Abstract

Generators driven by axial-flow air-turbine with stator are relatively small
in size and can be adapted to withstand violent blizzards. They are suitable for
antarctic use, especially as energy sources for unmanned observation units.

An analysis is given of the performance of an axial-flow air-turbine com-
prising a stator having stationary blades and a rotor having moving blades.
Changes in the velocity and thermodynamic properties of the air flow in passing
through the turbine are discussed quantitatively, and the expression for the output
power and efficiencies of the turbine are given. It is shown that the output
attains its maximum when the axial velocity of the air flow in the turbine is 1/ v 3
of the wind velocity. The method of evaluation of the maximum annual wind
energy available is discussed.

The design of turbine blades is described: the constant nozzle angle design
is adopted for the stationary blades, and the axially leaving velocity design for
the moving blades. The starting torque, the starting wind velocity, and the off-
design performance of the wind air-turbine are also studied. The performance
of an air-turbine with stator is compared theoretically to that of an ordinary
wind air-turbine without stator, and it is verified the maximum output power
allowable for the former will be about 140% of the latter at a lower rotational
speed than the latter, which will be about 70% thereof.

A wind electric generator designated NU-101 which has been designed
on the basis of the discussion outlined above is described. This comprises an
axial-flow air-turbine, 1.2 m in diameter, whose maximum rotational velocity
is 300 RPM, and a 2 kW, 100V, AC generator. In 1972, this generator was
shipped to Syowa Station, Antarctica, by the 14th Japanese Antarctic Research
Expedition (JARE). The results of some test runs in Tokyo in 1972 and at
Syowa Station in 1973 are given.



1. Introduction

The consumption of petroleum at Syowa Station, Antarctica, from February
1970 to January 1971 amounted to 266 kl; the petroleum supply by the 12th
JARE in February 1970 was 293 tons, which accounted for 64% of the total
cargo of the ice-braker FuJi. These figures suggest that the activities at Syowa
are likely to be restricted by fuel supply. The situation is much the same with
other antarctic stations.

A dormant energy source in the Antarctic is the wind. At Syowa Station,
the daily mean wind speed exceeds 10 m/s on 75 days of a year; the yearly
mean is 6 m/s, the wind direction being nearly NE throughout the year. At
Mizuho Camp (70°42’S, 44°20’E), 300 km inland from Syowa, the yearly mean
exceeds 9 m/s, the direction being steadily E or ESE.

The present paper deals with the design of a 2 kW axial-flow air-turbine
electric generator constructed in 1972 at the Nihon University, Tokyo, and
designated NU-101, for use in these areas. The results of some test runs carried
out in Tokyo in 1972 and at Syowa Station in 1973 are described.



2. Requirements to Be Met by Wind Electric Generator
for Antarctic Use

The wind may be utilized as an energy source in the Antarctic for two
purposes:

(1) To provide a station with an auxiliary electric generator, typically
of 5 to 10 kW capacity.

(2) To provide an unmanned observation unit with an electric generator,
typically of 30 to 500 W capacity.

The designs of such wind generators are subject to the following require-
ments:

(1) The rotor diameter should be small, not only because of strength
considerations but for convenience of transportation, especially if helicopter
transportation is planned. If long blades, such as those of propeller type, are
to be employed, they should be detachable.

(2) The wind generator must withstand violent blizzards exceeding 30—
60 m/s.

(3) It should have a high efficiency at any wind velocity from 4-5 m/s
up to a maximum velocity to be determined.

(4) A safety device is required which prevents the wind generator from
rotating unduly fast. The maximum allowable rotating speed is determined by
the strength of the rotating parts and the capacity of the electric generator.

(5) The wind generator should be provided'with an automatic direction-
control device which always keeps the machine axis parallel to the wind, unless
the wind direction is steady throughout the year.



3. Outline of Wind Electric Generator NU-101

The ordinary propeller-type wind-turbine having two, three, or four long
blades is not always suitable for use in the antarctic field, because of its propeller
dimensions. It is a difficult task to reassemble the blades, to erect a tall pole,
and to mount the air-turbine on the top of the pole under the antarctic weather.
An axial-flow wind air-turbine with stator would seem to be much more promising.

Figs. 1, 2 and 3 illustrate a small wind electric generator, NU-101, which
was designed and constructed in 1972 to comply with the requirements described
above. This generator, was designed as a prototype of an electric source for
use at unmanned observation stations in the Antarctic. The air-turbine has a
stator consisting of stationary blades and a rotor having moving blades, both
with 1.2 m diameter. The air-turbine is coupled with a 2 kW, single phase,

Fig. 1. Axial-flow type wind air-turbine NU-101 (front view) at Syowa
Station.
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Fig. 2. NU-101 (rear view) at Syowa Station.
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Fig. 3. Sectional view of NU-101.

100V, AC generator through two-step belt-wheel trains (total speed-up ratio
being 6:1). The principles of design of this axial-flow air-turbine are given

below.



4. Analysis of Performance of Axial-Flow Air-Turbine

4.1. Outline of velocity distribution

Fig. 4 illustrates the air stream flux that passes through a NU-101 type
axial-flow air-turbine. Inside such a turbine, the wind velocity has axial and
tangential components, which will be designated by suffixes x and y respectively,
its radial component being negligible.
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Fig. 4. Air stream flux passing through an axial-
flow wind air-turbine.

Let us assume that, at a point Z infinitely distant from the turbine, the wind
velocity is parallel to the axis of the turbine (x-x in Fig. 4) and its magnitude
is equal to C.. Let us further assume that this is decreased to C, at the entrance
to the turbine, with an increase in static pressure from P. to P,. The axial com-
ponent of the velocity inside the turbine, C., is assumed to be uniform and equal
to C, because of a constant cross-sectional passage area and nearly uniform
air-density (since the law of conservation of mass flow has to be satisfied).
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Fig. 5. Stator and rotor rows of an axial-flow air-
turbine.

Inside the stator, the air velocity acquires a tangential component in the
direction of rotation. Thus the air velocity increases from C, to Ci, the exit
velocity, being accompanied by a decrease in static pressure from P, to Pi
(Figs. 5).

In passing through the rotor, the air stream thrusts the blades in the
tangential direction, producing a torque on the output shaft. In a reaction
turbine, there is possibility that the air stream will be accelerated relative to the
moving blades with reaction torque, resulting in a drop in static pressure from
Py to P; and a drop in static temperature from 7T to To.

4.2. Notations
We shall use the following notations in the analysis of the air stream flux
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outlined above. Subscripts Z,0,1 and 2 suffixed to the notation of a quantity
indicate that this quantity is measured at a point on the x-axis sufficiently distant
from the turbine, just ahead of the stator, at the exit of the stator (entrance of
the rotor), and at the exit of the rotor, respectively (see Fig. 5).

(a) Velocities

C absolute velocity of air relative to earth, m/s.

C, wind velocity, m/s.

C, axial component of C, m/s.

C, tangential component of C, m/s.

C, inlet absolute velocity to stator, m/s.

C, exit absolute velocity from stator, m/s.

C, exit absolute velocity from rotor, m/s.

w relative velocity of air to rotating rotor, m/s.

W, inlet relative velocity to rotor, m/s.

W, outlet relative velocity from rotor, m/s.

U tangential velocity of rotor at radius », m/s.

U, tangential velocity of rotor at mean radius 7, m/s.
(b) Velocity angles

a angle between C, and x-axis, deg.

a; angle between C; and x-axis, deg.

s angle between C. and x-axis, deg.

es=ao+a; deflection angle of stationary blade, deg.

B angle between W; and x-axis, deg.

B2 angle between W: and x-axis, deg.

en= B1+ P2 deflection angle of moving blade, deg.
(¢) Other quantities (for definitions, see 4.3.)

P static pressure, kg/m? or mm H:O.
P total pressure, kg/m? or mm H:O.
T static temperature, K.

T#* total temperature, K.

i static enthalpy, kcal/kg.

j* total enthalpy, kcal/kg.

entropy, kcal/kg. K.

specific heat at constant pressure, kcal/kg. K.
specific heat at constant volume, kcal/kg. K..
specific heat ratio, £=c,/C.. £=1.40 for air.

gas constant, kg. m/kg. K. R=29.27 for air.

heat equivalent of work, kcal/kg. m. A=1/426.9.
gravitational acceleration, _rp/_sz;_g:9.80.

Mach number. M=C/ v rgRT.

specific weight, kg/m?®.

