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Editor's Note

The material for this report was supplied by Dr. A. L. (Roy) Austin
for the Fifth Meeting of the Centers for the Analysis of Thermal-Mechanical
Energy Conversion Concepts held at Salt Lake City, Utah, on April 12-14th
1977 and subsequently printed in the Minutes of that meeting; CATMEC/A4,
Appendix C.

The Total Flow Project will continue beyond that date until its termi-
nation on October 1lst 1978. The report here presented is believed to re-
flect accurately the status of the Project as at the end of the year 1977.

The contents of the present report follow closely the statements in
CATMEC/4, Appendix C, the Nomenclature and Glossary being supplied by the
Editor who also made minor amendments to the text to secure clarity and
continuity.

I am indebted to Dr. Austin for supplying prints and answering pa-

tiently many queries.

D. J. Ryley

March 30, 1978

Division of Engineering
Brown University

Providence, RI
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NOMENCLATURE

Blade width
Coefficient

Wheel diameter
Aerodynamic drag
Absolute pressure
Absolute temperature,
Thrust

Velocity

Velocity

Liguid fraction removed radially
Droplet diameter

Efficiency, loss

Moody friction factor
Gravitational constant

Specific enthalpy

Specific entropy

Temperature,

Time

Velocities

Dryness fraction

m/s

m/s

m/s2

kJ/ke

kdJ/keg K

°C

m/s




b a Angle defined on Fig. 4-10

N B Blade speed/Nozzle steam speed
,ﬁa n Nozzle velocity coefficient
: A Velocity ratio
é u Viscosity ’ kg/m s
" o Density ke/m°
i m Flowrate ke/s
6 Enthalpy rate xJ/s
? r,0 Polar ccordinates
; CD Drag coefficient

Subscripts, etc.

b Blade
c Loss arising from radial removal of liquid
d Loss arising from disk friction
‘e Engine, exhaust
1 Liquid
r Relative
s Isentropic
: t Turbine
T Thrust
v | Vapor
W Turbine wheel
o Reservoir
1,2,3... State points
A Finite change in...

A prime (') denotes a polytropic

A bar (7) denotes a vector quantity
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5% 4.4,1, Introduction

Events during the last few years have focussed worldwide attention on
the increasing need for clean, inexpensive energy supplies with particular
emphasis on development of non-fossil sources. In the U.S.A., geothermal
energy is currently receiving wide interest as one such alternate energy
source, particularlv for electric power generation. Geothermal energy is
defined here as the thermal energy stored in deposits of dry steam, hot water,
and hot dry rock. Although drv steam deposits are technologicallv the easiest
to exploit, their occurrence is estimated to te only about one-twentieth as
common as hot water deposits. On the other hand, while there may be immense
amounts of energy stored in hot drv rock, no technologv vet exists for recov-
ery of this energv nor has significant exploration been carried out vet to
? determine if and where exploitable deposits exist. Consequently, during the
next decade geothermal energv development in the U.S. will likelv emphasize
exploitation of the water-dominated resource.
Temperatures of the water deposits of oprimary interest vary from 150°C
to 300°C with total dissolved solids (TDS) ranging from less than 0.1% to
over 25%. Although these resources constitute a significant energy resource,
there are th major constraints that will influence the rate of development.
First, the range of chemical conditions encountered will likely require spe-
cial conversion systems. In some cases, economic utilization of high
temperature-high salinity brines has not vet been proven feasible. Second,
" economic considerations require development of conversion machines with highest
efficiencies in order to minimize the number of wells per unit of electrical
capacitvy. In the U.S. an accelerated effort is currentlv underwav, supporting

a broad-based research and development program. Much of this work is directed

toward new conversion svstems in an attempt to increase opportunities for uti-

lization of hostile fluids and for improved economics.




4,4.2, Characteristics of Wellhead Fluids

Before proceeding, it is of value to summarize briefly the nature of the
fluids produced by hydrothermal wells. During the last ten years, considera-
ble attention has been given to understanding hydrothermal systems and-the
characteristiés of well flow from hot water deposits. Models of hot water
systems have been described by Muffler and White (1972), White (1973), Facca
(1973), James (1967, 1970, 1970), and Gould (1974), among others, in which
mechanisms are proposed for production from hydrothefmal»s?stems which are-
hot enough to produce two-phase flow by flashing in the'wellbore.

Since limited data are readily available to“illuétrate a wide variety of
conditicns, an approximate evaluation-is'relatively easy to obtain by numeri-
cal solution of the momentum and continuity equations for adiabatic steady
"flow up a well, Table 4-1 liéts the résults of such calculations [Austin
et al., 1973 and Johnson, 1974], ‘The reservoir conditions and assumed con-
ditions for well design were chosen arbitrarily, but are generally represen-
tative of field conditions. The well flow rates calculated are those at‘the
well head pressures for which the thermal energy extraction rate is maximum.
‘Actual fluid production rates and energy content, however, will be adversely
affected by the presence of dissolved solids. It is estimated [Grens, 1975]
that for each 1.0% increase in these dissolved solids, there may be a reduc-
tion of up to 0.8 to 0.9% in energy extraction rate,’but experimental verifi-
cation of these calculations is needed. Nevertheless, neglecting thisvcondif
" tion the characteristics given in Table 4-1 are found to be reasonably con=’
‘sistent with the limited data available in the-literature-and will be used.
here as the basis fof'ény system calculations appearing invthis chapter...

There are two reasons to consider downhdle pumping. One is tO‘ihéﬁéase
( production from low temperature deposits,3éﬁd the.ofher isto maintaim liquid

NN




TABLE 4-1

Calculated Geothermal Well Characteristics for the Self-Pumping Mode of Production

Reservoir Wellhead Characteristics
Temperature

Temperature Pressure Vapor Enthalpy
oC (°F) oC OF MPa (——2) Fraction % Eé— (%%2)
177 (351) 138 (280) 0.34y (50) 7.4 740.1 (318.2)
204 (399) 163 (325) 0.676 (98) 8.3 862.9 (371.0)
260 (500) 199 (390) 1.517 (220) 13.7 1113.4 (478.7)
300 (572) 223 (433) 2.u482 (360) 18.9 1308.u4 (562.5)

Reservoir | _

Temperature ’ Flow rate in Thermal Energy Extraction

(See footnote 2) Rate (See footnote 3)

f = .02 f = .04 f = .02 f= .04

MW
oc (oF) kg 1b kg 1b M th th
F 2e 2 Y —_— —_ —_—

m2s ftzs m2s ftQS m2 ft2 m2 ft2
177 (351) 1708.9 (350) 1391.5 (285) 914.9 (85) 742.7 (69)
204 (399) 2270.4 (465) 1830.9 (375) 1496,2 (139) 1205.6 (112)
260 (500) 2978.3 (610) 2319.2 (475) 2701.8 (251) 2109.7 (196)
300 (572) - 3222,5 (660) 2441.3 (500) 3552,1 (330) 2691.0 (250)

NOTES: 1. Well depth 1524 m (5000 ft.), Production casing 0.194 m (7 5/8 in) 0.D., 0.172 m (6.77 in) I.D.,
Area = 0.023 m?2 (0.25 ft?).

