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PREFACE

The literature on design of radial inflow turbines is rather
limited. This treatise gives the results of a detailed study of the
theory of radial inflow turbine design made in Japan by Professor
Mizumachi of the University of Tokyo. The results are supported by ex-
perimental data on several radial inflow turbines. The study makes a
substantial contribution to this field of engineering and the transla-
tion into English makes the design procedure and data available to a
larger segment of the engineering profession.

Frank L. Schwartz
Professor of Mechanical Engineering
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CHAPTER 1

INTRODUCTION

The radial turbine is used, in combination with the compressor
and the combuster, as the gas turbine prime mover, and also as the ex-
haust turbo-charger of the internal combustion engine. It is also com-
bined with the compressor and the cooler in the expansion engine to pro-
duce refrigeration cycles. The purpose of the present paper is to
describe the investigation on the radial inward flow turbine which uses
gas as a working fluid.

Though most of the gas turbines that have been used are the
large gas turbine prime mover of aircrafts, electric generation, vessels
and other heavy vehicles, recent studies and investigations have found
the small gas turbines (less than several hundred horse powers) also in
use for automobiles, fire-engines, jet-engines, small-sized vessels, as
well as for electric generation. It is necessary for such small gas tur-
bines to obtain the maximum efficiency in a relatively small number of
revolutions. OSuch radial turbines are replacing the axial turbines as
the swmall gas turbine prime mover, not only because of the high effi-
ciency they obtain within a small number of revolutions, but because of
their relatively simple structure, and because of the ease and the low
cost with which they are constructed.

The radial turbine can be divided into the pure radial«flow
turbine and the mixed-flow turbine according to the types of the flow
of the working fluid (Figure 1.1). The pure radial-flow turbine is the
turbine in which the flow in the turbine blade moves in the direction
of the radii, whereas the mixed-flow turbine is one in which the flow
moves towards the radii at the inlet of the blade, but continues in the
direction of the axis through the exducer at the outlet of the blade.

Publications of studies concerning the radial turbine are rela-
tively few. In the field of the pure radial-flow turbine, theoretical
studies are made by Sugawara and Nakamura (1) especially in cases where
the proportion of the outside diameter in the blade approximates 1, and
0.E. Balje(E) proposes a simple hypothesis concerning the losses of the
flow in the blade as well as in the nozzle, and makes calculation of
certain specilal cases. Mori(3) also publishes a general theoretical
analysis of the pure radial-flow turbine. It is to be noted, however,
that, in comparison with the mixed-flow turbine, the pure radial-flow
turbine is low in efficiency, swall in gas flow, and cannot be used
when the expansion ratio is very low. Accordingly most of the radial
turbines that are being tested nowadays are the mixed-flow
turtines. (15 (505 (85, ), B, (37

-1~
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Almost no basig study of the mixed-flow turbine has been pub-
lished, except Mori's(lo theoretical investigation which appeared after
the publication of the suthor's theoretical study that follows.

The present study of mixed radial-flow turbines has been carried
on according to the following plan. In order to make clear the character-
istics of radial turbines at design point, a theoretical investigation is
made of the flow in radial turbines from a new standpoint, which results
in finding the conditions giving the maximum turbine efficiency. The
mixed radial-flow turbines are divided into those possessing straight
radial vanes (Figure 1.1) and those possessing curved vanes (Figure 2.32).
It has been discovered that the maximum efficiency of the radial turbine
possessing straight radial vanes can be obtained under the condition that
the axial absolute velocity at the turbine outlet should be distributed
in such manner as the velocity at outside radius is zero and increases
towards the outlet inside radii.

The study thus makes clear the determinants of the principal
conditions under which the turbine is to produce the maximum efficiency.
Then the design procedure giving the maximum efficlency can be generalized
by using the non-dimensional quantity, q, representing the relation be-
tween gas flow, condition of gas at turbine inlet and the impeller diam-
eter, in which cases, efficiency, revolution of impeller, mean efflux angle
from the nozzle and geometrical dimension of impeller.can all be represent-
ed by the quantity q. Differences of the characteristics between the
straight-vaned radial-turbine and the curved-vaned radial-turbine are in-
vestigated theoretically, by which merits and demerits are demonstrated
in each case respectively. Using the results obtained by the theoretical
investigation, the most suitable working range for a radial gas turbine
can be made clear. In the investigation of the partial-load characteris-
tics of a radial turbine with straight vanes, with reference to the re-
sults of the experimental turbine, it is clarified how quantity of flow,
output torque, power and efficiency vary in accordance with the variation
of revolution, expansion ratio, and temperature of inlet gas. In this
case, theoretical equations are presented in the form of non-dimensional
quantities, which agree fairly well with the results of experiment by the
test turbine.

The above theory is calculated on the basis of the velocity
diagram at the inlet and outlet of the blade. In order to give the veloc-
ity diagram, it is necessary to find out what kind of geometrical form
should be given to the nozzle and the blade. Very little study has been
published concerning the flow inside the radial-turbine nozzle and the
blade.

Theoretical and experimental investigation was therefore made
on the nozzle in order to measure the losses which occur in radial tur-
bine nozzles. Using the experimental formula for each loss, nozzle de-
sign procedures are presented, by which the total loss in a nozzle can
be minimized, producing an excellent nozzle with the velocity coefficient
as high as 0.975 ~» 0.985.
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The study of the turbine blade is concerned with three princi-
pal problems: namely, the investigation of the hydrodynamic losses oc-
curring in the blade, the study of slip factor in a turbine blade, and
the study of the flow in an exducer. It 1s very difficult to analyze the
losses in a turbine blade, as its complex geometrical form and high speed
of revolution often induce losses resulting from surface friction and rel-
ative rotation. In the test turbines, the losses are therefore measured
and represented in the form of the blade-loss coefficient. Concerning
the slip caused by highly intense relative rotation of the flow in the
blade, the character of slip and the cause of its occurrence are found,
being useful for design of the vanes and blade outlet.

The function of the exducer is to distribute the axial velocity
at the turbine outlet. In order to prevent the flow from moving radially,
it is necessary to keep the movement around the axial line inside the
cylinder. This is done by balancing the centrifugal force acting on the
flow in the exducer with the radial pressure gradient of the flow. As
the result of the theoretical analysis of the flow in the exducer the ex-
istence of the exducer can be shown, not only satisfying the condition
for obtaining the highest turbine efficiency, but also making the centri-
fugal force acting on the flow balance with the radial pressure gradient
of the flow. In addition, the analytical results are verified experimen-
tally by the test turbines, with which it was possible to measure the
losses that are hard to calculate theoretically. Namely, the losses in
nozzles and moving blades, the shock loss at blade inlet, the leaving
loss and the heat loss are made clear quantitatively.

In the performance tests of No. 2 gas turbine, whose design was
based upon the above-mentioned results, its effective maximum adisbatic
efficiency reached 90%--a performance much superior to the performance
demonstrated by this type of gas turbine heretofore in use, whose effi-
ciency is about T8 ~ 86%.



CHAPTER 2

CHARACTERISTICS OF RADIAL GAS TURBINES

2.1, Outline

The characteristics of radial turbines may be considered under
two aspects. The first to be considered is the performance of the turbine
when 1t is used alone. The point at which the fturbine is used alone is
called the design point. The conditions governing the design point in-
clude the entire expansion ratio, the quantity of gas flow, gas pressure
and temperature at the turbine inlet, and the number of revolutions. In
order to design a turbine that would give the maximum efficiency, that
is, that would satisfy those conditions, it is necessary to clarify the
changes in the turbine efficiency by means of measuring the efflux angle
of nozzle and exducer, the outside impeller diameter, the breadth of the
blade inlet, the outside diameter and radius of the blade outlet. The
first aspect then, puts emphasis upon the characteristics of the radial
turbine at the design point. The second aspects are the characteristics
of the turbine that are observed when the turbine is used at points other
than the design point, for these extra points must be taken into account
when load characteristics are attributed to the turbine. The clarifica-
tion of those points is also required when the turbine is used as the
prime mover in combination with the compressor in order to determine the
nature of accelerated motion, the matching of the turbine partial-load
characteristics with the partial-load characteristics in general, and
the possible danger of gas flowing into the diffuser area of the compres-
sor. The second, then, is concerned with the partial-load characteristics
of the turbine.

In order to clarify the turbine characteristics at the design
point, analysis is made of a turbine with straight-radial vanes, and of
a turbine with curved vanes respectively. Because of the complex opersa-
tions and the problems involving the strength of vanes to meet the rapid
revolutions of the radial turbine, the manufacturers have hitherto con-
fined themselves to the turbines with straight-radial vanes. A theoreti-
cal comparison was made between the straight-radial vanes and the curved
vanes in order to find out if a higher efficiency could be developed and
the number of revolutions be reduced by using the curved vanes. The most
sultable working range was wade clear on the basis of such theoretical
observations as stated above.

A study of the turbine characteristics at the design point in-
dicates that the curved vanes have little value of use except in very
special cases. It was therefore necessary to study the partial-load
characteristics with reference to the results of the experimental turbine
that had straight radial vanes. It was then theoretically made clear

-5-
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how quantity of flow, output torque, power, and efficiency vary in accor=-
dance with the variation of revolution, expansion ratio and temperature
of inlet gas. In this case, theoretical equations are presented in the
form of non-dimensional gquantities, which agree fairly well with the re-
sults of experiment by the test turbine.

2.2. Characteristics of Straight Radial-Vaned Turbines(ll)

2.2.1. Analysis of the Characteristics

Consideration is given here to the gas condition in the straight
radial-vaned turbine, as shown in Figure 2.1. The gas passes from the tur-
bine inlet to the spiral chamber, expands in the nozzle that has been set
upon the circle, flows into the blade, and is discharged from the exducer.
The passage is shown in the T-S diagram of Figure 2,2. The point O repre~
sents the condition of the turbine inlet with the total pressure Pos and
the total temperature TO. The expansion from the point O to the blade in-
let pressure p; 1s represented by 1, whereas the equal entropy expansion
from O to the pressure py is represented by 1'. In the blade, the expan-
sion recurs from 1 to the blade outlet pressure po; 2 represents the actual
condition at the blade outlet, whereas 2' represents the expansion entropy
from 1 to pp. The total temperature at point 2 is represented by 3.

Figure 2.3 is a velocity diagram when the shock loss is prevented
at the blade inlet of the straight radial vanes. The absolute velocity of
the jet from the nozzle, and the average efflux angle of the nozzle are
represented by cq and & respectively. U; is the circumferential velocity
at the blade inlet, w, the relative flow velocity. In order to prevent
the gas from rotating at the turbine outlet, the absolute flow velocity at
the blade outlet must be measured only when the flow is moving in the di-
rection of the axis. The velocity diagram under this condition is given
in Figure 2.3. co represents the absolute flow velocity, u, the circum-
ferential velocity at any point of the outlet, wo the relative flow veloc-
ity, and B, the relative efflux angle. The gas flow, G, passing through
the nozzle, is expressed as follows:

G = 24R1Biejc] sin 4d- éL- (2.1)
1

R, represents the radius of the blade inlet, Bq, the breadth of the blade
inlet, €; the modified coefficient of the thickness of the blade vanes,
vy the specific volume of gas at the same point.

If @is the coefficient of velocity at the time of expansion
from the turbine inlet pressure, pp, to the blade inlet pressure, P1s

c, = ¢cl' (2.2)
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®is the coefficient of velocity with reference to the total loss of
gas in the spiral chamber and the nozzle, ci, the velocity at the time
of the equal entropy expansion, can be obtained as follows:

ci =~/2chp(TO‘Ti)

= /2chp /To(l-s) .

If g is the acceleration of gravity, J is the mechanical equivalent of
heat, Cp is the specific heat of gas at constant pressure, Tl'is the tem-
perature at the 1' point, s can be obtained as follows:

(k-1/k)

P T,!
s = <;l = fl . (2.4)
Po 0

In the above formula, k = cp/cv.

If T, is the actual temperature at the blade inlet, the abso-
lute velocity of the blade influx is:

e = [2gJey (T-T1) . (2.5)
From the formulas (2.2), (2.3), and (2.5),

L1 92 (1s) . ~ (2.6)

If the gas constant is R¥, the specific volume at the blade outlet v, is:

R*T, R¥

z — 2(1a
v, - ~ To{l-cp (1 s)} (2.7)

From the formulas (2.2) and (2.3),
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1
cq =0 2chpTo (f"Té>

. (2.8)
=Q /EchpTo (1-s)
By substituting the v, and ¢y in the formula (2.1),
G = 27R1B1e sin o + ¢ /28I To(1-5)
2.
o . (2.9)
*R¥TH {1 - ¢2 (1-s)f .
And the sound velocity in the gas at the turbine inlet, ag, is:
ag = /gkR*TO' . (2.10)
If the thermodynamic formula,
., = B K
P~ J k-1

and a, and c.. are substituted in the formula (2.9), the following formula
can be obtained:

B > (p1/po) J1-s

- 2 Lo . )
G = 2(R1“ agro€y R sin d * @ /3= T-02(15) . (2.11)

In the above formula, 7, 1s the density of gas at the turbine inlet.

In order to express the gas flow, G, in non-dimensional quantity,
g will be defined as in the following formulas:
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G

2ZI'ER-.L2 ao'}’o

Q
"

Vo
5 —— (2.12)
21R, 2 a,

1 R¥* G'/ES

EKRlQ gk pg

Vo represents the cubic flow of gas at the turbine inlet, while q is called
the characteristic quantity of gas flow.

From (2.11) and (2.12), q is obtained as follows:

/2 B . _(p1/po) /T-s
q = QV/E:I € ﬁz sin @ - (1) (2.13)

We shall consider next the flow in the blade. While we may regard the
flow at the blade inlet as being equal and uniform, the blade loss and
the working against theé blade will vary in accordance with the gas flow
passing through each radius of the blade outlet. Consideration is there-
fore given to the gas which passes through the diminutive radius dg at
any blade outlet radius R. Figure 2.4 shows the velocity diagram of this
outgoing gas.

If, at the blade outlet, the flow moves in the direction of
the axis, the pressure becomes the atmospheric pressure pp, and the
enthalpy at the time of the equal entropy expansion from 1 under the
pressure pj to the pressure p, is represented by ip, the following
formula can be obtained, withAE representing the total loss in the blade:

2 2
v : - W2 1 2 2

From the above formula,

2 2
W w
_glé__ Jilps ig 8 Ag
- 1 [ = - (2.14.1)
- — 2 o -(R) 15
A B Y

2g 2g 2g 2g
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If the velocity coefficient w represents the loss at the blade inlet,
andﬁfg the velocity coeff1c1ent of the blade, formula (2. 14) becomes:

2
2l v, =2 2 1 g2 2 2.14.2)"
¥y 12" 255 " 5, 2g<1 o) (2.14.2)

W12 = Clz - Ulz (2.15)

Therefore,

U, 2
- 2
= Jde T 1- _——
CP cp 0 ( S) 2g
2 U.2
2 aQ 1
PR T e )t (218)

The enthalpy, ijorat the time of the equal entropy expansion in the blade
is as follows:

iypr = cp(Ty - Tpor)

e,To {1 -02(1-s)} <1 - SS—O> (2.17)

But <p2 (k-1/k)
-3

When the formulas (2.16) and (2.17) are substituted in (2.1k.2),
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2 Up\?
L‘i@(%) * (1+w12><5%) ——G—i—) (2.18)

But © will be:
2 | 192, 2
0=1-92 (1-4,2)(1-8) - 59 (S + cp) | (2.19)

When the total turbine expansion ratio, p /p2 is given, © corresponds to
the function of s only (the function of Pl/Po only).

The angle of relative flow B, at the blade outlet is

o
cosB 5 = ag (2.20)

From the formulas (2.18) and (2.20),

tan B, = ¥ }:\-1—)2 28 ng (¢80 ~ hl — 1 (2.21)
an B, = ¥5 A3 q ) ,Ul> - ' } > .
The absolute velocity of the flow, Cos is:

Co = U tanﬁg (2.22)

From the formulas (2.21) and (2.22),

cp = VaUy x [ (%;—))2 (#,2) —(ﬂ}é’z - )(%)2 (2.23)

The gas, dG, that flows through the diminutive radius dR at the radius R
is:

4G = 2rRARe pCoY o (2.24)



-13-

In the above formula, the coefficient, €,, represents the decrease of
the flowing area by the thickness of the exducer vanes; and o, for the
density of gas at the outlet.

(2.25)

The following formula is obtained by substituting (2.23) and (2.25) with
(2.24).

p
aG = owe, /14,2 - 22 R /2282 @R (2.26)

R*T
a represents the velocity at the angle of rotation,
() (+¥,2)
1

1
@.—2-2_

R
Therefore, the total gas flow, G, at the turbine outlet is,ngiEO ac .
Rpoi and Rpp represent the inside radius and outside radius of the exducer.
For this integration, the expression within the square root in formula
(2.26) must be positive, which means that expression within the square root
in the formula (2.23) must also be positive. It is clear from formula
(2.23) that, as R increases, the expression within vy becomes negative,
that is, counter current takes place.

We shall next consider the outlet temperature, To. As the
actual enthalpy in the blade is Jc._ (T1-T2), the following formula of

energy is obtained: P
2 2
W A w 1
1 - 2 2 o)
= +dc Ty =T ) = £ . (U - 2.28
T p (T1 = Tp N 2g( 1° - we) ( )
From (2.14.2) and (2.28),
¥,2 v
Je Top =T4) = (1 - - =
. (To - T3) = ( ) (@F—g ) = (2.29)

As the pressure at the blade outlet is considered uniform over the whole
radius, Té is invariable, regardless of the outlet radius. Formula (2.18)
shows that the relative outlet velocity, wp, varies in accordance with the
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outlet radius R. Therefore, the outlet temperature, T,, corresponds to
the function of the outlet radius R, and decreases as R decreases (that
is, towards the center of the outlet), and becomes higher where R is
greater (that is, towards the outside wall). Since T, is a complicated
funetion of R, 1t is difficult to integrate formula (2.26) in the direc~-
tion of radius. However, since the variation of T, becomes the variation
of density, the variation of density is comparatively little, even if To
changes L0 ~ 500C in the direction of radius when the outlet gas tempera-
ture ranges from 400~ 600°C. The average temperature at the outlet, Toms
can thus be considered uniform, regardless of R so long as the integration
is concerned. From the integration of (2.26), the total flow G will be:

> 2 3/2
= 2nwep i . 22 Rpgd [{<Té;> <: ‘>
3 R¥Top Roo Roo,

2 3/2
) 3]

The gas flow at the blade outlet (2.30) must be equal to the
gas flow at the blade inlet (2.11). From (2.30) and (2.11), the follow-
ing formula will be obtained:

By 2 /1 U2 GEO)SP_E‘ B

R]_ €1 3 Rl Do ) Tgm " tanq

2 Po 2 3/2
S CRE)

(@) "] 3



2
And 20 ag ‘
o\ EoT rr> - 1+ 41?) 2.50)
Bo) (l_)@f_@)E -3
¥2 AR

The solution of the outlet average temperature, Tpop, will be explained
later.

