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ABSTRACT

A thermodynamic analysis of world geothermal electrical
generating stations (GHES) shows the significant losses of
flow exergy occur in separators or flash vessels where thermal
water is flashed and then separated to produce dry saturated
steam for conventional intermediate steam turbines. These
losses can be greatly reduced by using hydrosteam flashing
flow turbines instead of conventional separated steam system,
as shown in Barilovich (1982,1993), Barilovich et
al.,(1985,1998). In spite of low internal relative heat
efficiency (presently h,=0.32 ... 0.42) such turbines, when
used in GHES under low dryness degree of thermal water
(x<0.2) at temperature of 430..450K can raise the actual
power of the station by 5...20%.

1. INTRODUCTION

The work consists of thermodynamic analysis of total flow
GHES with axial-flow and Pelton turbines having optimized
thermal parameters and a comparison of suggested heat
schemes to conventional ones using separators. The basic
concept of calculations of axial-flow and Pelton turbines are
considered and the results of author’s experimental
investigations of Laval nozzles with steam generating lattices,
high speed wall fluid flow in rectangle duct and 100 kW
active axial-flow hydrosteam turbine (HST) working at
overheated water, are presented. Use of Laval nozzles with
steam generating lattices and velocity factors of 0.85...0.87
developed in St.Petersburg Technical University (formerly
Leningrad Polytechnic Institute) will allow the creation of
hydrosteam turbines with h,=0.5 ... 0.55 that provide still
greater increase in GHES efficiency.

2. THERMODYNAMIC ANALYSIS OF GHES WITH
HST

Let’s consider two possible schemes of GHES with HST. First
scheme includes two one-stage axial active turbines,
the second one consists of one axial and one Pelton
turbine with jet condenser-mixer. The systems of equations
for calculation of both schemes are presented below.

Common equations for both schemes are:
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Equations for scheme No.1 are:
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¢p- specific heat capacity of fluid, G-expenditure, i,s -specific
enthalpy and entropy, N-capacity, r -specific heat of
evaporation, p-pressure, 7-temperature, v-specific volume, x-

dryness degree of steam, h; ,h,; , he -absolute internal,
relative internal and exergy efficiency, subscripts: 1...7,c,p-



se a- actual, f~ fluid, e- environment, s- isoentropic, v-
vapor, mix- hydrosteam mixture.
The system of equations for scheme No. 2 is:
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where c- absolute flow velocity, u- circumferential rotor
velocity at mean diameter, DT, - underheating of cold water to

saturation temp., b-flow angle in relative moving at exit from
scoop, I -density, j 1,j 2,y -velocity coeff. of active and passive
nozzle and working wheel respectively; subscripts: n-nozzle,
w-water.

The results of calculations are presented in|Table 1] It was
estimated that the pressure of returned water is equal to the
that of thermal mixture at GHES entry, a temperature is not
less than 343K, hydraulic losses are neglected, the pressure in
steam turbine condenser is equal to 0.01 MPa.lso

presents optimal values of relative temperatures ¢, /¢ and

mix
t3/tyix at HST exit giving a maximum of circle useful
capacity. Some advantage of scheme with one ST and two
HST in comparison to scheme of ST, HST and Pelton turbines
decreases while x,,;, increases. Creating GHES of one ST and

one Pelton HST with condenser-mixer is unreasonable for its
low efficiency due to high exergy losses in Pelton HST.

Using of axial HST in GHES raises a question on maximal
capacity of HST. As the working medium in HST is almost
saturated fluid, the heat drop is about ten times less than in
steam turbine at the same temperature interval, so a
considerable capacity may be reached by increasing of turbine
hot water flow. The greater HST pressure drop, the greater
specific work, and the less flow capacity of the turbine
because of decreasing in steam density. Thus, there is back
pressure at which a capacity of single-row axial active turbine
(at given D,, /hy, , where D,, - diameter of working wheel at

mean blade height, /- blade height, and rotor angle velocity

3122

Barilovich and Smirnov

W) gets maximal value. The HST capacity at known back
pressure p; = f(77) is defined by formula
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where c;-theoretical absolute velocity at exit from nozzle