2. Calculations are based on thermodynamic properties of pure water, f = Moody friction factor.

3. The thermal energy extraction rate_ 1s calculated with reference to saturated liquid enthalpy
at 48,9°C (120°F), In S.I. Units, Q0 am (hy - 205), fps Units, Q =m (hp - 87.9)

4. Condensing temperature 49°C,

S. The gross power output is debited 10% to provide power for internal plant pumping.




" basic features of the flashed Steam system is now presented as preparation

flow ffom higher temperature deposits. This may béreépééialiy important)to
sunpress precipitatiqn and scale formation in surfécevéquipmént associéted
with the Binary Cycle concepf [Chapter 4]. TFor the application in fhe
higher temperature brines, problems of reliability are particularlv serious.
As vet, proven pumps haye not been demonstratéd. There are several concepts

under development, and this work should be-enéounaged.

4.4.3. Energy Conversion Concepts

For recovery and conversion of thé eﬁergy in watér—dbminated resources,
onlv three basic conversion concepts exist, Thesé $f;: (a) the flashed steam
system, (b) the binary cycle concept, and (c} the tofal flow concebt. A
fourth concept envisages combinations of thesé‘syéféms, i.e., hybrid systems
[ ’ J. For g;ectric power generation; the development éf
hybrid.svstemsvmay be necesséfy to achieve the most effective utilization of
hydrothermal resources. This may;be,especialiy the case, for example, where
large amounts of non-condensible gases exist,‘or where unique conditions are
present allowing both electrical and non-electrical uses of the‘energy. Any
seriqgs considefation of hvbrids, as defined here, however, must begin with a

thorough understanding of individual system components over the complete range

. of operating conditions. Hence, the development of hybrids awaits further

: development of the basic concept.

Currently, only the flashed steam system is in commercial use. The bi-

- 'nérv cycle concept has not yet found application, nor has even a small c§m—_
. plete system been field-tested in the United States. The total flow coﬁ?éﬁtii
“ has been the subject of considerable laboratory tests, but also héslnot'§et

: béen field—fested. Consequently, onlvy the flashed steam svstem wili be’ﬁéed

here for performance comparisons. For that reason, a.short discussion of the

N -
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for the following detailed discussion of the total flow concept. Further in-

formation on flashed steam systems is given in this Chapter, Section 4.

k.4.3.1. The Flashed Steam System

In the early 1960's, New Zealand pioneered the large-scale recovery and
conversion of energy in hot water deposits using the Flashed Steam method
{Chapter 12]. A great deal of information has been published, and
operational flashed steam power plants now exist in several other countries
[Chapter 12]. Consequently, the technology can be considered proven,
and future advances will likely lie in areas of more refined system components,
power system economics, and reservoir management techniques. Since this is the
only proven system with a substantial operational history, its general perfor-
mance characteristics will be used here as a basis for comparison of future
concepts.

Figure 4-1A illustrates schematically the elements of single flash system.
Isenthalpic pressure reduction of the wellbottom oroduct occurs prior to and at
entry to the flash separator which separates the vapor and liquid fractions.

The accompanying Temperature-Entropy chart in Fig. 4-1B illustrates the basic
thermodynamic process involved. For simplicity, the pressure drop between sepa-
rator and turbine inlet is neglected here since it is largely dependent on well
spacing and detailed plant design. Thé most obvious point is that a substantial
fracticn of the available energy is discarded in the separated liquid.

Overall plant thermal efficiencies are generally below 10% for a single
flash system. Greater utilization of the fluid energy, however, can be achieved
with multiple flashing. [This Chapter;“éection 4.1.]

For high salinity brines, carryover of solids into the vapor fraction is
considered a serious limitation to the Flashed Steam system; Consequently, as-

sociated technical advances are needed in the areas of improved methods of




separation or scrubbers to minimize cafryover of’solidé in fhe.steam fraction,
and ways to increase tolerance of conventional steam turbines to entrained
solids.

In order to allow comparison of the various concepts in a later section,
the performance of the Flashed Steam system is now estimated for the wellhead
fluids in Table 4-1. A condensing temperature of 29°C and a 10% reduction in
power output to account for internal plant pumping reqﬂirements is assuméd.

Results are shown in Fig. 4-2 in terms of the resource utilization, kWh/metric

ton of wellhead output, i.e., the net specific energy output.

4.,4.3.2. The Total Flow Concept

Based on fundamental thermodynamic principles, a direct expansion from
wellhead to sink condition has the'pdtehfial for conversion of the greatest
fraction of the available eneréy. Comﬁérison of Fig. 4-3 with Figure 4-1B in-
dicateé‘that the Total Flow process (éxfansibn from 2 to 3) provides an upper
bound on system efficiency. For example, regardless of the number of stages
of separations used in the Flash Steam System, there will always be someAuséful
energy discarded with the separated liquid in the last flash stage. Although
the Total Flow concept is simple, and would provide the most direct means of

geothermal energy conversion, it will require the development of efficient,

reliable machines for two-phase expansion'of the.welihead fluid.

The conéept is not new, but until now practical applications have been
lacking. It is believed that the first publishgdadocumentation.on tests of a
Total Flow device consist of 'some brief comments by Naymanov (197d)f”wln‘hi§ f.>
~ paper on the flashed stéam piant"at Pauzbetka;=hetmakés'reference to ;imited
tests on a hydraulic turbine operated direcfly from.the.wellheadvproducts,i He'
'also notes fhat the machine tested  was far,fromyoptimgm and;that‘improvémqnts

ére expected. The potential performance of a Total.Flow process;is shown.iﬁ

Fig. 4.2.




It should be emphasized here that this comparison is based only on thermo-
dynamic considerations, and the assumptions used for the respective engine ef-
ficiencies of the systems shown. Figure 4.2 shéws that to gain the advantages
shown, a total flow expander must have an engine efficiency of 70%, a perfor-
mance as yet unrealized, but the performance of steam turbines for geothermal
applications may increase as geothermal energy developments proliferate. Not
withstanding the poor performance to date, the potential for the Total Flow
concept appears especially promising because of its simplicity, and hence po-
tentially lower capital costs. It should also be noted that Figure 4-2 illu-
strates comparison of processes, not machines. It is not yet known if the
same total flow expander would work at 70% efficiency over the working fluid
temperature/enthalpy range shown. It may be that different expanders will be
needed at the lower temperature range than that at the higher range. IHore re-
search and testing of candidate expanders over all working fluid conditions
needs to be completed before this basic question can be answered. Because of
the potential importance of the total flow process and because its development
will add a third dimension to geothermal conversion technology, the balance of

this chapter will concentrate on the required features of total flow expanders.