We shall consider the problems of efficiency, and output power.
The angular mowentum per specific weight at the blade inlet is:

l cq cos Q- Ry= ELEL
g 1 1 g

The angular momentum at the blade outlet equals zero since the gas flows
uniformly in the direction of axis. Thus the variation of the angular
momentum per second is UlRl/g. If the angular velocity is w, the inter-
nal output Li per specific weight will be:

U1Ry Up2
Ly = 0 = (2.33)

And the work ot the equal entropy expansion Lig from the turbine inlet
to the turbine outlet pressure will be:

Ly, = JcpTo(l-sO) (2.34)

Therefore, the internal efficiencyn s will be:

L,
T
LE Lis
2
U
i — (2.35)
1L - 50

The actual net output of the shaft must be measured by subtracting the
friction loss of the blade disk from the internal output. The friction
loss of the disk is generally expressed by the following formula.(l3 (1
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N = £02u37 x 100 P (2.36)

In the above formula, D represents the outside radius, u the circumfer-
ential velocity, 7 the gas density, and all are expressed in metric
units, and f stands for the constant. Accordingly the loss of horse
power, Lg, per specific weight is:

=468 x10br=. 2. = = (2.37)

The actual net output, Lo, is:

L, =L, -Lg
2
U 4 U
=Lt (1-ue8x0bel. L. L (2.38)
g e 79 &
And the net efficiency ne is:
Le
ne = —_—
Lis
!/ 1 7 U
= ni(} - 4.68 x 10°k £ = . 71-- ;l (2.39)
a 0 0

The values of U /ao and 71/70 in the formulas (2.35) and (2.39) are given
respectively as follows:

Uy cpcosd 2 .
ga = -—-ga———'- ®/3xT cos Q- [l-s (2.40)
D T 1
LA S el R 0 (2.41)
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If 102n represents the enthalpy at the time of the equal entropy expan-
sion from the turbine inlet conditions to the turbine outlet pressure
(see Figure 2.2), and i7yt1p7 the enthalpy at the time of the equal en-
tropy expansion.from the point 1' above the blade inlet pressure, Py,
to the turbine outlet pressure, pp, the reaction r will be:

1o Tq' - To" 1 -
r = — g = l-g= : (2.42)
02" Io-Tp 0

The value of s in (2.31) can be determined by giving the five non-dimen-
sional quantities, viz. po/p2, for the total turbine expansion ratio,
o, for the average flow angle of the nozzle, and By/Ry, Rog/Ry, Roi/R1
for the geometric dimensional ratio. This will determine the expansion
ratio po/pl of the nozzle. The efficiency in this case can be obtained
from the formulas (2.35) and (2.39). As (2.12) indicates, the non-
dimensional characteristic quantity of the gas flow q is a funetion of
B1/R1, @, and s only. It is clear from the definition of the characteris-
tic quantity q in (2.12) that, with the uniform q the turbines maintain
similar geometric forms, and give the uniform efficiency and the uniform
reaction, even if G, R and the turbine inlet conditions are different.

When the total turbine expansion ratio, po/pe, is given by the
above procedures, the efficiency and reaction of turbines with uniform
@, By/Ry, Rog/Ry, Rpi/Rq, 'and their gas-flow characteristic quantity q,
can be determined by the use of the velocity coefficient of the nozzle
®, and the velocity coefficient of the blade, ¥y, ¥5. At the same time, the
relative flow angle Bo of the turbine outlet can be given by using form-
ula (2.21).

In actual calculation, s in (2.31) cannot be obtained by giving
PO/PE, a, Bl/Rl’ REO/Rl’ Rgi/Rl, as it is a negative function; instead,
B1/R1 should be detérmined by giving s, po/po, &7,Ro0/Ri, Roi/Ry.

2.2.2. Loss Coefficient

The above calculations use the velocity coefficient of the
nozzle @, and the velocity coefficient of the disk f. These values are
functions of forms and the Reynolds number, and do not render themselves
in simple formulas. It is therefore quite a complex operation to deal
with these loss coefficients as functions of forms and Reynolds number.
Instead, the average loss coefficient is presumed within the possible
ranges of forms and Reynolds numbers in order to seek the 'maximum effi-
cie cy conditions which will be modified, in actual designing, in accor-
dance with the variations of the loss coefficient.

(a) The velocity coefficient of the nozzle, g

Much study has been done concerning the velocity coefficient
of the nozzle used in axial turbines. According to Fligel,(12) Stodola,

(13)
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the @ of the axial turbine nozzle ranges between 0.95- 0.97. No study
has been published with regard to the circumferential nozzle used in
radial turbines. In general, the @ of the radial turbine nozzle ranges
between 0.95 ~ 0.98, which will be further described in Chapter 3.

It is difficult to generalize the varieties of form that are

taken by the loss of the spiral chamber from the turbine inlet to the
nozzle inlet. O.E. Balje(2) gives the loss in the following formula:

u.2
Loss = qg¢ L
g

The value ranging between 0.02~ 0.06 is given to qge by Balje. If Q1
is the velocity coefficient incurred by the loss of the nozzle only,
the total loss from the turbine inlet to the nozzle outlet will be as
follows:

c1'2 ¢® ( 2) cy'2 Uy 2
—_—— = 1 - + —
2g 2g 91 2g dsc g
cq 12
o) 1
= (1 - + )
L (L -9+ dse) -

If @ is the velocity coefficient incurred by the total loss, including
the loss of the spiral chawber and the nozzle,

2 12
c

- 7 1

Therefore,

(2.43)

Since @1 = 0.95 « 0.98, and qg, = 0.02 ~ 0.06, the value of ¢ will be
0.97 ~ 0.92. The following calculation is made with ref'erence to the
cases in which @ = 0.95, and @ = 0.93.
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(b) The velocity coefficient of the blade

No study has been published with regard to the veloclty coef-
ficient of the blade used in radial turbines, except the results of the
author's experiments with test radial turbines, which will be treated
in detail in Chapter 5. The following describes the results of the
study of vanes used in conventional axial turbines.

Emmert(l“) gives the loss of vanes used in recent gas turbines
in the following formula:

w22 5 5 wl2
2g % \liort % 2g (2.4k)

In the above formula,

®E2 = expansion energy coefficilent
ci = incidence coefficient
¢v2 = kinetic energy coefficient.
Since ¢E2 = Qvg, V] and V¥, in (2.14.2) can be obtained:
¥ 2 T eg0f
2.1
v o2 = 0g° (2:45)

The value of ®E2 vaeries according to the angle of the curvature. When
the angle is 900, ¢E2 = 0.90 ~ 0.93. The incidence coefficient ¢y = 1,
when there is no collision in the passage to the blade. Accordingly, if
%2 = 0.90, yq =y 2 = 0.95, and if @g° = 0.93, ¥1 = Y2 = 0.96.

Ainley(15) expresses below the loss of axial vanes in gas tur-
bines after experimenting with straight vanes in wind-tunnel tests.

W22

Total Loss = (2.46)

2g

When the angle of curvature is 900, ¢ = 0.07 ~ 0.l2. If { = 0.12,
¥y = 0.97, and Vo = 0.97.
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Stodola(l3) gives { the value of 0.36, when the angle is 90°.
In this case, ¥ = 0.91, and ¥p = 0.92.

A study of the blade used in radial turbines shows that the
flow moves first in the direction of the radii; when given the curva-
ture of 900 in the blade, it moves towards the axial line; and finally
it is curved by the exducer to form an almost rectangular movement
against the axial line. In other words, there are two large curvatures.
The loss will be greater when compared with the vanes used in the axial
turbine that has only one near-rectangular curvature. However, the loss
coefficient of the blade inlet is almost equal to that used in the axial
turbine, and Vo will be worse than the latter. The result obtained from
the author's experimental radial turbines shows that

V. = 1.0, Y, = 0.78 ~ 0.79.

q
L

~ Calculation will therefore be made with reference to the cases
in which ¥y = 1.0, Vo = 0.92 for small losses, and ¥y = 0.95, ¥y = 0.85
for great losses.

(¢) Friction loss of disk

As for the friction loss of disk, Stodo1a(13) and Pfleiderer(16)
give the formula (2.36). The value of f in the formula varies according
to the gap between the disk and the outside wall, the form of the disk and
the Reynolds number. Stodola gives £ = 1.1 ' 1.2, whereas Pflelderer
gives £ = 1.0, when the disk adjoins the outside wall. Accordingly the
following calculation is done with the presumption that f = 1.0.

2.2.3. Conditions for the Maximum Efficiency

Both the internal efficiency and the net efficiency of the
radial turbine is given in (2.35) and (2.39) respectively. In (2.39)
the effect of the disk friction loss, expressed in the second row of the
equation, ranges between 0.02~ 0.03. When the total expansion ratio
PO/pE of the turbine is fixed, the internal efficiency, n;, remains as a
function of Ul/ao only, and it increases in proportion to the value of
Ul/ao, which when the average flow angle of the nozzle is fixed, increases
as s becomes smaller. In other words, the smaller the value of pl/p , and
the smaller the value of the reaction r, the greater the value of Uj/ag.
Accordingly, the internal efficiency 7; increases as r decreases when
po/p2 and & are fixed.

The next step is to change the reaction r, by changing B1/Ry
while the values of pp/pp, O, Rpp/Ry, and Rpj/Ry remsin fixed. The
change of the internal efficiency under such circumstances is shown in
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Figures 2.5 and 2.6. As indicated on top of the figures, both are under
conditions py/pp= 1.2, Rog/Ry = 0.6, Rps/R = 0.3, with Figure 2.5 show-
ing a smaller loss when © = 0.95,y 7 = 1.0, ¥p = 0.92, and Figure 2.6
showing a greater loss when ¢= 0.93,¥ 1 = 0.95,¥, = 0.85.

When o is fixed, r decreases and T; increases gradually as
B1/R{ becomes smaller. When r reaches below a certain value, the ex-
pressions within the square root in (2.21), (2.23) and (2.26) become
negative. The reaction cannot be reduced below the reaction that oc-
curs at the moment when the expression within the square root changes
from the positive to the negative. At such a moment, M; reaches its
maximum value. Figure 2.7 shows the velocity distribution at the blade
outlet towards the radius, when = 200, and Bl/Rl and r are reduced
gradually.

It will be observed that the velocity distribution takes the
form of curve '1;when both Bl/Rl and reaction have a greater value, while
it takes the form of curve 3 with cp and P o approaching O if we reduce
the value of Bq/R; and reaction to 0.047 and 0.426 respectively. A fur-
ther reduction of Bj/R] and r will result in counter current because of
the negative expression within the square root of (2.21), (2.23), and
(2.26). Accordingly, the curve 3 shows the possible maximum efficiency
when = 20°, as this is the case in which the blade loss and leaving
loss of the turbine stand at the minimum.

Figure 2.8 shows the difference between internal efficiency
and net efficiency. As the values of B1/R] and reaction become greater,
the disk friction will have less influence upon efficiency, and vice
versa. At a maximum, however, the values of B1/R] and r remains the
same for both n4 and ne. Accordingly both internal and net efficlencles
reach the maximum under the same condition.

Since the maximum efficiency will be obtained wheng, = O
in the outside radius of the blade outlet, that is, when the expression
with the square root form in (2.21) equals O, the following formula will
follow when R = Rpp, and Bp = O in (2.21):

2 2

This may be re-expressed as:

20

5N8

<—l> = st " (2.47.1)
a Vi = ’ 2 l - R 2 ¢ .
> oy G )(Rl)
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Accordingly, from (2.47) and (2.23), it will be clear that,

(a>2 -1=0 (2.18)

Roo/

under which condition the efficiency reaches its maximum. OSubstituting
the expressions of (2.48) with that of (2.31),

2 /p N2 3/2
{1-cp2(1-s)} -g(l-’ %{2—3 - %}} (2.49)

Substituting again the expression of (2.19) and (2.40) with that of
(2.47),

o . 1
coss O= . - X
2 (_l_ -1 §§%>2 . )
L _ g2 2 L _<P._2] |
T 9 -y%) -so{sT o) st (2.50)

By eliminating s from (2.49) and (2.50), the relation among Rpp/R1,
Rgi/Rl, Bl/Rl’ and @ will be made clear when the maximum efficiency is
obtained. Conversely, the value of s will be determined by clarifying
Roo/R1, B1/R1, Rpi/R1, and Q. With the value of s made clear, it is
possible to determine the value of Uj/aqg from (2.40), that of q from
(2.13), that of ny from (2.35), that of N, from (2.39) and that of r
from (2.42). The curve indicating N and N, thus obtained will be the
line connecting the meximum efficiency points in the Figures 2.5, 2.6,

and 2.8.

From (2.21) and (2.47), the relative flow angle B, at the
blade outlet will be:



tan By = ¢ (2.51)

In order to compute from (2.49), the average outlet tempera=
ture Top must be first obtained as described below. Even though a
greater efficiency is obtained with a smaller inside radius, Rpji/Ry,
of the outlet, the geometrical dimensions of the exducer and its fit-
tings make it impossible to reduce the inside radius beyond a certain
limit. In general, Rgi/Rl = 0.1, which means that the circumferential
velocity at the inside radius of the outlet is considerably smaller
than that of the inlet. By eliminating Up from (2.18),

2
20 1 [W21)@ Uy
k-1 V2 (aol> + L+ y®N\s, (2.18.1)

The relative velocity wp; at the inside radius of the outlet will be
thus obtained from (2.18.1) and (2.47):

R
- 2, 20 .
Wpy = /L = Yo" — U (2.52)

The relative velocity wpp at the outside diameter of the outlet will also
be obtained from (2.18):

R
Voo T 13%9 Uy (2.53)

From (2.29), the gas temperature, Toi, at the inside radius of the out-
let, and the gas temperature, Tony, at the outside radius of the outlet

will be obtained respectively from (2.29),

~
2
i W 1 Wo42
Tos =« TA) = (1 = ¢12) mbe 4 [ — — ES
Jep (Toi 2/ ( L1 ) og \|f22 1 2g
¢
2 ) 2
w1 1 woQ
- 7" = - 2y = — - — .

~/

By substituting the above formula with (2.52) and (2.53), the average
outlet temperature, T,  will be obtained:
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_Toot Toy
m " 2

= s 1 {(1 -¥,%) tan® q

<
(@]
o

—

(2.55)

24 .
, (L-v22)(2 -y 0P (Racﬁ }U_le
22 Ry J\ag/

ot

T2m/TO will equal To'/Ty when no loss occurs in the blade, that is, when
¥1 = 1, ¥o = 1, in the above formula.

To! Ty To! 1 -(P2 (1 - S)
— T — & - 8 2- 6
I, T, T o 0 (2.56)

Accordingly, when the values of «, po/Py, Roo/Ry, are given in both
(2.55) and (2.56), Top/Tg can be obtained.

Figure 2.9 shows the net efficiency, g o, with_Rgi/Rl as
perameter, and when po/pp = 1.2, Rog/Ry = 0.7 (@ = 0.93, ¥1 = 0.95, ¥2=
0.85). The dotted line in Figure 2.9 indicates the envelope of the group
of curved lines with Rg-/Rl as parameter, that is, the maximum efficiency
to be obtained when Rpg/Ry = 0.7. Roi/Ry, q, @, r, and Uj/ag can thus
be calculated from the above~expressed formulas with reference to each
point contained in the envelope. 0., Roi/R, q, O, r, and Up/agp for the
maximum efficiency can be obtained likewise with different values of
R2O/Rl° The group of curved lires giving the obtainable maximum effi-
ciency with reference to every different value of Rpg/Rp, is shown in
Figure 2.10, using the axis of abscissa for the gas flow characteristic

quantity q.

The real lines in Figure 2.10 use REO/RI while the dotted lines
use R2i/Rl as parameters respectively. It will be known from the figure
that the smaller the value of Rgi/Rl, that is, the smaller the axial radius
of the blade outlet, the greater will be the efficiency. For, as shown in
(2.14.2), the relative velocity of the flow, wp, is greater in the outside
radius than in the inside radius, and since the blade loss is directly
proportional to w22, the loss is far smaller in the inside radius then in
the outside radius. This means that the gas flow in the inside radius
produces greater work and higher efficiency than that in the outside
radius. Accordingly, the enlargement of the inside radius of the outlet
results in the disuse of the most efficient part of the radial turbine
that obtains its maximum efficiency by concentrating the gas flow into
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the inside radius, and by preventing as much as possible the gas from
flowing into the outside radius. The axial flow velocity distribution
of the turbine outlet will therefore take the form as indicated by the
curved line 3) in Figure 2.7.

Figure 2.10 indicates that the maximum efficiency will be ob-
tained, and the net efficiency, N, equals (ranges between) 85 87,
when Rpy /Ry = 0.1 and g = (4~ 10? x 10-3. This confirms the existence
of the most suitable gas flow characteristic quantity, g, to indicate
the maximum efficiency, when the total expansion ratio of the turbine
is given, and the minimum Roj/Ry is used.

