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ABSTRACT
The prediction of the performance of zas turbines Tor snown seomeirs i: bz
flow subiject to loss calculations. Al koown prediction methods use axner
their caiculations. Here a method is presented which ulilizes sxperimental -la

sed on the equaiions of
vental information fo-
seieeted from available
sources to best fit the conditions in variable scomeiry gas turbines, The artivie gives a survey of the
presently known loss caleniation methods, diseussz: the combimarion of diferentlv-i=finad loss coaffi-

cients and describes the prediction method,

NOTATION
A — flow cross section J  — units ranslormation coefficient
B — a quantity used for convergensze in the K, — specific heats ratic
iterative calculation k — blade tip clearance
b — length of profile center line M — torque
7 — chord length Me — Mach number
¢ - sound velocity N = spaed cof revolution of the rotor
¢, -— specific heat Np; — profile ioss correction factor
D — 2 quaniity used for convergence in the Np. — incident loss correction factor
iterative procedure Ny — Reynolds effect correction factor
e — radius of curvature of the profile backside @ — blade passage opening
G — flowrate P — pressure G T
g - gravitational acceleration 0 — normalized flow rate (Q = ~—\‘?4£)
i — enthalpy R — gas constant ‘ H
h, — height of the blade Re — Reynolds number
i — incidence angle §  -— blade pitch
- T —- temperaturs
*Senior Lecturar t, -- trailing edge thickness
*¥ Engineer ¥ — peripheral velocity
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1. INTRODUCTION

This work describes a mathematical model for the
prediction of the performance of a gas turbine stage
(not to be confused with a complete gas turbine)
equipped with a variuble geomeiry nozzle. The model
was devezioped te determine the influence of the
basic turbine parameters such as blade and turbine
geometry, thermedynamic inlet conditions, nozzle
guide vanes angle, and speed, on the flow in the stage
components and on the characteristics of the turbine
stage. This information is required as a basis for a
comprehensive mode ldeseribing two shaft gas turbines
with variable nozzle geomewy and for the design of
their dynamic control system (Hirsch er al., to be
published). In the stage mods] the pozzle and rotor
are considered to be macroscopic control volumes used
to describe the thermodynamic propertiss at the exit
of each of these stage elements. The flow in the stage
15 considered to be one-dimensional, no information
on two-or three-dimensionz] flow fizld properties is
determined. Instead an appropriate blend of published
relevant experimental information on the real
flow and the losses in the stage components is
mceorporated in the model and superimposed on the
simple one-dimensional formulation.

The model is solved numerically using a compuser
(IBM 370/165). Thus some aspects of the numerical
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Vo — absolute velocity 3 — rotorexit
W — refative velocity a -- annulos
X — energy loss coefficient B — blade
Y — total pressure loss coefficient ¢ — tip clearance
x  — absolute angle i — icidencs angle or initial iteration value
«®  — design angle { — final iteration value
£ — relative velocity angle M — Mach number
Ax — additiona] loss P — profile
Az — flow deflecion augle at stator exit R — Raynolds number
Af — fow deflection angle at rotor exit rel — relative
8 — angular position of stator vanes roi — rotor
g — dynamic viscosity s — isentropic
n  — cfficiency s¢  —— secondary
g~ density st — srator

Subscripts sje -— back side curvature of the profile
1 — stage inley T — blade geometry
2 — stator exit and rotor inlet L — total

procedure are discussed. The caiculation can not be
carried our Im a straightforward fashion and an
tterative brocedure is required, so that special care
must be given 1o comrvergence problems. Because of
the shape of the stage characteristic (pressure vs.
flow rate curve) two convergence criterions are
requirad. Further the possibiliny of choking in the
nozzle or in the rotor or in both, complicates the
convergance procedure. All these are discussed below.

