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ABSTRACT

The purpose of t h i s work i s to determine
t h e enthalpy and flow (and hence power) of
geothermal s t e a m- w a t e r mixtures discharging to t h e

atmosphere from w e l l s under test , using the
simplest of por table equipment. Experimental
apparatus cons is ted of a 10.8 ins ide diameter
pipe discharging such mixtures a t sonic veloci ty .
The l i p and j e t e f f lux w a s explored by laser beam,
hot-wire anemometer, p i t o t tube and probe of
d i g i t a l thermometer and cor re l a t i ons attempted with
enthalpy f o r given values of l i p pressure.
c h a r a c t e r i s t i c shape o f the j e t was a l s o found
r e l a t e d to enthalpy. B e s t r e s u l t s were from a
single- tube hea t exchanger cross ing t h e jet as a
hydraulic analog of the hot-wire anemometer, which
estimated enthalpy to Enthalpies synthesised
were from 777 t o t h a t of dry steam a t
2782 a t l i p pressures up t o 3 bars , t h e

l i m i t of t h e equipment.

The

INTRODUCTION

Geothermal w e l l s under test discharge t o
t h e atmosphere e i t h e r v e r t i c a l l y as i n Figure 1or
hor izonta l ly . There is need of a method which can

rap id ly evaluate enthalpy with in +3%without the
expense of separa t ing phases o r employing huge
calorimeters. The l i p pressure would then be used

t o determine flow-rate, James A model w e l l
w a s used i n which a 10.8 diameter p ipe passed

syn the t i c steam-water mixtures to t h e atmosphere
from a manifold i n t o which metered q u a n t i t i e s of

steam and ho t water were transmit ted from Ohaaki

borehole number 22.
undertaken t o rough-in t h e general p i c t u r e and
estimate which any of a number of approaches

showed promise. Procedure w a s simple i n t h a t
mixtures of d i f f e r e n t enthalp ies were discharged
a t a f ixed l i p pressure of 2 bars .

pressure plane and down-stream of the o u t l e t face,
t he jet w a s explored by d i g i t a l thermometer,

p i t o t tube, hot-wire anemometer, and
laser beam. A l s o (e) t h e contour of t h e

jet e f f lux w a s s tudied with a view t o r e l a t i n g it
to enthalpy. Angle t h e t a of Figure 1was a l s o
measured b u t found to be constant a t f o r a l l

enthalpy values and hence re j ec t ed from the
programme.

Preliminary experiments were

A t t h e l i p

F igu re 1

Geothermal Well Dis-
cha rg ing t o Atmosphere.

Steam-water mixtures t r a v e l a t t h e speed of
sound i n t h e plane of t h e l i p pressure and theory

i s complex due t o v a r i a t i o n across t h e j e t of
veloc i ty , wetness r a t i o and ' s l i p ' between t h e

phases.
where support ca l cu l a t ions w e r e based on the
s i m p l i s t i c assumption of homogeneous and equil ibrium

condit ions.
theory i s t h a t l i t t l e i s known about the

c h a r a c t e r i s t i c sonic steam-water flow and

r e s u l t s of the present work may assist i n a
g rea t e r understanding, independant of the main aim.

Hence theory w a s not pursued i n t h i s work,

However, p a r t of t h e problem with

Temperature of Jet Efflux

With l i p pressure of 2 bars , entha lp ies from
very w e t a t 777 up t o dry steam a t 2782
were synthesised and discharged t o the atmosphere

with respect ive flows of 841 t o 260 Down-
stream temperature measurements were made with a

'Comark' d i g i t a l thermometer and are given i n
Figure 2 together with values a t the l i p pressure

tapping, 1.6 mm upstream from t h e pipe o u t l e t face.
N o s i g n i f i c a n t temperature di f ferences could be
found i n t h e f r e e j e t a t t r i b u t a b l e t o va r i a t i on i n
discharge enthalpy and it i s concluded t h a t taking
the temperature of the cen t r e of the j e t a t

var ious loca t ions cannot de f ine enthalpy.
l i p pressure, t he temperature of mixtures agreed