It will be clear from (2.12) that the gas flow characteristic
quantity, q, diminishes as the blade outside radius, R,, becomes larger,
when the gas flow, G, the temperature and the pressure of the gas are
given. Though it is characteristic of g to increase, 1t is better from
the point of view of efficiency to reduce g while enlarging R;. The g
will also increase as the gas flow increases, and thereby reduce the ef-
ficiency. Consequently the radial turbine will have a better and great-
er efficiency with a small gas flow than with a large gas flow. In other
words, the smaller the specific speed, the greater the efficiency.

The values of By/Ry, @, Uj/ag, and r, corresponding to each
curved line of Figure 2.10, are shown in Figures 2.11, 2.12, 2.13, and
2.14. By using these disgrams (2.1l - 2.14), the values of g, Rog/Ry,
Roi /Ry, B1/Ry, @, Uy/ag, 7, will be obtained when the gas flow, inlet
gas temperature, inlet and outlet gas pressures are given. From (2.12),
it will be understood that the clarification of g leads to determine G,
To, PO, Which in turn will determine the principal dimensions of the tur~
bine, viz. Rop, Roj, and By, and the number of revolutions.

Applying the same procedure to the case when PO/PQ = 2.5, the
result will take the forms as illustrated in Figures 2.15 = 2.19. As
shown in Figure 2.15, when q is less than 3 x 10-3, the expansion ratio
of the nozzle becomes greater than the limited expansion ratio, in which
case a special consideration will be required.

2.2.4, The Size of the Turbine Giving the Maximum Efficiency
and the Number of Its Revolutions

Figures 2.10 and 2.15 show that, when the total expansion ratio
po/pg of the turbine 1s given, a greater efficiency can be obtalned by
diminishing the outlet axial radius, Rgi/Rl, of the turbine blade. Since
an exducer must be attached to the axial radius, its minimum dimensions
will be determined by the geometrical form of the exducer and by the prob-
lems of its operation. In general, 0.1 is the limit of Roji /R1, and it is
very difficult to reduce it further. The existence of the gas-flow char-
acteristic quantity, q, giving the maximum efficiency will thus be con-
firmed by giving the total expansion ratio of the turbine and its Rgi/Rl.
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By thus determining the value of the most suitable g, the blade outside
radius, R;, will be clarified from (2.12) when the gas flow and the con-
ditions of the gas at the turbine inlet are given. Figure 2.20 shows
the correlation between the turbine expansion ratio and the gas-flow
characteristic quantity, q, giving the maximum efficiency. The value

of q increases slightly as the total expansion ratio increases. Accord--
ingly it will be clear from (2.12) that the blade radius becomes smaller
as the expansion ratio becomes greater. It is difficult to design a
turbine with a great blade radius because of the intensity that is due
to the general tendency of the radial turbine towards a great number of
revolutions and the great quantity of gas flow. It is desirable, there-
fore, to design a turbine in such a way that its expansion ratio in-
creases and at the same time its gas flow diminishes. This confirms the
theory that the radial turbine i1s most efficient when it has high expan-
sion ratio, small gas flow, and small specific speed.

The efficiency under such conditions is shown in Figure 2.21,
with Figures 2.22 - 2.25 illustrating Rog/R1, B1/R1, 7, Up/ap. The blade
inlet breadth, By/R;, becomes narrower with the increase of the turbine
expansion ratio, whereas the blade-outlet outside-radius, Rgo/Rl, increases
slightly with the expansiocn ratio, and falls within the range of 0.50
0.55. The most sultable reaction, r, approximates to 0.43 ~ 0.48 with any
expansion ratio. The circumferential velocity, Ul/ao, increases with the
expansion ratio. The increase of the expansion ratio will thus result
in the diminution of the blade outside radius, and the subsequent increase
of the circumferential velocity will produce an extremely great number of
revolutions. A high gas temperature at the turbine inlet also results in
the increase of the sound velocity, ag. This means that the value of Uy
increases while Uj/ag remains the same. Consequently, the circumferential
velocity and the number of revolutions will increase with the rise of the
gas temperature.

The conditions under which the maximum efficiency is to be ob=-
tained are thus determined by procedures as desdribed above. Figures
2.26, 2.27, 2.28, and 2.29 show the blade radius and the number of revo-
lutions to be required with the gas temperature set at 6500C and 800°C
respectively, and the parameter being the net output of the turbine.

From Figures 2.26 - 2.29, it will be clear that with the large
output gas turbine, the number of revolutions is low, and the blade
radivs large, whereas with the small gas turbine, the number of revolu-
tions high, and the blade radius small. Figure 2.30 shows the circumfer-
ential velocity at the temperatures of 6500C and 3000C respectively.

2.2.5. Examples of Numerical Solutions

We will now apply the above-described procedures for designing
a radial turbine with straight vanes to an exhaust turbine with the follow=-
ing principal dimensions:
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Turbine total expansion ratio 1.2
Gas flow Np3/mn 25
Gas temperature at turbine inlet ©C 500

Gas flow passing through the turbine:
G = 0.545 kg/sec

Gas density at the turbine inlet:
7y = 0.526 kg/m (R* = 29,5k4)

Sound velocity at the gas temperature 5000C:

ag = Sk m/sec (k = 1.323, using standard official ratio of

' mixture )
Rpi/Ry = 0.1 will be adopted for the axial radius of the blade outlet.

From Figure 2.20, ne reaches its maximum when py/pp = 1.2, and

g = 5.9 x 10-3.

x 10-3.

Because of the large quantity of the gas flow, however,
the blade outside radius, Ry, will increase as a result of g equaling 5.9
Accordingly, the designing will be made with the value of q be-~

ing 5.88 x 10-3, 10.29 x 10-3, 16.25 x 10-3.
obtained for those three cases from Figures 2.10 - 2.1k,

The following table will be

A B C
q 16.25 x 10-3 10.29 x 10-3 5.88 x 10-3
Roo/Rq 0.7 0.6 0.5
Roi/R1 0.1 0.1 0.1
Na 0.845 0.857 0.86k4
r 0.490 0.477 0.461
o4 10° 31’ 11°15¢ 1204l
Uy /2 0.3391 0.3k2kL 0.3457
R, mm 137 172 227
By mm Lo.o 29.4 19.h4
Rog mm 96.0 103.2 113.5
Rpy mm 13.7 17.2 22.7
Uy m/s 18L.9 186.6 188.4
n rpm 12,880 10,360 7,930
B oo 0 0 0
B o ThOL1 ! 72013 68°L9 "
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The relative efflux angle B, will be obtained from (2.51).

Figure 2.31 graphically expresses the results as shown in the
above table. With q = 5.88 x 10-3, the result will be a large radius of
the vanes, and a low number of revolutions, even though its efficiency
is the highest of all the three cases. The number of revolutiond must
be determined with reference to the characteristics of the compressor to
be used in combination. The case in which q = 10.29 x 10‘3, and the num-
ber of revolutions is 10.360 rpm will be found most suitable.

2,3. Comparison between Radial-Straight Vanes and Curved Vanes

Because the use of curved vanes presents certain difficulties
in strength as well as in operation, the radial-straight vanes have been
favored by the manufacturers of mixed-flow radial turbines. The use of
straight vanes is, however, not without its own problems. In spite of
its high efficiency and strength, the extremely rapid revolutions of
straight vanes make it difficult to design a shaft bearing suitable
for its velocity. In addition, the number of its revolutions is often
controlled by the limit in the number of revolutions of the shaft
bearing.

For a moment we shall put aside the questions of strength and
operational difficulties of the curved vanes, and consider the theoreti-
cal possibility of developing, by using curved vanes, an efficiency as
high as that of straight vanes, and of reducing its number of revolutions.
As in the case of straight vanes, an exducer will be attached to the vane
outlet in order to prevent the rotatory motion around the axis of the gas
flow. Based upon the results obtained from the study of radial-straight
vanes, a comparison will be made between the characteristics of curved
vanes and those of straight vanes.

2.3.1. Methods of Calculation

Figure 2.32 shows the curved-vane radial-turbine forming a
curved angle, 9, at the blade inlet. & > O when the angle is curved
backward against the direction of the revolution.

Figure 2.33 shows the velocity diagrams of the blade inlet and
outlet.

Caution must be taken at a designing point so as to prevent a
collision (shock) of gas flowing in the direction of & at the blade in-
let. At the blade outlet the absolute velocity of the flow must be par-
allel to the axial line so that a rotatory motion may be eliminated.
Figure 2.34 shows in the i-s diagram the condition of the gas inside the
turbine.
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With regard to the gas passing the diminutive radius dR at
any radial point of the turbine, the following formula will be obtained
expressing the energy of the gas flowing inside the blade.

2

w1 1 w2 1
==t Tl =y o = (U - wf) (2.57)
og 121 E? og 2g L 2

Vo stands for the velocity coefficient of the blade and ijp: for the fall
of heat at the time of the equal entropy expansion from the blade-inlet
condition (pl, Tl) up to the turbine-outlet pressure, and can be expressed
as follows:

i1pr = cp (Tl - TE')
= ¢ To{l - ®(1-s)H1 - 20 ’ (2.58)
© Cprolt - - S :
where:
Tp = turbine inlet temperature
Tl = blade inlet temperature
To' = temperature at the time of the equal entropy expansion from the
blade inlet conditions up to the turbine outlet pressure
® = velocity coefficient of the nozzle

s and s. can be obtained as follows:

Dy (k-1/k) po\(k-1/k)
(@) ()
0 0

(k: adiabatlic exponent)

Also from the velocity diagram (Figure 2.33),

cpcos @ -TU c] sin @
Wy = Lok (2.59)
sin cosd



o

2z L L (w24 2glijpr - UyB) (2.60)

1 ©2

) (w = the velocity at the angle
of revolution)

The dimensional quantity of length is expressed by a, which is unrelated
to the position of the turbine-outlet radius, and can be determined only
by the blade~inlet conditions. The value of a will be calculated as fol-
lows from (2.57), (2.58), and (2.59). ‘

2
<a )2 .1 <Co> <Rl)2 [q)g(l ) sin? o
R - =8 28
20 L 1 U, REO cos

Vo

a -<p2<1-s).}<1 - 559) _C%)?] (2.61)

Here R20 stands for the outside radius of the blade outlet and o will be
obtained as follows:

Cy = /EchpTO

When the total turbine expansion ratio, po/pe, the gas flow, G, and the
blade radius, Ry, are given in a radial turbine, the condition under which
the maximum efficiency is to be obtained, require that tanf, = O in the
blade-outlet outside-radius, Rog. This condition can be satisfied regard-
less of the form of the vanes, and can be re-expressed as follows:

Co
tan = = (2.62)
Bo Uy
Since
022 = W22 - u22 (2'63)

and substituting w, from (2.57) with the above formula,

Co = w/]_ -V 22 /a2 - R2 (2.6’4—)



tan By = /1 - w22/<§)2 -1 (2.62.1)

2
a -
<%§3> -1=0 (2.65)

2
Cé) __<j 1 ;)(R2?> ,
=) - 1=(—=5-1f== (2.66)

From (2.59)

cp cos & - Uy = tan & + ¢y sin (2.59.1)
From (2.8)
c1 = 9 /1 - scg (2.8.1)

By substituting (2.8.1) with (2.59.1),

0¥, 2
\Ea/‘ = 9= (1 - s)(cos @ - sin @ + tan d) (2.67)

The rollowing formula with regard to Uj/cq will be obtained by elimi-
nating s from both (2.66) and (2.67):

Ly 2.
a<U_l> ) b<U_l. Feo =0 (2.68)
€0 €0
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In the above formula,

~
2
a = (a2+ B)
o
-2 A2 o
b = (A= + B>+cp2—AsO
¢
c:]__so (2-69)

1
(cos® =~ sin Q « tand )2

A? =

. : 2 .
R in2
B=l+<l _9(20) _ g2 Sinto
® o2 R, cosed o

It will be clear from (2.68) that Uj/cq is the function of @, & Ryy/Ry,
and PO/P2 only, and, when producing the maximum efficiency, will be de=-
termined as identical to the radix of the formula (2.68).

The reaction then will be:

o 2 N2
pz L2t 1 A..(EL (2.70)
igpn 1 -5 92 \c

The internal efficiency, n;, will be:

Li

7 L.
is

whereas L; and Ljg will be obtained respectively as follows:

=
1
|-

c1 cos o 'Ul

r
-

- =0
Lis - JCPTO (1. - SO) - -ég- (1 - SO)



iy o

Therefore,

2 o Uy ¢
Ny = £ co8 U A_(t;h) (2.71)
1 1 -8 c
0 0

The gas flow dG passing dR at any radial point, R, of the turbine
will be:

dG = 2nRdRe oY o

As in the case of straight-radial vanes, the total gas flow, G, can be
Oobtained by integrating those values with regard to the total area of
the turbine outlet:

2 3/2

/1 -%,2 o \2 (Ro
o s

-{(20>2 ; 1}3/2} (2.72)

By substituting the conditions expressed in (2.65) with (2.72),

¢ /To 1 fex_ [ 2 Ji-¥2
Po 2nR12/ gk k-1 3

. SO _a. _L{<R20> >2 3/ (2.73)

The non—dimen51onal characteristic quantity, q, of the gas flow such as
defined in (2.12) can be calculated from (2.73) as follows:

/ Jl-”’e Lo U,
50 1%0] €0

{<112_c5)2 R21 2}3/2 | (2.74)

Ry,
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The value of Uj/co, as a function of &, 8, Rpg/Ry, can be de-
termined from (2.68) while (2.70) and (2.71) lead to the determination of
the reaction and the efficiency respectively. By giving the value of
Ro;/R1, the value of g can also be made clear from (2.74). Conversely,
by giving the values of Dpy/po, 4, Roj/Ry, @, and & those of Up/co, Rpo/Ry,
r, and 7 can be obtained. When q is made clear, Ry can be determined
from (2.12) and the number of revolutions can also be determined from the
value of Ul/cO'

The breadth of the nozzle, By, is determined as follows:

G = gﬂRlBlCl')’l sin

By substituting the above formula with (2.8.1), (2.12) and (2.7),

BL.ofk-1 . __a % 1-92(r-s) (2.75)
Ry 2 ®sin ¢ pp Jfojg

2.3.2. Characteristics Compared

By thus clarifying the total turbine expansion ratio, po/pg, the
gas-flow characteristic quantity, q, the inside-radius ratio of the turbine
outlet, Rgi/Rl, the average efflux angle, &, and the blade inlet angle, 3, all
the conditions under which the maximum efficiency is reached can be determined.

Among the above variables, the total turbine expansion ratio
is given at the beginning of designing. The gas-flow characteristic
quantity, q, is defined in (2.12). Since the gas flow, G, and the gas
temperature of the turbine inlet are given at the time of designing, g
can take a variety of values according to the size of the blade inlet
radius, Rq. That is, q increases as the radius decreases, when the gas
flow and the gas tewperature are given, and it also increases in propor-
tion to the rise of the gas temperature when the gas flow is fixed. How-
ever, since the most suitable characteristic quantity proves to be a
rather small value when the total turbine expansion ratio is given, it is
necessary to adopt a rather great blade-inlet radius.

Though the efficiency can also be improved by reducing as much
as possible the inside-radius ratio of the turbine outlet, Roj/Ry, the
possibility is limited by the attachment of an exducer. The calculations
below are therefore made under the following conditions:
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The inside-radius ratio of the turbine outlet: Rpj/R7 = 0.1
The velocity coefficient of the nozzle: ®= 0.97
The vélocity coefficient of the blade: ¥, = 1.0
¥5 = 0.78
The adiabatic exponent of the gas: k = 1.323
The total turbine expansion ratio: Po/Pp = 2.5

(a) Efficiency

The results of the efficiency computation are shown in Figure
2.35. Consideration is given to the effects of the total turbine expansion
ratio, the gas flow, and the gas temperature at the turbine inlet upon
the curved angle of the blade inlet, 8. With reference to the fixed
curved line of q, it will be observed that a greater efficiency is ob-
tainable with a greater value of 8. The use of rear curved vanes will
therefore result in a slightly better efficiency than the use of straight
vanes, though the difference is not very conspicuous. Front curved vanes
should not be used.

The efficiency varies greatly according to the gas-flow char-
acteristic quantity. A better efficiency can be obtained by enlarging
the blade inlet radius, Ry, and by reducing q when the gas flow and the
gas temperature are given. The value of q as small as g = (5 10) x 10-3
cannot be adopted for actual use, because the curved angle in such a case
cannot be. expected to have any influence upon the efficiency.

(b) Circumferential velocity and number of revolutions

The non-dimensional circumferential velocity, Ul/co, is shown
in Figures 2.36, 2.37, and 2.38. Assuming again that q is fixed, it
will be noted that Uj/cq shows little change by the curved angle when
the nozzle leaving angle & is swmall, whereas Ul/co becomes smaller when
¢ is enlarged. The value of Ul/co shows little change regardless of q.
It increases only slightly when g is reduced.

As might be understood from (2.12), the value of q is inversely
proportional to that of R2. As the circumferential velocity, Uy, is di-
rectly proportional to Ry"x N, the number of revolutions, N, is also
found to be directly proportional to Uy /Q . Figure 2.39 shows the change
that takes place in the number of revolutions according to the variation

of q and .

With the fixed value of q, the number of revolutions is reduced
when 8 is enlarged. Since the enlargement of ® necessitates the enlarge-
ment of the efflux angle of the nozzle, &, there will be a slight decrease
in the efficiency. By adopting the absolute efflux angle, 3, of 30° and
the average efflux angle, O, of 30°; the number of revolutions can be
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reduced by about 20%, as compared with straight vanes, though at 0.5
1.0% sacrifice of efficiency.

It is the value of q that greatly affects the number of revolu-
tions when the gas flow and its temperature are fixed. The number of
revolutions will be reduced, and the designing of the shaft bearing is made
easler by increasing R; and reducing gq.

When the blades are geometrically similar, the centrifugal re-
sponse of the vanes and rotor is directly proportional to the square of
the circumferential velocity. It is therefore proportional to (Ul/co)2
when the gas flow and its temperature are fixed. Although the number of
revolutions may be reduced by enlarging Ry and reducing q, it is clear
from Figures 2.36, 2.37, and 2.38 that the reduction of ¢ also brings
about a slight increase of Ul/CO: and of the response. However, the in-
crease of Uj/co by the reduction of g remains so negligible that, where
the number of revolutions is of great concern, it is advised for the sake
of better efficiency to enlarge R and reduce q as much as it is struc-
turally possible.