Total Flow Expander Characteristics

The geothermal environment demands design simplicity and flexibility to
allow use of corrosion/erosion resistant materials, incorporation of precipi-
tation and scale control methods [Chapter 6 and 7], and a means to mini-
mize capital costs:[Chapter 11]. Also, in order to gain the full advan-
tages of the Total Flow: process, it is necéssary to extract the maximum
available energy from the wellhead product by expansion to as low a backpres-

sure as possible. It can be shown that for each wellhead condition listed in




: Table u4-1, 40% of the useful;work is obtained-by‘expénsioh<below atmosphenigk
?ressure to the sink condition .of 48°C (3.5" Hg). Véiﬁme expansion‘rafiosiof '
- the fluid range from about 300 (for 300°C fluids)\téfab§Ut 70 (for the.l77°C'
fluids). This compares with expansion ratios of 50 to:20 for flashed éteam .
turbines operating from the yépor.fractions,of-the;same wellhead:fiuids. Con~
sequently, the Total~Flowvexpander must be capable:of complete expansion to
recover the available energy, and must also be able to‘accoﬁmodatediarge,volumé
flow rétes. In addition to these requirements, candidate expanders‘mﬁst.be
able to withstand the presence’ of significant\quéntitigsuof dissolved solids.
Precipitation of silica and heavy metal sulfides:dufing;expanéion can cause -
rapid formation of scalé; and the corrosive and lerosive actions of the‘brineSf
will be major problems. These will likely require design simplicity3:parti-
cularly with respect to minimizing.the‘number‘of moving parts and swept sur-
faces, ease of maintenance, and long-term reliability. A single stage expan- .
der is most desirable, but staging méy be:feasible in some cases.

Table #-2 lists the basic classesﬁdf.expanders.which have been considered
for use in the Total Flow process. It is not ‘possible here to give a detailed
description of each, nor is this the only way to classify them. However, two.
types should be first treated individually: pure reaction machines and the

multiple-disk (or bladeless) turbine.

Impulse/Reaction ifachines

Generaliy, reaction devices are expected to find limited applicatiOn;ﬁ;
"Siﬁce a pressure and temperature drop-is required in-the“rOtafing component, -
Vséaie formation, if itchcurs, will.be difficultmtO‘cqﬁtrol or remer;:f?uﬁgher;
‘maximum power output requires .a high ratio (approachiﬁg:unity)'of>tip“3peédbto""

| " - absolute. fluid nozzlefexit'veloéity'which‘leédé to1high?speeds;and;highfsfréSSes:~

In addition, there are practical problems: of maintaining rotation:seals, of -




modifying thé geometry as wellhead pressure drops with time, and of lowered
nozzle efficiency due to segregation of liquid and vapor in the rotating pas-
sage. For saturated liquid inlet conditions, however, enthalpy drop is lower
across the turbine; hence, rotational speed is lower, resulting in reduced
working stresses. Depending on the achievable nozzle efficiency under these
conditions, the radial outflow turbine (Hero's turbine) may be a practical
candidate expander.

The multiple-disk turbine consists of a series of closely spaced thin
disks mounted side by side on a shaft. Fluid enters through nozzles and is
injected into the spaces between the disks to follow an inward spiral path to
a central exhaust port. During this passage, the fluid exerts a frictional
shear stress on the disks, resulting in a net torque on the shaft. Since no
detailed analysis for two-phase flow operation has been made, it is not pos-
sible to comment on the applicability of this device. Since the basic mecha-
nism for transfer of momentum is frictional drag, and the possibility that
the entrained liquid droplets will be thrown radially outward by centrifugal
forces, one can only speculate that turbine efficiencies may be low. Consi-
derable work has been done to analyze similar machines for operation from
singl-phase fluids. The reader is referred to Rice (1375) for these details,

and to Possell (1973) for information on machines he has built.

Positive-Displacement Machines

As a class, positive-~displacement expanders are limited in volume flow-
rate capacity relative to turbo-machines. Fundamentally this is due to inter-
nal losses related to sonic velocity in the fluid. Consequently, these expan-
ders must be physically large to produce significant power output.

The helical rotor expander is a positive-displacement device which ope-

rates by direct expansion of the two-phase fluid through meshing rotors, as




TABLE 4-2

Classes of Expanders for Total Flow Applications

1. Impulse/feaction machines

‘Axial flow - Curtis/Rateau steam turbine .

Radial inflow - Francis turbine and multiple disc drag turbine ,

‘Radial outflow - rotating nozzle (pure reaction). Hero's turbine multiple disc turbine -
bladeless impulse or reaction drag turbine. ' : :

2. Positive displacement machines

Helical screw expander
Rotating oscillating vane machine

3. . Impulse machines

Tangential flow - Pelton wheel, Re-entry turbine
-Axial flow - Delaval, Curtis turbine ’

B




shown in Fig. UY-4., The fluid enters through a nozzle control valve into the

high pressure pocket at A. As the rotors revolve, the pocket elongates con-
tinually, giving rise to a successively increasing volume from B to E, where

i exhaust occurs. This device is mechanically simple, and has the advantage of
self-cleaning as a result of rotor-to-rotor and rotor-to-case relative motion.
McKay and Sprankle (1974) have reported operating experience with a helical
rotor machine expanding brines in the Cerro Prieto and East llesa geothermal

; fields. They reported that no scale deposition problem had been detected
during over 1000 hours of operation. This unit also has recently undergone

a series of clean-water tests at the Lawrence Livermore Laboratory Geothermal
Test Facility in order to investigate the mechanical performance under a
range of inlet fluid thermodynamic conditions [Weiss, et al., 1975].

¢ The unit tested was an air compressor unit with 152.4 mm (6-inch) rotors
modified by R. Sprankle of the Hydrothermal Power Co., Ltd. Inlet pressures

%l to the rotors was varied from 168 kPa (2u4.4 psia) to 527 kPa (76.5 psia), with
; vapor fractions (quality) ranging from 11.6% to 33.3%. in all tests the exhaust
pressure was one atmosphere. Haximum engine efficiencies of 49% at 16 kW for
3000 rpm, 53% at 23 kW for 4,000 rpm, and 55% at 30 kW for 5000 rpm were ob-
served. The latter figure corresponded to a utilization rate of 104 kg/kWh
(228 1b/kWh).

It was concluded that the helical rotor expander is a viable candidate
machine for conversion of energy from hydrothermal wells by the Total Flow
process. Additional experimental work is in progress at the Lawrence Livermore
Laboratory to explore the complete operating characteristics of another machine
designed specifically for the geothermal hybrid applications.

In addition, House (1976) has completed an analysis of potential applica-
fﬁ? tions for the helical rotor expander. He concludes that engine efficiencies

1 will generally be below 70% because of an expansion ratio limitation of 15 and




a-maximum pressure differential of 758 kPa (llolpsi)_imposed by conductions

of mechanical strength. With reference to the reservoir conditions in‘Table.

