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INTRODUCTION 

When I met Dr. Fridleifsson for the first time at the ONu Standing 

Advisory Committee meeting on Geothermal Training at Pisa, Italy in 

November 1980 and tentatively asked whether I could spend some time 

in Iceland looking at the operation of theUNU course, I did not 

think I would be standing up here today as your third International 

Guest Lecturer particularly following such eminent "geothermalists" 

as Don White and Christopher Armstead. I feel very honoured to be 

asked to present this series of lectures and I only hope that my 

presentation might do justice to the position I am filling as the 
1".981 UNU Visiting Lecturer. 

I thank you for this opportunity to visit your country and for your 

very warm welcome to me and my wife. 

I propose first t o say something about the organisation and work 

of the Geothermal Institute at my university and then discuss the 

status of Geothermal Energy Development in New Zealand through the 

eyes of one who is not involved or affected directly but who is keenly 

interested in the technological developments taking place at this time. 

I would like then to present my work on two phase flow in which I have 

made a special study during the past 2 or 3 years, showing you some 

results and tentative conclusions and finally I intend to talk about 

some applications of this work and possibly hope there is time to 

introduce some of the project work undertaken by our students at the 

Geothermal Inst itute of the university of Auckland. 
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1. A REVIEt~ OF THE DIPLOMA COURSE IN GEOTHERMAL 

TECHNOLOG~ , UNIVERfITY OF AUCKLAND 

1 . 1 Background 

In 1975 the United Nations Development Programme (UNDP) in New York 

asked the University of Auckland to consider submitting a proposal for 

a training programme in geothermal science and engineering. In the first 

instance this programme was to cater for scientists and engineers f r om 

developing countries, and to cover techniques relating to exploration , 

exploitation , and utilisation of geothermal energy . 

Following discussions between the university, New Zealand Government 

Departments, and the New Zealand Ministry of Foreign Affairs , a prelimi­

nary proposal was drafted to give a broad outline of training objectives 

and a tentative teaching syllabus. This document emphasized particularly 

the need for jOint training of earth scientists and engineers, by way of 

common lecture courses , in order to eliminate any communication gap 

between these two disciplines during the exploration and development 

phases of a geothermal pr ogramme . 

At this stage , UNDP organised a mission to visit a large number of deve ­

loping countries with geothermal potential to assess the need for per­

sonnel training. The leader of this mission was Mr. J. Healy, formerly 

Government Volcanologist at the New Zealand Geological Survey in Rotorua. 

His report in 1976 indicated general support for the geothermal course and 

a requi r ement by some 16 developing countries for about 150 trained 

personnel over the next decade. 

Following the r ecommendations of the mission a detailed proposal was 

submitted to UNDP and the New Zealand Government by the University of 

Auckland and in 1978 a contract was signed by the three parties to provide 

funding for the Geothermal I nstitute for an initial period of two and 

a half years with the first Diploma Course to begin in February 1979. 

1 . 2 Organisation 

The Di ploma in Energy Technology (Geothermal) is offered as a f ull time 

postgraduate course over the months February to November. For students 
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from developing countries UNDP Fellowships are avail able to cover travel 

accommodation , living costs , tuition fees and various other expenses connected 

with the course . 

The Institute is organi sed with responsibility to the Auckland University 

Council and operates with a Director , two full time and one part time 

academic members of staff - supported by an Administrative Assistant, a 

Secretary and a Technician. A boar d of Studies with representatives from 

the New Zealand geothermal communi t y, Government Departments and Private 

Industry , New Zealand Ministry of Foreign Affairs, UNDP and the University 

is responsible for the syllabus , selection of students and for identification 

of the specialist l ecturers. A senior member of the Academic Staff acts as 

the UNDP Coordinator and Chairman of the Board of Studies 

The lecture programme is given by ,about ninety lecturers from various 

Government Departments, Private Industry, and the University . In-course 

assessment, based on assignments and tests and written examinations taken 

towards the end of the course and a project form the basis of the award 

of the Diploma in Energy Technology (Geothermal) , a pass in all papers i s 

required . 

The Institute is housed within the new Geology building where most of the 

lectures are held and where students and staff have offices . In addition 

the Institute uses a wide range of university facilities, laboratories etc. , 

particularly in the Science and Engineering faculties. 

