the contraction of the flow channel caused by the
tness of the blades. The condition that the vector F, is ortogonal to S% may be

n as:
nxF,=0. )

Wultiplying equatlon (6) by the vector of relative velocity w and taking into account that
T Vh*=0 as well as that w+F,=0, one obtains the relation which determins the friction
jorce

v

= =

(10)

It is obvious that regarding the flow through the blading system as a flow during which

-=rtain losses occur; it becomes necessary to take into account the term defined in equation

s a force f, since otherwise the equation could not be fulfilled. It is necessary to emphasize

hat the friction force f is here a consequence of introducing the flow losses into the conside- -
mation.

The changes of the entropy along the streamlines result from taking into account mean
~“=cts of the real fluid viscosity which combine the dissipation of the energy resulting
-om the friction and mixing. For a quantitative formulation of this process a certain
iction is being introduced. It represents the entropy increase i.e. the so called coefficient

~ the perfectness of process o.
From the equation of the first principle of thermodynamics there is

1
Tds=di—dp (11)
o)

¢ the equation of the state
p=pRT : (12)
stains the equation of process

K=l

plx Ty S= 50
— —_——= - —_— = 13
- exp< > o (13)

ws= of an isentropic process (s=const) the coefficient ¢ is equal to 1.
“quations (2), (6), (8), (9), (11) and (12) constitute a closed set of the equations (with nine
i mowns) describing the introductory basic problem of the aerodynamics @, E..p, 0. 1)
wally, instead of the equation of motion (6), equation (7) is considered, whereas
“““ woon (11) is substituted by an equivalent equation (13).
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3. Equations of the axial-symmetrical flow through the blade system of the heat turbines

Because of the axial symmetry of the stream surface only flow cross-sections parallél toa
meridional plane will be considered in the further part of this paper. Indicating the co-ord:-

nate along the meridional stream-line by m (Fig. 2), the following set of the relations can be
written:

dmdr:dz=cive e (14
0 0 0 3
5= S0 E~+cosy = as
d 0 0 0

Bl Tom

For analytical purposes a number of characteristic areas in the flow system of a turbine

(Fig. 4) may be distinguished. These are: the area of the stator blades (/7) and runner blades

(1), the inter-rim area (/I7) and the inlet and outlet areas (/V) of the flow system. Further

considerations will include equations describing the axial-symmetrical flow in the respective
areas and the method of solving the equations. :

(16)

Fig. 4. Turbines flowing system-scheme

The presented equations of flow are expressed in the form based on the notion of the
curvature of the metridional stream-line [8, 13]. Although the method is known for a long
time, its practical application became possible after contemporary data processing systems
have been developed. Particularly difficult were problems concerning the determination
of the radius of the curvature of the meridional line of the stream (Fig. 2). The magnitude
of the curvature is described by the expression

- = —Q . (17)
i om

Taking into account the specific character of the calculations carried out by a computer.
the basic unknown will be ¢,, i.e. the meridional component of the velocity.

This quantity appears on the meridional plane of all the specified areas which allows
a more universal preparation of calculating programs. Because of the complex character

of the flow equations the following notation has been accepted for the axial-symmetric
flow:
2

o (i;i"+Ac3,,+ch+C=o, ‘ (18)
s

where A, B, C indicate certain functional expressions.



A Method of Analysis of the Axi-Symmetrical Flow... 603

If the equations of the fluid motion were written in a scalar form the following would
be obtained:
ds oh*

—20w,=T ———+F,, +f,. ({19)
or: ar

1 0(rw,) ow, 0w,
Wi +w, | —~—
Leor dz . or

On the basis of the formulae (15) and (17), the angular component of the rotation can be

written as
ow, ow, 1 ,(siny de, cosyy 1 dcl
——= el — —— —— — .
0z Or = o5y ¢, Om 7

The above expression together with a relation w,=c,, ctg § allows to transform the equa-
tion (19), giving
Lide siny dc,, cosy 1 dctg’p ctg?
2< 7. 66, Ceosy gﬁ+_ﬁ>+

2sin2[35 o —~gm__8% ﬁrkf 2 0r 7

ds oh*
+2wc,ctgf=—T —+——F,,—f,. (20)
ar - or

Transforming the equation of motion (6) in the analogous way one obtains

c2<6ctgﬁ+ctgﬁsiny

m

om r

0
>+cm(ctgﬁawc"-'A+2a)siny)=F2u+fu. @)
m

The relation between the components of the mass force F, can be obtained from the con-
Zition of ortogonality (9):