4-1, he calculates expander sizes for single stage expansion to 49°C. His

results indicate that a 40 MWe machine will have rotor diameters varying from
12.7 m (41.6 ft) to 9.0 m (29.6 Ft) with lengths varying from 13.0 m (62.:4 ft)

.to 13.5 m (44.4 ft), respectively. For a 10 MWe output, these‘sizes are re--
duced by half. These larger sizes can be-reduéed to more reasonable,valuéé;by o
staging or by using the expandér in combination with vapor turﬁine31-qlt apvir 

pears that, because of the large sizes required for single ‘stage expansion - to

sub-atmospheric conditions, more suitable applicationsﬁfor the helical rotor
expander are for non—condensing, low-power output uses or in hybrid systems
with helical rotor exhaust pressures above one atmosphere (See also Elliott,
1975).

Further work is required and is in progress to more completely investi-
gate the potential of these mechines for specific applications. The high
capital loss resulting from the unavoidably large physical dimensions of posi-

tive displacement devices may limit their use for central power generation.

Impulse Machines

Based on the present understanding of all requirements, and particularly

the need for inherently simple, compact machines, pure impulse devices have

significant advantages. Because of geometric considerations the axialffloﬁ
machine currehtly appears to be the most promising configuration for thefiﬁfél‘
‘Flowiapplication. Figure 4.5 is a simplified view of an axial floﬁ‘impulSéf
turbine, and also iliustrates the basic elements of other ihpulse machiﬁéé%
' Expansion of the fwb-phésé wellhead product»through‘é coﬁverging—diQerging']ﬂ
qézzle'cbnverts the brine thermal energy at high wellhead preésuréé*at*2ﬂto:}

_kinetic enepgy in the form of’a high velocity fluid stream at tﬁéfﬁéckpresgﬁhe}a'.
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The nozzle velocity coefficient, n, is the ratio of actual velocity to the
ideal exit velocity from an isentropic expansion from 2-3, both velocities
being taken for a homogeneous mixture. The wheel efficiency, e, is a mea-
sure of the ability of the wheel toc convert the fluid kinetic energy to shaft
work. It is a complex function of blading geometry, turbulence, fluid fric-
tion, entrance and exit losses, fanning losses, etc. The turbine engine effi-

. . 2 . . 2
ciency, e then will be n e » as noted in Fig. 4.5. The factor n~ repre-

£
sents the nozzle efficiency, or its ability to convert thermal energy into
kinetic energy.

It is clear that the basic problem of designing an efficient total flow

impulse turbine is twofold: development of efficient nozzles for expansion of

two-phase fluids, and development of efficient blading for momentum transfer.

Nozzle Development

For years the conventional wisdom has been that the presence of more than
about 5% moisture in steam will severely reduce expansion efficiency due to
slip between phases. This view has been widely held and probably has been the
result of the historical technical direction taken in the steam turbine indus-
try. It is instructive to think in terms of the right- and left-hand side of
the T-s diagram for steam. Typically, conventional steam power systems involve
expansion of saturated or superheated steam where the process traverses lines
of decreasing quality during the expansion to subatmospheric pressures; i.e.,
liquid droplets are created by condensation during the expansion. For geother-
mal applications, the expansion (see Fig..4-3) takes place on the left side of
the T-s chart, where lines of increasing quality are traversed; i.e., liquid is
being eliminated by evaporation during the expansion. Consequently, in the
latter case, the.liquid fraction is diminishing and the liquid masses whether

entrained or swept along flow boundaries tend to decrease in size and segregate.
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For example, for 18% quality inlet to 34% guality exit, the liquid droplets -
would, if dispersed and monodispersed in size, occupy only about 0.02% of the
volume and would be spaced, on the average, tens of droplet diameters_aﬁart.
This is contréry to conventional steam power experience of the right-hand sidé
expansion where liquid is created, and droplets tend to agglomerate. Conse-
quently, it appears that the conventional'wisdom may hot apply to expansion of
low-quality steam, and that nozzles can be designed with high velocity coeffi-
cients for this process. |
As part of the experimental work at the Geothermal Test Facility [Weiss

and Shaw, 1975] at Livermore Alger,;[1975], in order to develop high efficiency

nozzles, has recently designed and tested nozzles of circular cross-section,
and has measured nozzle thrust coefficients in the 0.92 to 0.95 range. This
has increased confidence that development of turbine nozzles with ccefficients
greater than 0.9 can be achieved,

Experimental thrust coefficients CT are presented in Figs. 4-6 and 4-7 as
a function of nozzle backpressure. The different curves demonstrate the ef-
fects of various nozzle inlet pressures and gqualities while the inlet enthalpy

remained substantially constant (Maximum variation = % 23 kJ/kg). The graphs’

include data for nozzles #2, #3, and fi4.(Fig. 4-8), since the experimental

errors involved made it impossible to distinguish differences between the res-
pective data for each nozzle, as initially expected.

By comparing Fig. 4-6 and 4-7 it is seen that the nozzles appear to.
operate more efficiently at higher plenum chamber pressures for a given backj
pressure. Probably the factors with the greatest influence on‘this bhenoménon
are the complex shock wave prqceéses occurring for the different operating |
conditions. However, all the curves approach.the optimum opgréting condiiioﬁén

_With‘thrust coefficients in the 92-9% percent fange. As previohsly indicatéd,f

this represents nozzle efficiencies in the range of 85-88%. Theisiih6uettequﬂﬂ‘
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the issuing jet was photogravhed under conditions of varying back pressure

ranging from over-expansion through design to under-expansion. It was con-
firmed that the peak thrust location corresponds to the operating conditicn
where no shock or expansion waves are present.

Additional analytical work on two-phase nozzle design [Comfort, et al.,
1976] and fundamental mechanics of two-phase flow, further verify the conclu-
sion that two-phase expansion can be efficiently accomplished by correct noz-
zle design. ILxperimental work is also continuing on development and testing
of nozzles with square cross-section for application to the geometric require-
ments of the impulse turbine schematically illustrated in Fig. 4-5. Prelimi-
nary test results of square cross-section nozzles indicate that this geometry
causes no significant loss in performance [Alger, 1376].

It should be noted, however, that most of the work to date has centered
around design of machines uniquely suited for the thermodynamic conditions of
the high temperature resources in the Imperial Valley; i.e., the 300°C reser-
voirs with wellhead conditions listed in Table 4-1. Work isvin progress o
explore application and design of total flow expanders and systems for the

lower temperature fluids, but finalized results are not yet available.

Homentum Transfer in the Turbine Blading

One of the main factors contributing to losses in wheel efficiency is
the interaction of liquid droplets with the turbine blade during passage of
the two-phase supefsonic flow. As a result of experimental work and analy-
tical studies, [Comfort, 1977] has estimated the range of possible wheel ef-
ficiencies, as shown in Figure 4%-3, The lower bound represents very conser-
vative conditions as noted, while the upper bound represents an ideal effi-
ciency based on geometry alone. There is some preliminary experimental evi-

dence that droplet sizes less than 6 microns may be typical., The point of
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Figure 4-9 is that there is a wide latituderf pbssibilifies,.and much experi-
ﬁental work is yet to be done before wheel efficiencies can be more accurafely
.determined. It should be noted in passing, héwever, that even if the lower
bound of 55% cannot be exceeded, the Total Flow process via the impulse tur-
bine competes favorably with the single flash-syétem. This may have future
significance since the Total Flow concept may be the only possibility for uti-
lization of the high temperature, but high salinity, Srines.