OVerseas students are housed in single study bedrooms in a University Hostel 

and are provided with full board. Recreational facilities a r e available on the 

University campus and include both indoor and outdoor sports as well as numerous 

activities organised on a club basis . 

1 .3 Course Structure 

An overview is presented to all students in a series of lectures entitled 

"Geothermal Systems and Technology" . This course paper consists of about 

200 l ecture/seminar hours spread over 20 weeks, the first 5 weeks being devoted 

entirely to this course. At week 6 the Engineers and Earth Scientists begin 

their specialist courses. For Earth Scientists "Geothermal Exploration for 

Earth Scientists" presents an intermediate level theory of the disciplines 

Geology, Geochemistry and Geophysics , and is taught during the period weeks 

6 to 10. This is followed (weeks 11-19) by more detailed tuition in 
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two of the disciplines for the paper "Geothermal Exploration Technology" . 

Engineering students follow lectures for courses which are run concurrently 

(weeks 6-19) "Geothermal Production Technology" and "Geothermal Energy Utilisation." 

All of these specialist courses comprise about 150 hours of lecture and 

laboratory time . The final part of the course, starting approximately in 

week 11, consists of a project in which students study some aspect of geothermal 

development , where possible, connected with their home country . A set of 

detailed notes is provided for each lecture . In all some 1500 pages have 

been issued to students. See Appendices 1.1 and 1.2 for details 

Field trips totalling about five weeks are spent in selected geothermal 

areas of the North Island of New Zealand. Studies during these trips intro­

duce students to geothermal measurement techniques , observation of exploration 

drilling and methods investigation of geological, geophysical and geochemical 

features related to geothermal systems and utilisation, both electric and non 

electric , of geothermal heat. 

1.4 1979/1980 Course 

The first course commenced in February 1979 with twenty-four students , 

nineteen of whom were UNDP Felllows from Chile, People's Republic of China, 

Ethiopia , India, Indonesia, Kenya, Nicaragua , Philippines and Turkey , 

and five came under the New Zealand quota. Of these two were sponsored by 

local industry and three came at their own expense. The group was equally 

divided between earth scientists and engineers . 

Teaching and tuition during the course involved some 430 formal lecture 

hours , 200 laboratory and seminar hours and 230 hours spent on field trips . 

At the conclusion of the first course the Institute sponsored the New Zealand 

Geothermal workshop which took place at the end of October. Over 100 partici­

pants were present . Forty papers were presented over the three days of the 

meeting together with 23 poster papers presented by the students of the 

Institute. The proceedings, in two volumes (1), have been published and 

are available from the Institute and include , apart from the papers presented, 

some abstracted information from some of the students'work throughout the 

year as well as 1979 course statistics. 
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The 1980 course commenced with twenty-six students. The nineteen Fellows 

were from the Peopl e's Republic of China , El Salvador , Ethiopi a , India , 

Indonesia , Mexico, Philippines, Tanzani a , with seven New Zealanders , five of 

whom are sponsored (four by Government Departments and one by private 

industry) and two attended at their own expense. In 19814 students came from 

China , S from Indonesia, 4 from Philippines , 1 from Mexico, 1 from Turkey, 

2 from COlumbia , 1 from Equador, 1 from Kenya , 2 from Ethiopia , 1 from 

Tanzania , 2 from India and 3 were from New Zealand . 

The course structure and material was the same , in general , as that used 

in 1979 except that a number of topics wer e blocked: e.g. Geochemistry and 

Drilling enabling a better integrated course together with a reduction in 

travelling time of visiting lecturers . 

The number of visiting lecturers i nvolved in the course was slightly less 

with the University taking a larger share of the lecture load. Field trips 

and projects were organised in a manner similar to the 1979 course . 

The second N.Z. Geothermal Workshop was held in early November , 1980 

with 30 papers presented and a good attendance , incl uding many visitors 

from overseas, its success was assured . It is anticipated that the Annual 

N.Z. Workshop will be a regular feature on the Institute's calendar , 

a 198 1 workshop will be held November 9th-1 1th at Auckland. In 1982 the 

Geothermal Institute will be the venue for the N.Z. Geothermal 'Vlorkshop 

and 1982 Pacific Geothermal Conference to which it is expected parti cipants 

will come from Pacific and S.E. Asian nations . Pr oceedings 

for these workshops are available from the Institute. 