F2r=_tg(sF2u‘ (22)
= view of (13) the equation describing the change of entropy along the stream-line can be
written as

s=so—c,lna. (23)
“iking into account the expression (7)
2 2
L ¢
l=h*+7*_ m~ (24
25 Dsin )
= may determine the friction force in terms of the kinematic quantities obtaining
s 2 2 2
—._ < sin u € dlnag
e e s (25)
C 2 2sin“f) Om

=2 the relation (22) and considering simultaneously the formulae (5), (23), (25) the basic

w:on for the axial-symmetrical flow in the blade chamber (area I on Fig. 4) can be

“uned from equations (20) and (21). In accordance with the accepted notations this
“on remains given by (18) where:
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: 1 Boiat s of
AESiIlZﬁ[D(SiH’y-{-tgéCtgﬁ)-{-COS‘y-{—* o ﬁ_,_(:_gﬁpctgﬂcosy_
BEoG ol r
dct 1 Ieds, 0l 1 0l
—tgo— gﬁ_.‘z' =0 ——(siny+tg5ctgﬁ)——n6- ,
gm: 2sin f cy o r 2 om (26)
B=2wsin® fotg f,cos 7,
on* *0*\[ 1 8s, 01 dln
C=sin’Bi—- L Aoaa —'j’—lf-ksinzﬁ(sin)wtgéctgﬁ)—a .
or 2 ¢, 0 - o am
In above
150
= | 7
Cp Om :

Taking into account the relations (15) and (17) one obtains from equations (8) and (27)

t cosy d(rt dlnt 0ln :
By oy oty) e
B r or om om

D (28)

The form of the 6 In p/é function can be recovered from the equation of the process (13),
giving ‘

dlnp. - wdlag " /] “dcglB sp vo S
A e —Cp————+—— " _@’rsiny |,
om k—1 om 2 om sin” f dm
where the local velocity of sound is determined by the formula
a=+kRT. (29)
The final form of expression (28) becomes:
: e R cosy d(rt ding & dlno
Dl 2 gj')_"*"y : g)’)+ P =
a“sin” f e r or om k—1 om
1 detg’
—a? <~ e j~ﬂ3—w2r sin y)] S (30)
2 dm

The equation (18) and the expressions (26) contain two unknowns: the velocity ¢,
and the angle y. The angle /8 is determined by the relation (5); the remaining functions are
assigned.

The closing equation of the system is the equation of continuity rewritten in the integral
form

mo=2n | tpc, cos ydr. (31)
Equation (26) is consistent with the blade channel rotating with the speed w. To determine
the sought for quantities in a system of rest also, it is necessary to have adequate formulae
of “transition”. The transformation formula for determining energy in a system at rest
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can be obtained by putting into the rothalpy equation (7) the known relation w2 =2 +u? —

—2u ¢,. There is
2

c
h*=i+——uc,.
2
Considering that the total enthalpy is determined by the formula
2
e G
Ll o
2
one obtains the final form of the transformation formula

h*=i*—uc,. (32)

Using the above relations it is easy to formulate the equation determining the speed

of sound :
ar e kRT i

ai wRT; it

Considering (32), the following relation can be reached

x—1 e %
a=godl+—— | ofrP— 2. - 2(uc, . 333
e = | &)
Analogously the relation determining the medium density can be obtained
1

K 2 =

P ETh Kl T 2 2 Cm el
—=a" 14— | o r"—————2(uc, ; 34
ok { 3a2 [ 2 j (uc )o}} (34)

To obtain equations describing the axi-symmetrical flow through stator rims (area
IT on Fig. 4) it is necessary to put w=0 in the equations (26), (30), (33) and (34), and change
the indexing putting f—a, f,—a,, h*—i*

Considering the range of the validity of the first approximation, there arises the problem
of determining the stream angles while passing from the areas I and /7, to the zone /1.
In reality the blade angles ' and the stream angles /§ differ from each other by a so-called
deviation angles o,. In this situation there are two ways of treating the problem:

1. To assume that at the blade outlet i.e. during passing from the areas 7 (or II) to 111,
“he stream angle is equal to the blade angle. The velocity component ¢, will thus be:

o, —c.ctefitu’.
' the area [/ with the assumption F,=0, =1, f =0, o=1, one obtains the equation

d(re,) i

0 (35)

wiead of equation (2). In ’the case however the work performed by rotor blades will differ
m the actually performed work.
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2. To assume that at certain distance behind the rotor, the value of circumferential
velocity is in agreement with the actual value, given by a relation

Cpp=cyctgf+u=c,ctg(f’ —d,)+u. (36)

In this case the value of the performed work is also in agreement with reality. As a conse-
quence of the flow angle discontinuity along the stream-line the discontinuity of the energy
will apear. This is understandable if one considers the enthalpy at the point of the areas
joining using the equation (32). This enthalpy discontinuity occurs only on the boundaries
of particular areas, where its values can be considered as the boundary conditions for the
area. One cannot then speak about mathematical inaccuracy. In the present paper the
problem of the axi-symmetrical flow in the space between the blade rows is being solved
in the second formulation i.e. with the stream angles § determined either by empirical
equations or on the basis. of palisade investigation. In passing from one area to the other.
the circumferential component of absolute velocity can be determined by the equation (36)
applying the transformational formula (32). The inaccuracies, presented above, connected
with the angle discintinuity along the stream-line, disappear while solving the flow on the
surfaces S5 .

Equations for the axi-symmetrical flow in the inter-rim areas (area III) are being ob-
tained from the systems of equations (6), (8), (12) and (13) with the assumption that F, =0
andr=1.

For the area beyond the runner rim for example the flow equation (18) have the follo-
wing shape parameters

cosy - 1 dctg? tg? 1 10
AEsinzﬁ[Dsiny+ y+~ il ,B+cg p <ﬁso>

T L0 o r  2sin?B e, Or
. I olneg >1s  ding (37
e e Sy
2sin’ B or Zs ! om )

B=2wsin fcosf,

oh* "Nl s, 0] 0l
C=simp)— h*-t—ig— *j—f—na—l—sinzﬂsiny«——nwg :
or ¢, 0 om

or

For determining the D quantity the derivative ¢ ctg f/dm has been used in a form resulting
from the equation (21)

2\ [tgy cosyd(rt k Olno 0o
D=(1--" i ( g?)+ —a *cos? Bl hF+——— " |x
a in r or k—1 om 2. Osine p

olno

om

2
cm
X +a_zsiny<——ctg2ﬁ+cm2wctgﬁ+w2r>]. (38)
-
The axi-symmetrical flow of fluid in areas 7V (no blades) (Fig. 4) depends mainly on the
edge condition at the inlet or outlet cross-section, and on the character of the flow in the
neighbouring runner rim. In these areas the flow equations are being obtained, from the
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general system under assumption that F, =0, f=0,7=1,0=1. An adequate equations
for the outlet area will read:
cosy 1 dctg? [5+ctg /3 1 (’l 5s0>:’

A=sin*p Dsiny+——+ — — ot
Fe D ior r 2sin BN, or

B=2wsin fcosf, (39)

cetninl o e T Ly
6r P 0 :

25Nk 2 2
C. t cosy d(rt e ¢, ct
D_=_< 2) ,:E-I-J ( gy)+a 2smy-( rg ﬁ+2wcmctgﬁ+a)2r>]. (40)

a 17 7 or

The angle f# can be determined from the condition (35), which, for a definite line of stream
tzking the intersection points of the stream-line with straight lines K-K and N-N (Fig. 4))
becomes

(rey,ctg By =(re, ctgfx+ (7’12< S "1%1) >

vhere the parameters indicated by the subscript K are known from the solution of the
“ow in the preceding area.

The equation for the axi-symmetrical flow on the inlet (where the angle usually has
“¢ value «=90°) will have the following form:

cos =0
A=Dsiny+ - < SO)

Tk or
B=0 (41)
Lo iy
or ¢ 0F
ca\ " 'Ttegy cosyd(rtgy) :
5<1_‘7> [—+_ J (42)
a i 7 or

The egde conditions on the inlet and outlet are set along the straight lines O — O and
-V (Fig. 4). The layout of these edges is (in the area /V) determined while calculations
“eing carried out, and the limit position is determined as a position, beyond which
“ange of flow parameters is negligible. In the practice these straight lines are being
© 2t the distance of at least one scale unit from the blade rim, which results from the
21 flow disturbancies fade rapidly with the increasing of the distance from the source
“wrriwmately like the function e [18]). The edge conditions in equations for the whole
W ez as shown in Fig. 4 are as follows:
\ass flux my, is given and it is smaller from the limit flux.
Surfaces AC and BD are stream surface.
“11 flow parameters along 48 are assigned. They must fullfil the equation of con-
31) and the equation of equilibrium of the radius (41).
“long CD the distribution of angles y and the curvature of the stream-line are
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— In areas I and /I the functions a,,, ,, J, 7, 0, © are assigned.