Figures ¢ and 2 define the basic geometry and the
thermodyvnamic quantities of the turbine stage. It
must be pointed out here that the nozzle blade
angles =, and 2, are variables in the present model
The angle difference 0 =a, — 27 (where z; is the
instanianzous value and =7 is the design peint value)
is one of the basic parameters studied in the present
work.

2. CALCULATION OF THE LOSSES AND REAL
FLOW ETFECTS

In the present study a mathematical model of 2 turbine
stage is developed in which predicted stage losses are
superimposed on the well known simple one-dimen-
sional turbe machine theory. This approach cannot
be avoided iff work is to be kept within reasonable
bounds. Thus the dominant part of the stage model is
the calculation of the losses which actually represent
the real three-dimensional flow field effects not
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gy o \QB. hasic turbine parameters (Ainley and Mathieson,
/f\ 1857; Dunham and Came, 1970; Horlock, 1966;
- Craig and Cox, 1971; Rahnke, 1969) and on a
;,~/ /)l be similar approach 1o the losscafculation. A total loss
& / ! . . - . . . .
K / — :
7 y 7 STATOR coefficient is defined as a ba&_c loss factor (depez?xdmg
/ y / o on the cascade geometry) which is corrected using a
K\ §s % number of coefficients depending on the character of
/ the flow through the cascade. The loss factor can be
/‘: gy WiEst defined in terms of energy losses
! ,.._&L_..._._.. -
/o :
( We [ o hy — h
o X = 100252 (1
m;uﬁ_——gf__w JV /2
Vau o lrpt!™. B
AN or in terms of total pressure loss
ROTOR V= Py P2l (2)
P, — P, ’
these two  loss factors are related as follows
(Hawthorne, 1964):
I
X = 100 2 )} (3)
(7]
2 The wtal loss factors are describad by the following
u_%_s.4;3;ﬁ_ 5
unctionzl refation
Fig. 1. Thestage blading and the velocity diagrams. .
X or Y:_:"{Re, M. i, blade geometry, "
s C o, s Ok
h> kb, v e’ Tl
t This total loss factor is composed of the following
2 partial loss coefficients
L
‘ 2 a) X, or Y,: profile loss
b) X, or Y.:annulus loss
i o) A(C of }SL secondary loss
j e d) X, or Y,: blade tip clearance lo
: 2
 iss & 3 i In the present study a number of 1oss coefficien:
L ! prediction methods are combined to form an optimal
: >3 description of a turbine stage with & variable geometiy
Fig. 2. h, s diagram of the expansion in the rurbine. nozzle. Profile losses are calculatzd using Crajg’s
method {1871). The advantage of this method is that
the =ffects of incidence conditions on the profile losses
included in the one-dimensional flow model. The are well represented over a wide range of angles

sensitivity of the mathematical model to variations of
the stage geometry depends strongly on the accuracy
of the loss modeling. As many relevant stage parame-
ters as possible must be included in the model to
represent the real situation. Most known turbine
stage loss prediction methods are based on the same

eliminating the necessity for extrapolation. This is
extremely important in the case of adjustable nozzle
blade stages, and when ofl design operation of stage
15 to be predicted.

The secondary losses representing three dimensional
flow field effects in the cascades and in the stage flow
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passages are calculated with Ainley’s method (1957}
modified and improved by Dunham (1970). This
method is prefered for gas turbine modeling as also
suggested by Horlock (1966) znd Rahnke (1959).
Craig defines his loss coefficient on the basis of
energy, (Eq. 1) while Ainley uses total pressure loss
coefficients, (Eq. 2). In the preseni work energy loss
coefficients are preferred and Eq. 3 is used to transform
Ainley’s factors.

The losses calculated are incerporated in the turbine
model and determined as the calculation proceeds.
This is described in the next section.