1 . 5 The Future 

During 1980 a second t r aining mission was undertaken during which an 

assessment was made as to the numbers of earth scientists and engineers 

requir ed f or on- going projects and future geothermal deve lopment. 

The findinq's of that mission which are reported elsewhere show 

there is ample evidence t hat there will be an accelerated demand for manpower 

trained in geothermal technology, and that the Auck l and course can aid in 

making a significant contribution toward satisfying this demand. Support from 

UNDP , the New Zealand Ministry of Foreign Affairs and the University is such 

that the course will run in its present form until at l eas t the 1984 intake. 

In the future it is expected that the Institute will provide a centre for 
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Research . 1980 has seen three 1979 Diploma graduates return for further 

study and research . The permanent members of staff are themselves engaged 

in consultancy and research work. The University has extensive facilities 

which support these activities and the Institute provides a focus for geother­

mal research in both New Zealand and overseas . 

The success of the course is due to many people, the lecturers , the back- up 

staff of the University and the many people throughout the geothermal 

community of New Zealand who wil l ingly gave their time and expertise to 

help the Institute and its charges. 

References 

1 . Froe. of N.Z. Geothermal Workshop 1979, Part 1 and Part 2 , University 
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Proc . of NZ Geothermal Horkshop 1981 , University of Auckland . 
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APPENDIX 1 • 1 

Prescription 

Part I All students 

Part II 

Geothermal Systems and Technology (86.100) 

Scope of Geothermal Projects. Basic facts of geothermal systems. 

Introduction to geothermal exploration and technology. Reservoir 

Engineering. Chemistry of thermal fluids. Economic, environmental 

and legal aspects. Case studies. 

Earth Scientists 

(a) Geothermal Exploration for Earth Scientists (86.101) 

Petrology, secondary mineralisation and alteration. Drill hole 109gin9. 

Geochemistry of geothermal fluids. Geophysical investigation of geother­

mal f ields. Estimation and assessment of thermal field potential. 

and (b) Geothermal Exploration Technology (86.102) 

Planimetric and geological mapping techniques, mapping and sampling 

of geothermal discharges. Geophysical prospecting techniques. Geochemi­

cal analysiS. Drill hole logging techniques and instrumentation. 

Note: The 86 .1 02 paper can be divided into the three basic disciplines 

Geol ogy, Geophysics and Geochemistry. The student chooses TWO of these 

for study. 

Engineers 

(a) Geothermal Production Technology (86 . 103) 

Drilling techniques and completion tests, fluid transmission" thermo­

dynamics and fluid mechanics of geothermal fluids, well operation and 

analysis, reservoir modelling and assessment, corrosion and deposition 

materials for geothermal plant. 

and (b) Geothermal Energy Utilisation (86.104) 

Applied thermodynamics, industrial/agricultural and domestic use of heat. 

Power cycles and electricity generation. waste disposal, land erosion, 

subsidence. Environmental effects and impact report preparation. Develop­

ment planning and costing. 

Part III .All Students 

Project (86.606) 

A written project on some aspects of geothermal energy. 
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APPENDIX 1. 2 

Programme Timetable 

Middle February: Overseas students arrive: Orientation course - English 

classes, Industrial visits 

Early March: Course Proper Starts. 

Week 1 Field trip to Wairakei: Lectures/field visits . Includes 

inspection of hardware, demonstrations , geology etc. of Taupo volcanic zone. 

tveek 2-5 Lecture/Seminar/Laboratory on core course (86. 100) for all 

students. Generally timetabledfor mornings only 5 days/week. 

week 6-10 Specialist courses start 

a) Earth Scientists - 86 .1 01 Intermediate level course . Lecture/Labora­

tory/Field trips. 

b) Engineers 86 . 103 and 86. 104 run concurrently, Lectures/Laboratory 

with week 8 at Wairakei engaged in field measurement exercises . 

cl All Students 86.100 lectures on Monday mornings, Friday afternoons 

for student seminars. Monday and Wednesday afternoons free for private study. 

May Break: First week , field trip to Ngawha for exercise in compi ling data for 

a prefeasibility report. 

