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ANALYTICAL ANALYSIS OF TURBINE ELEMENTS

The task of this item is the analytical calculation of the parameters of the
turbine, which affect the design of the product. This turbine should work well in a pool

of water (fig. 1).

While working on this item, the number of blades will be analyzed.

Fig. 1

The operation of the considered turbine plant is based on the principle of
Archimedes' law.

F=pgV,
where F - buoyant force (Archimedes force), N;

p - water density, p =1000 kg/m?;



g - acceleration of gravity, g = 9.81 m/s?;

IV - The volume of the extruded body. In this case, the volume of inflated
balloons with air, m3.

The desired power received at the generator terminals Np is
Np = 1 MW.
Total number of balloons on turbine Ny p is
NTot p = 64.
Initial wheel size (turbine wheel diameter) Di, is
in =13 m.
Initial area of one balloon Ai, , is 80 m?,
Ain b=80 m?,
Initial volume of one ballon Vi, pis
Vin b = 25.32 m®,

Assume that the number of inflated balloons in the water is ~ 1/3 of the total
number of balloons on the turbine wheel.

Then initial number of inflated ballons nixs is
Nint = 16/3~5 ballons.
Total volume of inflated ballons Vot p iS
V1ot b = Ning * Vinp = 132.93 m3,

Then the pushing force (buoyant force or Archimedes force) created by the
inflated balloons is

F = pgVror » = 1000-9.81-132.93 = 1304043.3 N.



Torque moment Mrorq IS determined by the formula
MTorq =F-L,
where
L - force arm or 1/2 turbine wheel diameter, L=0.5- Di»=6.5 m. Then
Mrorq = 1304043.3 - 6.5 = 8476281.45 Nm

Let us determine the minimum rpm of turbine required to achieve the electric
power at the terminals of the turbogenerator of 1 MW or 1000 kW according to the

formula

9549-1000- Np
n= =113 rpm
MTorq

In the project, we take as the nominal value n =5 rpm, then the power will be

equal to

N — Mrorq _ 8476281.45 © 4ad MW
P =179549-1000 5-9549-1000

Let us determine the required minimum moment of resistance of the turbine

shaft W according to the formula

\/M,f +045- M2,
W =

[0p]

where [g,] = 90 MPa - allowable bending stress [1].
M, - bending moment from balloon, N-m.

Let's determine the maximum bending moment that occurs on the

turbogenerator shaft according to the formula



3-F-L

My, = = 3178605.5 Nm

F-1L
My, = — = 2119070.4 Nm

For further calculations, we will use the maximum bending moment M, = M,,.

Then we have

_ V3178605.52+0.45-8476281.452
o 90

w =72380 cm?®

Having the value of the moment of resistance of the turbine shaft W, we find

the required minimum value of the shaft diameter Dy, according to the formula

_annin_)D 332w
- min —

32 - =90.3cmor 0.903m

Fasteners

Calculation of fasteners for the turbine-generator connection. Having a shaft
diameter of 0.903 m, we see that the diameter of the mounting bolts Dy is 120 cm or 1.2
m. Let us determine the required minimum diameter of each bolt assuming the use of
24 bolts.

We have

MTorq (Dmin) =MT0rq(Df)

!

Let us determine the value of the force acting on the diametr of the bolts
according to the formula



D 2-M
f T
Mzorq _FDf'?_) Fp, —%

In this case, the force acting on one bolt will be equal to

_ oy _ Mrorq _ 847628145 _cgacan 7

F —
Dfp 24 12-Dy 12-1.2

Determine the required minimum bolt diameter D, ;, according to the formula

for determining shear stresses tg,

FDf_b _ 4 - FDf_b

Tsh =
s Sb T['Df_bz

!

4"FD
be= f_b:
- ,‘ T-Tgp

where 4, < [t]gn, = (0.2 = 0.3) - 0.

Bearing for fastener steel o, = 680 MPa — 7y, = 0.25-680 = 170 MPa .
Then

o _ |4-5886307
fb = [314159-170 "0



Thermodynamic calculation of a screw compressor

Initial data

Din_com = 0.11 MPa (absolute pressure),
Pout com = 0.1 MPa (overpressure);
the absolute pressure used in the calculations will be

Pout com = 0.2 MPa (absolute pressure);

n 3
VTot_b = nTot_b . Vinb = 3376T,

60
tair = Tincom1 = 293 K = 20 °C;
B, = 0.04, B, = 0.05 (suction and discharge pressure losses);
Ynecn = 0.96, ey = 0.98 (mechanical and engine efficiency);
o, = 1.1,0, = 0.75 (coefficients);
L = 1 (relative rotor length);
m; = 0.8k (polytrophic temperature index);
C = 0.003 (temperature coefficient);
Vina = 0.08 (relative inflows);

6 = 50 microns (allowable clearance);

Compressor type - screw compressor.