3. THE MATHEMATICAL MODEL OF
THE TURBINE

The model consists of 2 gystem of simultansous
equations which satisfy continuity, energy conserva-
tion, momentum (force equilibrium) and the equation
of state. In addition the mode! includes experimental
information and correlations for the losses. The
equations are given below, but the sequence in which
they arc used in the solution as controlled by the
computer program is given in Fig. 3 where the
equations used in ecach computation step are given by
the numbers in brackets. Because & complicated
iterative procedure is required for the solution the
sequence i which the equations are incorporated
into the model is 10t wnique and depends on the
conditions at the point of operation for which the
calculation is carried out. These conditions and their
effect are best undersiood from Fig. 4, where three
regions are defined: region 1 where the flow rate is an
increasing function of the pressure ratio over the
turbine stage, this is the low subsonic flow region;
region 2 where the flow rate is a decreasing function
of the pressure ratio, this is the high subsonic flow
region; and region 3 where flow is choked and sonic
flow is reached at 2 point in the turbine stage. In each
region 2 different independent iteration variable is
applied. When the poini of operation is locatzd in
region 1,(Q, the normalised mass fow rate parameter
(GJ/Ty/P,). is the most efficient independen:
tteration veriable. When the point of operation Is
focated in region 2, the pressure ratio is chosen to be
the independent variable othe wise instabilities in the
solution can not be avoided because Pj /P, is a
double valued function of Q in this region. In region 3,
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O is constant so that iteration conditions ave entirely
different but this region is not dealt with in the present
paper. As the independent iteration variable is not
unique, the ierative procedure and thus sequence in
which the equations areincorporated into the mathema-
tical model depend on the regions in which the points
of operation of the nczzle and of the rotor are lncated
during the calculation.

The eguations to be incorporated in the mathema-
tical model as chosen by the computer program are
grouped into two groups:

1) Equations relevant to the nozzle
Energv squations

72 T
J 2= - f A T)dT (53

am ‘-Tl‘ :
i & .
J 5= _f e AT {6

2 T,
Continuity

P_‘)_'Azl"/z =
=% )

Equartion of staic in isentropic flow

ol Al T
JRg ini2 o | ) aT (8
1t PSS
Velocity of sound
e = JEITR g g
o=  KiT0R Ty g (10
Muach numbers
Ma, =15 ¢ (L
Ma, = s, Ca, (12;

Flow deflection at the cascade exitcaiculated according
o Ainley

Any =12 Ma, | (13
2 -

Flow direction
Y2 = Tps -+ AZ; (14)
Reynold number based on the passage between the

blades O (for the calculation of the profile losses)

Reg, = 2020 s
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Fig. 3. Flow chart of the solution.
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Fig. 4. The shape of the turbine characteristic.

Reynolds number based on the profile chord (for the
calculation of the secondary losses)

BV, C,,
Repy = —=—=-2 6
e Wy (16)
Profile losses according to Craig
Xpsf :Jr(:’{Bl:aBZ:j’E:IE‘fI.‘ Ll?}
Oy Sa Sy Tog .
L Mas, Regs
SS!‘ V bS!" es.’ ' SSE ’ a's' t:o-ﬂ}

Secondary and tip clearance losses according to Ainley

) ’ C., k., | )
y - chr :f' (11:13_ ,,7{13 . s.e tesrs Recp_) (18}

E-tal T
[ 74 e 8 81 Pa

Total loss factor according :o Craig using Eq. (3)
st = Xps! + IGO(TZS “Tli)(yscs: -+ chr) + Xas! (19)

In Eq. (19) X, ; the annulus loss cosfficient is calculat-
ed with Craig's data. Fina!ly the energy losses are
calculated

JXVE ( ' (20)

= m;cp(ndzr
II}) Eguations relevant to the rotor
Inlet conditions caleulated from the inlet triangle
W = f(Vy,u,2:)

iy = 832_52

(21
(22)
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Thermodynamic conditions

”','3 Tayrel
R R, f ETAT
B ] (BT

(23)
T3
Pj « Tz.rel ¢ (T)
JRgIn_2trel ( P ,
gt ' Z-dT(24)

