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ABSTRACT

Use of the total flow (well-head two-phase
mixture) i n heat exchanger plants for geothermal
direct heat applications in New Zealand i s not a 
new idea - th i s approach has been adopted success-
ful ly i n Rotorua on low enthalpy
mixtures for many decades. However now t h a t f ie ld
t e s t data on two-phase heat transfer and fouling
i s available, i t i s possible to consider the

implications i n u s i n g the total flow
in heat exchanger plants from higher pressure 
production wells. A case study fo r process
steam generation i s presented to discuss the
possible thermal efficiency and environmental
impact advantages of th i s approach.

INTRODUCTION

Until now, geothermal direct-heat applica-
tions i n New Zealand have ut i l i sed both separated
steam and the total flow (the well-head steam/
water mixture) i n heat exchanger plants.
separated flow approach i s characterised by
separation of the mixture i n flash
plants, transmission of the geothermal steam to
the end-user and then partial condensation of the

gas mixture i n specially
designed heat exchangers. The total flow type o f
recovery system, takes the 1-head two-phase
mixture directly into a heat exchanger where the
steam fraction is condensed before the water
fraction and gas are subcooled.

The

The best known example of the separated flow
approach i s a t Kawerau where the geothermal steam 
i s taken to the Tasman Pulp and Paper mill for
both process heating and power generation in an
atmospheric pass-out turbine. The geothermal
resource enthalpy i s 1100 which a t 8 bar
produces a 19%steam fraction i n the
mixture.
provide the steam containing 1.2%mole fraction
(3% gas, predominantly CO . Up to 200 t / h
geothermal steam is currently The main
process heating application is clean steam genera-
tion i n ket t le boilers operating a t an effective
temperature difference driving force of
Consequently the 8 bar geothermal steam a t
produces process steam a t and 4.8
These boilers condense between and of the

Single flash plants a t 15 bar and 8 bar

steam fraction i n the geothermal mixture
although a new u n i t (number 5) w i t h a preheater
should be capable of condensing 99%of the available
steam.
type of system i s in the separated water which i s
currently flashed from t o atmospheric
pressure for surface disposal i n the local

The main loss in thermal efficiency of th i s

In total flow from low enthalpy
wells, typically 500 to 900 i s used in a
variety of types of tubular heat exchangers to
heat water for domestic and space and
water heating.
have been generously overdesigned as the design
method assumed water only on the geothermal side
and there is a lack of actual performance data.
However the heat exchangers have given few opera-
ting problems and have needed cleaning only
infrequently. The main fouling problem i s due to
ca lc i te deposition and s i l i c a deposition i s not
observed. The subcooled geothermal two-phase

mixture i s l e t down to
pressure a t the soak bore where the gas i s vented.
If the discharge temperature exceeds before
the soak bore, steam will separate w i t h the gas
v i t . the many visible steam plumes.

In most cases the heat exchangers

HEAT EXCHANGER DESIGN

The avai 1abi 1i ty of process design methods
for geothermal and other heat exchangers in N e w
Zealand took a major step forward when DSIR became
a member i n Heat Transfer Research, Inc. (HTRI) in
1981. The process design of shell-and-tube heat
exchangers for steam generation or water heating 
and banks of high-finned tubing for a i r heating
can be carried out using the HTRI computer programs.

Both the (single-phase) and the CST
(condenser) programs have since been used extens-
ively to design and rate geothermal heat exchangers
a t Kawerau , ands , Rotorua and Wai rakei .
Actual performance data has compared well with the
predictions made by the computer programs. The
HTRI methods can now be supplemented by performance
data on heat transfer and on fouling
from the field test work a t Broadlands. This work
confirmed that design fouling factors for geothermal
f luids are low and t h a t carbon steel tubes can be
cleaned effectively.
purposes, the different features of each type of

For heat exchanger design
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steam, separated water and t o t a l
can Table 1.

Table 1 of Available Heat Exchanger Design

.

designed f o r
cleaning

Basis condenser

Fi lm c o e f f i c i e n t

Pressure drop

Fouling fac to r

eaning

Problems

Confidence

condenser

CST program

.