With the rise of gas temperature, comes the increase of q and
cg for the same radius, R;. The subsequent increase of U;, of the number
of revolutions as well as of the response will make designing difficult.

(¢c) Reaction

The reaction is shown in Figures 2.40, 2.41, and 2.42. With
5 of 300 and O of 309, the reaction will be 3 8% and approach the im-
pulse turbine, with greater nozzle expansion ratio. With po/p2 = 2.5,
the expansion ratio of the nozzle becomes greater than the limit expan-
sion ratio, when the reaction is reduced below 0.303. ©Special considera-
tion will be required as to the form of the nozzle and its arrangement
when using the reaction at such a point.

(d) Outside radius of turbine-outlet and blade-inlet breadth

The outside-radius ratio of the turbine outlet is shown in
Figure 2.43. The ratio receives little effect from the curved angle
of the blade inlet. Rather it is the value of q that affects the ratio,
which will decrease when Ry is enlarged and q reduced.

The ratio of the blade-inlet breadth, Bl/Rl, is shown in Figure
2.4h. When both g and & are fixed, By receives little influence from the
curved angle of the blade inlet. As in the case of the radius ratio, it
is the value of q which, by reducing itself, also reduces Bj/Ry. For in-
stance, if:

5 x 10-3

Q
u

15 ~ 30°

Q
n
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Then By/Ry = 0.02~ 0.0k. When the blade radius, R, equals 100 mm, By
will be as small as 2 ~ 4 mm. There must be a gap of at least 0.5~ 0.8
mm between the vane and its casing in order to prevent the loss

of gap from increasing which will reduce the efficiency. Accordingly
too small a value of Bl/Rl cannot be adopted. The problem of the blade-
inlet breadth must be taken into account when using a small value of q.

2.3.3. Summary

(1) We can hardly expect a higher efficiency from the use of
rear-curved vanes than from that of straight vanes.

(2) The number of revolutions may be reduced by the use of rear-
curved vanes.

With © of 30° and a of 30°, about 20% reduction of the number of
revolutions may be attained as compared with straight vanes. This, how-
ever, involves a subsequent curtailment of reaction, as well as an in-
crease in the expansion ratio of the nozzle, requiring a special considera-
tion of the expansion ratio that tends to exceed the limit expansion ratio
of the turbine.

(3) Heightened efficiency and reduced number of revolutions
may be achieved by enlarging the blade-inlet radius, Ry, and reducing q.
Even though there is little change in the centrifugal response, this will
result in an extreme diminution of Bl/Rl, as well as the increase of the
loss of gap at the end of the vanes. Opecial consideration must there-
fore be given when adopting a small value of ¢.

(L) The use of front-curved vanes only reduces the efficiency
and increases the revolution numbers, and should not be adopted.

2.4, Partial-Load Characteristics

The gas-turbine prime mover is often used at points other than
the designing point. In order to know the partial-load characteristics
of the prime mover, it is necessary to know the partial-load characteris-
tics of the turbine itself, of which no publication has so far been made
available. The present section makes clear the partial-load characteris-
tics of the radial turbine with straight vanes, for, as has been pointed
out before, the curved vanes have little value of practical use except
in very special cases. In the investigation of the partial-load charac-
teristics of a radial turbine with straight vanes, with reference to the
results of the experimental turbine, it is clarified how quantity of flow,
output torque, power and efficiency vary in accordance with the variation
of revolution, expansion ratio and temperature of inlet gas. In this
case, theoretical equations are presented in the form of non-dimensional
quentities, which are proved to agree fairly well with the results of ex-
periment by the test turbines.
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2.4.1. Methods of Calculation

Figure 2.45 shows the velocity diagram of a straight-vaned
radisl-~turbine operating at points other than the designing point.
The gas flows into the blade at the absolute velocity of cq at the
average efflux angle of & from the nozzle, If the circumferential veloc-
ity at the blade inlet 1s expressed by U;, the gas flows into the blade
at the relative velocity of wy. wy, stands for the circumferential com-
ponent of wy, and ¢y for the radius directional component of cy.

At the blade outlet any radius R is taken as a point of depar-
ture, with c, standing for the absolute velocity of the flow, Up for the
circumferential velocity, wp, for the relative velocity of the flow, B,
for the relative efflux angle, wp, for the circumferential component of
W2, Cp, and co, for the circumferential component and axial component of
co respectively.

(a) Gas flow and reaction

The gas flow, dG, passing the diminutive radius, dR, of the
blade-outlet radius, R, is expressed as follows:

dG = 21Rwp sinBo - 7odR (2.76)
¢ o1 density of outlet gas)

At the blade inlet, the gas flows at the relative velocity of wy. Since
the straight vanes are used in the blade, the loss of shock is expressed
as & Swlu?/2g, Cs being the shock loss coefficient. Accordingly the fol-
lowing formula expressing the energy of the flow in the blade will be
obtained:

c 2 W 2
1r : lu .
2g + (-L - gs) 2g + Jllel

2
- ¢ —_—— g — U - 2‘
T2 2 28 (017 - w) (2.77)

In the above formula, ijo: represents the loss of heat at the time of the
equal entropy expansion from the blade inlet to the outlet pressure, po,
and Yo, the velocity coefficlent of the blade. Using the geometrical re-
lation expressed in the velocity diagram, the relative velocity at the
outlet wo can be obtained from (2.77).
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wp =¥, @ /X2 +R? (2.78)

But

1
Xe = 5 [%12 sin® o +(1 - ts)(eq cos a - Ul>2

+ 2gJe,Tg {1 - 92 (1 - s)f (1 - sg) - Ulé} (2.79)

The speed of the blade rotation is expressed by ®, the temperature of
inlet gas by Tp; the turbine-inlet pressure, the blade inlet pressure
and the turbine-outlet pressure by pgy, Pp, and Pp. S equals pl/po
X2 is a value unrelated to the radius point of the turbine outlet.

(k-1/x)

By substituting (2.78) with (2.76),
dG = 2¥syo sin Bo + R /X2 + R2 dR (2.80)

The total gas flow, G, can be obtained by integrating the above formula
from Roy to Rogp. &2 and 7o can be considered to be fixed regardless of
the blade radius, R. The directional distribution of the relative efflux
angle, Bo, which is quite different from the geometrical attaching angle
of the exducer, as will be described later in Chapter 5, varies in ac-
cordance with the number of revolutions. Strictly speaking, therefore
Bo becomes a function of the complicated forms of R and ®, and makes the
integration of (2. 80) very difficult. We will then assume an approximate
efflux angle from Rpj to Rop, and consider it as the average efflux

angle of the blade, 8o, whose working variations will be_examined. By
integrating (2. 80) with this hypothetical efflux angle, 62, G will be
obtained as follows:

G = E;ndwgyz sin B, {(X2 + R202)3/2

3
- (X2 + R212)3/2.} (2.81)

Since the gas flow, G, at the blade inlet is expressed as in (2,11), it

can be re-expressed as:
) (p1/po) /1 - s
G = 2tRyB; sina * 9ecy (2.11.1)

1 - ¢2(1-s)
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From both (2.81) and (2.11.1),

3 Bl sina _ 1 El lﬂ{_Q. 1-@2 (L -s)
2 By sing o ® <o P1 JT -5

[{@ia‘ (}_;_1)2 3/2 < )2 /2} 5.0

(X R )2 in the above formula is expressed as follows:
1

<T ) /1 - s} sin a + (1 - tg) x

B@<%i)/Tf7§}cosa - ﬂg

2
+<;—O>{1-q>2 (L-8)}(1-8g) -1 (2.83)
1

As will be explained in Chapter 3, the average efflux flow of
the nozzle, ¢, remains fixed regardless of the expansion ratio. Hence
in (2.82) it can be regarded as being fixed and unrelated to the operating
conditions. If we suppose that the average leaving flow,ﬁzy remains
fixed regardless of the working conditions, we must conclude that both
the first and the second halves of the equation (2.82) are also fixed and
unrelated to the working conditions. The second half is represented by
K.

. U_1<za>1/k g 1-9201-5)

1
® Co\Po Py /1 - s

e ) <_2Q23/2 _,{(%)2+<%21i>2}3/2] (2.8)
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K is a function of Uj/cq, p1/po, and pp/pg only. With refer-
ence to the results of the experimental turbines that will be described
in Chapter 5, the value of K will be expressed as in Figures 2.46 and
2.47, the former estimating the value of the collision loss coefficient,
{s, to be 0.8, and the latter with {5 = 1.0. Very little difference
will be noted between the two cases, whether { = 0.8 or {, = 1.0. From
those figures, it may be safely concluded that the value of K is fixed
and unrelated to the general working conditions, which also tells us
that the hypothetical average efflux angle of the blade, Eé, can be adopt-
ed with safety in our calculations. Accordingly, if we can determine
from (2.84) the value of K any given point (for instance at the design-
ing point), this value can be regarded as properly pertinent to the tur-~
bine, unchanged by the working conditions. In this case, the equation
(2.84) will bve:

£ (Uy/eq, p1/Pos Po/pg) = O - (2.85)

The value of p,/py Will thus be determined by Uy/eq (or by Uy /Ty)when
the total expansion ratio, PO/PE’ is given. This also enables us to
determine the reaction, r.

r:l—l-s (2.86)
l-SO

Figure 2.48 shows the reactions in linear forms obtained by
means of calculating the value of pj/py With reference to each Uj/cq
when K = 0.514 and po/p2 = 1.20, 1.15, and 1.09, respectively. On the
other hand, the asterisks and crosses show the reactions obtained by
means of measuring the static pressures of the blade inlet. The cal-
culated values are thus proved to agree fairly well with the values de-
rived from the experiments.

If we express the gas flow, G, in non-dimensional form,

x = G, L (2.87)
COVO BrRlBl sin &

Calculating from (2.11.1)

Dy JL -8

R ey (2.88)

X = 0

with reference to the values of each pO/p2 and Ul/co, the equation

s = (pl/p )(k'l/k) can be determined from (2.84) and the value of X
from (2.88). Figure 2.49 shows the almost uniform concurrence of the
values of X thus calculated from (2.87) and the results of experiment

by the test turbine.
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In summing up, the value of the hypothetical average efflux
angle, 62, should be so determined that the blade-outlet gas flow ob-
tained by integrating the whole outlet radius may be equal to the total
gas flow. By thus defining 52 as being fixed regardless of the working
conditions, we can also define the value of K as characteristic of the
turbine itself. Then PO/Pl will be determined from (2.84) with refer-
ence to each of PO/PE and Ul/co, and the reaction and the non-dimensional
gas flow, X, can be calculated from (2.88).

(b) Output torque

The output torque working upon the blade is given in the fol-
lowing formula:

Rop
T, = g-cl cos O+ Ry -f aG co R (2.89)
o8 Ros &
21

The second term of the second half of the above equation i1s the angular
momentum of the outlet gas which, together with 4G and co,, varies in
such a complex manner in accordance with the outlet radius, R, that its
integration becomes very difficult to be carried out. We must then
make the following approximstion.

It is assumed that the total outlet gas, G, passes the average
radius, R2, of the blade outlet at the relative average efflux angle of
B+ The method of deciding the values of Rg and BT will be described
later. The output torque, T;, will be:

T, = % {cl cos Q* Ry = (u2 - Wy COS E})ﬁé} (2.90)

The outlet relative velocity, wo, at this point can be calculated from

(2.78) as follows:
= b /X2 + B2 (2.91)

Substituting this with (2.90), T; will be:

B \2
G o Ro
Ty = -é-RlUl{ ® E-I JL =8 cosQ R1>

2
+ ZU‘E cosﬁ } (2.92)
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The average efflux angle, Br, will therefore be:

_ 8
Rp

— =\ P /1 ~- 58 CcOS @@ = L — .

- Pr ] {03 --}-C_ 2+ Eig_
2 1 R

Since the average radius, ﬁé, of the blade outlet is a hypo-
thetical point whereto all the gas flow is supposed to converge, it
should be sought after at a place where most gas actually flows at the
turbine outlet. According to the results obtained from the test turbine
(see Figure 5.1k, Chapter 5), the position of the radius wherein most
gas flow will converge at the turbine outlet will be expressed as fol-
lows, regardless of any change in the working conditions:

Needless to say, the value of R, varies with each particular turbine.
However, the designing procedure, such as has been described in this
chapter, bring about generally similar distributions of the outlet radius
directions of the axial velocity, c,, as well as the relative efflux angle,
Bo, of the turbine outlet. The point, therefore, serves as a basls upon
which the above formula (2.94%) is established.

Figure 2.50 shows the values of cos By obtained from (2.93) with
reference to (2.94) and the actual torque, T;, scattered around the point
at which ¥, cos B = 0.22. However, the value of (ug-wp cos B;)Rp in
(2.90) being below about 1/10 of the value of e¢1 cos ¢ + Ry by which the
torque, Tj, is_mainly affected, there will not be any considerable change
in T4 even if B¢ is fixed. The torque, Ty, is presented in the following
non-dimensional quantities:

Ts 1 1
= (2.95)

T = . .
Yoo Unde, R12 By sinaq

From (2.92) and (2.87),
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T=X[Cp/l-scosa—

2 =2
-¥ cos B /@+ <§-§’) } } (2.96)

Figure 2.51 shows the T calculated from (2.96) with ¥, cos B, = 0.22.
The calculated values are expressed in linear forms which agree fairly
well with the experimental values in crosses and asterisks obtained from

(2.95).

Sk
DEJI ol
o
N

—
—

In summing up, the output torque, converging in the average
radius, R,, of the blade outlet, makes it possible to consider the value
of 1ts average efflux angle, BT, as a constant, unaffected by a change
in the working conditions. Accordingly, if the working condition at any
given point (for instance, at the designing point) is clear, the value of
BT can be obtained from (2.93). This will then enable us to determine,
from (2.96), the output torque when a change occurs in the working condi-
tions.

(c) Output power

The output power, L;, is expressed as follows:
Li =Ty +® (2.97)

When expressed in non~dimensional quantities,

L

E = 1 (2.98)
7o/g . 003 . BTRlBl sin o

From (2.97) and (2.95),
Ezr L (2.99)

Since the value of T with reference to each po/p2 and Ul/co can be cal-
culated the value of £, obtained from the above formula, will be expressed
in linear forms as in Figure 2.52. The figure shows an almost uniforam
agreement between the calculated values of the output power and the experi-
mental values measured according to (2.98).
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(d) 1Internal efficiency

The internal efficlency, 7n;, is presented as follows:

Ly
Ny & =—
+ Lis
Uy 1 U1 Ro
= D . T = —_— 5
% 1o 5 [ o 1 s cos O % Rl X

R 2 = a2
{2 _ 4, cos B J&fli + <E§) } ] (2.100)
R C VAR \Ry

In Figure 2.53, the linear forms indicate the values of 7M. calculated
from (2.100) with reference to each pg/ps and Uy/cp, whereas the asterisks
and crosses show the values of 1y measured in the experiment. The dots
represent the internal efficiency, 7, obtained by subtracting the loss

of turbine heat from the loss of temperature that has fallen from the tur-
bine inlet to the turbine outlet (pgy/ps = 1.09, see Chapter 5), and the

() signs represent internal efficiency obtained by measuring the outlet
wind velocity distribution at each radial point of the turbine outlet and
the output torque working upon the blade (po/p2 = 1.15, see Chapter 5).
Here again, a general agreement is recognized between the calculated and
experimental values, even though the former tend to be somehow higher than
the latter when the number of revolutions is small,

2.4.2. Summary

(1) An hypothetical average efflux angle,ﬁ_é, of the blade
outlet may be assumed when calculating the quantity of the gas flow and
the resction when the turbine is being operated at points other than the
designing point. By using this hypotheticalﬁfé, the value of K can be
defined as characteristic of the turbine proper, unrelated to its working
conditions. When any given point (for instance, the designing point) of
the working conditions is made clear, the value of K can be obtained,
which will in turn make it possible to determine the non-dimensional
quantity of the flow,X , and the reaction at the time when there is a
change in the total turbine-expansion ratio, in the turbine-inlet teumper-
ature, as well as in the number of revolutions.

(2) In calculating the output torque the average radius and
the average efflux angle of the blade outlet, B+, will be assumed. The
value afé}-show little change in spite of the working conditions. Ac=-
cordingly, if the working conditions at any given point are made clear,
it is possible to determine the non-dimensional quantity of the output
torque, T, where there is a change in the working conditions.
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(3) Based upon the above considerations, the calculations can
be made in advance as to the output power as well as the internal effi-
ciency in case of change in the working conditions.






CHAPTER 3

THE NOZZLE (18)

3.1. Outline

As shown in Figure 3.1, the radial turbine makes use of the
nozzles which are arranged on the circle. So far, no study of this type
of circular nozzles used in a radial turbine has been made available in
comparison with the voluminous publications on the nozzles used in an
axial turbine. Though we may avail ourselves to a certain degree of those
studies of axial-turbine nozzles in our investigation of the central flow
of gas which receives little influence from the lateral walls of the noz-
zles, we must take into account considerable differences existing between
the axial-turbine nozzles and the radial-turbine nozzles in their surface
friction as well as in their effects upon the gas pressure.

In the present study several types of nozzles are tested by
the nozzle test equipment not using the moving blades, in which experi-
ment, the mean efflux angles of flow from nozzles and losses in the noz-
zZles are measured. In the theoretical studies worked out on the results
obtained in the experiment, considering the losses in the nozzles in
three parts, namely, side~wall friction loss, profile friction loss, and
secondary loss, experimental formilas are derived in each of the losses.
These formulas represent the effects of nozzle attaching angle, pitch of
nozzles, aspect ratio and Reynolds number. Using the results obtained,
nozzle designing procedures are presented, by which the total loss in a
nozzle can be minimized and we may take the value of the nozzle velocity
coefficient as high as 0.975 . 0.985.