The conditions ar the rotor exit are caiculated using
the following equations:

Energy
W3 Tae
== f e (TYdT {25
2 Torrel .
”,v:i ATz -~
J == - e T T (25)
v Tlf -
Continuity
PoALv
G = 237 27}
RT. 27
Eguatior. or siate in isentropic fow
i P, rTE (1
JRgin=——% = AT (28)
2rrel o Tyt 1
Velocity of sound
= KTaRTy (9
e5, = KTk T (30;
Relative Mack numbers
Mas = WL (31)
"11(15.\ rol T n Sk (32)
Fiow defiection according to Amiey
‘AU: = ’{‘{.'\‘ror ’.ero." '\“j[‘J ~-_'.’-" (33)
Flow direction
Bz = Pps = AL (34)

Relative Reynolds number based on
the blades

nassuge between

Pl
Reg, = —"
o2 {740

(35)

Relative Revnolds number based on blade chord

psWsC,,,
Repy = %u('I}T
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Profile losses according 10 Craig BB

|
Xy ror =f(ﬁﬁzfﬁa:wﬁz:ﬁ3:f:a '
O?Gt Sl’ﬂl SH.” [(‘l')f . ‘

-, 5 May 7

Srm’ brﬂ!‘ e!‘ﬂ?, rot Ia Sreb Reo’) (3 )

Secondary and tip clearance losses according to Ainley

Ex k 1 erﬂ
ot Krot feros Recq)(SS)

3
e rot he rat Sror

Yscro: + Y. :f(ﬁz r’3.;

The total loss factor according to Craig using Eq. (3) is

Ty ; . ! Vs3
Xru: Xp ror + 100( :“ ol }'x Ysc ror ch;) RN Xarar 7z -
(39)
The snergy losses i the rofor are
JXe Wi T
55— = L e THT (40)

4. THE NUMERICAL SOLUTION

As mentioned above the mathematical model of the
turbine stage is solved
the procedure is given i Fig. 3. The purpose of this
paragraph is to supplement the ﬁou chart, 1o elaboraie
somne of the difficult points mvolved in the procedure,
but not to replace Fig. 3 which includes the essentials
of the solution. The iterative procedure used requires
the development of an efficient convergence algorithun.
This is not a simple task in this case, because the
independent iteration variable used at a point depends
or. the location of this point on the characteristic
curve, The caleulation starts at low flow rates inregion
1 where @ is the independent variable (see Fig. 4)
The value of Q is stepwise creased untilregion 2 15
reached, where the procedure switches over to in-
dependent variation of Py, /P,,. The calculaton is
terminated when sonic fow 13 detected in either
nozzle or rotor, i.e. when region 3 isreached.
When Qs the independent iteration variable (region i),
the calcuiation is carried out in the following way,
both for the nozzle or for the rotor.

a) A value is assigned to @ (see Fig. §)

b) The valus of one of the exit quantities of the
cascade D, is assumed. This quantity can be the exit
pressure, the exit velocity, the exit temperature etc,

;umerically. The flow chart of

{Bi7B1}, o

©-5,. 5 ¥ TGS

U first gssumption
D seécond aSsSUMpHIOn
Dr ony itteration stoge
De convergence value
De wrong convergence value
B: colculoted from eqs. 510 8
or 25 to 28
B; coleaiated with information
from eqs 13 tc 2C
nr 33 10 40

3. Convergence of the iterative procedure inregion 1.

The remaininsg exit guantities are calcuinted
using the equ.:u_ions of energy (3) (&), conunuity (7),
stale (&) 1o {L2) and the cquations of the losses and
related quantities {13} 1o {19), for the nozzle. For the
rotor, Eqs. (25, f26;, (473, {28) to {32) and (33) 1o {39)
are used resp . Onz of these guantities, E;, is
later used as LOA\&l%LHCC grizerion.,

dy Using Eg. i23) for the the guaniity
B; which was previously evaluated in step ¢) isrecaicula-
ted and the new value, B; compared to the previcus
valuc, B;, For the rotor Eq. (40} is used,

¢} Li B;# B, le. if couvergence 1s not achieved, a
new value B, is assumed and the procedure repeated
unti the preset convergence criterion, | B; — By, <,
is reached. Here ¢ is a vaiue as small as desired. The
smaller ¢ i3, the better the accuracy and the more
iterations ars required for convergence. (for & = 0.001
four iterations were sufficient).