apparatus, a, - angle between velocity vectors u and ¢y, , Tg -

temperature of hot water at entry to

A r
turbine, § Q= ( [)1” = 1.3 for HST nozzle apparatus with

a Feh,
steam generating lattices. According to calculations, the HST
capacity at pg=0.6 MPa, T =428K, pjy =0.0173 MPa is
equal to 21.8 MW (=500 r.p.m., D,,/h, =7). The unit
with D,,, /hp =5 has the capacity up to 30.5 MW. Such a

powerful HST should have vertical shaft and be similar to
construction of hydraulic turbines. The Pelton turbine with jet
condenser-mixer included in GHES permits to get capacity up
to 50 MW in single unit. In this case, however, a pump in cold
water line should be added to reduce the shock losses in
mixing camera (MC).

3. THE PREDICTION OF FLASHING FLOW LAVAL
NOZZLE WITH STEAM GENERATING LATTICE

Using of flashing flow as working medium in turbines and jet
units raises a task of determining the maximum possible
degree of conversion of fluid heat into kinetic energy of flow.
The experiments with Laval nozzles of conventional form
working at almost saturated hot water have shown that at low

initial pressure (pg =0.4...0.8 MPa) the velocity coefficient

is small (j £0.7) because of significant thermal and
mechanical non-equilibrium of flow. Mounting of the steam
generating lattice (a disk with cylindrical holes of d=0.8...0.9
mm, //d=6 ), into the nozzle leads to formation of fine-
dispersed flow structure and to growth of nozzle efficiency.
The idea of nozzle with lattice belongs to Prof. V.A.Zysin
(1976). Prof. Barilovich et al.,(1987) have created a nozzle
with steam generating lattice having a velocity

coefficientj , = 0.85..0.87 (see . Such a high
J , received at nozzle working at overheated water under low

initial pressure is probably close to its limiting value and
correlates with experiments of O.Frenzl (1956) with Laval
nozzles of conventional form under high initial pressure. So,

at pg =4 MPa he has obtained j , =0.87. Since a nozzle

apparatus of high-effective HST should consist of group of
Laval nozzles with steam generating lattices, let’s consider
the basic concepts of numerical calculation of such nozzles.
The less number of holes in lattice np, the higher lattice
pressure drop, so at definite pressure drop a flow with density
less than boundary one may be received and a process may be
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described by conservation equations for droplet-vapor
structure of flow. The physical values after the lattice at given
droplet size are defined using the conservation equations of

flow enthalpy and expenditure. Solving the system of
equations, we get a formula
g _13 Jo @
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( cx-resistance coeff. of droplet, ¢~ friction coeff. F,f-cross-
section area, j -specific mass flux; subscripts: d-droplet), in
which a role of each effect (friction, mass transfer and channel
geometry) is clearly seen. The formula at isoentropic flow and
droplet absence transforms to well known

dp /d% =- kM 2/) ([Hﬂvﬂ/dfz)/l(lwz - 1)1—[71] .
The obtained expression of pressure gradient dp/dz allows to

solve a direct task (with known nozzle cross section
dependence on longitudinal coordinate F, = f° (z) ) for flow

movement in the nozzle. Besides, we have:
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4. PREDICTING OF WORKING WHEEL CHANNEL
OF SINGLE-ROW AXIAL HST

The continuity equation of steam flow in Euler form at

presence of mass sources is:

d . 2N
W(ij ryl v)zdeQnVr’

where j ,- true vapor content, r-current channel radius. After
differentiating of above equation we get
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from continuity and momentum

equations, we define an angular pressure gradient along the
channel:
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The momentum equation for evaporating droplet in coordinate

form (taking in account a streamline equation
dr/wdr =rdj /”’d] at w,, =0)is:
dw ~880,, 0 d ~
l:pgij_lfr_wdr’&zwdj -Fwdrr,
dj B d] Wi
r,Dw

Cx :f(Red);Red =Dy Dwr , /m, .