— In areas I1I the functions «, f, o are assigned.

In combining the solutions on the edges of the particular areas it is necessary to ensure
their continuity and the continuity of their first derivativas. The above presented axi-
symmetrical flow equations are derived with the assumption of a total ideality of the gas
Spreading the validity of those equations upon the real gases (steam) description does naot
present any serious obstacles. In the case of the semi-ideal gases, it is possible to introduce
in accordance with suggestions contained in papers [17] and [21] the averaged exponents
of the isentrope. With greater inaccuracy the model of a real gas (steam) can be introduces
fulfilling, in the place of equation (12), the equation of state in the form [20, 21]

pD=ZpRT (43

where z is the compressibility number (coefficient of gas ideality [21]). The application
of digital computers enables to consider the more precise equations of the state of the gas
(steam) [1].

4, The problem of determining the flow losses

In the frame of the accepted model of a non-viscuous fluid, the considering of its reat
properties reduces to determining the mean effects of viscosity of the real fluid i=
every particular flux. These effects (in the form of entropy increase) result from all kinds
of flow losses. For the assessment of the characteristics of a flat cascades, the profile loss
coefficient {,, is generally accepted. It presents the ratio of the waste energy in the cascads
and the real energy of the flux at the outlet [10]. In the turbine blade rims the special cha-
racter of the flow causes that the radial loss gradient is being influenced not only by profite
losses but also by those occurring outside of the profile.

The choice of an adequate distribution of the losses (particularly across the axi-symme-
trical flow channels)is very troublesome as it is impossible to assume similar losses for a non-
-viscous fluid under consideration which allow for much greater gradients. Because of the
necessity of limiting them it is suggested to accept a loss gradient of a radial character for
the profile losses simultaneously considering all remaining losses as distributed evenis
at the height of the blades. Hence, the coefficient of enthalpy losses in the flow may be
written in a form:

(P=L+ Y.L, (44

where EZ’ is the mean value of the outside profile losses. Taking into account that the en-
thalpy losses in the flow through the rim are determined by the formula

Ai=0w?, (45

the entropy growth along the stream-line will amount to ([2, 8])

As=Ciw2, (46
2
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whereas the coefficient of the perfectness of the process may be calculated from the for-
mula

a:exp(—cziiw2>. (47)

Because of the fact that the values of the loss coefficients are determined on the basis
of the measurements carried out at a given distance beyond the cascade (e.g. 0.5 of the
length of the profile chord [5]) it is necessary to assume that the quantities ¢, w, i, in formula
(47) are to be regarded as referring to a certain section of the rim outlet. In the multi-stage
systems it may be assumed that this section coincides with the inlet edges of the subsequent
blade rim. In the process of looking for the solution the flow parameters w and i ought
to be determined upon the basis of the previous approximation. To obtain a relation des-
cribing the changes of the entropy along the stream-line between the inlet edges of the con-
secutive rims (distance m,, in Fig. 5) it is enough to assign the distribution of the loss coe-
fiicient along the stream-line segment under consideration.

Indicating the distance from the inlet rim by m, the last exigence can be satisfied by
assuming that

cm=t(2). o
mw

where the exponent n must be adequately chosen (most often #=1-+2). Assuming that

when the “impact” losses at the inlet are omitted the greatest amount of the waste of the

energy results from the outlet losses, Sirotkin suggested that # have to be equal to 2. That

problem however requires further investigation.
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T2y 1 |4 Fig. 5. Turbine blading with co-ordinates

Z network

[t is necessary to point out that the assumption that the flow is an adiabatic one is fully
wstified for the systems of a limited number of stages. The existence of the phenomenon of
energy levelling may lead to some discrepancy of the results particularly at the rim

ptlets.

v

S. The method of solving the flow equations

" 5e presented axi-symmetrical flow equations constitute a non-linear system of diffe-
Wil equations. When chosing the solution method such factors as: brief time of calcula-
i sesult simplicity, high precision of the results and the capacity of the available com-

g IMP z 70-T2
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puters, have been considered. The proposed method is based upon the concept of solving
differential equations using the ‘“‘straight lines’’ [12] method.