To ensurg convergence, the frst value assumed for
D; must be smaller than the convergence value, D
otherwise the solution will converge to a wrong value,
D, The convergence procedure 1s based on the
Newton—Raphson method. The method described
above cnables detection of unrealistic flow

0

nozzle,

easy
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rates in the nozzie or rotor (@ > Q.. for which no
solution can exist. The condition ¢ > (., Is satisfied
when no convergence value can be found for D
which is an indication of an excessive fow rate.
The calculation as described above proceeds from
an initial small flow rate by increasing the value of the
normalised flow rate ¢ = G\f‘ﬁlel until no con-
vergence for [ can be established. This is an indication
that Q > Q_... The last valus of Q for which a solution
stillexisted, i.e. D converged, is the limit of region | for
the nozzle or for the rotor but the exact value of @_,,.
need not be cajeulated. In other words, as long as
convergences can be reached with @ as independent
iteration variable the point of operation calculated is
located in region 1. From this point onwards,
P, /Py, is used as an independent iteration variable.
The iterative procedare here is rather complicated
and involved. It can best be understcod from the
flow chart of Fig. 3. The entry points to this section
of the solution are “'yes™ answers to Q0 > 0,7
The entire calculation is terminated when sonic

3

flow is reached at a point in the turbine stage,

5. THE RESULTS

The computer model was run and tesied using data of
a free gas turbine of 1100 c.v. supplied by Beit Shemesh
Engines Co., Beit Shemesh. Israel. Some of the results
are given in Iigs, 6-16. They demonstrate the ability
of the mathematical model to deseribe 2 turbine stege,
and analyse its performance and losses. Further, it is
shown that fields of operation can be predicted for
variable geometry gas turbine stages. The use of these
fizlds of operation for the dynamic study of a turbine
and the design of its control system is described by
Hirsch {Hirsch, 1o be published).

The losses are basically a function of four parame-
ters, namely: flow rate, Q, pressure ratio in the stage
P /P4, speed :\".f'\-‘”iz and nozzle blade angle, 4.
But at given speed and 8 the fow rate is a unique
function of the pressure ratio so that the losses actually
are a function of only three independent parameters.
The losses, therefore, are presented here in two
groups, (&) Figs. 69 where the independent parameters
are speed and pressure ratio (F = 0° being constant},
(b} Figs. 10-14 where the independent parameters are
6 and speed (the pressure ratio being held constant),

972 57 946349
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Fig. o, Profile and secondary lossos variation with the pressure
ratio (stator angle 6 =07).

—

Figare ;1
and Fig. 16 gives normalized zorque curves as functon
of the three independent perameters.

3 shows the entire ficid of operation calculated

Figure 6 shows the effects of the pressure ratio and
normalized speed on the loss woeflicients in the nozzle
and the roior. The understanding of the nature of
these loss coofficients is important as they strongly
influence the performance of ithe terbine stage. It can