From momentum equation for evaporating wall fluid layer of

varying mass we have
-t RbB/( dr)u'/ >

where Rj-radius of concave blade surface. It is assumed in
calculations that droplet is considered as fallen one (subscript
“fd”) if its trajectory crosses the wall layer surface and the

whereF=§cx ;
4 rdDd
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layer gets a mass of droplets per second

dG g =pnr dD;dj /6, where n.- droplet mass flux per

cell. It is assumed also that mass of all droplets crossing given
cell is united in a single droplet of the same (given) size.

From continuity equation for wall layer (subscript “wl”) we
find
ad,, _€1 4Gy u d,, dvw,
= € P [}u'/ - (Rli - du'/ )U (”/ r )u'/ B _71/ .71/
dj 8, dj Wy d]

Having written an equation of heat account between droplet

and vapor flow, we get

de _ 6r (
__—'_—ad_iy,(Td =
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A derivative dT,,; /dj

mass balance of wall layer:
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The droplet concentration in a cell n. is defined from
expression n =ncdl/(wdraﬁ dr), where dl is droplet

Tf,r)"';%-i,r)

can be found from energy equation and

Vv
trajectory length inside a cell. The above system of equations
is closed and permits to find wyj ,wg ,wgr, p.Dg,

Ty, le d,,;.T,,; along the channel, Barilovich et al. (1996).
The HST stage capacity at working wheel rim can be found

from formula
NHST [(G Wy + Gaway )mlet -

- (vavu +Ggwgy + Gwl Wiy )Outlgt]zu’
where z- number of moving blades. The system of differential
equations is solved by Runge-Kutta-Feldberg method. The
physical properties of water and vapor is approximated by
spline functions of pressure.

The calculations have shown that the wall layer slows down in
initial zone of concave blade surface. Then its velocity begins
to grow due to momentum quantity bringing by droplet flux.
After that layer velocity decreases again because frictional
forces begin to prevail. An influence of blade pitch and
profile on HST efficiency has been determined. The moving
blades must have sharp edges, long entry and short exit parts.

The results of experiments obtained during tests of model of
axial active single-row HST-100 at partial admission degree
of 0.15 and outlet into atmosphere are shown atﬁg
full admission of high-moistened vapor to moving blades the
design turbine capacity would be 65...107 kW.

In investigations of single block of nozzles of HST-100 a
value j , =0.74 was obtained which corresponds to design
HST capacity of 82.5 kW and relative internal blade
efficiency h,, =0.391 at pz =0.6 MPa, T: =427 K

and G =14.53 kg/s. A usage of high-effective nozzles with
j »=0.85 would permit to get N=115.9 kW and h,,,, =0.549.
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5. ON CALCULATION OF PELTON TURBINE
WORKING AT FLASHING FLOW

The theory of hydraulic Pelton turbines (PT) working at
“cold” flows is well worked out and presented in a number of
fundamental works like Edel (1980). However, it is only
partially applicable for predicting of Pelton HST (Trusov et
al.(1995), Barilovich et al.,(1997)).

As the condenser-mixer is an obligatory element of such
turbines ensuring a required relation between jet diameter and
scoop size of working wheel, it is necessary to consider the
basics of calculation of mixing camera. Let’s assume that cold
and hot droplets are evenly distributed in dry saturated vapor
at entry to MC but the flow has no thermal and mechanical
equilibrium. Under its motion along z and presence of
exchange processes the flow will move over to equilibrium
condition. This transition determines the length of MC. As the
flow is high-speed, it may be expected that wall fluid film
thickness is very small and may be neglected. The system of
equations below permits to execute calculation of MC in one-
dimensional approach.
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In order to minimize shock losses in MC pumps with
P=pp /pe = 25...50 should be used in cold water line.

6. RESULTS OF EXPERIENCED STUDIES

This section presents some experimental results which are
necessary for HST calculations and determining of external
characteristics of investigated model.