~ g axa OO
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maximum value of total wind energy available in a year,
kWh/y.

maximum value of total indicated energy generated by an
air-turbine in a year, kWh/y.

ideal specific output of air-turbine, kW/m?.

tip radius of moving blades, m.

hub radius of moving blades, m.

mean radius of moving blades, m.

blade height, m. H=ri— rn.

annulus area of a rotor, m2. a= = (r:2—r2).

weight flow rate of air passing through turbine, kg/s.
number of days for a wind velocity C. per year, days/y.
indicated output of air-turbine, kW.

brake output of air-turbine, kW.

net output of generator, kW.

total-to-total efficiency of air-turbine.

total-to-static efficiency of air-turbine.

generator efficiency.

frictional loss coefficient of stationary blades.
frictional loss coefficient of moving blades.

chord length of blade, m (see Fig. 5).

spacing of blades, m.

maximum thickness of blade, m.

thickness ratio.

normal chord length, m.

kinematic viscosity of air, m/s2.

Reynolds number.

normal exit area of a blade, m2.

velocity coefficient of stationary blades.

flow coefficient, §=C,/U.

loading coefficient, & =4L.;/(U?/9g).

specific indicated output, kg. m/kg.

rotational velocity of turbine, RPM.

angular velocity, rad/s.

angular acceleration, rad/s®.

time, s.

polar mass moment of inertia of rotating parts, kg. m. s2.
indicated torque, kg. m.

brake torque, kg. m.

mechanical friction torque, kg. m.

starting torque, kg. m.

starting wind velocity, m/s.
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4.3. Relations between thermodynamic quantities
The static enthalpy 7 is defined by

i=c,T €))
where T is the static temperature. The total enthalpy i* is defined by

i*=i+AC?/29=c, T+ AC?/2g=c,T* (2)
where

T#*=T+AC?/2gc, (3)

and is called total temperature.
For a perfect gas,

co=rAR/(x — 1) (4)
and mach number is defined as

M=C/ vVrgRT.
Hence

7"*:1‘[1 + ("g,llw} (6)

The total enthalpy i*, and hence the total temperature 7% of any flow
confined in a duct or in a free stream flux tube is conserved, i.e.,
i* =const, @)
and
T* = const. (8)
This is true with any fluid flow with or without frictional loss, in so far as neither
heat nor external work is added to or taken from the flow.
The total pressure P* is defined as

P¥* =P )’C2/ZQ. (9)
For air, the specific weight ; included in eq. (9) can be calculated as
¢ =1.293 (P/1013) (273.2/T) kg/m? (10)

where P (mb) and T (K) are static pressure and static temperature, respectively.
The total pressure P* of any reversible and iso-entropic fluid flow without
frictional loss is conserved. i.c.,
P* = const. an
The total pressure of a fluid flow with frictional loss decreases in the course
of its movement. A difference in total pressure which is caused by the frictional
loss, is observed between two points located along such flow.
In dealing with a fluid flow passing through the rotor of an air-turbine,
we must substitute C included in the expressions for i*, T*, and P*—eqs. (2),
(3) and (9)—by W, the velocity relative to the rotor, thereby obtaining
fo*=i+AW?/2g (12)
T, *=T+AW?/29c, (13)
P,o*=P+yW2/2g. (14)
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The total enthalpy (relative) i.;* and the total temperature (relative) Tre™®
are conserved in such a flow, be it accompanied or unaccompanied by frictional
loss, i.e.,

ire* = const. (15)
Trer* = const. (16)

However, the total pressure Pra* is not conserved except in a fluid flow
without frictional loss.

The performance of an axial-flow air-turbine can easily be analyzed on the
basis of the relations given above.

4.4. Precompression of air in front of an air-turbine

The air speed is reduced from C. to C, before entering into the turbine,
and the air is precompressed slightly from the atmospheric pressure P. to P..
The deceleration takes places practically unaccompanied by frictional loss. Hence,
the following equations can be derived from eqs. (7), (8) and (11).

L¥=1,+AC2/29=iy*=i,-+ ACy%/2g (17)

T, *=Ty* (18)

P, *=P,+yC.2/29=Po*=Po+ yCo2/2¢g (19)
and

C,>Cy=C,, ap=0, P,<Py. (20)

4.5. Expansion of air in passing through stator
The air flow suffers some frictional loss in passing through the stator. This
causes an irreversible expansion. If we compare the states of the air before
(0) and after (1) it passes through the stator, we obtain the following relations
from eqs. (7) and (8):
iy¥*=ip+ AC¢?/29=i1*=i,+AC:%2/2¢g (21)
To*=Ty*. (22)
The total pressures at (0) and (1) are represented by
P0*2P0+ '}’C02/2,g
P*=P,+7C.%/2g (24)
Pi* is slightly smaller than P,*, and the difference thereof, 4P.* indicates the
flow loss of the stationary blades, i.e.,
AP*=Py* —P1*=(Po—P;) — 7(C12—C¢?) /29 . (25)
Therefore, the absolute velocity increases from Co to C: at the expense of
pressure drop (P,—P;—4P;*), but in all cases, C; cannot exceed the original
wind velocity C., i.e.,
C,=C,>Coy=C, . (26)
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The retarded air at the entrance to the stator, flows into it axially with a
velocity Cy and is accelerated again to an exit velocity C; and the direction of
the air stream is deflected along the blades to an exit angle «;, which is nearly
equal to the geometrical blade exit angle. The angles between Co, C; and
x-axis are defined by «ao and «; respectively. As the air flows into the stator
axially, the inlet angle « must be equal to zero, and by referring to Fig. 5, the
following relations must be satisfied

C,cos ;=W cos 8,=C, (27)
C1 SiI‘l (44 :C?/] . (28)

4.6. Air flow passing through rotor
The exit stream from the stator impinges on the moving blades and rotates
them with a tangential velocity U at a radius r by consuming its kinetic energy.
As shown in Fig. 5, the air stream enters into the moving blades with a relative
velocity W, and leaves from them with an exit relative velocity W2. The angles
between W, W, and x-axis are defined by $: and pe, respectively. If we com-
pare the states of the air before (1) and after (2) passing through a rotor, we
obtain the following relations from eqs. (12), (13), (15) and (16).
=+ AW (29 =lp* =i+ AWS? /29 (29)
Tlrel*:T1+AW12/2ng: Ty, ¥ = T2+AW22/29Cp . (30)
These equations show that the total enthalpy (relative) ire* and the total tem-
perature (relative) T,e* are conserved in the air passing through the rotor. But
the total pressure (relative) P,e* is not conserved except in the flow without
frictional loss.
The total pressure (relative) at the inlet and at the exit of rotor are given
as follows.

Pr*=Pi+yW/2¢g (31)

Py =P+ y W3?/2g (32)
and the difference between them is

APrfl* :Plrel* - Pzrel* = (Pl - Pz) - 7’(“/22 - W12)/2g . (33)

The total pressure (relative) difference, 4P,.*, represents the frictional loss
of the rotor. Eq. (33) shows us that W, will be higher than W; when the static
pressure difference (P;— Ps) is greater than 4P,.*. In this case, the air will
expand in both of stator and rotor, and the stage is usually called “reaction
stage”. If the air expands only in the stator, and not in the rotor, the stage is
referred to as “pure impulse stage”.

In the reaction stage, the kinetic energy is supplied to the air not only in
the stator, but also in the rotor by the expansion of itself, and some reaction
torque is added to the torque due to the impulse of exit air from stator.



Analysis of Performance of Axial-Flow Air-Turbine 13

The exit absolute velocity C, from the rotor is given as a vector sum of
W, and U as shown in Fig. 5.
The total enthalpy i2* and the total temperature T2* are given by

*=iy+AC,y%/2¢g (34)

Ty*=Ts+ACy2/2¢g c, . (35)
The angle between the absolute velocity Ce and x-axis is defined as @2, which
becomes zero when the leaving absolute velocity coincides with the axial velocity
C.. The turbine blade design of this type is usually called an “axially leaving
velocity design”. In this turbine, the leaving air from the rotor does not have
any whirling velocity component. The total pressure P;* ahead of the rotor is
represented by eq. (24), and the total pressure at the exit of the rotor is given by

P2*=P2+ TC22/29' (36)
P.* is always greater than P»* in a turbine. In eq. (36), the static pressure P:
must be equal to the atmospheric pressure P-.
By referring to Fig. 5, the following relations are reduced:

C, cos ag=Wsycos Bo=C, (37)
C2 sin CV2_—‘Cy2 (38)
and if @2=0, from eq. (37) C:=C..