Low Corrosio
fou l ing

Chemi

Care a t

High

Separated Steam

gas mixture can be designed
adequately the 'incremental program and 

re. Both and
b a f f l e spacing)

be h i g h a t
gas concentrations,

the shew

regime a n d ' w i l l decl ine qu i te  rap id l y  a f t e r t o
90% o f the steam f rac t ion has condensed. Carbon 
s tee l i s the primary material o f construct ion and
passivat ion due t o the formation o f i r o n sulphides
and i r o n oxides i n the presence o f the dissolved

i n the condensate qu i te rap id ly . The
geothermal foul ing resistance i s due t o t h i s
corrosion product' layer, f i e l d t e s t work

t h a t t h i s fou l ing resistance i s extremely
low and can be taken a.t 0.0001 which i s
probably conservative. presence o f over 10
ppm from any carry-over water appears t o
ass is t the formation o f t h i s stable f i l m . A t e s t
w i t h a t less than 1 ppm i n geothermal steam,

pqssivating sulphide f i lms but required
a much longer t o do so. Low and acceptable
corrosion rates observed. A t shutdown when

opened t o the atmosphere f o r
inspect ion and cleaning, the assivat ing i r o n
sulphides can be by stress and i f
g e o t h e m l condensate i s allowed t o form fu r the r
corrosion can occur. There should be some benef i ts
i n shut t ing down the heat exchanger hot t o avoid
the contact geothermal condensate and oxygen.

the i r o n sulphide deposits i f they are 
allowed t o accumulate a f t e r many years o f

Par t i a l condensers f o r the condensation o f the

program program

program

Low S i 1
fou l ing

Mechanical
chemical

Limited l i f e
o f CS tubes dug
t o cleaning

High

Low
Prec ip i ta t i on
fou l ing

Mal i n
header

Moderate

can be achieved by washing out the tubes w i th a
d i l u t e inh ib i ted a f l u i d f lush-
i n g o f dislodged sol ids.

Water

w i t h a water ve loc i ty o f 2 a t i n 19
tubes - the Reynolds number i s i.e. good
turbulent f low conditions.
deposition o f as supersaturation occurs
w i th cooling. Test data has shown t h a t the rate
o f deposition is extremely slow i f the separated
water i s taken d i r e c t l y f r o m the wellhead or
f lashplant and flows under turbu lent
carbon steel would be the material o f
construction. The m i l l scale i n i t i a l l y present
on the tubes be transformed
t o i r o n sulphides and gradually o f s i l i c a
i s superimposed over these. After 3 months
deposition a t Broadlands we l l s i l i c a

was s t i l l not oyer
present on the exchanger tubes. S i l i c a
deposition rates o f the o f 0.1
A fou l ing resistance f q r an cleaning
frequency less than 0.0001
which permits sensible
s i l i c a also increases the roughness and a

s m a l l increase i n pressure drop can be expected. 

Fouling i s due t o the

Again

The deposited
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production

Strong acjd cleaning (a mixture and HF) was
effect ive i n removing the s i l i c a layer, presumably
due to the preferential attack on the iron based
scale deposits embedded i n the s i l i c a layer. A
fu l ly continuous s i l i ca layer i s unlikely to be
removed so easily and both mechanical and chemical
cleaning methods may have t o be used as part of
the cl eani ng procedure. A hardened steel .cl eaning
tool going once through the tube should be suff-
ic ien t to breakdown the hard s i l i c a layer before
washing out w i t h di lute acid.

Total ow

The program can handle a partial1
feed ( a two-phase mixture! with
as the non-condensible gas and so the program can
be used to rate and design a total flow geothermal 
heat exchanger. The f i r s t stage i n the n
procedure i s to plot the heat release curve ?temp-
erature of both 'streams versus heat release) and
to identify the minimum temperature difference
driving force to ensure that a temperature d i f f-
erence pinch (when i s not occurring. If
necessary a series of designs should be prepared
a t different AT minimums so tha t a design
ation can be carried out. A AT minimum = i s
probably a design temperature difference.
If the selected design w i t h two or more tube-passes
i s posing a problem with a temperature pinch then
i t should be designed out by considering a pure 
counter-current exchanger. Even though the heat
exchangers will be long (heat exchangers on a
binary plant i n the Imperial Valley have

condensed

tubes), these should not ly present any prob-
lem-with layout constraints for a new geothermal
pl a n t .