3.2. Test Equipment

The nozzle test equipment is drawn in Figure 3.2 and photo-=
graphically shown in Figure 3.3. The air which has been compressed in
the Root and centrifugal compressors passes through the spiral
chanber into the test nozzles wherein it starts to expand. The air,
coming out of the nozzle; flows into the vanesA(I) in which it loses most
of its circumferential velocity it had acquired in the nozzle, and from
which it emerges into the vanes (II) at an axial velocity, to be dis-
charged into the atmosphere. The vanes I are formed like those used in
a very common blower. The vanes II have three compartments separated by
cylinders between which are attached many partition planks of about 10 mm
in the direction of axis. The vanes are supported by two shaft bearings

-71-



-T2~

(b) Sp-Type Nozzle

Figure 3.1 Circumferential Nozzles.
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Figure 3.3 Photography of Nozzle Test Equipment.
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which permit them to rotate freely with the axis. A heavy plumb-bob

ig used on the fixed arm of the rotatory part in order to stop the ro-
tation. When in a state of repose, the torque of the air jetting out

of the nozzle is balanced with the torque of the plumb-bob. Thus the
angular momentum of the Jjet of air from the nozzle can be determined

by measuring the torque of the plumb~bob. The flow of air is measured
by using the circular nozzle aerometer at the inlet of the compressor.
The total pressure of the spiral chawmber inlet is obtained from both

the static pressure measured by the pressure hole on the wall of the
spiral chanmber inlet, and the average dynamic pressure obtained by wmeas-
uring the flow., The air temperature is measured by the precision mer-
curial thermometer of 1/10°C graduation, attached at the inlet of the
spiral chamber. The pressure after the expansion in the nozzle is
measured by the static pressure hole in the 125 mm radius and permits the
free spiral flow of the air.

Test Nozzles

The two types of nozzles used in the test are the spiral-type
(SP) nozzles and the stralght-type (ST) nozzles, in both of which the
equal interval is kept between each of them. The SP type is one with
logarithmic spiral, while the ST type is one whose straight nozzles have
round outside edges. Both types are shown in Figure 3.4. A variety of
angles are adopted for both the spiral type with eight nozzles and the
straight type with 16 and 20 nozzles. The breadth of the nozzles is uni-
formly 26 mm. The straight type uses only one kind of vahe with the
same measurements (see Figure 3.5), differing only in its number and its
angle at which it is attached. 8T-20-1 and ST-16-1, ST-20-2 and ST-16-2,
share respectively the same angles of attachment, with the difference
that the former of each group uses 20 vanes while the latter uses 16
vanes. The principal measurements of the test nozzles are shown below:

Types of [gp_ 8 | g7-16-1| ST-16-2 | ST-16-3| ST-16-L | 8T-20-1 | 8T-20-2
Nozzles

Number of -
16 16 20 20
Nozzles 8 16 16

Ryp.mm |135.0 135.0 | 139.0 |141.8 | 1k.2 | 135.0 | 139.0

a mm 13.29 15.09 11.30 8.43 5.80 10.51 7.30

Figure 3.6 shows these nozzles in isometrical straight system. The
mathematical calculation being difficult, Figure 3.6 was based upon
diagrammatic drawings.
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3.3. Results of the Experiment

Strictly speaking, the air flow after the expansion in the
nozzle does not take the uniform direction. Since too much time will
be needed for measuring the direction and the size of the air flow,
seven pressure holes for each pitch are made on the radius, R, behind
the nozzle so as to measure the distribution of the static pressure in
the direction of the pitch (see FPigures 3.7 and 3.8). The pressure dis-
tribution of the SP-type nozzles is shown in Figure 3.9(a), in which Po
stands for the pressure of the spiral chamber inlet, Py, for the static
pressure behind the nozzle (on the radius, Ri), and P1p for the average
value of pj between each pitch. From the figure it will be noted that
the change of the nozzle expansion ratio between each pitch falls within
the range of 10.8%. In order to observe the pressure distribution on
the total circumference, measurement was wade of the static pressure
distribution in the center of the nozzle on the radius, Ry (see Figure
3.8). The result is also shown in Figure 3.9(b), which indicates that
the change of the expansion ratio for the entire circumference also
falls within the limit of 1%. We can therefore regard the mean number
in the measuring points No. 26 ~ 32 which also applies to the average
pressuré on the entire circumference, as the pressure of the air after
its expansion in the nozzle. We may put aside the change in the static
pressure distribution in the direction of the nozzle wings (vanes)
which is smaller than that in the direction of the pitch. The above
considerations enable us to regard the flow of the air after its expan~
sion in the nozzles as the average flow that has undergone a uniform ex-
pansion under the average pressure, pj. The velocity of the average flow
is represented by ci, and the mean efflux angle of the flow by & . Since
the flow discharged from the vanes II consist only of axial component,
without any circumferential components, the angular momentum contained
in the jets out of the nozzles is equal to the torque, M, measured by
the plumb-bob.

G
g C1 cos o+ Ry =M (3.1)

The total gas flow, G, is measured by the circular nozzle aerometer.

c, sin @+ 2tR By, = G (3.2)

1

B, stands for the breadth ot the nozzle and? | for the post-expansion

density. If cl' represents the velocity at the time of the equal entropy
expansion from the total pressure of the spiral-chamber inlet, py, to the
post-expansion static pressure, py, the velocity coefficient, 9, will be:



-79-

Test Nozzle
\\\\\\\\‘ Outlet Pressure
/ ' Measuring Point
{
< I
% Vanes (I)
Cy < Vanes (11)
z
IS z
Qan T
Qc -~ -
e
Figure 3.7

Figure 3.8 Measuring Points of Nozzle Outlet Pressure
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(]

¢ = % (3.3)
€1

cll can be determined by measuring the spiral chamber inlet pressure,
Pgs ‘temperature, to, and the post-expansion static pressure, Py

The post-expansion density, 77, can be given as follows
(70: inlet density):

P1 1
Y17 5 T (3.4)
PO 1 -2 {]_ - 5-1- ":(k l/k)}
O/

The velocity coefficient, @, and the mean efflux angle, «,
can be thus obtained by measuring pg, Py, G, M, ty, in the four formulas
mentioned above.

The loss coefficient, {, can be obtained in the formule below:

71
) 2_ (0112_ 012) ) ‘_-.L_ _
g = - 2 l (3‘5)
71 c.2 @
2g L

The correlation between the velocity coefficient, ¢, and the expansion
ratio is shown in Figure 3.10, while that between the loss coefficient, (,
and the Reynolds number, Rg (viz. the Reynolds number with reference to
the chord (hypotenuse) of the nozzle and the efflux velocity, c1) is shown
in Figure 3.11. In Figure 3.12 is shown the correlation between the mean
efflux angle from the nozzle and the expansion ratio. Within the experi-
mental range, the mean efflux angle remasins fixed and unrelated to the ex-
pansion ratio. Figure 3.13 shows the correlation between the mean efflux
angle, o, and sin-l O/t of the straight sytem, with t standing for the
pitch of the isometrical straight system and O for the breadth of the
shortest passage in the nozzle outlet. 0 is the mean efflux angle with
reference to the total expansion ratio of the nozzle. In the two-dimen-
sional straight system, the efflux angle, o, almost coincides with

sin=l 0/t when the Mach number & %ﬁ? imates 1, and tends to increase

when the Mach number is below 1,? ?15 The mean efflux angle of

the nozzle is smaller than sin-l O/t of the isometric straight system.

3.4, Analysis of Losses

Here, investigation will be made of the effects of the nozzle
attaching angle, pitch of nozzles, aspect ratio and the Reynolds nunmber
upon the loss coefficient and the mean efflux angle of the nozzles.
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3.4.1. Mean Efflux Angle

~The losses in the nozzles are considered in three parts: side-
wall friction loss, profile~friction loss, and secondary loss. The side-
wall friction loss is one that 1is caused by the friction in the side wall
where the nozzles are attached; the profile friction loss is incurred by
the friction in the profile, and the secondary loss is the loss caused
by the spiral flow running in the nozzle with a certain radius of curvature.

Assuming a flow unaccompanied by any losses, with OF representing
the mean efflux angle (viz. the angle between the average velocity and a
tangent to the circle, called lossless (losi-free) efflux angle), and cp'
representing its mean efflux velocity, the total momentum contained in the
nozzle outlet will be:

2R B él cl'e sin2q * (3.6)

Here, the radius from the center to the nozzle outlet is indicated by Ryy,
the breadth of the nozzle by By, and the gas density at the nozzle outlet

b'y 71_.

In reality, however, the momentum is affected by the side-wall
friction loss and the profile-friction loss, and flows from the efflux
angle at the velocity of c;. The momentum in the radius direction at
this time will be:

2R By % ¢12 sin (3.7)

Since the difference between these two momenta is due to the frictions of
the side walls and profiles, it is possible to conceive of the following
formula with regards to the component force of the side-wall friction, ¥y,
and the component force of the profile friction, Fp:

21R B %}-(cl'g sin?q * - ¢12 sin? @) = F, +Fy (3.8)

The velocity which is almost zero at the nozzle inlet becomes
c, at the outlet after the expansion in the nozzle. Since the surface
friction is directly proportional to the square of the velocity, we can
consider that most of the side wall and profile frictions occur, not
around the nozzle inlet, but rather near the nozzle outlet. Accordingly
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the direction of the resultant force of all the frictions from the inlet
to the outlet coincides approximately with direction of the efflux veloc=
ity. The following formulas will therefore be obtained when the friction
forces work in the direction of the wean efflux angle:

.
F, = 2A co %ﬁ ¢12 Z sin o
% (3.9)

— 7]— 2 1
FP—EAPCfg—g-Cl ZSanﬁ

In the above formulas,

Ay = the oblique section of the wall area (see Figure 3.14)
Ap = the surface area of the nozzle vane
=Bl£
£ = chord of the nozzle (hypotenuse)
Z = number of the nozzles
cg = resistance coefficient of frictions

The circumferential pitch of the nozzle outlet, s, will be:

2xR
s = ZlN (3.10)
Accordingly, from (3.8), (3.9), and (3.10),
in? o (At Bp ; 2
sin® a* =¢ 5, cp sina + sin® o (3.11)

In the above formula @is the velocity coefficient of the nozzle, and
cp 1s a function of the Reynolds number only. ¢is naturally smaller
than 1, though a* > o, because of{ (A + A )/sBl}cf sin ¢, which in-
dicates that the -mean efflux angle, &/, of the flow is smaller than the
hypothetical efflux angle of the flow from which the losses are elimi-
nated.

By isometrically drawing the nozzle in the two-dimensional
straight system, the angle of its efflux will be preserved. In the two-
dimensional straight system, the flow at the nozzle outlet is for the



-86-

most part not affected by the shape of the outlet, and the mean efflux
angle almost coincides with sin-1 O/t (see Figure 3.6) when the outlet
Mach number approximates 1. This indicates that where there is no

loss by friction, the mean efflux angle will be identical to sin=l 0/%.
The mean efflux angle of the lossless flow can thus be regarded as equal
to the mean efflux angle of the two-dimensional straight system. In )
other words, the lossless.efflux angle,d ¥, equals sin-l 0/t. Since a
and ® are clear from the results of the experiment as described in the
preceding section, and since sin-l O/t = 0%, it 1s possible now to obtain
the friction resistance coefficient, Cey from (3.11). The correlation
between cr thus obtained and the Reynolds number, R,, is shown in Figure
3.15. It may be noted from the figure that, where the Reynolds number
is swall, cp of a given nozzle shows a fixed value, while it decreases
as the Reynolds number becomes greater, and remains on the same curved
line when the Reynolds number becomes sufficlently great. Since the
Reynolds number used in an actual radial turbine falls within the range
of (5~15) x 105, the value of cy can be expressed in the following
formula, excluding the ranges of the small partial load or immediately
after the start of the gas turbine.

= 0.006 + —L:55 x 103 (3.12)
R, = 1.5 x 105

C
e

The mean efflux angle,Q , of the actual nozzle can thus be obtalned,
first by isometrically drawing the nozzle in two~dimensional straight
system from which sin-1 0/t is to be determined as the lossless efflux
angle, 0 ¥, then by obtaining the value of cp from (3.12) and finally
from (3.11).

3.h.2. Loss Coefficient

By converting the side wall and profile friction losses into
the pressure losses, represented respectively by &p, and Spp, the follow-
ing formulas will be established:

FW
oy = 2TR By
k (3.13)
F

D
op,, =
b ZﬂRlNBl

J

Since c, can be obtained from (3.12) and F, Fp from (3.9), the above
formula (3.13) will determine the values of %p, and Op,. If the secon-
dary loss is represented by aps, the total loss, dp, will be:
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p = Bpy + Opp + Opg (3.14)

If ¢y and cq' stand for the actual efflux velocity and the lossless ef-
flux velocity respectively,

7
8p, + Op, + Bpg = _é (c1'2 - ¢12) (3.15)
If
{ = total loss coefficient
Cw 2 side-wall friction~loss coefficient
§p = profile friction-loss coefficient
{, = secondary-loss coefficient,
then
¢ = °p ¢ = _EEEL__ £ = __E%EL_
Lo’ ™M 1,27 P 2
1 1 1
2g cg 2g
(3.16)
o = 2
s~
712
2g
From (3.14) and (3.15),
1
C=twt lp*le= 21 (3.17)

The values of Opy and 5pp, obtained from (3.13) in the afore-
mentioned experiment, thus lead to determine {, and {.,, while the total
loss coefficient, {, obtained from the experiment, leads to determine
the secondary loss coefficient, (.

_ In considering the secondary loss, the flow will be treated
as non-compressible fluid. Though the fluld veloclty 1s O in the infinite
front (R— ®) of the actual nozzle inlet, we will assume the velocity, cg,
flowing in the radius direction in the infinite front in our dealing with
the non-compressible isometric system. co being a small number, the '
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assumption may be considered valid in view of the fact that the flow,
after passing the nozzle, is affected wmainly by the condition around the
nozzle outlet, rather than by that of the nozzle inlet. The veloecity
diagram of the profile series is shown in Figure 3.16. If the pitch of
the isometric system is represented by t, the chord (hypotenuse) by c,
the coefficient of 1ift, Cr, will be expressed as follows:

=0k .
Cp, =2 cot @ . sin Oy (3.18)

Here O is the angle formed by the tangential direction of the circum~
ference and the average vector velocity, cp, of the inlet velocity, c),
and outlet velecity, cq.

The secondary loss coefficient, gs, will be expressed as fol-
lows in the form of the coefficient of profile resistance, Cpg:

t sin3 o

Cps = & 5 s (3.19)

According to the results obtained in the experiment of the
straight system, the coefficient of resistance by the secondary loss,
Cpg, is directly proportional to the square of the coefficient of 1ift,
and hence can be expressed as follows:

Cpg = cr2 (3.20)

Old—l?’

A, being the proportional constant and the function of the Reynolds number,
is called the secondary loss characteristic number.

As the secondary loss of the nozzle can be attributed to the same
cause as the secondary loss of straight system, the formula (3.20) also
applies to the circular nozzle. The following formula, then, can be estab-

lished from (3.18), (3.19) and (3.20):

Cs
A= .
2 cos2a /b + cot? (3.21)

The values of CS and & are obtained from the experiment. Figure 3.17
shows the correlation between A thus obtained and the Reynolds number.

It may be understood from the figure that A is a function of the Reynolds
number only and unrelated to either the attaching angle or pitch of the
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" nozzles. In the same figure, the signs (ST-16-4) show a special
increase of loss attributable to the shape of the isometriec outlet,

as shown in Figure 3.18. The following formula will be obtained from the
above experiment with reference to A:

A= 1.35 x 10° R—é.g (3.22)

(5

Thus, by clarifying the geometrical forms of the nozzles and determining
the Reynolds number used, 1t is possible to obtain the value of A from
(3.22) which in turn makes it possible to obtain the secondary loss coef-
ficient, g, from (3.21), resulting in the clarification of (g, Cp, and
the total loss coefficient, {, and the velocity coefficient, @.

3.5. Nozzle Designing Procedure

As described in Chapter 2, the following conditions must be
satisfied in designing a radial turbine: the mean efflux angle, &, of
the nozzle, its mean efflux velocity, ci, its breadth, By, and the radius,
Riy, of its outlet attachment. Though various types of nozzles can be
conceived according to the number of their attaching angle and pitch, we
will here focus our attention on the methods ot arrangement which will
minimize the total loss in a nozzle. We will conslder a straight-type
nozzle, such as shown in Figure 3.19, arranged at regular intervals on
the circle. The two nozzles surrounding any given pitch are represented
by AC, BD; the chord (hypotenuse) of the straight nozzle by £, the attach-
ing radii frowm the center to the inlet and the outlet by Rp, Ry, and the
geometrical attaching angle formed by the nozzle and the tangential line

by 4.
From the formula (3.9) and (3.13),

BPw 2hy .
¢y = 7 = — cp sin @ (3.23)
701?01

With reference to Figure 3.19, we can establish the following formulas:

2 2
Ay ﬂ(RO - Ry )

SBl ZSBl

n

1 Ry o/ Ro
FE () -1 (324

2
(Eﬂi> -1=_4 ﬂ:;£;> +2 sin(xb} (3.25)
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Accordingly,

1 Ry £ /¢
—_—= - . + 2 sin o (3.26)

Since ZCAB e
e
Oy =07 2 (3.27)

The chord (hypotenuse),‘ﬂ, when excessively long, will result in an in-
crease of loss, and when too short, will not be able to give the needed
efflux angle. Since the efflux angle of the nozzle is mainly affected by
the geometrical shape of the rear part of the nozzle, we can conceive of
4 as follows:

£ = AB cos ZCAB x 1.5 2 1.5 s cos O (3.28)

By substituting (3.23) with (3.26), (3.27), and (3.28), ¢, will be:

Cw”%‘%]il sineoc{%’icosowzsina(oc—%)} cp (3.29)

From (3.9) and (3.13), the profile friction-loss coefficient, 'Cp, will be:

(1]
[w
[ 4)]
|—l-
=)
B

) " Cp (3-30)
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From (3.21), the secondary loss coefticient will be:

{, = 2\ cosfa /U + cot? o (3.21.1)

Next, the Reynolds number, R,, which is obtained with reference to the
chord (hypotenuse), £, and the jet velocity, cq, must be converted to
Ry obtained with reference to the outlet attaching radius, Riy, and cq.