4.7. Graphical representation of air states on i-s or i*-s diagram

The working lines of air in an air-turbine are represented graphically on
a static enthalpy-entropy diagram (i-s diagram) and on a total enthalpy-entropy
diagram (i*-s diagram) as shown in Fig. 6. The atmospheric state is represented
by a point Z as the cross point of a constant pressure line corresponding to P.
and a horizontal static temperature line 7.. The total state can be determined
by a point Z* on the vertical line passing through Z so as to satisfy eq. (17).
The constant pressure line through Z* represents the total pressure P.* shown
by eq. (19), and the horizontal line through Z* represents the total enthalpy
i.* and also the total temperature 7.*.

The precompression in the free stream flux is given by a vertical straight line
Z-0 in static state and Z* or O* in total state because of an isoentropic com-
pression. The point 0* coincides with the point Z*, because the total enthalpy
and the total temperature are conserved between Z* and 0* as shown by eqgs.
(17) and (18).

The expansion of air in passing through the stator is represented by a
working line 0-1 in static state and a horizontal line 0*-1* in total state, and
eqgs. (21) and (22) must be satisfied. The difference of total pressure lines Po*
and P;* shows the loss of stationary blades AP*.
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Fig. 6. Working lines of a wind air-turbine on i-s
and i*-s diagrams of air.

The expansion of air in passing through the rotor is represented by a work-
ing line 1-2 in static state and 1*-2* in total state.

In the expansion, the total enthalpy (relative) i...* should be kept constant
as shown by eq. (29). Hence, a working line 1,¢%*-2,4* shows a horizontal line
passing through a point 1,,*, which is determined on a vertical line passing
through point 1 so as to satisfy eq. (29).

The difference of total pressure (relative) lines Pi* and P2 gives the
flow loss of the moving blades, 4P,.*, shown by eq. (33).

In a reaction stage, the static pressure drops from P; to P, which is equal
to the atmospheric pressure P..

But in an impulse stage, P; should be equal to (P.+ 4P.*), and P: is
equal to P..

4.8. Output power and efficiencies of air-turbine
The indicated output of a real air-turbine, that contains the effect of frictional
loss of flow but not of mechanical friction, is given by the following relation
rcfer to Fig. 6).
L, =G(i;* —ix*)/1024A=4.19G (i, * — ip*)
=4.19G(i.* —is*) kW (39)
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where
1¥*=i1+AC2/2¢, is* =i+ ACs?/2g, i,*=i,+ AC,%/2¢g,
and G (kg/s) is the weight flow rate of air through the turbine.

For an ideal, reversible and isoentropic turbine, the inlet state is represented
in Fig. 6 by point Z* in the total enthalpy-entropy (i*-s) diagram; the exit state
from the turbine is represented by 2,* in the total enthalpy diagram and by
2 in the static enthalpy-entropy (i-s) diagram. As the output of such an ideal
turbine, the following two kinds of output are defined;

L1 =4.19G(i,* —ipe*) kW (40)

L, =4.19G(i,* —iss) kW (41)
and the following two kinds of efficiencies are defined for a real turbine with
blade losses.

total-to-total efficiency : pzr= Lo _ %5t (42)
Ltsl iz*"—i2ss*
total-to-static efficiency : yrs=—= fz*_.lz* (43)
Lts2 lz* —lags
It can be easily shown that
77TS/77TT: 1— (C2/Cz)2 . (44)
For an ideal turbine with no frictional loss in flow,
nrr=1 and 9rs=1—(Cy/C,)?<1. (45)
For a real turbine with frictional loss in flow,
nrr<l, nrs=Nrrll —(Co/C.21<9rr (46)

From eq. (42), it follows that

Li=proLlen= 1779 (i —ip,0=_ 17702 C).

1024 102% 29
Thus
G
L,=171T7 (C,2—C,2) kW 47
‘ 2000( ) (47)
or
G
L.= ’72330 C.? kW (48)

Egs. (47) and (48) can conveniently be employed in evaluating the indicated
output of a real air-turbine.

4.9. Flow rate of air and ideal specific output
The weight flow rate G of air passing through the annulus area between rn
(hub radius) and r; (tip radius) of an air-turbine is given by
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G:Zm’grt C.rdr kg/s (49)
< "n
and the annulus area a is given by
a=r(r2—r2 m? (50)
When the axial velocity C, is uniform along radius, eq. (49) can be reduced to
G=raC, kg/s. (51)

It is usual in those air-turbines which are provided with long blades that the
axial velocity C. varies as a function of radial distance r from the central axis.
In such a case, G should be calculated from eq. (49) or from eq. (51), in which
C. should be replaced by its mean value C., .

With an axially leaving velocity design, the absolute exit velocity C2 has
no tangential component and the exit angle

ws=0 (52)
(see Fig. 5), hence
Co=Cynm. (53)

The indicated output of such an air-turbine is, according to eqs. (47), (51),
and (53)

Ln:*qg‘mczﬂm<czz“cwzg) kW (54)
2000

L,="172T8C  s[(C./Cou)?—1] kW (55)

The output becomes maximum when

oL, g

0C 1,
By differentiating eq. (54), we get

C.,.=C,/ V3 (56)
and the maximum indicated output Liimax is

L, .= arrid GO (57)

1000 343

Thus the maximum indicated output of an ideal air-turbine without frictional loss
per unit area of the annulus, or the ideal specific output, eo, is given by
Livmax _ 7 c.?
anrr 1000 343
Table 1 gives the values of eo together with those of

G/a=yC./ V3 kg/s.m? (59)
for various values of the wind velocity C.. By the use of this table, one may
casily estimate the maximum attainable output at a given wind velocity of an
axial-flow air-turbine. Note, however, that the values in Table 1 have been
calculated by assuming y to be 1.293 kg/m?. If this is not the case, one must

€o=

kW /m? . (58)
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Table 1. Specific output e, and specific weight flow Gla
for an axial-flow air-turbine (nrr=1, ¥ =1.293 kg/m3),

C. | ey Gla C. e Gla C. e Gla
(m/s) | (kW/m2) | (kg/sm?) || (m/s) | (kW/m?) | (kg/sm?) | (m/s) | (kW/m?) | (kg/s.m?)
0 0 20 1.990 14.93 40 15.67 29.86
1 0.00025 0.747 21 2.304 15.68 41 16.87 30.61
2 0.00199 1.493 22 2.649 16.42 42 18.14 31.35
3 0.00672 2.239 23 3.027 17.17 43 19.46 32.10
4 0.0159 2.986 24 3.499 17.92 44 20.85 32.85
5 0.0311 3.733 25 3.888 18.66 45 22.31 33.59
6 0.0537 4.479 26 | 4.373 19.41 46 23.82 34.34
7 0.0853 5.226 27 4.897 20.16 47 25.42 35.09
8 0.1274 5.972 28 | 5.462 20.90 48 27.07 35.83
9 0.1814 6.718 29 6.317 21.65 49 28.80 36.58
10 0.2488 7.465 30 6.718 22.40 50 30.60 37.33
11 0.3312 8.212 31 7.412 23.14 51 32.47 38.07
12 0.4299 8.958 32 8.153 23.89 52 34.42 38.82
13 0.5466 9.705 33 8.941 24.64 53 36.45 39.57
14 0.6827 10.45 34 9.779 25.38 54 38.55 40.31
15 0.8397 11.20 35 10.49 26.13 55 40.73 41.06
16 1.019 11.94 36 11.42 26.88 56 42.99 41.81
17 1.222 12.69 37 12.40 27.62 57 45.34 42.55
18 1.451 13.44 38 13.43 28.37 58 47.76 43.30
19 1.707 14.18 39 14.52 29.11 59 50.28 44.05
20 1.990 14.93 40 15.67 29.86 60 52.88 44.79

multiply the table values by (y/1.293), where y is the actual specific weight
of the air which is to be calculated according to eq. (10).

Let us assume that there are D days in a year on which the daily mean
wind velocity is equal to C.. We may then calculate the maximum total wind
energy per year per unit area of the annulus that can be obtained from winds of
velocity C. as

(Ey/a)=24De, kWh/y.m?2. (60)
Here ey can be obtained from eq. (58) or from Table 1.