A t t h e
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with t h e expected value from steam tables of about

( sa tura ted value a t 2 b a r s ) .

that temperature-pressure equil ibr ium e x i s t s  f o r  
mixtures a t t h e speed of sound. However, when
passing d r y steam, t h e l i p pressure value of

indicated that t h e rap id expansion near t h e
pipe o u t l e t i n the absence of a water phase has
lead to a metastable state with a depressed value.
Another phenomenon noticed only with t h e dry steam

discharge, w a s the presence of f a i n t shock waves
observed j u s t down-stream o f t h e o u t l e t face

ind ica t ing t h a t sonic - and perhaps supersonic-
flow w a s indeed taking place.  
opaqueness of t h e steam-water jets, they w e r e no t

observable indeed they e x i s t ) under condit ions

of low-enthalpy mixtures.
temperature along t h e f r e e jet is probably due t o

d i f f u s i o n of a i r i n t o t h e f l u i d which may also
explain t h e angle of expansion of about
test of t h i s hypothesis would be to surround t h e

j e t by a cone to exclude a i r before measuring
down-stream temperatures. Somewhat s u r p r i s i n g is
t h e f a c t  t h a t  jet hea t drops to around blood
temperature i n a mere 100 pipe diameters of free
f l o w t o the atmosphere - m o s t people would expect
it t o be h o t t e r much f u r t h e r .

This confirms

Because of t h e

The steady dec l ine i n

A

Not t o s c a l e

F igure 2

Temperature of steam-water

' e t i n Atmosphere.
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Pipe d i a m e t e r s downstream

P i t o t Tube Impact

A s m a l l s t a i n l e s s steel sharp-edged p i t o t
tube of ins ide diameter 1.6 mm was c e n t r a l l y
located i n t h e jet e f f l u x j u s t within the tes t pipe

so t h a t i ts face was a t t h e l i p pressure
The other end of  the  tube w a s connected t o a
pressure gauge so t h a t i t s reading could be taken

while mixtures of steam-water discharge with sonic

ve loc i ty a t a l i p pressure of 2 bars .  Resul ts  a r e
shown on Figure 3 where it is evident t h a t very
l i t t l e change occurs over t h e range of en tha lp ies
up to d r y steam. This confirms unpublished
experiments conducted by one of t h e authors

a t Wairakei some years ago i n which a spring-

loaded p l a t e was inser ted i n s i m i l a r f l o w s a t

f ixed l i p pressure, and l i t t l e v a r i a t i o n i m p a c t

observed. Evidently, t h i s technique is not  usefu l  
f o r determining enthalpy of jets espec ia l ly as
p a r t i c u l a r i n t e r e s t lies between 1000 and 1400
(most productive geothermal w e l l s de r ive t h e i r flow

from reservoir water a t associated temperatures of
to

i n showing that discharging steam-water mixtures ( a t
a given nozzle t h r o a t pressure)  onto tu rb ine blades,

should generate roughly t h e same p o w e r whatever t h e
f l u i d enthalpy; t h i s is of importance t o designers

of the t o t a l f l o w turbine.

p r e s s u r e

The r e s u l t s are of i n t e r e s t however,
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Entha lpy of flow

F i g u r e 3 p r e s s u r e on P i t o t

a t L ip p r e s s u r e p lane

I
Hot-wire Anemometer

Before proceeding with a t r u e H.W.A., tests
were conducted on a hydraul ic analog. This

consis ted of a s t a i n l e s s s teel tube (3.2 mm
1.6 mm which w a s inser ted v e r t i c a l l y across
the je t downstream of  the  t es t pipe o u t l e t face and
a t a dis tance of 1 diameter (10.8 D i s t i l l e d
water a t and a t 0.55 flowed i n t o the tube
a t t h e  t o p  and o u t a t the b o t t o m , becoming heated