The fundamental problem is to produce for inlet to the blade entrained
liquid subdivided into droplets small enough to;al}owdthe}vapor drag forces
to direct them around the blade curvature witﬁout depositioﬁ. If liquid strikes
the blade it adheres and is thrown radially outward (Cériolis léss) causing a
loss in efficiency. Assume that the liquid content enters the bladé as a size-
monodisperse population of droplets of diameter d. If drop cellision, coa-
lescence and deposition is absent, it is a straightforward task to write the:
equations of motion for droplet traversal as shown below.

Referring to Fig. 4-10,

v
L Vg dt dt
P ’
c = £ |-V rel ]
D L uv
drag 8 - ’Fdrag] cos @ Fdrag r - I dragI sin a
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U, - * do/dt U, - %%
cos a4 = 7 H sin a = —
rel rel

The equations of motion are:

; 2 , 3 2 ;

] _ 1fna rd6 _ nd d“e 2 de dr]

: (Y JpoDLUve ) dt) Vrer = °d{ 6 ]{r w2 dTar (4-1)
“] . lind dr - md {idr do
r o f‘T}DVCD Vvr - E] Yrer * °d[—e"] [;’t—z - P[a] J (4-2)

Numerical solution of these two coupled equations give droplet trajec-
tories for a given droplet size, initial slip, vapor velocity, and blade
f; curvature. Experimental work has been completed on characterizing droplet/
blade interactions, and effects on blade efficiency; i.e., the ability of
the blade to transfer the momentum of the two-phase flow from the nozzle.
Currently, this consists primarily of static blade testing with the apparatus,
shéwn in Fig. 4-11, which allows both blade thrust and pressure distribution
measurements. The nozzle is designed to produce a fluid velocity equal to
the relative fluid velocity over a moving blade so that the static test
‘é system is an approximate kinematic equivalent of the actual conditionms.
This device will be used for detailed investigations of droplet/blade
interactions, blade configurations, and verification of analytical tech-

niques to be ultimately used for turbine design.

PR PRI

The results of these exneriments indicate that the dAronlet trajectorw

;f profiles generally foliow the calculated paths by comparing photographs of
the flow around blades (staticall§ posifioned) with the calculated trajec-
tories as shown in Fig. 4-12, These exbefiments and additional analytical
; work on drdﬁlet/blade interaction and two dimensional/two-phase flow indi-
cate that droplet sizes, for the test conditioné relevant to the 300°C
fluids (Table 4-1), are between 2 and 10 microns, with the average being

about 6 microns.
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The major research effort will be directed towards reddcing droplet
diameters to less than 1 micron. The effect of droplet size on wheel
- efficiency is shown in Fig. uéxs.» The lower dashed.curve is consistent
ﬁith Fig. 4-10 for a syﬁmetric hlade of 0.1016 m (4”) axial width, Bo. The
significant point here is that even if droplets cannottbe reduced tc}less
than a micron, increaslng blade Qidth will partially compenSate by adding
about 10% tc the yheel efflciehcy. The‘ma1or gain in eff1c1encv of course,
will be hade by droplet size reductlon. There are several methods for
' drovlet breakup currentlv belng 1nvest10ated Pinal cchcluslens on achiev-
able englne efflclenc1es must awalt the results of this work and testlng of
turbines cf‘adﬁahced'design, incorporating the necessary features for droplet
breakup. In chdef.to detefmiheathe~asplicability of the impulse turbine for
two~phase flow, performance tests of.a'specifically designed turbine have

been completed.

Performance Tests

A single stage, axial_flow,>impulse turbine has been designed and tested
at reduced output, since only a single nozzle was used - about 5% admission
(Comfort, 1977). A special rotor was built so that wide blades with’sharp
leading and ttaillng edges cohld be designed in anticipation of special
problems associated with two;phase fluid dynamics. Blade width was made
large to increase the radlus of curvature of the flow path so that droplets
would have a max1mum probablllty of pa331ng between the blades w1thout h
1mpact1ng_thelp surfaces. Sharpﬂedges were necessary in order to minimize
phenomena asscciated Qith supersonic relative veloclties within‘the blade

passage.
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TABLE 4-3

Test Conditions

Fluid state at nozzle entrance

2.53 MPa (367 1b/in2)

jav]
i

quality = 14%

= 224°C (434°F)

-3
1

fon
"

1.2 MJ/kg (526 Btu/lbm)

m = 0.59 kg/s (1.31 lbm/s)

Exhaust pressure and temperature

P = 0.0137 MPa (2 1b/in2)

e

T 126°F

e
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In order to simplify construction, shorten’development-time, and to
minimize costs, the rotor was deéigned withfinfegral blades and was fabri-
cated from a 7075-T6 aluminum,forging. Aluminum was chosen for its high

strength-to-weight ratio and machinability.

Fig. 4-14% shows the rotor before an‘eleofroless:nickel plating was
applied to the blade surfaces for water droplet erosion'protection)i The -
plated rotor is not suitable for brine expoSure; It was designed onljrtoi\
have sufficient life for the iaboratory testing pfogram,‘ The final machining.
on the rotor hub was completed after plating’end the finished part was then
assembled with the steel shafting. The rotor‘eSSembiy,was balanced, and
assembled into the rotor housing,(Fig. 4-15). AjSimgle.nozzle was used for
the machine because of limited flow-rate oapabilitiesvof the test facility.
The nozzle was suspended with a fourebar:linkage'so thet axial tﬁrust coold
be measured independently during performance testing of the expander,

Fig. 4-16.

A dynamometer assembly, consisting of a hydraulic'pump/motor was used
both as a brake and as a motive source. Performance of the expander was
measured by using the brake mode, while disk friction and windage losses
were measured by using the hydmaulic motor to drive the rotor.

The operating conditions used for the performance testing are summariied;

in Table 4-3. These operating—oonditions are selected to be'repreSentatiVe.ﬁl,3f*7

of the thermodynamic conditions of well outputs from the reservoirsiof3thegjf-*“

Salton Sea Geothermal Field.
The maximum engine efficiency for the single-nozzle test was observedf’i
to be 23% at a blade speed ratio (the ratio o6f the mean blade speed to the".

homogeneous isentropic mixture velocity. of the fluid exiting the nozzle) o

"of 0.24, Testing was done on three separate occasions and showed good
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repeatability. Operation was smooth and quiet. The nozzle thrust coefficient

‘was 0.83 during testing with the rotor. This was lower than the 0.94 thrust

coefficient measured during previous tests of the nozzle alone. The nozzle

thrust coefficient, CT, is defined as:
C, = —— (4-3)

where T is the measured thrust, m is the measured mass flow rate, and VS is
the homogeneous mixture isentropic velocity. Although radial pressure
gradients associated with blade rotation are not as severe in two-phase con-
ditions as would be expected in standard vapor turbines, they were probably
large enough to explain the lower performance. Larger separation between
the nozzle and rotor as well as improved nozzle design should eliminate this
problem.