Ry eqd
Rey = 2 , R, =L (3.31)
vy vy
From (3.31) and (3.28),
Re = Rgy %? cos QO (3.32)

The above formula will enable us to determine R, with reference to each
given value of @, Z, and Re1, while (3.12) and (3.22) will enable us to
determine cf and A. With @, Z, Rgq, Bl/RlN: thus clarified, we can de-
termine the total loss, {, by obtaining ly, {p, and {g from (3.29), (3.30)
end (3.21.1).

As we modify the number of pitches, Z (with which, needless to

say, varies the attaching angle O ), without changing @, By/Ryy, and R.q,
the total loss coefficient, {, will appear as in Figure 3.20. With a cer-
tain most suitable number of pitches, Z, the total loss coefficient will
be reduced to the minimum as Ry increases and B1/Ryy decreases, whereas,
with the decreasing number of pitches, Z, the total loss coefficient will
become smaller and smaller, as Rgj decreases and Bj/Ryy increases. In the
latter case, the loss will be minimized by reducing the number of pitches
as much as possible, even though this minimum number of pitches is deter-
mined geometrically by the efflux angle, &. To reduce the number of
pitches while keeping the fixed value of & is to reduce the nozzle attach-
ing angle,®y. The minimum number of pitches will be obtained When(lb = 0,
that is, when the nozzle coincides with the tangential line of the circle.

Figure 3.21 shows the number of pitches, Z, giving the minimum
loss with reference to each value of @, Rgj, and By/Riy. The figure con-
firms the existence of the most suitable number of nozzle pitches for the
minimum loss when Re] and & have large values and B1/R1y a small value.
It also shows that the loss will be minimized with the tangential nozzle
when Rel and o have small values and By/Riy a large value.

Figure 3.22 shows in the form of velocity diagram the loss when
using the most suitable number of pitches such as illustrated in Figure
3.21. It will be noted from Figure 3.22 that the Reynolds number, Regy,
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shows the approximate value of (10 15) x 107 when adopting the total
turbine expansion ratio of two and the gas temperature between 600  800°C,
with the subsequent extremely high velocity coefficient of ¢ = 0.975

0.985. The figure also shows that the small value of B1/Rjy, especially
when By/Ryy < 0.1, results in a poor velocity coefficient, which can be
ascribed to the increase of side-wall friction loss. The poor velocity ¢
coefficient, resulting from a small efflux angle of the nozzle, can be
ascribed to the increase of the secondary loss. The velocity coefficient
also drops sharply with small values of the Reynolds number, particularly
when it is below 5 x 107,

As has been described so far, the number of pitches giving the
minimum loss is determined by the geometrical position of the nozzle
touching the circle. However, a close study of Figure 3.20 will reveal
that the loss coefficient shows a tendency to be further minimized if we
could reduce the value of Z. The possibility will be realized by the
followlng steps.

It will be necessary to reduce the attaching angle, @y, in order
to reduce the value of Z while keeping the fixed value of &. As shown in
Figure 3.23, however, the rear edge of the tangential nozzle (viz. when
Q1 = 0) touches the tangential line of the circle in the straight system,
whereas, ifay < 0, the straight system shows the formation of a negative
angle at the nozzle outlet which, corresponding to the case of ST-16-4 of
the experiment, brings about separation loss with reduction of velocity coef-
ficient as a result. In order to avoid this, a negative camber will be
given to the nozzle outlet, as shown in Figure 3.24, so as to enable the
nozzle to touch the tangential line in the straight system, and at the
same time to reduce the number of nozzle pitches below that of tangential
nozzle pitches, thus preventing the velocity coefficient from dropping
when the Reynolds number ando have small values.

3.6. Summary

(1) The losses in the nozzles are investigated under the
three aspects of side-wall friction loss, profile-friction loss, and
secondary loss, in each case of which experimental formulas are derived,
representing the effects of the nozzle attaching angle, pitch of nozzles,
aspect ratlo and Reynolds number upon each of these losses.

(2) It is demonstrated that the mean efflux angle of flow
from a nozzle can be obtained by means of a modification of the efflux
angle, gin-1 O/t (0O: throat opening, t: pitch) of the two-dimensional
straight system of parallel nozzles by the deviation angle duvue to the
aforementioned losses.

(3) Nozzle designing procedures are presented using the results
obtained. Thereby the total loss in a nozzle can be minimized with the
resulting value of the nozzle velocity coefficient as high as 0.975 0.985
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for a radial turbine ag compared with the value of the axial-turbine
nozzle velocity coefficient which falls between 0.95~ 0.96. This
demonstrates the capacity of radial turbines to produce a superior adia~
batic efficiency. It is further demonstrated that the fall of velocity
coefficient can be improved by reducing the number of nozzle pitches,

as well as by giving a negative camber to the nozzle outlet when the

Reynolds numbers are low.






CHAPTER 4

A STUDY OF THE FLOW IN AN EXDUCER

4,1, Outline

The axial velocity at the turbine outlet should be distributed
as shown in Chapter 2 in order to take the maximum turbine efficiency.
In this case, the centrifugal force acting on the flow in an exducer should
balance with the radial-pressure gradient of the flow. Accordingly, a
relative efflux angle such as shown in (?.51) and a velocity distribution,
such as illustrated by the curved lineg3jzof Figure 2.7, are considered
with regards to their capacity to satisfy the aforementioned conditionms.
Theoretical analysis is conducted to determine the shape of stream in an
exducer that will prevent a radial flow, with the result that nuderical
solutions are obtained for three representative types of exducers. These
solutions furnish the useful data in designing of an exducer. In addition,
the analytical results are verified experimentally by the test turbine.

4,2. Theoretical Analysis

Consideration will be given to an exducer, such as shown in
Figure 4.1, with A representing any given point on any given radius, R,
in the exducer. The circumferential velocity at this point is represented
by up, the relative velocity by w, the absolute velocity by c, the angle
formed by w, the circle by B, and the pressure by p. The velocity diagram
at this point is shown in Figure 4.2(a). The flow passing over the radius,
R, is discharged at the point, B, whose relative velocity, absolute veloc~
ity, and the angle formed by its relative velocity and the circle, are
represented respectively by wp, co, and Po. The velocity diagram at the
point B is shown in Figure 4.2(b). As the absolute velocity at the exducer
outlet is wniformly in the direction of the axis, the pressure upon each
point of the same radius at the exducer outlet can also be considered to
be uniformly represented by Po

The expansion that takes place in the exducer is relatively
small as compared with the expansion that takes place in the blade, that
is, from the blade inlet up to the exducer inlet. Accordingly the flow
in the exducer can be regarded as being non-compressible. Therefore,

v sin B = wp sin By = co = up tan Bp (4.1)

From (L4.1),

-101-
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_2_
W2 ~ cos 52

’ (+.1.1)

_ up tan Bo
sin B

~d

With { representing the coefficient of the loss in the exducer, the follow-
ing formula of energy can be established:

w2 + wpl

D+ % we = Do + %-wzg + ¢ % s (L.2)
From (4.1.1) and (4.2),
2
p=p,+5(1+ g) -—32———
2 2 2/ cos< Bo
2
_p ta.n 52
2 <} .) sin2 B B (%-3)

From (2.51), the relative efflux angle of the exducer outlet, giving the
maximum efficiency, should be:

R\ 2
s s TR JB) (1)

represents the coefficient of the blade velocity. From
(4.3) and (E.u), therefore,

mo= P +-(i.+ g) r2
w1 -2 { ¢- ( ) 2101 - 2) (4.5)

But
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Upy = the circumferential velocity of the outside radius,
Rppg, of the exducer outlet.

1
tanB

Accordingly, the radiasl pressure gradient, du, at the point A will be
obtained from (4.5) as follows:

dp = er [<1+ %) - (1 -¥2){ ¢- <1 —g) 2}
- (1 -¥,2) < _%)G--r> 0 %} ar (4.6)

On the other hand, the centrifugal force, dF, acting upon the diminutive
mass, dm, at the point, A, is:

2

- 2
dF = dm S%. = pagr U2 WRCOS B) (%.7)

A, in the above formula represents the area of the diminutive mass per-
pendicular to the radius. By substituting (4.7) with (4.1.1),

A tan Bé 2
ar =9R— 1,122 <l = Tan B dar (4.8)

The pressure gradient, dp, to be balanced with this centrifugal force is:

dF = Adp (4.9)
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From (4.8) and (4.9),

_ fan P22 4y (4.10)

- 2
dp-%ug <1 e

Thus the formula for the pressure gradient to be balanced with the centri-

- _ tan B2)2
dp = 2r <j i B;) dr (k.10.1)

In order that the dp of (4.6) be equal to the dp of (4.10.1), it is nec~-
The following

essary to clarify the correlation between B (or 9) and r,
differential equation will be obtained from (4.6) and (4.10.1):

2 e\ 1 ae
('w2)<l‘z>(;"f>ea?
+<_wa<i_2+_g.>92
2 I'2 2
21 - %2 /}32_1 @-@22__21_ t= 0

which represents the shape of stream when the centrifugal force is bal-
anced with the radial pressure gradient so as to produce the maximum ef-

fugal force will be:

(4.11)

ficilency.
Though (4.11) can be solved as an equation of the first degree,
For practi-

it develops into too complex a formula to be solved easily.

cal purposes, it would be easier to hypothetically eliminate the loss
Assuming therefore that ¢ = 0 in (4.11),

from the exducer in our analysis.

1
ri{2 —
ae < I«’E> 2
o Trg £ 1=
14 T2 a\/_'"__l-r2} (k.12)

8.'-'-'/1—’4!'22

But
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In (4.12), the expressions, © = O, therefore, B = n/2, indicate the con-
ditions of the exducer inlet where the radial flow changes into the
axial flow. It will be understood, therefore, that at the exducer inlet,
a balance is kept between the radial-pressure gradient and the centrifu-
gal force. If the pressure, the absolute velocity and the relative ve=
locity at the exducer inlet are represented respectively by Pe, Ce, We,
the ?ollowing formulas will be obtained, with B = 7/2 from (4.1) and
(4.5):

c W R

e 2
—— - 2 - 2 - —
520 J1 - ¥2(1-r2) o0
Ve Co }
Y - B o - S -
Upsg J& L J& r us20 (4.13)

Pe
¥ = Q 5 - + r2
5 1120 J

which is illustrated by Figure k4.3.

As to the flow in the exducer, the following formula can be
obtained from (4.12):

r(2 - L
e _ r2 2

ar 1 -2 973 /T 12 =0 U-24)

which can be solved as follows:

r K
/T -2 1 [1-1?

-
—

(4.15)

L.
a

K is an integral constant whose value 1s determined by the axial position.
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The correlation between 6 and r at the exducer outlet, given
already in (4.4), will be re-expressed as follows:

1
0 = —F————= (k.h.1)
a -zl

The value of K at the exducer outlet may be obtained by substituting (4.15)
with (L.b.1):

K=0 (4.16)

As B = n/2, 8 = 0 at the exducer inlet, %the value of P will decrease as
the flow approaches the exducer outlet. If @ = 0 in (h.lS),

o
K= = (4.17)
a

Since r = 1 in the outside-radial position of the exducer inlet,

= 1L -
K=2 (4+.18)

whereas r = O in the axial center of the exducer inlet,
K =0 (4.19)

Accordingly, the distribution of K in the exducer will take the form as
shown in Figure 4.k,

Of the various possible types for the distributions of K, the
following three will be considered to be most representative.

L.2.1.

Type 1, when K is distributed in proportion to the axial dis-
tance from the exducer inlet to its outlet.

The said proportional distribution of K is shown in Figure k.5,
From (4.17), the position, r, in which the stream begins to curve

from B = n/2 (which may be called the initial curved line) can be obtained
with reference to each value of K. Since the value of K is determined by
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each axial position, the initial curved line of each axial position can be
obtained as shown in Figure 4,5. By obtaining the value of © at each r
from (4.15) with reference to the value of K, the tangents to the stream
can be determined. In other words, the stream line can be determined by
obtaining the curved line touching these tangents, as shown in Figure L.6.

The pressure in the exducer is given in (4.5). When (= O,
n = pot+ 12 - 2262 (l-r2) (4.5.1)
From (4.5.1) and (4.15),

u - pp=ak (2 - %%) (4.20)

The formula (4.20) enables us to know the conditions in which occurs the
fall of the pressure at each radial position, as shown also in Figure 4.5.
It will be noted from the figure that, when K is distributed proportionally
to the axial distance, a rather steep fall of pressure will take place near
the exducer outlet.

L“.2I2.

Type 2, when the pressure at r = 1 is reduced in proportion to
the axial distance.

Since the type 1 results in an abrupt fall of pressure near the
exducer outlet, we will consider the case where r = 1, that is, the case
of directly reducing the pressure in the outside radius of the exducer out-
let. The distribution of K in each axial position is determined from
(4.20). By using the value of K thus obtained, we can determine the pres-
sure and the point of 1nitial curved line in each axial position, as shown
in Figure 4.7. The stream lines in this case are shown in Figure 4.8.

L.2.3.
Type 3, when a straight line is used as the initial curved line.

When we take the straight line connecting the outside radial
position of the exducer inlet with the axial center of the exducer outlet,
the distributions of K and the pressure appear as shown in Figure 4.9, and
its stream lines as in Figure 4.10.

The following observations will be made from a comparison of the
three above-mentioned types. In type 1 (that is, Section 4,2.1), the ini-
tial curved line begins to form a curvature closest to the exducer outlet,
with a steep fall of pressure at the outlet as a result. Whereas in type
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2 (Section 4.2.2), the curvature is formed at once near the outside radius
of the exducer, resulting in the mildest fall of pressure. However, in
type 3 (Section 4.2.3) a steep fall of pressure takes place near the ex-
ducer inlet. However, the type 2 necessltates a rather large curvature
of the stream line of the outside radius close to the exducer inlet, in-
creasing the length of the stream line, and thus presenting some diffi-
culties of designing and operation. Since it is desirable, from the
point of view of operation, to reduce as much as possible the length of
the stream line, the point of initial curvature should be put off as far
as the type 1. Considering thus the problems of operation and the condl~
tions of pressure fsll, the type 1 should be adopted for the exducer out-
side radius and the type 3 for the central part of the exducer.

4.3. Experimental Verification of the Analysis

In either one of the three types of stream lines that we have
analysed in the preceding section, it is necessary that the curvature be
formed near the exducer inlet while putting off the point of initial cur-
vature as far back as possible towards the axial center. In order to
prove the above theory, comparative experiments were made with two differ-
ent types of exducers. The type A shows a case completely opposite to the
theory expounded above, namely, a type of exducer in which the initial
curvature is slow in the exducer outside radius, while it becomes fast
and abrupt in the central part of the exducer. Conversely, the type B
is one in which the initial curvature is fast in the outside radius and
slow in the central part, and whose initial curved line (not of the stream
lines, but the geometrical initial curved line of the exducer) forms a
straight line as in the case of 4.2.3 (see Figure 4.9). Both types A and
B have 13 vanes, the same kinds of straight radial blades with a 250 mm
radius, and the same curvature at each radial position of the vane outlet
so as to form the efflux angle of outlet as illustrated in (k.4). The
measurements of both types are shown in Figures 4.1l and .12 respectively.

These exducers were attached to the test turbine No. 1. (Details
of the experiment will be described later in Chapter 5.) In the experiment,
the size and the direction of the absolute efflux velocity at each radial
position of the exducer outlet were measured in Yaw meter while keeping the
fixed expansion ratio of the turbine and modifying the number of its revo-
lutions. The figures 4.13 and L4.14 show the outlet velocity distribution
of each of these exducers, with cpg representing the axial component of
the absolute efflux velocity and agy the sound velocity of gas at the tur-
bine inlet.

Numerical solutions (see Chapter 2) for the radial distribution
of the absolute velocity of the turbine outlet at the designing point will
be expressed as follows:
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In the above formula,

2
G:l-ﬂ"g(l- wz)(l-s) -,so<l _SCP +q)a

s = (Pl/Po)(k'l/k), 8g = (PQ/PO)(k“l/k)

The designing points of this turbine include the expansion ratio,
1.30, and the reaction, 48.3%, Uy//To = 8.05. The velocity distributions
under these conditions are shown in the dotted lines of Figures 4.13 and
L.14. Though the designing points differ slightly from the conditions of
the experiment, the results of the experiment show the following points.

In the type A exducer in which the balance between the centri-
fugal force and the radial pressure gradient is disregarded, the velocity
tends to decrease toward the outside wall, and to increase toward the
center where the flow as a whole concentrates. This can be explained by
the maintenance of the high pressure due to the length of B = ﬂ/E on the
outside wall, and, on the other hand, by the abrupt fall of pressure
caused by the sudden curvature of flow in the central position. As a
result of the extremely high pressure towards the outside wall, and the
extremely low pressure towards the center, the flow shows a tendency to
pass from the outside wall to the center. On the other hand, the type B
exducer in which the curvature of the vane towards the outside wall is
fast enough to warrant the fall of pressure, and slow enough, in the
center, to maintain the high pressure, thus balancing the centrifugal
force and the radial pressure gradient, gives a veloclty distribution that
corresponds fairly well to the designed plan (as illustrated in Figure

h.o1k).

L.k, Summery

(1) It is theoretically demonstrated that an exducer in which
the centrifugal force is balanced with the radial pressure gradient can be
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obtained when the axial veloclty at the turbine outlet is distributed for
the purpose of taking the maximum efficiency (as shown in Chapter 2).

(2) The balance can be realized by meking an early curvature
towards the outside radius of the exducer, and a late (slow) curvature
towards the center. Considering the conditions of pressure in the ex-
ducer and the difficulties of operation, a modified form of the straight
line initial curvature, such as illustrated in 4.2.1, has been found most
suitable for the purpose of obtaining the maximum efficiency.