The nucleus of this method lies in substituting the derivatives with respect to one of
the variables by the approximating finite differences.

The system of co-ordinates for the axi-symmetrical flow is constituted by the radial
straights and the meridional lines of stream. Expressing the derivatives with respect to the
co-ordinates directed along the meridional stream-line by the quantity determined on the
basis of the previous approximation, it is possible to proceed from equations with partial
derivatas to a system of ordinary differential equations. The functional expressions in
equation (18) become then the functions of the radial co-ordinates only. The equation
(18) itself becomes an ordinary Abel’s differential equation of the second kind [9] which
can be solved numerically. The process of solving this equation requires a procedure of itera-
tion.

Within this procedure it is particularly important to determine the angle of the incli-
nation and the curvature of the stream-line standing upon the data obtained in the course
of the former approximation. Among many existing and ascertained methods [15] the most
advantageous one seems to be the mean quadratic approximation. The approximate poly-
nomials obtained by this method smooth well all errors, giving the solution in the form
of an even curve. For a polynomial of the third order (determined for the five points of the
J — stream-line r_,;, r_y;, ro;, Fj, r,; obtained from the previous approximation at a
constant distance 4z=const (Fig. 5)) the value of derivatives in the middle point follows
the formulae:

oL 1

ro=z I:E(ru“V_1j)+?(’”2j"”—zj)] > (49)
aa 2 1 2
o —7r01-7(71j+7—1i)+7(r21+r—2j) : o

With the number of points increasing the polynomials of higher orders can be obtained
and used.

The inclination angle and the curvature (meridional) of the stream-lines can be calcu-
lated after the formulae

o

P
and, therefore are known when the derivatives (49) and (50) are determined.

Some singularities entering the calculation of D (27) from the formulae (30), (38) (40) and
(42) require the additional explanation. These singularities arise when velocity w or ¢
in the blade rim area reaches the velocity of sound. The system of equations should be then
changed from elliptic into hiperbolic one. The same is true for c,, in the inter-rim areas.
In the range of the transonic velocities (i.e. when the stated formulae fail) one may calculate
derivative dc,/0m by interpolation formulae or using the assymptoting polynomials.

Equation (18) has the form suitable for numerical calculations:
di"= —[A(r)cm+B(r)+C—'(—r~)
dr ¢

m

y=arctg(rp), (51)

:IEF(r, cmj. (52)
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The above equation will be solved by means of the trapezium method [12]. Because of
various reasons, however, it may be more profitable to use other numerical methods (e.g.
the Runge-Kutta method). Integrating procedure is carried out in such a way that the parti-
cular nodes ...rj_1,7;,7;41...are placed on the consecutive streamlines ...j—1,7,j+1,...
(Fig. 5). As a result of integrating the equation (52) between nodes r; and r;,, one obtains

h
cmj+1=cmj+7 EECr;, ij)+F(rj+1>ij+1)], (53)

where / is the step of the integration
(54)

h=rj.,—r;.

The % value determined from the equation of continuity by dividing all the mass flow
m, into adequate streams Am

Am=mnh[(prc,, cosyr);+(pTc, COSPr);41]- (55)

Taking the above into consideration, the process of consecutive approximations proceeds,
giving
cftﬁ]ﬁ—ll)_ Cm]+0 5 h(‘l)[F(r_] L) m1)+F(r§#+)1 ’ 1(16)+ 1)] (56)

up to the point when

p+1) (D]
,cm1+1_cm1+1l<81 >

«here u is the number of the steps needed for the quantity c,, to achieve the degree of the
-xactness equal to &; whose small magnitude is assigned in the frame of the approximation.
Determining at every step, c,,;+; and / and calculating from the relation (54) the co-
~dinate r;, ; on the subsequent stream-line one can proceed analogously for all the lines.
The meridional velocity c,,o on the r, radius (which is the integrating constant of integra-
a). is being chosen from the condition, that the co-ordinate of the last line should coin-
~ie with a required accuracy with the edge ., i.e.