Two weeks holiday. 

week 11-19 

a) Earth Scientists - 86 .1 02 course , specialist topics in two of the 

three disciplines. week 14 visit to Wairakei and Wellington for lectures/ 

demonstrations at D.S.I.R. Laboratories. 

b) Engineers As for weeks 6-10 with field visit to Wairakei for lectures/ 

demonstrations . 

c) All Students - 86.100 course continues as for weeks 6-10. From week 

11 project topics are discussed with individual students. 

week 20 - Case Study Programme 

Lectures finish 

August Break: First week field trip to Rotorua, Kawerau, Ketetahi , Tarawera, etc. 

Two weeks holiday . 

September - October All students engaged on project work with f inal copy 

submitted for binding by the end of October. 

November - During the first week students sit final examinations. Three 

examinations of three hours each. 
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The second week of November is allocated to the N.Z. Geothermal Workshop. 

Students participate by presenting their project work, either at a lecture 

or poster session. 

An official closing of the course takes place at the workshop with presen­

tation of certificates of attendance and course awards. 

Note: 

The Diploma in Energy Technology (Geothermal) is awarded to all students 

who have passed in all three parts of the course. Students who fail one 

or more papers will obtain a certificate listing those papers which have 

been passed. 

During each lecture/laboratory course exercises are graded and are included 

in the final examination work. 
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2 THE NEW ZEALAND GEOTHERMAL SCENE 

2.1 Introduction 

The development of geothermal energy in New Zealand has been influenced , 

although not exclusi ve ly, by its potential for generation of electricity. 

Although the success of the Power Station at Wairakei generated confidence 

in geothermal energy as a power source the demand for electricity has been 

met by development of hydro sources and latterly by the installation of thermal 

stations based on the large gas field discovered off the South West coast of 

North Island in the late 1960·s. The condensate from this field was attractive 

but was insufficient to justify the development of the field. It was neces­

sary to exploit the gas and generation of electricity by gas fired power stations 

was adopted,putting a temporary halt on the development of other methods of 

generation. 

However, over the last two or three years that policy has changed. Since New 

Zealand economy is geared like so many countries ' to transport fuels , a new 

petro-chemical industry is growing which will use the gas as a replacement 

for liquid fuels; either as L.P . G. , C.N . G. or as a base for methanol 

production. Government policy has a lso encouraged the use of indigenous energy 

resources for i ndustrial purposes. 

As a resul t of these changes, the development of geothermal energy has 

recently received support and the 1980 Energy Plan has programmed a new 

1()0 MW Geothermal Power Station on the Broadlands field (Ohaki) to be conunis­

sioned by October 1986 and a tentati ve plan for a 100 MW station at Ngawha to 

be in operation 1;91. In addition the industrial use of geothermal heat is 

being discussed in connection with a number o f other fields in the Taupo-Rotarua 

Geothermal Region . 

The research investigation and exploitation of New Zealand's geothermal resources 

is in general controlled by Government and their agencies , Ministry 

of Works and Development and the Ministry of Energy (NZ Electricity) with the 

Department of Scientific and Industrial Research (DSIR) providing the ~cientific 

backup. 

Mention should also be made of the contribution to the world geothermal scene 

by the Private Sector of NZ industry. Two NZ CQnsul tant firms are at present 



- l§ -

engaged on geothermal contracts overseas . Both companies started with 

N.Z . aid projects an d have since expanded their operations. Kingston 

Reynolds Thom and Alardice (KRTA) are currently working in the Philippines 

and Canada and Geothermal Energy New Zealand Ltd. (GENZL) are working in 

Indonesia, Kenya/Ethiopia and the Azores . Both firms , apart from their 

own staff use e xpertise from the N. Z. Government depart ments and are 

able to offer a service for a l l stages of the development of a Geothermal 

Resource. 

2 . 2 Current Status 

As at March 31 1979, 5623.3 MW of gene r atio n capacity has been installed in 

N. Z. with an annual energy consumpt i on of 22.000 GWh . The generation is 

shared between t he two i slands which a re connected by cable, approximately 

one third in South two thirds in the North Island. In 1979 74 . 7% of total 

generation was from Hydro Stations and 25 . 3% t hermal stations (geothermal, 

coal, oil and gas). of these t he 192.4 MW installed at Wairakei produced 

about 5 . 5 % of the nation' s energy consumption at an annual load factor of 

97 . 92 per cent . The system is predominantly hydro with Wairakei being 

used as a base load station and f ossil fuelled stations being used for 

peaking l oads and for following the sys t em load. For example the 5 x 120 MW 

sets at t he gas f ired station at New Plymouth operated in 1979 at an annual 

load factor of 64 . 67 percent with the gas turbine station at Stratford 

(4x 55 MW) a t 27.25 percent . Whilst most of the hydro stations operated 

at an annual load factor between 35 and 70 percent with the exception of 

Man,:!.pouri (7 x 100 MW) which operated with a 89 . 26 percent load factor . 