The total wind energy available in a year per unit area of the annulus of

an air-turbine can be calculated by

; (Ey/a)= ; (24Dey) kWh/y.m? (61)

and the total indicated energy generated by a real air-turbine with an annulus
area a through one year, E, is given by

E=yrraZ (Eo/a) kWh/y (62)
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if the total-to-total efficiency »rr of the air-turbine is independent of C..

As an example, the number of days D for any daily-mean wind velocity C.
at Syowa Station in 1970 is given in Table 2 (JAPAN METEOROLOGICAL AGENCY,
1971).

Table 3 shows the total energy that can be generated in a year by an ideal
air-turbine (yrr=1) with the annulus area a=1m? at Syowa Station. As
shown in Fig. 7 and Table 3, the value of (Eo/a) becomes a maximum at a wind
velocity of C.,=17 m/s. Hence, the air-turbine to be used at Syowa Station
should be so designed as to exhibit the highest efficiency at wind velocities around
17 m/s. We know that the maximum available total wind energy and yearly
mean wattage at Syowa Station for every unit annulus area of air-turbine are
less than 1958 kWh/y.m? and 223 W/m?, respectively.

This method will be useful for estimating the maximum available energy
generated by a wind air-turbine to be installed in any place from the daily mean
wind velocity data observed throughout one year.

Table 2. Number of days D for which daily-mean wind velocity
is Cz at Syowa Station in 1970.

C. mjs \ 02 | 24 ' 46| 68 ] -10[10-12/12-14 14 116-18l18-20120-22 22-2424-2626-28
o | | I I
January | 5 |9 (10 s[2]0ol0of0o ofolo|olo]o
February‘ 93\5\1L0 2101000ioo
March | \1041‘3‘122()!0000;0
April | 6\5 2,3]4\2’1 11101 lo
May 1041313|2\1252“12‘0]00
June 81\3‘315i002’110=00
July 6633212\2,100100
August 12 1 3151 4] 212 1 1 olooo110
September810523.01%011000\00
October 6|353!3i11511211051:00
November | 12| 6 312]112!2‘10.111\05_030|0
December |13 | 8 | 3 0|2 1 3|1 {0f0[0[0|0 0
i | i i s
Sum D \95\82\51,‘33‘29.20 20 [njuwiela 200
i | | | —

% i26.oi 22.5 14.0‘\ 9.0 8.0 5.5 5.5i 3.00 3.0 1.6 1.1 0.3i 0.5’ 0
Sum % \48.5 51.5

. Not .

Remarks ' available \ Available zone

7Data obtained from “ Meteorological Data at the Syowa Station in 1970 ” (JAPAN METE-
OROLOGICAL AGENCY, 1971).
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air-turbine at Syowa Station.
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c ¢ D Eyfa g (Eol) (Gla)
z (kW/m?) (days/y) (kWh/y.m?) (KWh/y.m?) (kg/s.m?)
1 0.00025 95 0.58 0.58 0.76
3 0.00679 82 13.4 14.0 2.26
5 0.0314 51 38.4 52.4 3.77
7 0.0862 33 68.3 120.7 5.28
9 0.1834 29 128 249 6.79
11 0.3348 20 160 409 8.30
13 0.5525 20 265 674 9.81
15 0.8488 11 224 898 11.32
17 1.235 11 326 1224 12.83
19 1.725 6 248 1472 14.33
21 2.329 4 224 1696 15.85
23 3.060 1 73 1769 17.36
25 3.930 2 189 1958 18.86
Remarks: ¢, and (G/a) have been corrected for y=1.307 kg/ms3.
Wind Energy 14 7%
gt Syowa Station(1970) N 7]
~  P=9836m0 e
- T=2625% N
. r= 13007 Kg/m® o /ND s |
= 0915 d,=
0000 00 90610 N, 4 4 s
28001~ F Cim= Co/V3 X -~ 140 4 .
- z & o
oo | 2/ @ 1.1«
Eoa00rs | (\\*@ A { q20 4 E4 »
< - 200+ N o 100 H2 o] 10 =
§1soo~; ) %o\ -,/6_ 4 o4 g
S 1600—:‘3 d0‘4’yeor D /-/' 480 4 =
1400 - - . - i
95 | 82 .
Emoo» - S 4 460 4
1000 100 51 \&\\\\/ - -1 45
oo | 3 7 o \dao |
600 - A 5\ ° 4 N
400+ = //o/ 33 29 =2 =420 - ~
208: o‘/u//o/ ._,g&’//;&/ 010 T L2 ] i
0 2 4 6 8 10 12 14 16 18 20 22 24 26° 0

Fig. 7.

Datly - mean Wind Velocity m/s

Wind energy at Syowa Station (1970).
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4.10. Estimation of air-turbine efficiencies

As shown above, two kinds of turbine efficiencies are defined by eqs. (42)
and (43). These efficiencies of an air-turbine should be obtained by experi-
ments, but in designing a turbine, it is necessary to estimate its efficiencies. For
this purpose, SODERBERG’s correlation (SODERBERG, 1949; HorLock, 1966) for
turbine blade losses may be useful.

By referring to Fig. 6 and eq. (42), the total-to-total efficiency 777 can be
rewritten as

poa bt fe* —ip*
TT = e e 7w j foss ™)
¥ — g™ (L% —ig*)+ (% —lass™)
1 1
—_— - . . LN - (63)
T4 (* —ip*) /(1% —12%)  14C
where
SN %
=l Tl (69

R
In these equations, (i;* —is*) represents the sum of the frictional losses of
stationary and moving blades and is expressed as
¥ =gy * =l —1,=&,(AC2/2¢9) + &, (AW2/2g) (65)
where & and &,, represent the frictional loss coefficient of the stationary blade
and the moving blade, respectively.

In eq. (64),
¥ —ig*=(l,—ip) + A(C,2—Cy2) 29
=A[(C2—Cy?)—(§,C2+ &, W2)] /28 (66)
From eqgs. (64), (65) and (66)
L=(5:C2+EnW2?) /[(C.2—Co?) — (§,C12 4§ W22)] (67)

By substituting { into eq. (63), the total-to-total efficiency 7rr can be
calculated, and accordingly, the total-to-static efficiency 7rs can be obtained
by using eq. (44).

The loss coefficient & has been correlated by SODERBERG by referring to
many experimental data on the basis of Reynolds number R, aspect ratio b/H
(where b is the axial chord and H is the blade height), thickness ratio d//
(where § is the maximum thickness of the blade and [ is the chord length), and
deflection angle ¢ of the blade (e;=ao+a; for a stationary blade and
em=P1+ P2 for a moving blade).

SODERBERG’s correlation for the loss coefficient of a turbine blade has been
represented as (SODERBERG, 1949; HorLoCK, 1966)

E=(105/R,)V4[(14+¢&")(0.975+0.075 b/H)— 1] (68)
where &’ is given by SODERBERG as a graph of &’ —e¢, which is represented by
the present authors as follows:

&'=0.062—-0.10(5/1)+0.065 x 10742 (69)
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In eq. (68), Reynolds number R, has
been defined as
R,=(4F /perimeter) (exist velocity)/
(kinematic viscosity v) (70)
where F is the normal exit area of a flow
channel (see Fig. 8), and perimeter means
the perimeter of the same exit area.
Hence, R, can be calculated by
Rh:< 2HS cos ay )Cl/u
Scosa; +H
for stationary blades (71)
Rh:< 2HS cos ‘8%—>W2/u
S cos B2+ H
for moving blades.  (72)

Scosd;

S

F'

o(i/
C1/7 H

Sy

Sationary Blades

Fig. 8. Normal exit area and its
perimeter between two
stationary blades.

The kinematic viscosity v of the air can be calculated by

vy=(0.138 +0.009 £) X10* m/s?
where ¢ is the air temperature in °C.