:be seen that substantial diffevences exist between the

variation of the noszle loss coefficients and the
variation of the loss coefficienis of the rotor, Further
the fundemental difference between the variation of
profile losses and the variation of secondary losses is
demonstrated. In the siator beoth the profile loss
coefficients and the secondary loss coefficients are
almost constant over a wide range of spzeds and
pressure ratios. This Is not surprising because the
incidence angle of the nozzle is constant at zero and
because the exit of the nozzle profile has a very small
curvature. The loss coefficienis of the rotor, on the
other hand, are sensitive to the pressure ratio and the
spead. The variation of X, is caused by the changes in
the incidence angle, i, on which X, depends strongly
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because of the dominant role of incidence losses. The
incidence angle variation c¢an be seen in Fig. § where
the incidence angle is piotied against the pressure ra_tig
for threc speeds. At the design spead (N /Ty,
= 6060 rpm/ \f’?K)Xp

is large at low pressure differences (high P5, /Py,
values, small flow rates and large positive rotor in-
cidence angles). The value of X, reduces with in-
creasing pressure difference and flow rate as the
incidence angle reduces (Fig. 8). The smallest X, value
is reached for Q = 142(m?  °K. sec)and Py, /P, = 0.6,
this is the design point as also confirmed by engine
tests. The variation of X, with the pressure ratio in
the vicinity of the design point {P;,/P,, =0.6) at all
speeds is small, because in this region the flow in the
rotor approaches sonie velocity reducing the possible
variation of the fiow rate. The effect of speeds on X is
farge ar small pressure differences where the flow rate
and through fow velocities are small. This sensitivity
of X, is due to the large variation of the incidence
angle as 1s evident from Fig. 8.

The variation of the secondary losses in the rotor is
entirely different. These losses are caused mainly by the
pressure gradients in the flow field. These areanin-
creasing function of the flow deflection and energy
conversion in the cascade (affecting the pressure
difference between suction side and pressure side of
the profile). The energy conversion in the rotor is
most effective when profile losses are small i.e. near
the design point, and therefore the values of X,
is farge when X, is small,

Figure 7 describes the variation of the main profile
loss coefficient components, Xpg, Ny Npr and Npg
with the pressure ratio. These are related to X, n the
following equation of Craig.

Xp= XpgNprNpiNpr+ (X Je + (Xp)ge + (X
(41)

Figure 7a shows the variations of the basic profile
loss factor; these variations are caused mainly by
loading. Indirectly, however, the basic loss factor is
influenced by the incidence angle and therefore 1t
reaches Its minimum at low incidence angles (see
Fig. 8) near the design point. The variation of the
basic loss factor over the entire range examined is
about 259, Figure 7b gives the incidence loss factor

FREE GAS TURBINES
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Fig. 7. Correction factors variation with the pressure ratio
(stator angle #=0%)

which is the most dominant influence factor on the
efficiency and on the performance variation as function
of the point of operation. Its variation over the range
investigated is about 35%;,. The coupling of this loss
factor with the incidence angle 1s evident from Fig. 8.
The trailing edge loss cocflicient is constant (Fig, 7¢)
because its main parameter of influence is the blade
geomerry which is fixed. Figure 7 shows the Reynolds
number inflzence factor which is also almost constant
because the dependence of the profile loss on Re is
weak and because the varation of Re over the range
of operation investigated is not large enough to cause a
meaningfull effect (see Fig. 9).

Let us now analvse the effect of the nozzle blade
angle, 0, on the turbine performarnce when the pressure
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Fig. 8. Variation of the rotor incidence angle with the pressure
ratio (stator angle =0°),
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Fig. 8. Reynoids number variation over the pressure ratio
range investigated (stator angle £=0°).

ratio 1s kept constant. A variation of 8 {rom the design
point at which 8= 0% affects mainly the rotor losses
as can be seen in Fig. 10. Here a strong influence on X,
is observed, while the secondary losses are less sensitive,
The losses in the nozzle (X, + X)), are much less
sensitive to 6 variations because the increase in X, is
partially compensated by a decreasing X .. Nozzle
jogses are less sensitive to & variation than rotor
losses because in the nozzle no ensrgy is converted as
is the case in the rotor. This result confirms Rahnke's

ghservations.
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Fig. 10. Profile and secondury losses variation with the stator
vape position (Pressureratio Py, 'F.. =06}

The parual tosses are described in Fig. 11 where,
like in Fig. 7 and because of the same reasons, trailing

_edge losses and Reynolds effecis are almost constant,

‘The not signiticant Re variation is shown in Fig, 13.
Incidence losses again erc mos. dJominant and play a
major role because of the large incidence angle varia-
tions, as shown in Fig. 12. These results again confirm
Rahnke's report.