Ir0+(Zh)—VZ[<82(l'Z).

+ <he similar way one has to proceed along all the chosen straight lines in all of the flow.
+ ®lade — rim areas it is recommended to accept at least two straight lines. The calcula-
=« are to be carried out in the direction of flow.

ing acquired the solution, the new co- -ordinates of the stream- hnes can be determi-

w 2=d consequently the next approximation can begin. The course of the streamlines in
\=roximation is obtained by dividing the field of the flow in the transverse sections into
wu oF the equal areas. This is the consequence of assuming a constant meridional velo-

» zach section. :
" procedure continues up to the point when the co-ordinates of the streamlines and

. werdional velocities from two consecutive iterations will fullfil the following inequali-
'c'("\’l;' D ci(nvl?l, < €3 (cm) s

[r* V=P <ea (),
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where quantities &5, &, determine the assigned accuracy of the convergence and v indicates
the number of the approximation.

In the cases in which the acquiring of an adequate convergence of the iteration process
is difficult, it is advisable to determine of the quantities pertaining to the next approxima-
tion, employing the so called relaxation coefficients. An adequate formula for determinime
the new co-ordinates of the streamlines has a form

S Cyi
F=r ATy (5T

where /; is the relaxation coefficient (which value is determined by a numerical experiment:
and v is the approximation number.

6. Concluding remarks

The presented equations permit to analyze the axi-symmetrical flows in the blade chan-
nels and in the inter-rim areas of heat turbines. These equations can be regarded as genera!
ones when the non-viscuous fluid is considered. They take indirectly into the account the
viscosity of the medium, by considering the entropy gradient along the stream-line and hence
the resulting mean friction force.

In posing the theoretical problem together with the mathematical difficulties there
appear also many physical problems connected with determining the edge conditions:
to overcome them the adequate empirical data are needed. Hence aiming at the acquisition
of great accuracy of the solution is justified only when the sufficiently exact edge conditions
can be determined.

A further development of the presented method of the analysis of the axi-symmetrical
flows in the blade system of the heat turbines may be expected after an iterative coupling
of the quasi three-dimensional flow solutions with the solution resulting from the boundars
layer theory will be achieved.

The author is grateful to Prof. K. Kutarba for his kind advise and help in completing
this paper.
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Metoda analizy osiowo-symetrycznego przeplywu w kanalach
lopatkowych turbin cieplnych

Streszczenie

Wykorzystujac zatozenia teorii quasi-tréjwymiarowego przeplywu, w pracy przedstawiono metode

ilzy osiowo-symetrycznego przeplywu czynnika Sciliwego i nielepkiego w ukladach lopatkowych
o cieplnych.
PrzejScie od zagadnienia przestrzennego do zagadnienia osiowo-symetrycznego uzyskano przez
wowanie operacji usrednienia wszystkich funkcji wzgledem czasu i wspotrzednej obwodowe;.
vimiku tego, oddziatywanie topatek na strumies plynu zamienia si¢ na jednorodne wzdtuz obwodu
e masowych sit f‘;.
=iem przybliZonego uwzglednienia rzeczywistych wlasnosci plynéow, w ramach modelu plynu
Inzzo, okresSlono w kanatach lopatkowych usrednione efekty lepkosSci w postaci gradientu entropii
“t nii pradu. W réwnaniach ruchu pojawia sie przez to usredniona sifa tarcia.
W pracy uwzgledniono najbardziej ogélng strukture strumienia. Zgodnie z tym przeplyw plynu jest
wm przypadku wirowy, charakteryzujacy sie gradientami entalpii i entropii. Stosunkowo zwiezle
sostawionego zagadnienia byto mozliwe dzieki zastosowaniu ,,metody krzywizny linii pradu’,
WL swiesy do najdoktadniejszych spos$rod metod obliczen przeplywow.
77ucy podano rownania osiowo-symetrycznego przeptywu dla wszystkich charakterystycznych
tkowych turbiny, to jest dla obszaréw wiencow topatkowych i dla przestrzeni beztopatko-
% rozwiazania zaproponowano metode oparta na koncepcji rozwiazywania rownafi roz-
s metoda prostych”. Metoda ta pozwala przej$¢ od réwnania o pochodnych czastkowych
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do ukladu réwnan rézniczkowych zwyczajnych. Ogdlna forma zapisu tych réwnan przedstawia sw
nastepujaco:
dc,

e B o
or

Cm

Rozwiazanie tych rownan uzyskuje si¢ na drodze kolejnych przyblizer. Opierajac sie¢ na formule ,,trape-
z6w”, w pracy przedstawiono procedure obliczen, tatwa do zaprogramowania na maszyny cyfrowe.