(73)

21
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5. Design of Air-Turbine Blades

As shown by eq. (47), the indicated output of an air-turbine is proportional
to G, the weight flow rate of air passing through it, and to (C.>— Cs?), and the
output becomes maximum when the mean axial velocity C.» is designed to be
C,/ v 3, where C, is wind velocity. For maximizing (C,2— C,2), the exit absolute
velocity C2 must be minimized. The minimum value of C. is obtained when
it is equal to Cu» and this means that the exit angle «2 is zero.
For this reason, the authors adopted the axially leaving velocity design for
the moving blade of NU-101 and the mean axial velocity C.n satisfying eq. (56).
To increase the output power for this limited C., the annulus area a must
be increased. This results in a low boss ratio r./r: and high blade height H.
In this case, there will be a large variation of blade velocity along its radius r
so that the designer cannot base his designs on one section and ignore variation
in flow conditions with radius r.
Some classical methods of design are known for such long blades based
on the radial equilibrium theory (HOrRLOCK, 1966). The basic assumption of
the radial equilibrium theory is that the radial velocity component C, equals
zero, and the static pressure gradient along the radius is in equilibrium with the
centrifugal force acting on a mass element at r (see Fig. 9), i.e.,
dp .L(Eﬁ). (74)
dr g\ r

As indicated in eq. (2), the total enthalpy i* is defined by
i*=i+ AC?/2¢g

—i+AC2+C2) /29 (75)
The GiBB’s relation derived from the second law of thermodynamics is as follows.
Tds=di—AdP/y (76)

From eqs. (74), (75) and (76)

di* ds [1 dP ]
T2 =4 — 2+ —(C2+Cy2)/2
dr dr y dr + ( )29

AfC, S
:’g_[—r_J“EF(C" +c, )/2]. (77)
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¢
T

Ff%(rd&dx dr)+ = g—g dr(dx-rde )

Fc = Centrifugal Force Acting on A

Rotating Mass Element

Fig. 9. Radial equilibrium of air flowing through
long blades.

For design purposes, it is usually assumed that the total enthalpy i* and entropy
s are constant along the radius, as at entry to the stage.
Hence,
_‘E:O and ﬂ:O .
dr dr
With this assumption, the following simplified radial equilibrium equation

is obtained from eq. (77)
4 cy+-L 4 (cp=0 (78)
dr r2 dr v
which can be rewritten to
%(02)4—%@,2:0 . (79)

The authors adopted the constant nozzle angle design for the stationary blades
of NU-101; that means a0 and a3 are kept constant at any radius so that the
stationary blades may be straight in radial direction, but the moving blades
should be twisted along their radii so as to satisfy eq. (79) and the condition
of axially leaving velocity, i.e., the exit angle «2 is zero, at any radius.

As the air stream flowing into the stator is parallel to the axis of rotation
at any radius,
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R

C
&
e

1

.po

/ Stationary Blade

Q,
5 Cu

Cn

X

Fig. 10. Constant nozzle angle design (¢y=0 and q=const. at any radius) for
the stationary blades.

0(0:0, C():Cx, CyO:O.
Referring to the exit velocity triangle for the stator (Fig. 10).
C,i=cot @1Cy; .
When the exit angle of C; is kept constant along any radius r,
d(C 1) =cot?a;d(Cy,?) .

Hence
d(C2)=d(C;12) +d(Cy:2)= (14 cot2a;)d(Cy;2) (80)
= cosec2a;d(Cy2) . (81)
From eqs. (79) and (81), we get
1 cosec2a; d(Cy®)_ _ dr. (82)
2 v1 r
and
rC,cosec’ a1 =const . (83)
or
Chi=Kymsin®a (84)
C.1=K; (cot ay)r=sir’a (85)
C: =K, (cosec a;)rsin’al (86)

where K; is a constant. Egs. (84), (85) and (86) show that C,, Cx and Ci
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decrease, and accordingly the static pressure P; increases, with increase of radius
r. The maximum velocity of C; is obtained at the hub radius r. and the velocity
is noted as Cy,, which is related to the wind velocity C. as follows:

Cuin=g¢s C.. 8&7)
Here ¢s is the velocity coefficient of the stationary blade, which is slightly smaller
than and nearly equal to 1. It happens in the same case that the static pressure
Py at the hub radius r» becomes a minimum, which is nearly equal to P..

Using the subscripts ¢, 4 and m to designate the values at the tip radius,

hub radius and mean radius, respectively, we may write according to eqs. (85)
and (87)

(Cat)n=(Cot)n(ru/ra)m2e

=Cy, cos a;=¢,C, cos a;

Substituting eq. (56) for (Cz1)m, We obtain

(r/ra)m%e1= v/ 3 ¢, cos a . (88)
The values of the constant nozzle angle «; calculated according to eq. (88) for
¢s=1 are given in Table 4 for various values of rn/ri or r¢/rn. This is an im-
portant equation for determining the constant exit angle «: from the stationary
blades.

The real value of ¢s of the stationary blades with frictional loss can be

obtained as follows:
From eq. (87) and AC.2/2g=(AC1,%/2g)+&;(AC1:2/2g)

os=1/v 1 +E,. (89)

Table 4. Constant-cut angle «y calculated by eq. (88).

Fufrn refrn "

1.3 1.6 48.1°

1.4 1.8 46.5°
1.5 2.0 45.0°
1.6 2.2 43.8°

1.7 2.4 42.5°
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6. Indicated, Frictional and Brake Torque of an Air-Turbine

If the distribution of the tangential components of absolute velocity along
the radius of moving blades is known, the indicated torque may be obtained
as the angular momentum change between inlet and outlet (see Fig. 11) in
which subscript m indicates the values at mean radius .

Co= me

Stationary Blades

Cyam

Fig. 11. Velocity triangles at mean radius.
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Indicated torque Tzz—G—(Cym-{—Cym)rm (90)
g
G
== C.zm(tan a17n+tan a2m)rm (91)
g
G . .
:—_(Clm sm a'lm+ C2m sim a2m)rm . (92>
9

In a general case, an air-turbine must be provided with a speed-up gear box
and bearings for supporting the rotor. According, some frictional torque T’
must be overcome. In a transition state, such as acceleration or deceleration
of the turbine rotor, inertia torque therefore must be added thereto.
Hence the brake torque 7. driving an electric generator can be expressed by
To=T,—T,+1,% (93)
dt

(—): for acceleration

(+): for deceleration
where T,: mechanical frictional torque of bearings, speed-up gears, and

of an electrical generator, kg. m

I, : polar mass moment of inertia of rotating parts, kg.m.s?
%w_: angular accelereration, rad/s?.
t

In an equilibrium state, the last inertia torque in eq. (93) can be neglected.
The indicated, brake output power of an air-turbine may be calculated as
follows.
2zNT; _ 2zNT,
60102 6120
brake output power L,.= 2aNT. —_—2”NTG
60 x 102 6120
The total-to-static efficiency can be calculated by
102L,; 50 L,

ps= A92Lu 5500 Lu 96
= G2 2y GC.z 40)

indicated output power L, = kw (94)

kW (95)
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7. Starting Torque and Starting Wind Velocity

The minimum starting torque (7)o necessary for starting a stationary wind
air-turbine can be determined from eq. (93) as follows:

T,=0, (T.)o=T, +17,£g;3 . (97)

Substituting eq. (91) in this equation, we obtain
-»G#Cm(tan Ay +tan g, )rn=1, +Ipé_(fi (98)
g dt
When the mean axial velocity C., is adopted so as to satisfy eq. (56), the
minimum wind velocity (C,), necessary for starting a wind air-turbine can be
determined by substituting eqgs. (51) and (56) into eq. (98).
(Cz)O:AV/ 3g[T, +1,(dw]dn)] (09)
ra(tan ay, +tan e, )ru
For the estimation of the minimum starting wind velocity (C-)o, the frictional
torque T, and the inertia torque /,(dw /dr) must be obtained experimentally.
On the contrary, when the starting wind velocity (C.), of a wind air-turbine
is measured by experiments, the starting torque (7)o, the sum of frictional, and
inertia torques of the turbine can be easily calculated by the following equation:

: 2
(Ti)o == Tj + 1p<45:*> == ‘r"cf'(%‘o“aan Q1p +-tan (X2m)"7u (J 00)
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8. Off-Design Performance of Wind Air-Turbine

In an air-turbine, the performance not only at a design point but the
performance at any off-design point is of vital importance because the wind
velocity C. varies greatly.