A numerical model was developed and w;s used to predict expander per-
formance. The model included calculation of droplet trajectories within the
blade passage to determine what happened to the liquid. In addition to
standard vapor turbine losses, special - losses associated with droplet impact
and removal from the blades were included in the model. Static cascade
measurements in two-phase flow were use& to determine the performance of
blades identical to those on the rotor. This information was used to
normalize the vapor flow portion of therhodel. Measured values of combined
disk friction and windage were used to normalize the disk friction and windage
modél in the predictive technique.

The model was designed to allow extrapolations of performance both for
full admission and for .changes in droplet diameter. Single-nozﬁle performance
predictions were very successful, as will be shown, and encourage belief in

the validity of the extrapolations.
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The present numerical model is only adequate for. .impulse designs and
cannot be used to select detailed blade confours because‘the vapor and .liquids
are not fully coupled; i.e., droplets are affected‘by the‘vapor,.but the
vapor is assumed to be unaffected by the droplets and thermodynamic effects
arising from paddle work‘to bé absent. In order to design adequately more
advanced blade and nozzle contours, a completely coupled model for two-
dimensions, based on an axisting one-dimensionalvtwo-phase flow calculation - .
technique is necessary and is currently being developed.

The details (Comfort, 1977) of the numerical model are beyond the scope

of this document. To provide the reader with some insizhf, however, into the
extrapolation between the single-nozzle and full admission fesults, a
simplified model will be presented here to demonstrate some of the charac-
teristics to be expected.

Assuming for this simplified model that no slip exists between the vapor
and liquid entering the turbine blades, one may write the expression for
blade efficiency, e For an impluse turbine with the ratio of mass flow
rate of vapor to mixture equal to x, relative velocity coefficients for the

vapor and the liquid equal to Av and A , blade speed ratio (blade speed/

L’

nozzle velocity) B, and nozzle angle 6 to the plane of the wheel, one may

write:
e = 28[x(1 + Av) + (1-x) (l+AL)] (cos9-8) S (ues)
where V v
: r r
Ay = (=—2) . oA = (—2)
r, vapor r, liquid

Vr is a relative velocity and the subscripts 1 and 2 refer to blade entry

- and exit.
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For a given blade speed ratio and nozzle angle, no higher conversion
efficiency can be achieved than that indicated by eq. (u4-4) with AV = AL = 1,
If all of the droplets impact the blade, then'AL = 0, which reduces the
efficiency of the liquid kinetic energy conversion by 50%. If some of the
liquid escapes impact, the blade efficiency expression must be expanded to
include those effects. To maintain a simplified approach, the analysis
herein will assume that all of the liquid impacts the blade, i.e., AL = 0.
Actual numerical results to be presented in the next section do not require
this simplification.

The optimum speed ratio can be defined by differentiating ey with respect

to B and equating the derivative to zero:

de
b _
55 ° 0 = 2[x(1+xv) + (l—x)(lﬂL)][cose-QB] (4-5)
whence
_ 1
Boptimum = 7 cosb

To convert the blade efficiency to an engine efficiency, e _, the losses

t’
due to disk friction and to radial liquid removal, e, and e.s must be sub-
tracted from the blade efficiency modified by the square of the nozzle

thrust coefficient:

e, = Cg(eb -e, - e ) (4-6)

where

where f, g denote "function of..."
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The quantity a in the expression for the liqhid;femoval fepresents the
fraction of the liquid mass flow rate which mqét-be removed radially, while -
p, in the disk friction and windage loss expression refers to the effecting
density of the fluid surrounding the rotor.

The ideal optimum speed ratio is valid only»when-the disk friction and
windage, and pumping losses are small relativé-to)thelfirst term. For a
single-nozzle test, fhe disk friction and ﬁindage and liquid removal lgssesh .
can severely affect the blade speed ratio‘associated with the peak efficienqy;
shifting it toward a lower value. This, in turn, decreases the blade
efficiency because the blade speed ratio is reduced. .For full admission, the
disk friction and windage loss, for a given blade.speed ratio, is inversely
proportional to the mass flow rate, while.thé liquid removal loss is propor-
tional to the mass flow rate if all droplets impact the blade and are
radially removed. Thus, the liquid removal loss is not diminished relative’
to power output for increased admiSsioﬁ, whereas the disk friction and
windage loss fraction is reduced. . As admission is increased, the optimum
blade speed ratio increases, bqt_sipce the liquid removal loss is propor-
tional to the blade spéed ratio.squayed, the loss fraction increases.

With this brief intfoductioﬁ.to Some of thé phenomena involved, the
results (from the numerical model) will next be compared with the exper-
imental results and then the numerical model will be used to extrapolate
to full admission and to an advanced design. Fig. 4-l7vverifies that_reéulté
from the numerical model compare véry well with the experimental resuits.

As noted, the upper calculated -band assumes that disk friction and windage
losses are associated with the vapor density oﬁly, while the lower band .
assumes that fhey are a function of the two-phase ﬁiktﬁre denéity;b The

upper and lower limits of each of the bands are determined by nozzle modeling.

‘uncertainty and are fully described by Comfort,[lS??]. The results of static
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cascade testing indicated that all entering droplets impacted the blade
passages and left at negligible velocity. Droplet size estimates indicate
that the droplets are probably between 2.7 and 7 microns in diameter.
Results of the performance predictions indicate that they are greater than
2.2 microns because this is the largest size of droplet that can pass through
the blade passage without_impact. Hence, if droplets are greater than 2.2
microns in diameter, all droplets impact the blade passage -- as is indicated
by the results. The blade speed ratio indicated Fig. 4-17 for the peak power
point of the experimental data lies between the two calculated bands. This
is significant because, as was shown, the optimum blade speed ratio for this
impulse turbine is primarily dependent upon the disk friction and windage
and losses associated with radial removal of liquid droplets which have
impacted the blades. The fact that the optimum blade speed ratio for the
bounding calculations spans the measured optimum speed ratio indicates that
the mechanisms of disk friction, windage, and liquid removal are well
modeled. Assuming all droplets impact the blades and are removed radially,
one would expect that the vapor density Qould best approximate the fluid
surrounding the majority of the rotor. . The results indicate that this is
not the case. Liquid droplets may be splashing off the rotor housing
walls and remixing with the vapor, increasing the effective density of the
fluid mixture around the rotor and cohsequently increasing the friction
forces in addition to the power necessary to accelerate relatively low
velocity water particles.