It is seen (Figure 2 . 1) that the known f ields in N. Z . are mainly confined 

to the Taupo Volcanic Zone wi th the exception of the Ngawha field in the fdr 

North. Bolton (1982) has made an estimate of the potential of the major 

fields , Table 2 .1 based on the volumetric method . category A refers to 

fields that have been e xtensively developed or in which development will 

shortly commence, B to fi elds in which a number of investigation wells have 

been drilled, C to fields in which little or no drilling h as been carried 

out. The pOint is made in this paper, that whatever reasonable assumptions 

are made in performing the calculations t he potential geothermal energy 

resources available in the country, with current technology, is many times 

greater than the present N. Z. demand . 



TABLE 2. 1 (Bolton 1982 ) 

ESTIMATE OF GEOTHERMAL ENERGY RESOURCES 

Category Field Area Max. Heat Stored Potential Generation (Gwh) 
km2 Temp . above 180 · C (Inj. Temp . Inj . Temp. 

· C 20 · C) 150 · C) 

A Wairakei 15 271 6137 130,000 358 , 000 
Broadlands 11 307 6298 146, 000 353 , 000 
Kawerau 12 287 5789 125 ,000 325 , 000 
Rotorua 10 250 3590 70 , 000 203 , 000 

B Ngawha 25 236 6482 11 3 , 000 363 , 000 
Tauhara 14 279 62 40 135 , 000 359 , 000 
waiotapu 12 295 6232 152 ,000 348 , 000 

~. 
Orakei Korako 6 266 2330 4 7 , 000 132 , 000 
Rotokawa 8 302 4410 104,000 256, 000 

C Ruahine Springs 15 250 5358 108,000 311 , 000 
Waimungu 12 250 4308 83,000 242 , 000 ,~ Reporoa 12 235 3050 54 , 000 1 75 , 000 
Te Kopia 6 240 1648 29,000 92,000 
To Kaanu 8 250 2886 56 , 000 163 ,000 

TOTALS 166 64758 1 , 352 ,000 3,671,000 

-, 
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These figures are used as a basis for the present investigation budget . 

An investigation drilling programme of about 16 wells per year is envisaged 

in order to evaluate the total resource in a 20 year period with a develop­

ment time of 25 years. A two rig (large) operation is planned with an 

estimated (June 1980) annual budget of NZ$14.35 million (US$11.S million). 

employing within Ministry of works and Development (MWD) a staff of 103 

(administration, design , engineers, scientists, technicians) and 163 con­

struction workmen. The scientific support is estimated to cost NZ$ 1.25 

million and is provided by Department of Scientific and Industrial Research 

(DSIR) requiring about an additional 30 staff at the Wairakei project office 

with considerable help from other divisions of DSIR estimated at about 

23 manyears/year. 

In August 1977 Government authorised t he above investigation programme but 

in 1979 the programme was reduced to a "one rig" operation due to the state 

of the economy and the reduced electrical load growth. So that during 

1979-1 980 the investigation programme was based on 6-7 new wells drilled 

per year and a maintenance and workover programme in the operational 

fields. However, since the 1980 Ene rgy Plan was announced late last year 

in which both new stations at 6haaki and Ngawha were included, it is 

anticipated that the "two rig" operation will be resumed . 