In order to discuss such off-design performance, we first define the mean
flow coefficient, @,, and the mean loading coefficient ¥, as follows:

On=Cyn/Un (101)
V,=A4L,;/(Un2/g) . (102)
Here AL,; represents the specific indicated output, i.e., the indicated output
per 1 kg/s of air flow, and is given by
AL,;=102L,;/G=T,w/G
=rn@(Cyim+Cyon)/g
=U,C,,(tan a1, +tan azn)/g (103)

On the other hand, the following relation must be satisfied in a velocity
triangle for moving blades (Fig. 11):

Con tan agp=Cyp tan fon— Uy

hence,
tan agn=tan Bo,—(1/0n) (104)
From eqgs. (102), (103) and (104), we obtain the following relation:
Un=(tan ayn+tan Bon)On—1. (105)

When the wind velocity C. varies from a design velocity to any other
velocity, the axial velocity Cam, peripheral velocity Us at mean radius
rn, and accordingly @,, vary from those for a design point. Even in this case,
the directions of exit air from the stationary and the moving blades are kept
nearly the same as the design angle, because the flow passing through the
stationary or the moving blades is forced to be deflected along their geometrical
exit angles for any variable incidence angles. This means that (tan ai»+ tan Bsn
in eq. (105) is kept constant for any off-design conditions and that is the same
as the value at a design point, so that we can rewrite eq. (105) as

?Fm:K@m_l (106)
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where

K =tan &, +tan 3,, = const. (107)
The mean flow coefficient and mean loading coefficient at a design point are
represented by @,* and ¥, *, respectively.

v, *=Ko,*—1 (108)
From eqs. (106) and (108),

w.m + 1 (]) ' CJ,'/IL >< U’HL* ’
L = ) 109
z[j"!?l* + 1 @’"L* ( C.ZWL* U’"L ) ( )
C., uU,* ,
v, = <»~-£’—’—‘ : > > 4 1)—1. 110
CJ NL* < U7.’L ( + ) ( )

The indicated output of an air-turbine, through which G kg/s of air flows, can
be represented from eqs. (102) and (103) by
L,,L:EAILQL:WG,”gym<U'"f__> kW (111)
102 102 g
and at a design point, the indicated output L,* of the same turbine, through
which G* kg/s of air flows, is represented by

L“*:Ag‘i yrm*(.g@f?> kW . (112)
102 g
From egs. (111) and (112),
b=t as) o) =
In an air-turbine designed for axially leaving velocity
Cin=kC, and U,=kyC, (114)

where k, and k, are constants, i.c., k;=1/ v/3 and k,=(tan 3,,)/ v 3.
Substituting these relations in eqs. (101) and (110), we obtain
D,=0,%, v, =v,* (115)
and from eqs. (51) and (114)
G yaC,, _ C, _ N

adipe =1 (116)
G* raCg,* C,* N*

where N is the rotational velocity of the rotor in RPM and
Uy _ Co _Con _ N (117)

U,* C.* Cuu* N*
Substituting eqs. (115), (116) and (117) into eq. (113), the indicated output
for any wind velocity C. is given by
L,=L,*C,/C.*3=L,*(N/N*)? . (118)
The same result can be also reduced from eqs. (48), (51) and (114) directly.
The indicated torque can be obtained for any wind velocity by
T,=T,*C,/C*)>=T*N/N*)?. (119)
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The total-to-total efficiency 7rr and the total-to-static efficiency 75 are
generally the function of @, and ¥, and it is apparent from eq. (115) that
they will be nearly the same at any point on a curve passing through a design
point and satisfying eq. (118).

This shows that a variable pitch mechanism will not be necessary for the

wind air-turbine with stator to maintain high efficiency except that for maintain-
ing constant speed or for feathering.

The brake torque T. and the brake output at any off-design point can be
calcuiated from eqgs. (93) and (995).



9. Comparison between Air-Turbine with Stator and
That without Stator

The most remarkable featurc of the air-turbine described above is that it
has a stator in front of a rotor. This blade arrangements (which is named here
type-A) differs from the ordinary air-turbincs without stator (type-B) in several
points (Fig. 12).

Type-A has some merits and demerits compared with type-B. Type-A
has a more complicated mechanism and greater weight and is more expensive

Co

g0a >0, 0p52°0 O g0 Uouy »C
Cyima >0, Cyzmaz O Core-0 CGyima>®
(A) Aur-Turbine with Sta'er (8} Atr-Turoine wurout Siator
(NU-101) {Crdinary Type)

Fig. 12. Comparison between air-turbine with stator and
that without stator.
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than type-B. On the other hand, the output of type-A will be greater than
that of type-B with the same external diameter under the same wind velocity.
As shown already in 4.8., the indicated output of type-A is given as follows:

<Ln-)A=_”TT:AGA{Cf—czm,Az] kW

2000
T; aw4 G, C
=% = FmCzm 4 tan mAd* @ 120
102 102g " T Gamar®a (120)
where the weight flow rate of air, Ga, can be represented by
Ga=7aCum 4 kg/s. (121)
For maximizing (L4)a, the axial velocity at mean radius must be chosen as
C:cm,A:Cz/ x/?
The allowable maximum output for this mean axial velocity is
C.2\
Lz‘max == 7.4 <Ta z kW 122
(Lusmax)a= 566373 (122)
and the angular velocity w, can be obtained from eq. (120) as follows :
wam— 11148 radys (123)

A— —
V 3 tan aym, 4
In the same way, the indicated output of type-B is given by

(L)s=222.298(C2_C,. 2]

2000
T, p0p Gp C
=% = FmCom. pta m.B* @ 124
102 102 " = AN demmt s (124)
where the weight flow rate of air can be represented by
GB:Tacxma B kg/S (125)
From eqs. (124) and (125), we get
2
L)y =12231%C_ [c22—<“c_xm:t>} 126
L)z =555 o COS Ctzm, 5 (126)
For maximizing (Lt;)s, the mean axial velocity must be chosen as follows:
me,B:Cz Ccos a27n,B/ ‘/T (127)
Therefore, the mean exit absolute velocity is given by
Com,z=C./ V3 (128)
and the maximum indicated output of type-B is represented as
L i,max)B— TT.B <Tac-z—3> m kW.
(Lti.max)s 1000 373 COS t2m, B (129)

The angular velocity of type-B can be determined from eq. (124)

Wp= _7)TT,‘BCZ - 7r7,8C, o (130)
V' 37nSinaoms V3 Fptan agm.p COS aam, 5

From eqs. (122) and (129), we get
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(Levman)a _ 92, (131)
(Ltz,max)B Nrr,B COS Uoy 1

and from eqs. (123) and (130)
01/_‘: @,’{'_{Qa_q_qz_m,’lf_ COS (om.n (132)
®Wp  Nrr,p tan @,

If
Nrr,a=Nrr,B and tan @i, 4=tan agu, -

we get from egs. (131) and (132),

(LLI max)A 1

Lepma)a - 1y (133)
(L., max) B COS om,B
Q‘A— = COS Aom, B < 1 (134)
wp

Eqs. (133) and (134) show that the maximum output of type-A is usually greater
than that of type-B even at a lower rotational speed than type-B.

For example, if the exit velocity angle of type-B is taken as as,, z=a1m, 1=
45°, the power ratio becomes

(LLI, max)A/(LLz,max)B: \/_2_ (135)
and the rotational speed ratio is

Moreover, the lower speed of type-A in comparison with type-B results in lower
stresses of rotor and lower frictional horsepower, although their frictional torques
are the same. Accordingly, we can expect a higher net horsepower from type-A
than type-B. In a real air-turbine, the total-to-total efficiency of type-B will be
slightly greater than that of type-A, because it has no stator.
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10. Details of Wind Electric Generator NU-101

The wind electric generator NU-101 comprises an axial flow air-turbine
and a base box that contains (i) speed-up gear trains, (ii)) a 2 kVA electric
generator, and (iii) controlling and measuring instruments (refer to Figs. 1, 2

and 3).

Axial-flow air-turbine
External diameter 1,220 mm
Boss diameter 600 mm
Axial length (turbine only) 285 mm
Axial length (total) 1,245 mm
Weight (turbine only) 230 kgs

Stationary blades: built-up type of aluminium alloy cast blades.

Chord length =280 mm
Axial chord b=80 mm

Fig. 13. Rotor of NU-101.
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Spacing (at mean radius) S=97 mm
Thickness ratio 5/1=0.10
Base profile T6 with a parabolic camber line
Number of blades 31
Moving blades: cast in one body with an aluminium wheel (Fig. 13).