The critical mass flow through the nozzle described in
Barilovich (1993) is defined by empirical expression obtained
for the nozzles with steam generating lattices working at
overheated water:

Gy 4 * 0,751 ( (ﬁ*))"mz - 0.028
T D, /1, \pe (1/a); 002,

where G, -actual hot water flow through nozzle at critical
regime; Fj -steam generating lattice passage area; p,Z( -hot

* *
water pressure and temp. at nozzle entry; Dr, = f.r(/’o)' ty -
underheating of water to saturation temperature;
(l/d)l - relative length of lattice holes. The value of friction

coefficient between high-speed fluid wall layer and wall
¢fiw = f(Re gy) is needed in gas-dynamic calculations of

HST foil lattice. Known data at co-current moving of vapor
and fluid film are obtained at low mean film velocity w g,

(Re g, :Eﬂmd/n  £800). Experiences for determining
of ¢ 4, were carried out in open rectangular duct of 0.014 m

width and 1 m length. At entry to the duct a Laval nozzle
working at overheated water was mounted. The axis of nozzle
was inclined at angle of 15° to duct longitudinal axis. The
dynamic pressure measurements were made by Prandtl
microtube (see Fig.6)l The tube width was 3 mm, and
thickness 0.4 mm. It was moved across the duct by the
precision support with accuracy 0.01 mm. Processing
experienced data in criterial form gives

¢ frp =0.577407° Re%?le, 540°£ R

6
&z £1140°,
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Re iz = (Wﬁm z)/n fim - The same in two-parametric form
€ firw =f(ReﬁmZ,Eu) leads to
¢ frw =0.46207 13 Re‘j;lﬁnzz Eu%47

at Eu :(p/r Ez)zzo =0.36..0.79. In this case Euler

number, being a defining criteria, characterizes kinetic energy
of flow at nozzle exit. Mean value of ¢ firw at distance

z=0.115 m is equal to 5.29407. It must be noticed that Wallis
(1972) recommends Eﬁw =0.005 as a first approach at

turbulent regime of film flow.
CONCLUSION

The data presented show that geothermal hydrosteam electric
stations of new generation should include hydrosteam
turbines, which greatly raise the installation efficiency under
low dryness degree of inlet geothermal mixture.
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Ll
Figure 1. Scheme with two HST Figure 2. Scheme with HST and Pelton
turbine
Table 1. Scheme No.1 with two HST, Guwix=166,7 kg/s; husti=0,42; hus=0,42 ; hsr=0,7; hp=0,72
Tmix x Nst Nusi Nust2 NcEro DN 12/ tmix 13/ tmix h; Nex
C MW MW MW MW %
160 | 0.050 9.278 0.765 0.523 10.426 17.19 0.706 0.463 0.127 0.426
0.150 16.197 0.571 0.467 17.095 8.30 0.731 0.488 0.147 0.468
0.250 | 23.064 0.504 0.370 23.798 4.94 0.731 0.500 0.156 0.490
170 | 0.050 10.444 0.890 0.684 11.835 18.16 0.700 0.435 0.132 0.441
0.150 17.716 0.734 0.557 18.825 9.10 0.712 0.459 0.153 0.481
0.250 | 24.947 0.595 0.446 25.806 5.39 0.724 0.482 0.164 0.501
180 | 0.050 11.695 1.101 0.730 13.293 18.77 0.683 0.422 0.139 0.455
0.150 19.244 0.915 0.653 20.580 9.94 0.694 0.433 0.158 0.492
0.250 | 26.794 0.749 0.527 27.838 6.02 0.706 0.456 0.170 0.512
190 | 0.050 12.961 1.333 0.843 14.843 19.58 0.668 0.400 0.144 0.469
0.150 | 20.785 1.116 0.754 22.361 10.69 0.679 0411 0.164 0.503
0.250 | 28.615 0.920 0.613 29.854 6.61 0.689 0.432 0.176 0.521
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Figure 3. Dependence of mass flow G, traction R, exit Figure 4. HST capacity vs u/cy;
pressure p, velocity coeff. j , on entry temperature T’ 20
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' o ' Figure 6. Pressure across fluid wall layer at different
Figure 5. HST relative internal efficiency vs u/ciq distances z from entry to duct
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