® Preliminary thermodynamic calculation

Total Compressor Pressure Ratio

€general = pout_com/pin_com = 0-2/0-11 = 1.818.



Let us determine the average design pressures in the working chamber during the actual

cycle:
Pin... =DPincom (1 —p1) =0.1-(1—0.04) = 0.096 MPa;
Pout_com = Pout_com * (1 + B2) = 0.2+ (1 +0.05) = 0.21.
Preliminary pressure ratio
Ay=1—p; =1-0.04=0.96.

Let us determine the ratio of pressures in the working chamber of the compressor during

the actual cycle:

Egeneral = Poutogy/Pingy, = 0-21/0.096 = 2.188.

The temperature index of the compression polytrope with respect to finite parameters

me:
m; =08-k=08-14=1.12.
Heating factor:
=098~ C" (ggenerar = 1),
where C = 0.003, we get
7 =098 = C- (& eneras — 1) = 0.98 — 0.003 - (2.188 — 1) = 0.976.

Let us determine the temperature of the injected gas:

Tincom m=1 293 1.12-1
Toutoom = A “Egeneral Tt = 0976 -2.188 112 = 326.48 K.
Relative value of external leaks:
v,; =0;

Relative value of internal inflows:



Vins. = 0.08;
Preliminary utilization rate:

V. = 0.035;
Let's define a preliminary performance factor:

A=A Ap s (1= Vi) = Vins. — Viy = 0.96-0.976 - (1 — 0.035) — 0.08
= 0.8242.

Find the outer diameters of the driving d; and driven d; screws:

dl — dl — T[IVTOt_b
P Nz w L (ke + k)

where V5, , — compressor performance; z; = 40 — number of teeth of the lead screw;

u, = 200 ? — linear speed at the outer diameter of the lead screw

3.14-33.76
d, =d = = 0.367 m.

0.8242-40-200-1-(0.06943 + 0.049673)

Find the preliminary number of revolutions of the leading nj and driven n; rotors:

, _60-u;  60-200 10413 1o
M T 0367 TPy

M
n, = Tt = 6942 rpm.



® Selection and calculation of basic geometric parameters and
characteristic angles

To select and calculate the main geometric parameters, we use the quantities d; and L

known from the thermodynamic

mic calculation, we choose the following parameters:

d; = d;, = 0.367 m — external diameters of the driving and driven screws;

d,s = 0.64 - d; = 0.235 m — pitch circle diameter of the lead screw;

d,, = 0.96 - d; = 0.352 m — diameter of the starting circle of the driven screw;
dyint = diine = 0.22 m — diameter of the inner circle of the driven and leading screws;
A =0.8-d; = 0.2936 m — center distance;

L =d; = 0.367 m — screw length;

H, =1.2-d; = 0.4404 m — axial lead screw pitch;

H, = 1.5+ H, = 0.6606 m — axial pitch of driven screw;

r = 0.18-d; = 0.066 m — height of the head (leg) of the leading (slave) screw;

hy = 0.02 - d; = 0.0073 m — height of the head (leg) of the driven (leading) screw;
i, = 1.5 — gear ratio;

7,3 = 300° — lead screw angle;

713

T,3 = —= = 200° — angle of twist of the driven screw;

l12

Binie = 59°2917.208(1.03 radian) — angle of inclination of the helix on the initial

cylinders of the screws. Let's define characteristic angles:



1) B,, — the angle between the line of centers and the beam drawn from the center
of the driven screw to the point of intersection of the initial circle of the driven

screw with the outer circle of the lead screw:

5 4-A% +d, 2 — d)? 4-0.2936 2 + 0.3522 — 0.3672>
02 = arccos

4-A-dy, 4-0.2936-0.352
= arccos(0.808) = 36° 5’ 56.459" = 36.1° = (0.63004669 radian).

= arccos <

2) By — the angle between the line of centers and the beam drawn from the center
of the lead screw to the point of intersection of the initial circle of the driven

screw with the outer circle of the lead screw:
4 A2 +d;? — dy?
4-A-d}°
4-0.29362% +0.367% — 0.3522>

Po1 = arccos

B arccos( 4-0.2936-0.367

= arccos(0.825) = 34°24'41.431" = 34.4°
= (0.60059413 radian).

3) a, — the central angle of the trailing edge of the cavity of the driven screw:
a, = 28°15" = 28.07493 ° = (0.49 radian).
4) ay; — angle of the end of the output of the tooth of the driven screw from the

cavity of the leading screw on the pressure side:
ao1 = (Boz — @)~ i12;
ag; = (36.1 —28.1)-1.5 = 12 ° = (0.20944 radian);
5) T1ew um — limit angle of twist:

2T

Titw lim = 2T — — (Bo1 + @91) = 2-180- (1 —0.025) —46.4 = 304.6°.