Chord length [=104 mm
Axial chord b=71.5 mm
Spacing (at mean radius) §=94 mm
Thickness ratio 0/1=0.10
Base profile T6 with a parabolic camber line
Number of blades 30

Base box

Steel framework. Stainless steel cover.
Dimensions 900 x760x465 () mm®.
Weight 190 kg (inclusive of the following).
Speed-up gear trains
Two-stage gear trains driven by two synthetic rubber belts with teeth.
Total speed ratio 6:1.
Electric generator
2 kVA, 100V, single phase AC.
DC self-exciting type with a variable resistance (<2000, 200W).
Meters
AC 300V voltmeter.
AC 30A ammeter.
Electronic over-run protector.
Base plate
Dimensions 1400 x 700 x 12(t)
Weight 80kg
As shown in Fig. 2, the base box is supported freely on a semi-circular base
plate by a large ball bearing and two casters. The air-turbine and the base
box are fixed tightly to each other, and can rotate around the ball bearing axis.
The turbine can easily be manually set always in the wind direction. By adding
a vertical stabilizer, the direction of the turbine axis can be automatically kept
parallel to the wind direction.
Electronic over-run protector
The machine is provided with an over-run protector, which is useful in the
case of blizzards. If the output voltage should exceed a preset value which
can be selected freely between 110V and 130V, a shunt resistor is immediately
bridged across the normal load by virtue of an electronic circuit, and the rotation-
al speed is immediately suppressed.
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11. Results of Test Runs in Tokyo and Syowa Station

The design of the wind electric generator NU-101 was started in May and
completed in August 1972, by the present authors and their co-workers. This
generator was constructed in only two months at a workshop of Nihon University
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and forwarded on board the FuJsi to Syowa on 17 November 1972 (JARE-14).

The authors did not have time to carry out a wind tunnel test before ship-
ping. Instead, the machine was loaded on a light lorry, and its performance
was examined at various speeds between 5.6 m/s and 19.4 m/s (20 and 70 km/h)
by allowing the lorry to run on a straight test road. To eliminate natural wind
effects on the speed, the lorry run back along the same path at the same speed.

Two pipe-heaters, 1.5 kW (7.4Q) and 1.0 kW (10Q) were submerged in
water, to be used as the normal load and braking load, respectively.

The load system was so designed that the braking load was magnetically
switched on in parallel with the normal load, the resulting resistance becoming
4.3Q, when the turbine speed reached N =300 RPM, and the output voltage
became 110V.

The results of the test runs are summarized in Figs. 14 and 15. The wind
air-turbine started to revolve at a wind speed of 5.5 m/s, where the indicated
torque of the turbine became equal to the sum of the frictional torque 7; and
the starting inertia torque /I, (w/dt), which was 048 kg-m as predicted
theoretically in Appendix.
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The brake output of the wind air-turbine is given by eq. (95) and the net

output of the electric generator may be given by

L,=n,L.. (137)
where 7, is the generator efficiency.
The net output L, of the NU-101 electric generator was SOOW for a normal
load of 1.5 kW pipe-heater (7.4Q2) at a wind speed of 19.4 m/s and the rotational
speed of the turbine was 200 RPM. As the normal load, a 2.0 kW pipe-heater
(5.0Q) was used, L, being increased to 700W (see Fig. 14).

The electrical braking circuit was switched on at a preset voltage 110V,
corresponding to 300 RPM of the turbine speed (points A in Fig. 15) and the
increased load suppressed the turbine speed to 285 RPM (point B in Fig. 15).

At Syowa Station, NU-101 was installed on top of a hill close to the build-
ings (Figs. 1 and 2). One of the authors, S. TAKEUCHI, a member of the 14th
JARE made continuous observation of the rectified output voltage. One kW
(1002) and 500W (2002) Nickel-Chrome electric resistors were employed as the
normal and braking loads, respectively. The braking voltage was set at 130V.
A part of the record for 5 April 1973, is shown in Fig. 16.

We can deduce the performance at Syowa Station of NU-101 by analyzing
these records. The estimated performance has been summarized in Fig. 17 and
Table 5. We learn from Figs. 16 and 17 that on 5 April 1973, the wind speed
at Syowa Station ranged from 10 m/s to 32 m/s, and the corresponding variation
in the rotational velocity ranged from 100 to 340 RPM and that the turbine
speed was 182 RPM at 17 m/s.

The following remarks can be made on the basis of the experience at
Syowa Station.

(1) No trouble caused by the turbine blades being coated with snow or
frost has been experienced. However, in a blizzard, some snow entered the
base box and froze the synthetic rubber belts. A planetary type gear box
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Table 5. The output performances of NU-101.

Ly Watt ! L, Watt | L:. Watt

C. N ;I;g Watt \ { _
(m/s) ‘ RPM (Load 1kW) : (Lgafl”l—Slt\i/)f I M(E(fc_i. ~2~ kW) J“(Theoretlcal)* ]
1s | 158 N 200 \ 30| 470
17 LoIs2 240 330 | 480 ‘ 700
20 207 410 520 800 1135
2.5 | 233 | 600 | 670 1150 1645
25 255 780 970 1550 2185
27.5 280 1030 1250 2000 2920
30 05 1280 1680 2530 3810
32.5 330 1580 2060 3125 4510

* Theoretically maximum value of L:. for nrr=0.915.

directly connecting the turbine shaft to the generator (speed-up ratio 6:1 to 7:1)
appears to be preferable to the belt-driven system.
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(2) It has been established that the turbine can withstand violent blizzards
up to 50 m/s. However, apprehension has been felt about the mounting of the
base box to its base plate.

(3) The electrical braking system has proved to operate satisfactorily,
although this system needs an over-sized generator. When the output voltage
of the generator exceeds 130V, which was preset for 340 RPM of turbine speed,
the electrical braking circuit was switched on automatically and the turbine
speed was suppressed and the electric current was increased instantaneously
as shown by dotted lines connecting A to B in Fig. 17.

(4) It would be worthwhile to try in the future a turbine whose blades
as well as housing are made of reinforced plastics.

On the basis of our experience with NU-101, we are now designing an
improved model, which will be designated as NU-102.
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APPENDIX

Detail of the Design of NU-101

An axial-flow air-turbine NU-101 was designed by the authors in 1972
on the basis of the theory described above. It has a stator with constant inlet
and outlet angles along its radius and a rotor with moving blades, which have
been designed on the basis of axially leaving velocity design.

(A) Indicated output at a design point
From the theoretical analysis described in 4.9., we adopted the design point of
the air-turbine as follows:
atmospheric pressure at Syowa Station P,=983.6 mb (737.9 mm Hg)

atmospheric temperature 7.=2625K
specific weight of air 7 =1.307 kg/ m?
wind speed at design point C.,=17m/s

total-to-total efficiency 77r=0.915 (at = —10.7°C)
total-to-static efficiency 775s=0.610
(The estimation of efficiencies will be described in (D)).
The chief dimensions of the stator and the rotor were selected as {ollows:

tip radius of blades r¢=0.600 m
hub radius of blades r,=0.300 m
mean radius of blades 1, =0.450 m
blade height H=ri—r,=0300m
annulus area a=z(r2—r2=0.848 m2
We may find by the use of Table 1 that
ideal specific output e0=1.222x%(1.307/1.293)=1.235 kW/m?
specific weight flow rate (G/a)=12.69x(1.307/1.293)=12.83 kg/s.m?
of air

Accordingly, the indicated output L;, and the weight flow rate of air G at the design
point are evaluated as follows:
Lt =7r170e0=0.915x0.848 x 1.235=0.96k W
G=a(G/a)=0.848 x 12.83 =10.9 kg/s.
The total energy generated by NU-101 yearly at Syowa Station can be evaluated from
Table 3 as
(Z(Eo/(?) =1958 kWh/y.m?
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The total indicated energy that is available yearly is estimated as
E=1nrra X,(Eo/a)=0.915x0.848 x 1958 =1520 kWh/y .
Cz

It is to be noted that the indicated output and the total energy can be obtained when
the mean axial velocity C,, of the air-turbine is taken as

Com=C:/ V3 =17/v3=982m/s.

(B) Static pressure P, and total pressure Po*

The dynamic head of the wind can be calculated as
7C2/290=1.307x (172/2 x 9.8)=19.27 mm H.0 (1.42 mmHg),
7Co%/29=1.307 x (9.822/2 x 9.8) =6.43 mmH:0 (0.47 mmHg),

and accordingly the static pressure rise in front of the stator is
Po—P.=(yC:2/29)—(yCo?/29)=12.8 mm H20(0.95 mmHg) .

The total pressure at (Z) and (0) in Fig. 5 can be calculated by eq. (19).
PA=P*=P.4+(yC:%/29)=737.9 +1.42=739.3 mmHg .