Fig. 4-18 shows extrapolations to a full admission performance for the
existing rotor design and to an advanced design. It should be noted that

the full admission results reflect the nozzle thrust coefficients previously
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measured for the nozzle in the laboratory. Otherwise, thé calculation contains
the same parameters for the full admission calculation&as for the partial
adﬁission calculation. The increase in performance is. due primarily to the
diminution of the effects of disk friction and windage since this loss becomes
very'émali,in comparison with full admission power input, while it is rather
large compared'w;th that of partial admission. This diminution allows the
rotor‘to.attain a higher speed ratio, enhancing the engine efficiency. Two
bands are ‘used té represent the extrapolated performance of a full admission
design for droplet diameters greater than 2.2 microns,;and~§ith an assumed
nozzle thrust coefficient of‘d;gk. The difference between the upper and lower
bandS'(dashed and solid lines, respectively) is the result of radial liquid
removal losses. The loss associated with the radial removal of liquid from
the blades is included in the lower band (solid lines). Though this loss is
certain in the single-nozzle design, it is not clear that it will exist in

the full admission machine because the nearly continuous flow may force the
liquid through the blades without significant radius change. The upper band
(dashed lines) indicates the displacement of the lower band (solid lines) due
to removal of the losses associated with radial pumping of the liquid from the
blades. The upper bound of both bands is calculated assuming disk friction
and windage loss is controlled by the vapor density and that the slip ratio
(the ratio of,aQerage liquid velocity to average vapor velocity at the exit

of the nézZle)‘is approximately 0.9. The lower bound of both bands is cal- -
culated assuming that the disk friction and windage loss is controlled byjthg
mixture density and that the slip ratio is approximately 0.7. .For the full
admiésion pefforﬁance, the slip ratio, rather than the fluid density=a§$umedi
for the disk friction and windage, is the major cause of the diffefeﬁcéfbetween‘

the upper and lower bounds of each band.
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g% The advanced design assumes that the droplet size has been reduced to

1 micron, and that the thrust coefficient remains 0.94. Under these circum-

@ stances it would be expected that the liquid and vapor leave the nozzle with
very nearly the same velocity. The upper bound of the lower band (solid
lines) is based upon vapor turbine correlations of vapor friction losses and
the assumption of vapor-controlled disk friction and windage. The lower

bound of the lower band is based upon blade vapor performance consistent with
results from static cascade tests and assumes that the mixture density controls
disk friction and windage. The upper band for this case (dashed lines) indi-
cates the performance if liquid radial removal losses are omitted. The change
resulting from the omission is not as great as in the previous case (full
admission with droplet diameters greater than 2.2 microns) because only a
small fraction of the liquid impacts the blades when the droplets are 1 micron
in diameter,

The single-nozzle, full admission extrapolation, and advanced design
results may be compared in another way. Table U-L4 represents a summary of
losses associated with the peak efficiency points corresponding to the data
and extrapolations shown in Fig. 4-18. It should be remembered that this
table does not indicate causality, but rather a loss summary at a particular
operating condition. For example, from the single nozzle results, one might
conclude that the disk friction is not a deterministic loss mechanism.
However, disk friction is not an independent function, just as the other
losses listed are not independent functions. In the case of disk friction,
its nearly cubic relationship with blade speed ratio and its large relative
magnitude compéred to the power output capability of a single nozzle t;st

forces the blade speed ratio to be considerably off-optimum. This, in turn,

results in the significant loss ("geometry and non-=optimum blade speed ratio')

which results directly from blade efficiency relationships as previously shown.




TABLE 4-4

Loss distribution at peak:efficiencies for single nozzle and for extrapolations

to full admission and advanced designs.’

:Puli Admission¥ Full Admissién#
‘ Bounds Existing Bounds Advanced-
Single Nozzle Design Design
d > 2.2 um d > 2,2 um - d € 1 um-
Percent Percent Percent Percent Percent
Loss Distribution
Slip, Liquid/Blade, 17 33 34 ' I 10
Vapor Friction ’
Liquid Pumping 2 9) 0 2 0
Disk Friction and y <1 <1 < 1 <1
Windage :
Geometry & Non-Optimum 33 - 13 7 6 6
Blade Speed Ratio
Nozzle Inefficiency \ 21 10 11 11 11
Total Losses 77 62 52 33 Y
Engine Efficiency 23 38 48 67 73
Shaft Power Output, kW 33 1265 1587 2208 2415

Notes
%23 nozzles

Shaft output assumes no losses in raw fluid distribution system for full.
admission. '




TABLE 4-5

Resource Utilization Performance Comparisons

Water rate®

1b/kWh
(gross)
Total flow impulse turbine system
inlet: 2,53 MPa (367 lb/in2 abs), 14% quality;
exit: 13.8 kPa (2 lb/in2 abs)
Existing design - full admission extrapolation
(38 - 48% efficiencies) 69 - 87
Advanced design - full admission
(70% efficiency)# 47
Other systems
(calculated for same test conditions)
Single flash (75% turbine efficiencies) 70
Double flash (77%, 78% HP and LP turbine efficiencies) 54
Helical rotor expander (50% efficiencies with atmospheric 110

exhaust)

*Pure water

it . . - .
Turbine engine efficiencies are guoted
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Performance Potential of the Impulse Turbine

In summary, considerable improvement can be expected in turbine perfor—
mance as a result of droplet size reduction. The performance indicated
for droplets smaller than 1 micron also requires that sufficient two-
dimensional analytical methods are developed to improve two-phase blade and
nozzle design. Indeed, it appears possible to achieve fhe research goal of
70 percent engine efficiency for the machine., Using the test conditions
(Table 4-3) as representative, a 70 percent engine efficiency.converts to a-
resource utilization rate (water rate) for pure water of-él kg}kWh (27 lb/kWh)~.
gross, i.e. exclusive of the parasitic loads which would occur in a fypiéal 
power plant application. This represents a significant-improvement 6ver con-

ventional conversion systems operating with the same conditions. The impor-

tant implication is that the number of wells required for a givenjp6wer;6ufput
is correspondingly reduced,; which in turn, reduces the initial capitalfih-; )
vestment since the cost of wells is dominant.

The present state-of-the art for the impulse turbine is already com-
petitivevwith existing systems (Table 4-5). The 38-48% engine efficiency,
obtained from the test results, converts to 87-69 1b/kWh respectively. Also,
preliminary cost estimates indicate that a 2 MWe total flow system, including
condensing and cooling, and fabricated from brine-tolerant materials, would
cdst about 750 $/kW. This is clearly already competitive with conventional
systems which generally are.estimated to cost abéut 800 $/kW for SO‘MWe-sizgs,
Even without significant improvements in design, performance, and fabricatioﬁ”.
methods for production, the total flow impulse.turbinéuis already compefitivéA‘

if the economics of geometric scaling are considered. .
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4.4.3.3 Comparison of Total Flow Expanders

In order to achieve their highest efficiencies, all expanders must be
desisned uniquely for site specific conditions. Hence, it is not possible
to provide a detailed comprehensive comparison of all candidate expanders to
provide a general assessment. Each resource type will likely require a
special conversion system or combination of systems (hybrids). It is instruc-
tive, however, to estimate the spectrum of relative sizes to produce a nominal
10 MWe (gross) from the range of wellhead conditions listed in Table 4-1.
Fig. 4-19 summarizes calculations (House, 1976) comparing the single stage
axial flow impulse turbine with a single stage helical rotor expander. Both
machines are required to exhaust at 49°C (3.5" Hg), condensing temperature,
and both are assumed to have 70% quine efficiencies, even though this may
be optimistic for the helical rotor, expander. Rotor or wheel diameter D is
arbitrarily chosen as the size criterién. This is not entirely useful since
the positive displacement devices will(likely have lengths greater than the

.

diameters, while the impulse turbine wﬁeel width is very much less than its
diameter.