MeTOI[ AHA/TH3a OCECHMMETPHYECKOI0 TEYEeHHS B JIONATOYHBIX
KaHa/jiax TenJIOBBIX Typﬁl/ll{

Pe3ome

Vcroms3ysi IpeANOIONKERHS TeOpUH KBA3UTPEXPA3MEPHOTO TCUCHUS NPENbABIAETCS METO[ aHATHZ&
OCECHMMETPUYECKOTO TEUCHHS CRUMACMOM M HEBABKOM CPENbI B JIONATOYHBIX CHCTEMAX TEITOBBIX TYDORS.

TTepexon OT MPOCTPAHCTBEHHOM 3a0a4K K OCECHMMETPHIECKOM JOCTATHYT IIyT€M NPHMEHEHUS Ome-
Palvi OCPENHEHHS BCEX QYHKIMI OTHOCHTENIBHO BPEMEHN U OKPYXKHOI KOODIUHATEL, B pe3ybTaTe 3TOR
OHepanuy BO3AEHCTBAS JTONATOK HA HOTOK CPEABL 3AMEHSIETCS HA OXHOPOLHOE 1O OKPY>KHOCTH TIOJIC Mac~
COBBIX cHIl Fy. g

C Uenero NprGIDKEHHOrO yYeTa NeliCTBUTENLHBIX CRBOMCTR cpen, B paMKax MOJICIHA UACAJIHLHOM AHS-
KOCTH, B JIOTIATOYHBIX KaHANAX ONPENEISIOTCS OCPENHEHHBIE 3(MEKTHI BSBKOCTH B hOpMe Ipaiuests
SHTPOIIMHE BIIONE JIAHAX TOTOKA. Takmv 06pasoM B YPABHEHUSX JBUKEHHS MOSBISETCS OCDCHEHHAS CHt
TPEHUSL. ’ -

B pabote yumTeiBacTCs Hambonee 06mMas CTPYKTypa moToka, COTNACHO C STHM TEYCHHE KAOKOCTE
B O0IIEM CIIyYac SBIIAETC BUXPEBBIM, XAPAKTEPU3YIOMIMCS TPATAEHTAME SHTABINY sHTponmu. OTEe-
CHTEJIPHO NPOCTOC MPCICTABICHUE IIOCTABICHHOM 3a/iadud OBLIO BO3MOXKHO GNATOHADS MpUMCHEHEES
»»METOZIA KPHBASHBI JIMHUH TOKA.”, KOTOPBIA MPUHATEHKAT X HANOOIIEE TOYHBIM 3 CyIIECTBYIOMIHX METOTON
pacueTa TCUCHUH.,

B paGote mpencTaBiensl ypABHEHN)S OCECHMMETPHYECKOTO TEYEHMs IS BCEX XapaKkTEePHBIX ObsacTed
TypPGHHHOM JIONATOYHOM CHCTEMEI, T.€. B OGJACTAX JONATOYHEIX BEHIIOB ¥ B GC3JIONATOUHEIX TIPOCTpas-
cTBax. JIJis MX pEeIeHHs IPEIIaraeTcsi METOM, OCHOBAHHBLN HA KOHTICIIIAN pemenus quddepeHraTbEES
YPABHEHUH] ,,METONOM. IPSIMBIX”’. DTOT METOJ MO3BOISET IEPEHTH OT YPABHEHWS C HACTHBIMI TIPOH3~
BOJIHBIME K CHCTeMe OGBIKHOBEHHBIX Au(epeHIManbaeX ypapHernit, O6mas dbopma 3amucu 3THX ypas-
HEHUH clnenyromas:

0Cm 5
Cn — +Aep+Be,+-C=0.
or
Peienre 9TUX ypaBHEHME IPOMCXOIAT MyTeM O4CPENHbIX npubmmkennit. B paboTe npencrasiera npo-
UEAypa pacueToB, OCHOBAHHAS Ha (OpMyITE ,, TPALENNi’’, JIETKO mporpaMMuapyemast ua DBM.