(C) Estimation of velocity triangles
(C-1) Velocity triangles at hub radius ru
In the design of NU-101, a pure impulse stage is adopted at its hub radius and
the degree of reaction increases with radius r.
Hence, the following relations must hold at the hub radius ry:
Pin=P:+ dPrei* = P:
leL=(,DsCz¢Cz= 17 m/S
Win=Woan
The air stream flowing into an air-turbine is directed axially, so that the inlet angle
wp is zero at any radius of the stationary blades. For r,/r,=0.450/0.300=1.5, we
find in Table 4 that the outlet angle from the stationary blades is a;=45°.
Hence, the axial velocity at the hub radius, Cu, is
Cav=Cucosa;=17/v2=120m/s.
On the other hand, it follows from Fig. 18 (A) that
2Ur=Cusin a;=17/v/2 =12.0m/s .
so that,
Ur,=6.0m/s
where Uy, is the peripheral velocity at the hub radius r,. The angular velocity of the
rotor can be determined as
w=U/r,=6.0/0.300=20rad/s.
The rotational speed of the turbine is
N=60¢/27 =190 RPM.
Referring to Fig. 18 (A), the relative inlet and outlet velocities of the rotor, Wy, and
Way, are given by
Wi=Wu=+v Can’+ U= v 12.024+6.02=13.4 m/s.
The velocity angle f§;, between Wy, and the x-axis and that B2, between Wi, and
the x-axis, are given by
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cos .= Con/Win=12.0/13.4=0.896,1 ~ 51, =26.4°
cos Ban=Cun/ W2 =12.0/13.4=0.896, 32n=26.4°.
The velocity triangle at the hub radius is given in Fig. 18 (A).
(C-2) Velocity triangle at the mean radius rm
From eq. (86), we obtain the following relations
Cin=Ki(cosec ay) pj,~sin?a]
Cian = Ki (cosec 1) r,,~sin%el
and hence,
Cim=Cu(rm/ri)~>m*1=17.0(0.45/0.300)"1/2=13.9 m/s
Caom=C0=9.82 m/s.
Um=rmm=0.450 x20=9.0 m/s
From Fig. 18 (B), the relative velocities Wy, and Ws, at the mean radius can be
calculated by
Win=+ Cin?+Un?=2CimUy sin 01=9.86 m/s
Won=V Cam®+Un2=133m/s,
and the angles £, and j2, are given by
coS Sim=Czm/ W n=9.82/9.86=0.996, 51,,=5.1°
COs [’327% = me/ Wan :982/1 33 =0.736, /9277:,:42.60
The velocity triangle at the mean radius is shown in Fig. 18 (B).
(C-3) Velocity triangle at the tip radius r:
In the same way for the mean radius, the velocities and their angles can be
determined as follows:
Cio=Cuin(re/ry) sm*1=17.0(0.600,/0.300)~1/2=12.0 m/s
Cat = Cun(re/r»)sin?*1 =12.0(0.600,/0.300)" /2 =8.5 m/s
Ur=rw=0.600x20=12.0m/s
Wi=~" Cti? ¥+ U2 =2C1,Ussin a1 =9.2 m/s
Way=~ Ca2+U?=14.7m/s
cos frt=Cut/W1:=0.923, f1,=22.6°
cos Bor=Cut/ W2 =0.577, [S2x=754.8°.
The velocity triangle at the tip radius is shown in Fig. 18 (C).
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(D) Evaluation of blade losses and turbine efficiencies
The dimensions of the stationary and moving blades are determined as given in

article 10.
The kinematic viscosities of air can be calculated by eq. (73).
v=0.042x10*m/s? for +=—10.7°C (at Syowa)
v=0.273X10* m/s?> for t=15°C (at Tokyo).
The loss coefficients of air-turbine set at Syowa Station are estimated as follows:
Stator deflection angle of the stationary blades
gs=ao+a1=0°+45°=45°
Reynolds number obtained from eq. (71) is
R;,=3.5%x105
and the loss coefficients of the stationary blades are given by egs. (68)
and (69),
zs' =0.065, $s=0.044.
Rotor deflection angle of the moving blades
cn=pum+Pan="5.1°4+42.6°=47.7°
Reynolds number obtained from eq. (72) is
R;,=3.6X10°
and the loss coefficients are
¢m' =0.067, &n=0.044.
The total-to-total efficiency 7rr and the total-to-static efficiency 7rs of NU-101
can be estimated as,
EsCim® +EmW2n® = (0.044 x 13.9%) +(0.044 x 13.32)
=8.5+7.8=16.3 m?/s?
C:t—C2,2=172—-9.822-193 m?/s?
From eq. (64), {=16.3/(193 —16.3)=0.093
The total-to-total efficiency of NU-101 at Syowa Station is estimated by eq. (63)

nrr=1/(1+{)=1/(1+40.093)=0.915
From eq. (44), the total-to-static efficiency of NU-101 is

nrs =777[1 —(C20/ C2)?] =0.915[1—(9.82/17)2] =0.610 .
These turbine efficiencies will be realized at low air temperature in Syowa Station,
but they will be lowered slightly at high temperatures such as those in Tokyo because
of the increased loss coefficients due to the increasing kinematic viscosity of air.
The loss coefficients and turbine efficiencies at Tokyo are estimated as follows:

The loss coefficient of the stationary blades is

&=0.070 for R,=0.54x10°
and the loss coefficient of the moving blades is

&n=0.072 for R,=0.55x10°.
The total-to-total efficiency and the total-to-static efficiency of the same turbine at
Tokyo are

nrr=0.865 for (=0.157
and
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7rs =0.567
It is to be noted that the temperature effects on flow-losses and on turbine efficiencies
cannot be ignored, especially in the Antarctic, where the air temperature is very low.

(E) Calculation of the indicated output power from the velocity triangle at mean
radius

The indicated output can be determined approximately from the velocity triangle
at the mean radius as follows:
C.=17 m/s, N=190 RPM, G=10.9 kg/s.
From Fig. 18 (B), the inlet and outlet absolute velocities for the moving blades are
Cin=139m/s, Con=C3n=9.82m/s.
The angle between the absolute velocity vector Cy,, and x-axis and that between Cap
and X-axis are
a’1m=45°, o =0°.
From eq. (92), the indicated torque

~ G ) .
= —;(Cm Sin @1, - Coy SIN Q2 )F

10.9 .
= (13.9/A7 2) % 0.450
=49 kg.m.
From eq. (94), the indicated output power of NU-101
L;=27 NT;/6120=27X190%x4.9/6120=0.96 kW.
From eq. (96), the total-to-static efficiency

7rs=2000(L::/C.2G)=2000(0.96/17%>x 10.9)=0.61.

() Evaluation of the starting torque
From experiments in Tokyo, we know that the turbine rotor of NU-101 starts
to run when (C,)y=15.5 m/s.
the annulus area of NU-101 a=0.848 m?
the specific weight of air 7 =1.22kg/m?® (at Tokyo)
the starting torque (7))o of NU-101 can be estimated by eq. (100).
dw _ Tdic;z)oz

(T/L)O:Tf‘*']p’;; A 3gif(tan a1, +tan a2m)rm
1.22x0.848 x 5.52x 0.450
_ o =048 kgm.

This result coincides with the experimental result as shown in Fig. 14.

(G) Off-design performance
The performance of NU-101 at the design point is given as follows,

C:*=17m/s
T.*=49 kgm, 7,=048=05kgm, 7. =44kgm.
L:*=096 kW, L/*=0.10kW, L;c*=0.86 kW

where Ty and L* are the friction torque and the friction power at the design point.
As shown above,
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U,*=9.0m/s, Com*=9.82m/s, G*=10.9 kg/s.
The performance at any wind speed of C. can be estimated by using the eqs. (116)-
(119), (93) and (95).
As an example, the highest attainable performance of NU-101 at the wind velocity
of C.,=20.6 m/s is estimated as follows:

rotational speed N=N*(,/C,*)=190(20.6/17)=230 RPM

weight flow rate of air G=G*(C,/C,*)=10.9(20.6/17)=13.2 kg/s

indicated output L;=L4;*(C./C.*)2=0.96(20.6/17)3=1.7 kW

indicated torque T4i=Tu*(C./ C,*)2=4.9(20.6/17)2=7.2 kg.m

brake torque Tte=Ty—T3=7.2—0.5=6.7 kg.m

brake output L=2aNT:/6120=27X230X6.7/6120
=1.6 kW

The theoretical performance curves for NU-101 estimated by the method described
above are shown in Fig. 14.