CHAPTER 5

EXPERIMENTAL STUDY OF RADTAIL TURBINES(23),(2h),(25)

5.1. Outline

Test turbines, prepared for experiment, are designed by the
procedure mentioned above. In the experiment, problems relative to hy-
drodynamics are studied in order to confirm the appropriateness of the
theory presented in Chapter 2. The losses which are hard to calculate
theoretically are measured so as to clarify the distribution of losses
in the turbine. Namely, the losses in nozzles and moving blades, the
shock loss at blate inlet, the leaving loss and the heat loss are made
clear quantitatively. The velocity coefficient of radial turbine blades
1s obtained, furnishing useful data in turbine designing., It is further
demonstrated that the work done in turbine blades is by no means equally
distributed at exit radii, that is, a greater work is performed near the
center of exit than at outside radii of exit. It is therefore recom-
mended that the turbine designing procedure so far in practice, which
gives a uniform axial velocity distribution at turbine outlet, be dis-
carded in favor of one that would allow the gas to flow in the center
parts of turbine outlet (as shown in Chapter 2). Concerning the slip
in flow in turbine blades, its type and cause are made clear. The test
turbines, designed and built upon the basis of the above-mentioned re-
sults, show a capacity to reach 90% of the effective maximum adiabatic
efficiency--a performance far superior to that of the gas turbine here-
tofore in use whose efficiency is near sbout 78 86%.

5.2. Test Turbines

Two test turbines are prepared for experiment: the test tur-
bine No. 1, using compressed air for working fluid, is intended primarily
for measuring various losses in the turbine, rather than for studying the
type and cause of the slip in the flow in turbine blades. However, the
test turbine No. 2, using combustion gas and the blade loss coefficient
obtained from the test turbine No. 2, is furnished with an exducer to
study the slip phenomena, and is designed mainly for the purpose of test-
ing the turbine efficiency. Besides the high temperature gas, the test
turbine No. 2 also uses heat-resisting steel. The principal measurements
of both No. 1 and No. 2 test turbines are shown in the table below:

-119-
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Turbine Turbine
No. 1 No, 2
Total expansion ratio 1.3 2.0
Turbine inlet pressure, kg/cm? abs 1.3 2.0
Turbine outlet pressure, kg/cme abs 1.0 1.0
Turbine inlet gas temperature, ©OC 50 600
Gas flow, kg/sec 0.43 0.52
Number of revolutions, r.p.m. 10,970 35,000
Output power, HP 12 110
Reaction, % 48.3 52.0
Blade outside radius, mm 250 20k
Turbine outlet outside radius, mm 140 108
Turbine outlet inside radius, mm 25 Lo
Spiral chamber inlet radius, mm 120 110
Blade inlet breadth, mm 26 12.7
Mean efflux angle of nozzle 10030 15040t (9030°')
Number of nozzles 16(20) 15
Number of blade vanes 13 14
Bl/Rl 0.208 0.125
Roo/Rq 0.56 0.53
Rps /Ry 0.10 0.196
qQ 8.6 x 10-3 17.5 x 103
Deceleration ratio 0.327 0.0996

The photography and the structure of both test turbines are
shown respectively in Figures 5.1, 5.2, 5.3, and 5.4.

5.3. Test Equipment and Procedureg

(a) Test equipment and procedures of test turbine No. 1.

The test equipment of the turbine No, 1 is shown in Figure 5.5.
The alr, compressed in the centritugal and Root compressors, passes
through the surge tank into the test turbine. The flow of air is
measured by the circular nozzle aerometer at the compressor inlet. The
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air temperature at the turblne inlet is measured by a precision mercurial
thermometer of 1/100C graduation attached at the inlet of the spiral
chamber. As to the turbine inlet pressure, eight pressure holes around
the spiral chamber inlet are used to measure the static pressure, while
the mean dynamic pressure is determined by measuring the flow. The total
pressure, pg, at the turbine inlet is determined from both the static and
the dynamic pressures. The turbine output power is absorbed by the 10 kw
electric dynamometer. Between the dynamometer axis and the turbine axis,
a one-step toothed gearing is used to decelerate the number of turbine
revolutions to 0.327. The number of revolutions of the dynamometer axis
is measured by an electronically equilibrated autographic tachometer

with 0.5% precision. The blade inlet pressure is measured by making pres-
sure holes on the side wall above the blade inlet (Rl = 125 mm). The mean
number obtained from the seven pressure holes distributed over one-nozzle
pitch distance of the side wall, is regarded as the blade inlet pressure,
P.. In order to study the change of pressure over the whole circle of the
b%ade inlet, the circle is divided into the equal number to that of noz-
zles (viz. pitch), where the pressure holes are made. Pressure holes are
made also on those points of the blade side wall where R = 115, 105, 95,
85, 75, and 70 mm, in order to study the drop of pressure in the blade.
Six pressure holes are made over the circle of the turbine outlet in order
to obtain the turbine outlet pressure, po, which is the average of those
numbers measured by the holes. All pressure holes have a diameter of 1
mm. The experiments performed are of the following two kinds.

(i) Measurement of losses.

The internal efficiency of the turbine is obtained by clarifying
the losses in nozzles and moving blades, the shock loss at the blade inlet,
the leaving loss, the heat loss as well as the type and cause of the slip
in flow in fturbine blades. To do this, the temperature and pressure dis-
tributions are measured at each radius of the turbine outlet which is
opened to the atmosphere.

The temperature distribution is measured by a precision mercurial
thermometer of 1/10°C graduation. As to the velocity distribution, a
three-hole Yaw meter as shown in Figure 5.6 is used to measure the direc-
tion and the size of the absolute efflux velocity as well as the static
pressure. Figure 5.7 shows the structure of a Yaw meter, consisting of a
baton of 4 mm diameter on which three pressure holes of 0.3 mm dlameter
are made. The pressure on those holes is made equal by rotating the Yaw
meter, by means of which the direction of the flow is studied, and the
total pressure obtained from hy. The dynamic pressure is obtained by
measuring hy which is directly proportional to the dynamic pressure. The
static pressure is obtained by subtracting the dynamic pressure from the
total pressure, hy. The Yaw meter must be examined beforehand by a wind-
tunnel.
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Figure 5.6 Yaw Meter
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(ii) Measurement of average temperature efficiency and average
internal efficiency.

Since the distribution of temperature and fluid velocity veries
greatly at the turbine outlet, the following tests are taken to obtain the
average temperature efficiency and the average internal efficiency of the
entire gas flow.

Instead of measuring the temperature and velocity distributions,
a wooden box of 45 cm x 45 em x 45 cm is attached to the turbine outlet.
The air in the turbine is led into and mixed in the box, and then dis-
charged into the atmosphere. The alr temperature in the box, measured
by a mercurial thermometer, is regarded as the average temperature of the
turbine outlet, The static pressure at the turbine outlet is measured at
the same time, and is regarded as the turbine outlet pressure, po.

The gbove-described tests were conducted in Mizumachi Laboratory
at the Institute of Industrial Science of the University of T3kyd.

(b) Test equipment and procedures of the test turbine No. 2.

Figures 5.8 and 5.9 show the test equipment of the turbine No.
2 and its photography.

The air, compressed in the six-step turbo-compressor, is led to
the combuster where i1t is converted into combustion gas, which, in turn,
is led into the turbine. The gas, passing out of the turbine, is dis~-
charged through the conduct pipe and the aerometer into the atmosphere.
The output power of the turbine, passing through the one-step helical de=
celeration gear (Deceleration: 0.0996), is absorbed into the 150 horse
power electric dynamometer.

The flow of gas is measured by the circular aerometer (gas flow .
gauge ) of the nozzle. The gas temperature at the turbine inlet 1s meas-
ured by the four thermoelectric couples attached at the spiral chamber in-
let. The average of the four measured values is regarded as the average
gas temperature at the turbine inlet, t,. One of the four measured temper-
atures is recorded by the electronically-equilibrated thermoelectric auto-
graphic recorder. As for the gas temperature at the turbine outlet, seven
thermoelectric couples are used on the radius of the turbine outlet tO meas-
ure the radial temperature distribution at the turbine outlet. Four thermo-
electric couples are used on the radius, the mean number of which is regarded
as the gas temperature of the aerometer. The range of :IOC is used for all
the thermoelectric couples intended for measuring gas temperature. As for
the turbine inlet pressure, four pressure holes are made on the inlet circle
of the spiral chamber to measure the static pressure. The total pressure of
the turbine inlet, py, is obtained by adding the average static pressure to
the average dynamic pressure obtained from the gas flow. As f'or the turbine



qusudInby 2 "ON SUTQJNT, 1S3 QG 2an3T4g

a8enyn uoTgBIaTS09(Q

AN

/

[ N S U

)

I

o711
gjg
|

R
;"
L

A

Joqswoweul(q OTI998TH JH OST

-129~

SUTQINT 383,

T

I992WOIsY STZZON

005¢

I9950qU0YD

L1

09L ‘% qnoqy

H

008¢

.T TaUUn,~PUTM

Ity passaxduo)



-130-

s Mm@hoowm U0T9830Y
WﬁgmﬁthPs< OHQOHwaﬁ

JI31swoasy
MOTH s®en

quawdtnby 2 °*ON SUTQJNL 3583 6°¢ 2JINITH

~ oTBL TTom
UOT4830H DTUOIOSTH

H@PuSoEmﬂhQ
OTIFOSTH JH OmH

J929.5Nquo)




-131-

outlet pressure, six pressure holes are made on the outlet circle of
the turbine to measure the static pressure, the average of which is
regarded as the turbine outlet pressure, po. The blade inlet pressure
is measured by making seven pressure holes on the blade inlet radius
(Rl = 102 mm) with each hole corresponding to each pitch of the nozzle.
The average of the static pressure thus measured is regarded as the
blade inlet pressure, p;. The change of pressure at the blade inlet

is studied by dividing the entire circle of the blade inlet into the same
number as that of nozzles, and by making the same number of pressure
holes on the division. All pressure holes have a diameter of 1 mm.

The number of revolutions is obtained by recording the revolution num-
ber of the dynamometer axis on the autographic recorder, and is meas-
ured at the same time by the electronic rotation tell-tale. A range
of +0.5% is used for the autographic rotation recorder, and that of

+1 count (the count during the experiment: 300~ 1500) for the elec-
tronic rotation tell-tale. The velocity distribution on the turbine
outlet radius is measured by the same Yaw meter that is used in the
test turbine No. 1. The Yaw meter is attached to the turbine outlet
removed from the conduct pipe. In this case, air is used instead of
combustion gas. The above-described tests were conducted in the factory
No. 3 of the Ishikawajima Heavy Industry K.K.

5.4, Results of the Test

Figures 5.10 shows the velocity diagram of the blade inlet
and outlet (Radius R).

average efflux velocity from nozzle

n

C1
(04

average efflux angle

Ul = circumferential velocity at the blade inlet

w1 = relative influx velocity

11

relative elevation angle against the blade (in case of radial
straight vanes)

i

C1y 2 clrcumferential component of cj

Wi, * circumferential component of wq

¢, = absolute efflux velocity from any given radius, R, of the
turbine outlet
Uy = clircumferential velocilty

Wy = relative efflux velocity



-13%2-

Blade Inlet

Blade Outlet
Figure 5.10 Velocity Diagram



-133-

52 = relatlve efflux angle
0 = axlal angle of the absolute efflux velocity

cpy = circumferential component of co

Wo, = circumferential component of wo

Cpg = axial component of co.

Figure 5.11 shows the static pressure (hg) and the dynamic pressure (hg)
measured at the turbine outlet radius by the Yaw meter, when the exducer
is attached to the test turbine No. 1. Figure 5.12 shows the absolute
efflux angles formed by the axis and the absolute efflux velocity (+3
the slope in the direction of axis). In both flgures, the expansion
ratio py/p, = 1.15 (p, = atmospheric pressure).

The values of cop, cpg, Wo, and Pp, at each outlet radius result
from the above measurements. The axial flow velocity, co,, 1s shown in
Figure 5.13, with ap representing the sound velocity of gas at the turbine
inlet.

The distribution of flow in each breadth of 2.5 mm of the ocutlet
radius, obtained from the above axial velocity, is shown in Figure 5.1k.
The total gas flow, G, is obtained by adding up the gas-flow distributions
in the whole turbine outlet radii. A comparison between the gas flow ob-
tained from the velocity distribution and the gas flow measured by the
circular nozzle aerometer at the compressor inlet is shown in Figure
5.15. This goes to prove the accuracy of the veloclty-distribution
measurement at the turbine outlet.

The relative efflux angles, Po, of both test turbines No. 1 and
No. 2 are shown in Figures 5.16 and 5.17. The turbine No. 1 uses the ST-
16-2 nozzle and the expansion ratio of 1.15, while the turbine No. 2 uses
the No. 1 nozzle and the expansion ratio of 2.0. In both cases, the flow
moves at an angle sharper than the geometrical efflux angle (Bel, Bep) Of
the exducer outlet. The angles of slip (Bo - Be1) are shown in Figures
5.18, 5.19, and 5.20. Figures 5.18 and 5.19 show the slip angles of the
test turbine No. 1 using the ST-16-2 nozzle and the ST-20-2' nozzle re-
spectively. Figure 5.20 shows the slip angle of the turbine No. 2.
These diagrams indicate the existence of considerable slips at the ex-
ducer outlet, on which more will be said later.

5.4.1. The Losses

The work of gas in the turbine is shown In i-s dlagram in Figure
5.21.
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As the turbine inlet conditions (py, Ty) and the blade inlet
pressure, p,, are known from the experiment, the velocity, CIL at the
time of the equal entropy expansion from Pgo to py will accordingly be de-
termined. This also enables us to obtain the Reynolds number, Ry, for
both ¢! and the nozzle outlet attaching radius, Ryy. Using the procedures
described in Chapter 3, the velocity coefficient of the nozzle, @, as well
as the average efflux velocity, c1, of the nozzle are obtained from Rgq.
The radial component ciy of c¢i is obtained from the measured gas flow, G,
and the sectional area of the passage at the blade inlet (2ﬂRl X Bl) Ac-
cordingly the average efflux angle, @, of the nozzle is obtained from cy
and c1p. The circumferential velocity at the blade inlet, Uy, wy, as well
as the angle of relative elevation, i, are obtained from the number of
revolutions. The reaction, r, is obtalned from the blade inlet pressure,
py._The values of @, @, i, 7, and the non-dimensional quantity of flow
G / O7PO thus obtalned for the test turbine No. 1 using the ST-16-2 noz-
zle and po/p2 = 1.15 are shown in Figure 5.22, The analysis of the losses
observed in the test turbine No. 1.is described below.

(a) The losses in the nozzles.

The loss of energy in the nozzles 1§1N are expressed in the fol-
lowing formula:
o2
Ji02" e +J112|
2g

c. 2 g
—p2) ___;g -2 (5.1)

n

IA iy

]
—
o

With 1. representing the enthalpy at the time of the equal entropy expan-
sion from the turbine inlet conditions (po, To) to the atmospheric pres=
sure at the outlet, p,, the ratio (%) of Aiy and ipy takes the form as
shown in Figure 5.23. 1ip,; is used as the cardinal point s1mply because

the turbine outlet is open to the atmospheric pressure, p, In this case,
the velocity coefficient of the nozzle is tsken in the range of 0.968 ~
0.973, and the losses in the nozzles are 2- 3%. The ratio of the nozzle
losses increases as the loss of heat in the nozzles increases and the reac-
tion decreases, even though the velocity coefficient of the nozzles rises
with the low number of revolutions.

(b) The losses in the moving blades.

The work done in the turbine blade, Ly, is expressed below.
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1 1
L2 o = >
L = » (1% = o) + g (wo? = wq2)
1 2 2
= (U= -~ u .2
"k 02 - ) (5-2)

Since Lj is produced with the energy (ci2/2g + Jijp:) in the blades,

2 2

c

—""'l + Jilzl = Ll+ -C—?'-—'i" ES + Eb+ Eh (5,3)
2g 2g

the leaving loss

Q
no
N
~
\Y)
1]
11

b=
u

o = the shock loss at the blade inlet
Eb = the loss in the blade
Eh = the loss of heat.

The values of the second half (the right-hand side) are obtained entirely
from the experiment, which add up to determine the work performed in the
turbine blade. The ratio of L; and the total enthalpy in the turbine makes
the internal efficiency Ny

L.

_ i
L STy (5.4)

The internal efficiency, ni, at each radial point of the turbine
outlet is shown in Figure 5.2k4.

As shown in Chapter 2, the work done in turbine blades is by no
means equally distributed at the turbine exit radii, the work near the
center of exit being higher than that at the outside radii of exit by
about 5 - 10%. Efficiency can therefore be greatly improved by concentrat-
ing the flow upon the center, where a greater work is performed, rather
than by giving a uniform axial velocity distribution at the turbine exit.
Since an overconcentration of flow upon the center will result in the in-
crease of blade and leaving losses due to the increased velocity, we
should determine the exit velocity coefficient most sultable for the max-
imum efficiency when a certain quantity of flow is discharged into the
turbine. This corresponds to the case expressed by the curve ij}of Fig=-
ure 2.7 of Chapter 2, the condition of which is expressed in (2.48)..
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Figure 5.25 shows the leaving loss at the radii of exit ex-
pressed by the ratio of cp2/2g and Jiggz.

c2
2g

JiOZ

(5.5)

Leaving loss =

The leaving loss i1s about 4 ~ 6% near the designing point.

The shock loss, Eg, is caused by the angle of elevation, i,
against the blade.

W
Eg = b, 2% (5.6)

Cs is the coefficient of shock loss, and varies according to the pitch of
blades. Figure 5.26 shows the ratio of the shock loss and the total
enthalpy Jigz (¢, = 0.8). Although the angle of elevation is zero near
the place where Uy//Tg = 5.9 (in which case there is no shock loss), the
angle of elevation varies greatly with a small change in the nunmber of
revolutions, due to the small efflux angle of the nozzle &. (See Figure
5.22.) This variasnce results in an abrupt increase of shock loss.