There a r e two zones i n the total flow heat
exchanger - condensing and subcooling.
condensing zone, the condensing coefficients are
h i g h . The f ie ld t e s t work showed condensing co-
eff icients around 20,000 to 10,000 for
phase condensation i n the shear regime inside
.tubes. Whereas, i n the subcool i ng zone, sensibl e
heat transfer predominates i n the flow.
The heat transfer coefficients are higher than i f
the water phase were alone owing to better 
turbulence nduced by the two-phase flow. Excel 1ent
heat transfer was found i n the t e s t work for the

mixtures and this t ies i n with the
results predicted by an approximate method i n the

program. Pressure drops can be predicted by the
programs but the confidence i n the resul ts i s low.
This should not be a problem as there i s usually
ample pressure drop available for the geothermal
flow. Actual pressure drop data i s sketchy because
of d i f f icu l t ies i n obtaining rel iable pressure
measurements when the flow regime was s lug or high
velocity slug. Even though the flow regimes in the 
t e s t exchange went from annular t o slug, with
sometimes quite high oscillations i n the local
s t a t i c pressures, the flow remained stable and
could be controlled.

In the

Fouling changed along the heat exchanger due t o
cooling and a changing chemistry i n the water phase.
The of the water phase decreased quite markedly
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production
I

reinjection

II

-- 1 An AT is used for the steam

.
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( i n the tes t s a t Broadlands the ambient declined
from the in l e t = to outlet = 5.5) due to
absorption of the CO and a s cooling and cond-
ensation took place fincrease i n gas partial press-
ure). The s i l i c a concentration i n the water phase

so decl ined during condensation. condensing
zone exhibited corrosion foul ing, ng predom-
inantly iron sulphides w i t h a low fouling resistance.
In the subcooling zone, a sof t red precipitate of
arsenic and antimony sulphides was deposited due
to the extremely low solubil i ty of these sulphides
a t low The in l e t concentrations of the arsenic
and antimony i n the water were 3 ppm and 0.1
respectively. Other constituents in the precipitate
i n significant concentrations were thallium 20,000
to 40,000 ppm, s i lver 1000 t o 1500 and gold
7 ppm. There was no s i l i c a detected and
ip i ta te could be easily wiped clean. In fac t no
cleaning problems are envisaged i n total flow i f
the deposition of hard and adherent s i l i c a can be
avoided in this way.

One -design problem w i t h horizontal two-phase
heat exchangers is to ensure that uniform d i s t r i -
bution occurs i n the in l e t header.
in horizontal two-phase flow can cause poarer heat
transfer and higher pressure drops than anticipated.
Instead of uniformly mixing, the steam and water
phase s t r a t i f y . The problem could be overcome by
a vertical orientation, an axial i n l e t nozzle o r
feeding the steam and water phases coaxially. There
may also be possibi l i t ies i n u s i n g an eccentric
design of header. This may be an area where further
f i e l d  t e s t  work i s required.

CASE STUDY
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Flowsheets have been prepared for the three
types of geothermal flow generating low
process steam a t 4.5 bar (50 This
duty has been chosen as i t i s appropriate to most
industries. The design basis i s for 30 t / h of
process steam us ing standard shell -and-tube heat
exchangers. A horizontal ke t t le boiler and pre-
heater are needed even though only one heat ex-
changer i s shown on the flowsheets.

The high pressure geothermal resource produces
a mixture with the following characteris-
t i c s :-

Enthalpy = 1100
Gas content in
the separated = 1.2% mole fraction

Minimum reinjection temperature =

A few notes will help explain each flowsheet given
i n Figures 1 to 3.

steam (3%

Separated Steam - Figure 1

In order to maximise heat recovery in the
separated steam, a flash pressure a t 8 bar i s used
to obtain an effective AT of in the steam
generator. The outlet and minimum temperature diff-
erence is I t i s assumed that 99% o f the
steam fraction is condensed i n the steam generator
and preheater w i t h a geothermal outlet temperature

a t A separator operating a positive
pressure vents the gas and both the and
the separated water can be combined for reinjection
a t a temperature If the characteris-
t i c s of the combined water
mixture is unacceptable for reinjection well l i f e
then these fluids can be reinjected i n separate
wells.

Separated Water - Figure 2

Separation a t the wellhead pressure of 11 bar
is suggested to maximise the heat recovery to the
separated water. The separated steam i s l e t down
through a non-condensing turbine generator. An out-
l e t temperature difference of chosen for
the steam generator. After the preheater, the 
separated water a t i s available for reinjec-
tion.