1

6) angle ratio ;3 and Ty jim:



AT = Ty3 — Typyy,,, = 300 — 304.6 = —4.6 °;
Let's determine the refined utilization factor:

Vmax — k3
VT Z ) (kl + kz)’

! —_ f—
Vutit. = 1

where V; — theoretical volume of the steam cavity, due to its geometric parameters;

Vnaxe — the maximum possible useful volume of the steam cavity with certain

parameters of the screws and their profiles at the time of the start of compression;

k., k, — coefficient of use of the area of the leading and driven screws, for an
asymmetric profile k; = 0.06943,k, = 0.049673, k; = 0.00512;

. 0.00512 —oous
Vutit. = 9106943 + 0.049673

7) ¢, — the angle of rotation of the lead screw from the beginning of suction in the

steam cavity to the achievement of its maximum volume V,,, ..,

B 0.5 -Ar =344+ 0157 + 2.3 = 36.857 °:
1

©1 = Bo1 2

8) opening angles of the suction port from the side driving a,4,,; and driven a;,,»

rotors:
m-(z,—1) 180-(40—-1) .
1
21
Faw1 + == 325.5+49 .
Agwr = : - =—————13=210°;
i17 1.5

9) Cavity volume at the beginning of compression V,,, .

Viax = L di® - (ky + k) - (1 = Vi)
= 0.3673 - (0.06943 + 0.049673) - (1 — 0.043) = 0.01535 m3;



10) We determine the geometric degree of compression of the stage eg:

1 0.75 1
_ ( )k = (2 Poutcomyp _ ( Egeneral)F = (57 1.818)T4 = 1.1658;

O-l plTL com

€geom =

11) Determine the filled volume of the steam cavity:

1 1
= 1= =001 (1= = 0.00218 m3:
Veitr = Vinax < egeom> 0.01535 ( E 658) 0.00218 m3;

12) Discharge cavity volume:
V2 = Vinax — Vpin = 0.01535 — 0.00218 = 0.01317 m?;

The pressure of the beginning of polytrophic compression in the steam cavity:
Py = Din com 02 =0.1-1.1=0.11 MPa;

Internal compression end pressure:

Vmax)k 0 _(0.01535 14

P,=P, - ——22°)  —1.239 MPa;
2= (Vz 0.01317) 4

Compression angle ¢,

Q. = 265° = (4.62 radian).

® Construction of the indicator diagram of the steam cavity

We build a schematized indicator diagram using the following parameters:
Along the abscissa:

Vinax = 0.01535 m3;

V, = 0.01317 m3;

Ve = 0.043;



Ve =L-d}* (ky + k) = 0.3673 - (0.06943 + 0.049673) = 0.016 m3.
Along the y-axis:

Pin_com = 0.1 MPa;

P, = 0.11 MPa;

P, =1.239 MPa;

Pout_com = 0.2 MPa;

APin com = P " Pin,,,, = 0.04- 0.1 = 0.004 MPa;

APout com = Ba * Pout,,, = 0.05-0.2 = 0.01 MPa.

The compression line is an adiabatic and the points on it are determined based on the

following equation:

See Fig. 2 for the indicator diagram.
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Fig. 2
The average integral pressure was found graphically:

P, = 0.058 MPaq;

® Calculation of power consumption. Drive selection.

The power supplied to the compressor unit with a screw compressor is spent on
compressing and moving gas (indicative power), on overcoming mechanical friction in
the compressor elements (mechanical power), and on driving auxiliary mechanisms (oil

and water pumps, fan, multiplier, etc.).
The indicator power is determined from the indicator diagram:

Aina = Vi * Py + Doutyy * V2 = Vinax * Pin., = 0.00218 - 0.058 + 0.2 - 0.01317 —
0.01535 - 0,096=1287 J,

At the same time, the indicator power



10413
Nina = Aing * 20 *11/600 = 1287 - 40 - — = = 893.4 kWW.

® Power consumed by the compressor

Ning __ 8934

= 930.7kW,

N =
com Ymech 0.96

where
Ymecnh = 0.96 — mechanical efficiency, taking into account friction losses.
® Useful power gain
AN = Np — Ny, = 4440 — 930.7 = 3509.3kW = 3.51MW .

100 3.51-100
Np 444

Day = AN - = 79.1%.



Turbine mass determination

The turbine is made of aluminum (Fig. 3). The mass of the material was determined
using the SolidWorks software package

Fig. 2
Material density — 2700 kg/m?;
Volume - 5.85 m?;
Turbine surface area — 347.49 m?;

The mass of the turbine is 15.79 tons.
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