Fig. 4-19 gives approximate diamete£ ranges as shown, These simple
comparisons clearly indicate the size'advaptage of the impulse turbine.

Although no comprehensive system study has yet been made, these results give

- some idea of relative machine sizes and, implicitly at least, give an indica-

tion of relative cosés to be expected. ‘Again, it should be émphasized that
such a single parametér comparison must Se viewed with caution. Site specific
conditions, requirement for hybrid sysfems or combinations of expanders, and
specialized épplications will be import;ﬁt factors influencing the ultimate
choice of expanders. Nevertheless, the‘size advantege of the impulse device

is a major consideration along with its relative mechanical simplicity.
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It should be mentioned that the helical rotor expander size:could be reduced -
by accepting a loss in efficiency for a smaller size undergoing an incompiete

expansion,

4,4,4 - Brine Chemistry Effects

Even though this chapter is limlted to discu331on of energy conversion '
concepts, it would not be complete without some reference to the ability oft
the engines under review to withstand the hostile environﬁent produced‘by
operation on the high sallnity geothermal brines. As previouely‘noted the
helical rotor expander has an 1nherent feature for self-removal of scale,
and the relatlvely low fluid velocities through the machine serve to reduce
problems ot“erosion of the rotors. The i@puise turbine, because of high fluid
velocities across the blades, will require apecial materials for erosionvre-
sistance. Since all of the pressure (and temperature) drop occurs in the
nozzle, a non-rotating component, there are aeveral opportunities for scale
control, such as keeping the nozzle wall hot, periodic flexing, '"porous"
nozzles for boundary layer control, chemical treatment of the brine toqinhibit
silica precipitation, and use of polymeric liners. ’

Considerable work has been completed toward field testing methods for
scale control and materials evaluation for corrosion/erosioh resistance
(Tardiff, 1977). We have established that scale deposition can be eliminated
by acidification. Dropping the pH value from 5.6 at the uellhead to beiow
4,5 by addition of about lOO to 200 ppm of hydrochloric acid completely ‘
eliminates scallng of nozzles when brine is expanding from wellhead (about |
220°C) to atmospheric conditions.v Post—test examination’of sectioned nozzles.
sub]ected to treated and untreated brlneishowed that control nozzles ecaled
at a rate of about 0.25 mm/h whlle other test nozzles remalned clean‘when

exposed to acidified brine. A rough cost analysis shows that ac1d1fication
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by HCl will add less than 2 mils/kWh to the cost of energy, indicating that
the method will likely prove economically feasible as well. Also, experimental
evidence now exists that acidification delays the formation of and stabilizes
the colloidal suspension of silica in the cooled brine. Thus, plugging of
reinjection wells by normally occurring suspended solids might be avoided.
In addition, concurrent tests of turbine blade materials subjected to

the high velocity acidified brine streams leaving from the test nozzles
indicate that titanium alloys, particularly Ti-6Al-4V, are corrosion/erosion
resistant. Although test durations were generally less than 100 h, the
results are encouraging. The reader is referred to Chapter 6 for a detailed

discussion of the problems involved in brine utilization.

4,4,5 A Possible Total Flow System

Although there are not yet precise indicators of the outcome of current
development efforts, it is likely that each machine will find a unique place.
The present view is that the Total Flow Process will, however, emerge as a
reality in some form. One possible system utilizing the impulse turbine is
shown in Fig. 4-20 which is an artist's conception synthesizing the technical
facts currently available. The basic element is a horizontal axial flow
turbine wheel fed by fluid passing through nozzles spaced around the periphery.
Condensing would be accomplished by a modified barometric condenser designed
to separate the vapor fraction from the liquid in order to isolate the cooling
system.

The significant concludion is that the recent test data on turbine per-
formance, the field tests on scale control, and the promising results on
material—tegts all indicate that the Total Flow Concept has moved from a
far-out to a near-term technology for geothermal applications. Although

much more work needs to be done to establish performance limits and
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reliability, it can be clearly concluded that technical:feasibility is
" established, the key technical issues are cle;r, strategies for development-. .-
are defined, and the economics of the concept are promising.

The above discussion has emphasized technical aspects and no attempt
has been made to pr&duce-explicit economic evaluations. Future costs,
material availability and financial factors are speculative at the time
of writing. Reldiable economic analysis requires design data and proven

system components which do not yet exist.
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GLOSSARY

e

Total Flow Concept - The attempt to expand in equilibrium a low-quality

two-phase liquid/vapor mixture over the full pressure/temperature range
available in order to secure the maximum possible (''total") enthalpy
drop of the mixture. (4.4,3)

Flashed Steam - Steam formed as a result of pressure reduction of boiling water.

The steam may be expanded for power. The residual water may be further
"flashed" or rejected. (4.4,3)

Binary Cycle - A system employing two distinct working fluids, e.g. water and

isobutane, each undergoing its independent work-producing cycle and con-
tributing to the total output. (4.4.2) |

Quality (or dryness fraction) - The.proportion of vapor in unit mass of a .
saturated liquid/vapor mixture., Mass proportions are generally employed.

Monodisperse - Refers to a dispersion in which all the bubbles, drops or

particles are equal in size. (4.4.3.2)

Velocity Coefficient - The nozzle velocity coefficient is defined as the ratio

of the Actual Exit Velocity/Velocity after Isentropic Expansion. (4.4.3.2)

Homogeneous Two-Phase Flow - This term is employed when both liquid and vapor

phases flow together without relative velocity, i.e., there is no "slip".

Positive Displacement Expander - A machine in which "displacement" work is

done by the working fluid as it enlarges its volume by displacing a piston,
rotor vane, etc., which transmits the work to the output shaft. The
principle is different from that of the turbine in which the work is done

by fluid momentum change in the moving blades. (4.4.3.2)
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The following terms refer to the turbine. (4.4.3.2)
\

Full Admission - A turbine has full admission when the working fluid is

admitted to the rotor blades around the complete periphery of the wheel.

In Partial Admission the admission arc is less than 360°.

Impulse Turbine - A pure impulse turbine is one in which the working fluid

enthalpy drop occurs wholly within the fixed (stator) expansion passages,

whether blades or nozzles.

Reaction Turbine - A pure reaction turbine is one in which the working fluid

enthalpy drop occurs wholly within the moving (rotor) expansion passages
whether blades or nozzles.

Turbine Efficiencies

The nozzle efficiency is the ratio of the effective enthalpy drop in the

nozzle to the isentropic enthalpy drop.

The turbine (or engine) efficiency is the ratio of the power delivered

by the shaft to the power equivalent of the isentropic enthalpy drop.

i The blade efficiency is the ratio of the kinetic energy utilized by the

blade to the kinetic energy delivered to the blade by the nozzle.
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FIGURE 4-14., COMPLETED ROTOR BEFORE PLATING




FIGURE 4-15. ASSEMBLY OF ROTOR INTO
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