Total Flow - figure 3

The total flow a t the well-head pressure 11
bar is transmitted directly into the steam gene-
rator and preheater where the two-phase mixture is
subcooled to The min imum AT i s a t the
outlet o f the steam generator. Up t o 25%of the

and 50%o f the will be reabsorbed by the
water phase. The remaining gas i s vented from a
pressurised separator and the water i s available
for reinjection a t Again the chemistry o f
th i s water may need to be altered t o limit o r avoid
scaling due to precipitate formation (arsenic/
antimony sulphides) to ensure long reinjection well
1i fetimes.

Results Analysis

1. Thermal efficiency - (process
of the total flow plant i s 13%higher than

for the single-flash separated steam p l a n t . There
would be l i t t l e difference between the thermal
efficiency between a total flow and multi-flash
system down to the reinjection temperature as long
as commercial use could be made of the lower press-
ure separated steam w i t h the l a t t e r , This i s often
the major problem. Obviously heat recovery from
the separated water requires f a r more (nearly five
times) geothermal draw-off there i s the advant-
age of power generation using the separated steam.

2 . Environmental impact - Figure 4 shows the equil-
ibrium solubil i t ies of and in the water
phase for the total flow example a t a reinjection
temperature of The in i t i a l gas composition 
has been taken as data)

= 0.002

= 0.00004 molefraction

= 0.000007 molefraction

Residuals = 0.00003 molefraction

used by the calculation method were taken from
reference 3.

The Henry's law and dissociation constants

Operating the production well and hence the
geothermal plant a t a higher pressure could allow

5
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Equilibrium of and

at for the qas composition
qiven in the text.

the bulk (say 95%) of the to be reinjected
w i t h the separated water by the total flow approach.
An operating pressure a t 17.5 bar is quite feasible. 
Also equilibrium solubil i ty conditions are likely 
to be met w i t h the turbulent flow i n long pipe-
1 nes. The separated flow system would re
expensive compression equipment to achieve the
same result.

3. Heat exchanger design - As the geothermal
film heat ransfer coefficients are h i h (design

both the boiler and preheater have similar overall
heat transfer coefficients for each scheme viz.

10,000 anticipated is low,

Boiler U = 1600 w i t h the geothermal
0.0001

Preheater U = 1300 with the geothermal
= 0.0002

respective heat loads are:-
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penalty in mass draw-off.

4. - The total flow appro-
ach appears t o offer the advantages of smaller, 

complex plant a t the minimum draw-off for
direct-heat use of a geothermal resource. This is
especial ly evant to 1ower enthal py systems where
i t will make less sense to u t i l i s e the
ated steam. New plants mus t be designed to
energy conservation and minimise draw-off.

'Boiler Q = 17.6
Preheater Q = 1.0

by the respective effective temperature difference
driving forces which as i t happens are similar for
both exchangers :-

The size of the heat exchangers i s determined

AT effective Boiler Preheater
Surfac Surface
Area( Area(

1.Separated steam 20
water 22

flow. 30

550 39
500 35
370 26

The total flow plant the smallest 
exchangers as the well-head pressure has been chosen
above the separation pressure of the geothermal
steam system. Obviously, the same sized heat ex-
changers could be used for the separated steam a t
13 b a r b u t there would, of course., be a further

The other possible advantage of the total
flow system is of operating pressure 
and reinjection temperature inorder t o return the
bulk of the back t o the reservoir, This could
be an important step forward i n process design for
self-flowing well systems and i s i n essence what i s
done overseas where a moderate temperature resource 
is pumped above the saturation pressure inorder to
keep t h e gases i n solution. abatement is
s t r i c t l y enforced i n the USA where recovery
systems have been installed on a number of power
projects. If th i s happens i n New Zealand, a total
flow heat exchanger approach could be one solution
fo r the major d i .users, provided the res-
ul tan t f luids are suitable for reinjection.

Economic advantages of each scheme are not
obvious and a detailed cost study has nat been
completed as the costs will be very s i t e specific
and each case have t o be considered on i t s own
merits. However, the total flow plant should be the
cheapest as i t i s sensible t o maximise the available
geothermal temperature for heat recovery not 
minimise the energy supply temperature by flashing
for steam production, Table 2 compares the three
schemes:

Table 2: A comparison of the three schemes for 30
t / h LP process steam

Mass Heat Notes
rei exchang-
tion ers( total

steam 170 No 590
water 730 No 540 t 8

elect-
rical

150 400flow Yes
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