From (5.1) and (5.3),
c t2 s C 2

2g 8 2g

Jigpn = (1 - 92)

+ Eg + Bp + Ep = Jigg + J Aly (5.7)

Therefore
2, %
i £
1+ 2= LR T
ioz Jiog Ji0z Jipg
l Internal Leaving
Nozzle Loss Efficiency Loss

E E E
s o] h (5.8)

+ + = + =
JIOZ Jigy JlOZ

Lol ]

Shock Blade Heat
Loss Loss Loss
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The total enthalpy increases when the turbine exit pressure is negative,
and decreases when the pressure is positive. The value of Ai, is ap-
proximately expressed in the formuls below:

“lz, %0 Eotk (5.9)
ipg *1 -5 k Po ’

The negative pressure at the radii of the turbine exit is represented by

h .
s

The losses in the nozzles, internal efficiency, leaving, and
shock losses are thus obtained by the procedures described above, If we
further determine the heat loss, the blade loss can be obtained. The heat
loss remains very small when the turbine produces great output power, but
rises to a considerable height when the output power is swall as in the
case of the test turbine No. 1.

Generally speaking, the temperature of the air current measured
by a thermometer coincides with the total temperature of the gas. Accord-
ingly, the temperature measured at each radial point of the turbine exit
can be regarded as the temperature of the point 3 in Figure 5.21.

The temperature efficiency of the fturbine, N 4, is:

103
e =1,

i
— J 2g (5.10)

n

We can also establish the following formula of energy:

2

c2
Ly+ Ept Fry (5.11)

Ji02

From (5.10) and (5.11),

Ly En
e JiOz+ Jioz

(5.12)



-145-

The temperature efficiency, Mg, is obtained directly from the
measurement of temperature, as shown in Figure 5.27. A difference of 8
10% will be noted between the inside temperature and the temperature near
the side wall. Since it is already determined thatn, = Li/JiOz, the heat
loss Ey/Jipy can be obtained from (5.12). The heat loss thus obtained is
shown in Figure 5.28.

When all these losses are made clear, we can determine the blade
loss, By /Jigy from (5.8), as shown in Figure 5.29. It will be noted from
the figure that while the blade loss is merely about 1 2% near the center
of the exit, it rises as high as 10% at the outside radii of the exit, in-
dicating the high internal efficiency near the center, as cowmpared with
the low internal efficiency at the outside radii. The distribution of
these losses described above is shown in Figure 5.30. The total of all
these losses can be obtained by multiplying the gas flow at each point of
these losses by the gas flow at each radial point of the exit. The mean
number, obtained by dividing the total losses by the total gas flow, is
shown in Figure 5.31. The high percentage of the heat loss is due to the
small output power of the turbine. If the output power of more than 50
horse powers could be made, the heat loss would be reduced below 1  2%.
The leaving loss of about 4%, the blade loss of about 5%, and the loss in
the nozzle of about 3% are shown.

(c) Blade loss coefficient.

With B, standing for the blade loss, wp for the relative veloc-
ity of the flow, we assume the relative velocity of flow w) when no loss
is incurred in the blade. In this case, the velocity coefficient in the
blade,'vg, can be given in the formula below:

¥, =12
o= (5.13)
2
From the formula of energy,
vp'2  wpl
—_— = —+ .
» 2zt Bo (5.14)

From (5.13) and (5.14), the velocity coefficient, wg, is:

by = Y—/—— (5.15)
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Since both Ey and wo are already determined in the above formula,'wz can
be calculated. The velocity coefficient in the blade is shown in Figure
5.32. Figure 5.33 shows the blade velocity coefficient of the test tur-
bine No. 2 obtained by the same procedure. Little difference between the
velocity coefficient near the center of the exit and that near the exit
outside will be noticed, in spite of a great difference in the blade loss
(that is, the ratio of the blade loss and the total enthalpy). The central
part of the exit passage is slightly better then either the center or the
outside of the exit. The increase of blade loss near the outside of the
exit is therefore due to the increase in the relative velocity, ws.

Figure 5.34 shows the average velocity coefficient, wém: with
regard to the total gas flow, obtained by multiplying the velocity coeffi-
cients at the turbine exit radii by the gas flow distribution ratio at the
corresponding exit radii. It will be noted from the figure that the blade-
velocity coefficient of a radial turbine of this type is about 0.77 0.79,
which is rather poor as compared with the axlal-turbine, blade-velocity
coefficient of 0.90 0.93. The following reason can be pointed out to ex-
plain the high efficiency reached by a radial turbine in spite of its poor
blade-velocity coefficient. Since Up = up in an axial turbine, the second
possibility (the second row) of the second half (the right-hand side) of
(4.14.2) equals zero. On the other hand, a radial turbine has a smaller
value of up than that of Uy, and consequently a considerable value is given
to the same possibility of (2.14.2). (See Figure 5.30.) When the equal
enthalpy 1s incurred in the blades of both the axial and radial turbines,
the value of w, in the axial turbine proves accordingly to be greater than
that of wp in the radial turbine. ( Since the loss in the blade, E,

1 wgz
RGPk .

the radial turbine takes a smaller value of E, than the axial turbine,
mainly due to the smaller value of wp, in the former, in spite of its poor
veloclty coefficient in the blade. Though the small loss in the blade is
one of the characteristics of a radial turbine, more study and research
should be reguired to improve its poor velocity coefficlent which is in
part dvue to its complex geometrical forms.

5.4,2, Slip in a Radial Turbine

It will be noted from Figures 5.18, 5.19 and 5.20 that the rela-
tive efflux angle of the blade outlet, B o, differs considerably from the
geometrical efflux angle of the exducer. The difference between the two
is called the slip, the cause of which will be discussed below.
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(a) Slip caused by the losses in the blade.

Needless to say the direction of flow coincides with the geo-
metrical direction of the flow in the exducer when the exducer has an
indefinite number of pitch, and no loss is incurred and no revolution is
made. Since no actual exducer can satisfy such hypothetical conditions,
the difference in the efflux angle of exducer must be taken into account.

A comperison between & motionless, two-dimensional pitch turbine
with losses, and the same type of turbine without losses will show that the
flow becomes more turbulent when the losses are greater. This tendency is
attributed to the losses in the blade, Ey. Assuming, in Figure 5.35, that
a rotation is incurred in the efflux angle, Be], by the slip, Awy,, caused
by some reason, as well as by the slip, Awy, which is due to the loss in
the blade, the flow is regarded to be moving at the actual efflux angle of
Bo and at the velocity of wp. Under such assumptions, the following form-
ula will be established. (52* represents the efflux angle when the slip
is caused by reasons other than the losses in the blade. )

(5.17)

sinp o* =¢’2 sinBp |

Figure 5.36 shows the value of!32* obtained from the above formula in
which wo, Bo, andfwg are already known. It will be noted from the figure
that a considerable difference still exists, even though the flow woves
generally in the direction of Bgi. Since this difference is due to the
slip, & wy, caused by reasons other than the losses in the blade, Awy
takes the form as shown in Figure 5.37, the spiral flow of which is shown
in Figure 5.38.

(b) Slip caused by the spiral flow of the blade revolution.

As shown in Figure 5.39, the rotatory movement of the blades
generates spiral flow in the blade vanes as well as in the exducer passage.
The spiral flow moves in a direction opposite to that of the blade revolu-
tion, and at the same angular velocity as that of the blade. Consequently,
a slip velocity as shown in the extreme right of the figure, can be ob-
served at the exducer outlet. Near the outside exit and the boss, the
velocity of spiral flow decreases because of the viscosity friction. 1In
other words, the slope occurs in the direction of revolution near the out-
side exit. The flow is therefore found to be rotatory (violent)
near the boss, and smooth (circular) around the outside exit. The effect
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is quite evident when Uy//Ty = 5.23, 5.81, especially when the ST-20-2'
nozzle is used. (See Figure 5.19.) The correlation between Bo* and Bel

of the test turbine No. 2 is shown in Figure 5.40, in which case the spiral
flow around the boss is almost reduced, while it inclines at about 100 in
the opposite direction of the circumferential velocity. The slip velocity,
caused by the spiral flow of the blade revolution increases as the geometri-
cal dimensions of the fan-shaped part of the exducer outlet, and the number

of revolutions increase.
(c) Slip caused by the curvature of exducer.

The flow moves at the velocity of wo and at a curvature of about
90° outside the exducer outlet. As shown in Figure 5.41, a pair of spiral
flows will be observed because of this curvature. The spiral flow near
the outside moves in the same direction as that caused by the blade revolu-
tion, and in the opposite direction to that of the revolution, whereas the
spiral flow toward the inside is in the same direction as that of the blade
revolution. The spiral flow moving near the inside in the direction of the
revolution in Figure 5.38 can also be ascribed to this curvature of the ex-
ducer. This inside spiral flow has the effect of reducing the spiral flow
caused by the blade revolution, which accounts for the reduction of spiral
flow around the boss in the test turbine No. 2. The force of the spiral
flow caused by the exducer curvature increases as the angle of the curva-
ture (near the outside exit) and the velocity of flow increases. Therefore,
according to the designing procedure presented here, the effect of slip
due to the curvature of exducer can be minimized by distributing the wind
velocity at the exit in such a way that a greater quantity of flow moves
towards the exit center and a smaller quantity of flow towards the outside.

(d) Effect of the number of vanes.

As in the static two-dimensional system, the actual efflux angle
becomes sharper with a small number of vanes (that is, with a greater pitch)
than the geometrical shape of the vanes. The effect is the same as that of
the slip caused by the losses in the blade.

(e) Effect of the blade curvature.

The flow moves in the radial direction into the blade, and in
the axial direction at an angle of 900, Consequently a pair of spiral
flow, as shown in Figure 5.42, is seen at the exducer outlet, though this
has little effect on the slip. A designing procedure with regard to the
curvature of' the vanes at the exducer outlet is proposed below: (Figure

5.43.)

, (i) The distribution of the axial flow velocity at the radii
of exducer outlet will be determined as described in Chapter 2,

(ii) Velocity diagrams will be drawn with reference to this
axlal flow velocity and the circumterential velocity at each point, in
order to determine the actual relative efflux velocity, wp, and its direc=-

‘tiOIl, B 2.
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Figure 5.42 Spiral Flow Caused by Blade Curvature
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(iii)ﬁsg* and wp¥ modifyingbthe slip caused by the losses
in blade, will be determined by using the velocity coefficient of
the blade, ¥Uso.

(iv) The effect of spiral flows caused by the rotatory motion
of the blade will be considered with regards to 62* thus obtained. Towards
the outside, Bg1 will be made greater than Bo*, and smaller than Bp¥ towards
the center. Although in the latter case, the difference between PBgo; and
52* is very slight as the slip caused by the exducer curvature almost eli-
minates the effect and approximates the value of Bel to that of 82*.

5.5. Performance of the Test Turbines

5.5.1. Performance of the Test Turbine No. 1

The No. 1 test turbine is equipped with an exducer designed with-
out consideration for the effects of the slip in the blade. It uses the
B-type exducer in which the centrifugal force and the radial pressure
gradient are balanced with each other. Two types of nozzles, ST-16-2, and
ST-20-2', are also used in the No. 1 test turbine.

The average temperature efficiency, obtained by the procedures
described in Section 3 of this chapter, is shown in Figure 5.44 and 5.45,
the former using the ST-16-2 nozzle and the latter the ST-20-2' nozzle.
The double circles = in Figure 5.4h4 indicate the average temperature effi-
clency which is obtained in the loss measurement test from the gas flow and
the temperature efficiency distribution at the turbine outlet, and which is
slightly lower than the average temperature efficiency that is experimen-
tally measured.

Figures 5.46 and 5.47 show the average internal efficiency obtained
by adding the horse power in friction losses of the turbine shaft bearing,
of the deceleration gear and of the deceleration equipment shaft bearing to
the horse power absorbed by the dynamometer. The double circles o) in

/

Figure 5.46 indicate the average internal efficiency which is obtained from
the velocity diagrams in the loss measuring test, and which is 2 3% lower
than the internal efficiency obtained by adding the horse power in friction
logses to the horse power absorbed by the dynamometer. dJudging from the
results stated above, we can regard the internal efficiency of the No. 1
test turbine as being 84 86%. The gas flow is shown in Figures 5.48 and

5.49.

5.5.2. Performance of the No. 2 Test Turbine

The No. 2 test turbine is equipped with an exducer designed with
special consideration for the slip in the blade, made clear by the experi-
ment with the No. 2 test turbine. The designing procedures in the No. 2
test turbine, such as described in Chapter 4, are adopted in an effort to
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balance the centrifugal force in the exducer with the radial pressure
gradient. It uses both No. 1 and No. 2 nozzles, both of which are of
straight type, and have the mean efflux angle of 15°)5' and 9930' re-
spectively.

The results of the experiment, described in Section 3 of this
chapter, are described below. Figure 5.50 shows the net output power
measured by the dynamometer. By adding to the net output power the losses
in shaft bearing, disk friction and deceleration equipment, the output
power generated in the blade can be obtained. The figure shows the results
of both cases in which the expansion ratios of 2.0 and 1.7 and the turbine
inlet temperature of t, are used. About 110 horse power is produced when
adopting the expansion ratio of 2.0, the gas temperature of 61000, and the
revolution number of 35,000 rpm.

Figure 5.51 shows the gas flow in non-dimensional quantities, in
which py and Ty are the units of kg/m2 and Ok respectively. éogﬂ indicates
the theoretical velocity of jet at the time of the equal entropy expansion
from the turbine inlet conditions to the turbine outlet pressure. When the
expansion ratio is fixed it appears on the single curved line regardless of
gas temperature at the turbine inlet.

Figure 5.52 shows the mean efflux angle of the nozzle, @, ob-
tained, as in the case of the No. 1 test turbine, from the gas flow and the
reaction. Though the mean nozzle efflux angle is generally fixed, regard~
less of the revolution number and the expansion ratio, it has a slight ten-
dency to increase with the decrease of the revolution number (with the de-
crease of reaction). This can be explained by the fact that the rise in
the nozzle velocity coefficient is caused by the increase in the used Rey-
nolds number when the number of revolutions and the reaction are reduced.

Figure 5.53 shows the reaction which forms a single curved line
with regard to Ul/cogn regardless of the expansion ratio and the gas tem-
perature. The No. 1 nozzles indicate the reaction of 53% when Ul/cogu =
0.65 and the No. 2 nozzles indicate the reaction of 47% when Uy/ecgom = 0.70.
The gas flow moves, therefore, directly towards the blade without shock or
collision.

The velocity distribution at the turbine outlet radii is shown
below. Figure 5.55 indicates the angles formed by the axial line and the
absolute efflux velocity shown in Figure 5.56. The No. 1 nozzle is used
in this case, and no shock or collision is found at the blade inlet when
Uy/eger = 0.65. Figure 5.55 also shows the absolute efflux velocity al-
most in parallel with the axial line, within the range of + 100 -50, The
velocity distribution in this case coincides fairly well with the distribu-
tion designed beforehand (see Figure 5.56) which indicates that the pro-
cedures of correcting the slip in the exducer, such as described in the pre-
ceding section, are adequate.

Figure 5.57 shows the net adiabatic efficiency, which is the
ratio between the horse power measured by the electric dynamometer and the
enthalpy(gé) at the time of the equal entropy expansion from the turbine
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inlet conditions to the outlet pressure. The maximum efficiency of 90%

is obtained both by the No. 1 nozzle with Up/cop" = 0.70, and by the No.

2 nozzle with Uy/cgo" = 0.75, which is far superior to the efficiency
(ranging between T8« 86%) of this type of gas turbine used in meny countries.

The results of the No. 2 test turbine thus described confirm the

appropriateness of the theory of radial turbine designing procedures and
its capacity to reach the maximum efficiency of 90%.

5.6. Summary

(1) Various losses in the turbine are explained in this chapter.
Namely, the loss in the nozzles is 2 ~ 3%, the loss in the blade 4k~ 5%,
the leaving loss 4~ 5%, and the heat loss 4 ~ 5% when very small output
power is produced, and none when the output power 1s great.

(2) The loss in the blade is as little as 1~ 2% near the cen-
ter of exit, and increases as much as 10% at the outside radii of exit.
Consequently, the internal efficiency near the center is higher by 8 ~ 10%
than that at the outside radil, which proves the theory described in Chap-
ter 2 that the gas flow should be conducted as much as possible towards
the center where the loss is small.

(3) As for the blade loss coefficient, both the No. 1 and No. 2
test turbines show the same tendency and take the mean velocity coefficient
of 0.78 -~ 0.79 near the designing point. As compared with the axial tur-
bine, the radial turbine shows rather poor blade velocity coefficient,
mainly because of its complex geometrical shapes, which should be further
investigated and improved.

(4) It is made clear that the phenomena of slope in the blade
are caused for the most part by the losses in the blade. Accordingly, de-
signing procedures of exducer are introduced in order to correct the ef-
fects of spiral flows accompanying the rotatory motion of the blade.

(5) The results of the No. 2 test turbine show its capacity to
develop the maximum efficiency as high as 90%.






CHAPTER 6

CONCLUSION

The basic approach towards the designing of mixed-flow radial
turbines is sought after from a new standpoint which results in clarify-
ing the conditions giving the maximum turbine effilciency, as well as in
finding the best designing procedures of nozzles. Investigations are
algso conducted on various losses that occur in the blade and emphasis is
given to the study of the flow in the exducer which has particular impor-
tance in & mixed-flow redial turbine. The experiments, based on the
above investigations, are then worked out with the test turbine that has
proved to be capable of developing 90% of the highest adiabatic efficiency.

A gas turbine prime mover that has 90% of the maximum efficiency,
is also capable of reaching 22% of heat efficiency at the pressure ratio
of six and without using a heat exchanger even when its compressor effi-
ciency is only 80%, and of raising its heat efficiency as high as 32~
4L0% at the pressure ratio of 3~ k4, and the gas temperature of 600 8000°C,
when using a heat exchanger of 80% temperature efficiency. Such high heat
efficiency that far surpasses the quality of most of the internal combus-
tion engines heretofore in use, indicates the possibility of producing
small gas turbines of 50~ 300 horse powers capable of excellent perform-
ance. The present study thus provides solid and significant grounds to
rely upon the utility of small gas-turbine prime movers.
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