i n t r a n s i t by t h e flowing steam-water mixture. The
o u t l e t temperature is p l o t t e d on Figure 4 where it
i s seen to be dependant on t h e enthalpy o f discharge
which was varied a t a constant l i p pressure of
2 bars . Clearly, t h i s simple i n i t i a l r e s u l t already
demonstrates t h a t . enthalpy can be determined to the
t a r g e t accuracy of +3% and with e a s i l y understood
apparatus which is widely ava i lab le .
attempted t o improve on t h i s model by employing
a t r u e H.W.A. w e r a n i n t o many d i f f i c u l t i e s with
passing high cur ren ts of 20 amps through tungsten

fi lament w i r e (0.1 placed i n t h e high
speed jets. This w i r e crossed t h e flow a t t h e

plane of l i p pressure and had an electric r e s i s t a n c e
of only 0.1 ohm over of 10.8 mm which

presented problems i n t h e contac t r e s i s t a n c e s a t
t h e w i r e ends. Resul ts obtained with t h e l imi ted
power t h a t could be del ivered t o t h e w i r e show t h a t
t h e H.W.A. w a s unable t o evaluate t h e enthalpy of
flow, and hence was abandoned a s a p r a c t i c a l

proposi t ion.

When w e
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= 2 b a r s

L i p p r e s s u r e
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20 i n l e t water tempera tu re

Entha lpy of f low

F i g u r e 4 Hydrau l i c ana log of H.W.A.

Laser Beam Method

The o r i g i n a l idea w a s t o pass an ordinary
l i g h t beam through the je t to a photo- elec t r ic c e l l
and measure t h e i n t e n s i t y penet ra t ing various

wetnesses; t h i s is similar t o the well-known method
f o r metering the dens i ty of smoke i n fac tory
chimneys f o r po l lu t ion cont ro l .

Advantages of the laser included a more
powerful beam with l i t t l e va r i a t i on of i ts diameter

with dis tance , and so the i n i t i a l tests were

conducted wi th a 35 H e N e instrument a s
described by Barnes (1982) i n more d e t a i l .
Improvement i n co r re l a t i on w a s found i n the f r e e

j e t when c lose r t o the o u t l e t f ace of the test pipe

flow a t t h e plane of t h e l i p pressure. To e f f e c t
t h i s , small g l a s s windows were s e t i n the pipe w a l l
through which the beam passed t o give the plot ted

values of Figure 5. It is clear from the spread of
r e s u l t s t h a t an accuracy no b e t t e r than about
can be obtained fo r enthalpy from detec tor values

of r e l a t i v e transmission ( l i g h t transmission through
mixture r e l a t i v e t o t h a t through dry steam).
a l t e r n a t i v e t o enthalpy, values are a l s o given of
volumetric 'wetness' which has t h e advantage t h a t it
is apparently independant of l i p pressure according
t o recent tests conducted a t 1.5 and 2.5 bars . This

i s c e r t a i n l y an advantage, but whether t h e s c a t t e r
of po in t s can be reduced has yet t o be determined.

(e) Shape of Discharge Jet

the b e s t r e s u l t s when the beam crossed the

A s an

During the various t e s t s , it w a s found t h a t
the ' t u l i p ' shape of the jet gave a rough guide t o
enthalpy a t a fixed l i p pressure.
sketch from photographs taken a t a s e t d is tance of
sonic steam-water flows discharging from the t e s t

pipe;
with an accuracy equal t o t h a t o f the l a s e r .

Figure 6 is a

enthalpy can probably be estimated by eye

CONCLUSIONS

The most promising technique was found t o

be t h e single- tube hea t exchanger (hydraulic

Volumetr ic wetness x
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5 Ream t r a n s m i s s i o n v e r s u s

Steam-Water v o l u m e t r i c wetness.

analog of the H.W.A.) which evaluated enthalpy

accura te t o wi th in as indica ted on Figure 4.

Obviously, fu r the r development is required on
la rge r test pipes and a t higher l i p pressures t o
approach real is t ic bore f i e ld condit ions.
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