Combination of all the partizf losses discussed so far
result in the overall stage efficiency shown in Fig, 14,
As expected the best efficiency is reached at the
design pomt (§ = 0°). When extrapolating the curves
to large ¢ values the efficiency becomes negative, ie,
the turbine works as a compressor acting as a braking
device when instzlled in a vehicle.

Figure 15 gives the predicted field of operation of
the turbine stage. To avoid confusion the lines of
constant efficiency (given in Fig. 14) are omitted. Each
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group of curves, related to a given @ value, describes
the normalized flow rate vs. stage pressure ratio, with
the normalized speed as parameter. The flow raie
increases with increassed pressure difference over the
stage, it reaches 2 maximum value and drops to the
chocking point, From there onwards the flow rate is
constant. The more the nozzle blades are opened, the
earlier choking occurs because with opened vanes at a
given prassure ratio the velocities in the stage are
increased, and this means that the degree of reaction
is increased (or that the rotor exit velocities are larger).
This causes earlier choking,

For every group of curves the difference berween the
maximum fow rate and the choking flow rawe is in-
creasad with the nozzle blade opening. This is caused
by the combined effect of the increase of the losses
and the increase of the velocities when the nozzle
blades are opened. When the nozzle blades are closed
to negative @ values only the losses increase bur the
velocities decrease. At an open nozzle blades pesition,
when both the loss and the velocity levels are high, an
increase in the pressure difference (causing an ad-
ditional increase of the already high velocities) is
coupled with a sharp increase of the losses ever when
the loss factors grow only shghtly, This effective
increase of the losses causes the marked flow rate
reduction towards the choking point. With closed
nozzle blades the flow rates and the velocity level are
low, so that the Sow rate reduction towards the choking
point is less pronounced.

The effect of the opening of the nozzle blades at
constant speed and pressure ratio on the flow rate is
obvicus. In the region near the design point the
mcrease n fow rate with # is not linsar. Extrapolating
in the direction of opened nozzle blades it can be
seen that the flow rate reaches a maximum at around
8 = 23°-30° as can be expected. This maximum is a
result of the flow passage area variation with increasing
§ and the loss increase when the nozzle blades are
opened {Ralnke, 1969),

Normalized torque curves of the turbine stage are
given in Fig. 16. It must be pointed out here that the
torque presented is not the torgue of 2 complete gas
turbine (which is the result of a combined performance
of compressor stages, combustion chamber and
turbine stages) but rather the torgue of an isolated
stage. At constant pressure ratio and nozzle blade
position the tforgque drops with increased speed

. ADLER ET AL,
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because with ali other parameters heid constant the
torque is inversly proportional to the speed,

Finally, Figs. 17 and 18 compare results calculated
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Fig. 16. Torgue curves of the turbine stage.
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using the present method with experimental results.
The experiments were carried out on the 1100 c.v.
gas turbine at one of the test celis of the Beit Shemesh
Engines Co. During the experiments N /.'T;, conld
not be keptata constant value, it varied monotonously
from N/\/T;, = 675 rpm °K¥ at P;/P;, =0.848 to
604 rpm /°K* at a pressure ratic of 0.545. The agree-
ment between the calculated curves and measured
points is good enough te have some confidence in
the method, The Jargest errors occur at large pressure
ratios (small pressure differences over the turbine), well
away from the design point where the torque 1s very
low. In the region of operation the errors are about 4%
for the normalized torgue M /P;, and 2.59 for the
normalized flow rate G\«"ﬁ:"Pl,. However, more
experiments are nceded; these are planned for the
future.
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