2.3 Utilisation 

2.3.1 Wairakei 

Most people are familiar with the Wairakei Station and its history. In 

1949 Government approved a 5 year investigation programme for the wairakei 

area after which a drilling progr~ne to obtain steam for 20 MW(e) was 

begun. 1953 Messrs Merz and Mc.lellen were appointed as consultant and pro­

posed a 26 MW station to be extended to 56 MW if steam was available. About 

this time the UK Atomic Energy Authority became interested in using geo­

thermal heat for the production of heavy water so a joint project was decided 

upon producing heavy water and generating electricity. In 1956 UK.A. E.A. , 

because of a change in policy, withdrew and it was decided that s tage one 

would be a station for 69 MW. Work began in 1956 and the first machine was 

commissioned on 15 November 1958 . Stage two was approved in 1957 and the 

capacity was brought up to 192.6 MW which was completed in October 1963. 
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About 100 wells have been drilled and currently about 60 are used 

for production. Since 1964 the generation has been consistently 

around 1100 G\~n per year. This has been despite a fall off in field 

pre;sures. The output has been maintained by an optimi sation exercise 

which has resulted in an improved utilisation of the resource. To the present 

time some 8 . 9% of the total heat energy above o·e i s converted to electricity 

compared to 4 . 7% initially. Howeve r , in order to maintain station output it 

has been decided to connect three of the outlying wells to the production 

system which will add about 20 MW to the generating capacity. It is also 

evident that the H.P . (high pressure) machines are no longer fully utilised 

and they will be taken out of service. 

The mechanical reliability of the station has been excellent with the annual 

station load factor around 90% having the best record for reliability 

of any station in the country. Some machines have run for around 120.000 

hrs before reblading. Credit for this performance is in part due to the 

excellent work by the station personnel in maintaining the equipment. 

Future work at Wairakei appears to be aimed at maintaining the steam supply. 

It is expected that new wells will have to be drilled. work is also in 

progress to examine the use of reinjection as a means of waste disposal 

and possible subsidence control as it is likely that some restriction will 

be placed in the near future on the waste water discharge to the Naikato river. 

2.3.2 Broadlands 

As mentioned earlier , the 1980 plan calls for the development of the 

Broadlands field to supply a 100MW station to be known as Ohaaki by 1986. 

The probable final development coul d be up to 150 MW but the procedures 

allowing access,wate~ rights etc. are now cleared for the first 100 MW. 

Authority to begin construction has been given and site c l earance has 

started . The main features of the design will be the use of cooling towers 

instead of the river for condenser cooling and the use of injection for 

waste disposal. 

Reinjection trials have been carried out at Broadlands over the past one 

or two years and while there are indications that the water could be 

injected at temperatures below the silica saturation temperatures there 

is sufficient uncertainty for the decision to be made that initially the 



- ';W -

injection temperature will be 150 - 160 · C. One of the schemes being con­

sidered is to locate the Power station at the West Bank of the Waikato 

with relatively short (100-150 m) two phase transmission lines from the 

well sites to a number of flash plan ts sited in the field on both sides 

of the river, feeding two pressure steam to the station. 

Main turbine inlet pressures will be 5-6 bars with pass in steam at 1.1 

bar. At present the wells can discharge at pressures much higher than 6 

bars but it is felt that rundown of pressure will occur and a proposal to use 

the H.P.machine from Wairakei on a temporary basis, is under consideration . 

I f this was acceptable, 80 MW would COIlE! from the main machines and 20 MW 

from the H.P. sets. 

In order to assess long term effects of accumulation of chemical speci es 

in a closed cycle condenser system a pilot plant was built at Broadlands 

and the controlling parameters established to assist the condenser design 

for Ohaaki. As a result gas disposal wil l be by means of a gas stack in 

the cooling tower, the gas being entrained in the cooling tower plume . 

Over the past few years, steam from the Broadlands field has been used 

for drying lucerne or alf-alfa . The growing season is from November to 

April and the crop is harvested by cutting with a rotary mower , windrowed 

in the field, then gathered by a conveyor for transport to the drying 

plant. The crop has to be dried rapidly to retain vitamin A and protein 

and produce a hard pellet of a bright green colour , an important selling 

feature. The plant uses the steam from BR 27 about 500 m away which is 

reticulated to the plant via a two phase line to a separator close to the 

plant. The separated steam is piped into a finned tube heat exchanger 

through which air is forced to the drying chamber, the separated water 

being reinjected down BR7, a dry bore . 

The GovernIlE!nt financed the pipeline and the Ministry of Works and Develop­

ment are responsible for the maintenance on wells and equipment. The 

existing dryer uses approximately 7 tonnes/hour of dry steam at 11 bar in 

order to raise air temperature to 124 ' C and produces about 0.75 tonne/hour 

of dried pellets . The operators o f the plant, Broadlands Lucerne Company, 

have negotiated a price contract with the Government for the purchase of 

steam up to 18 tonnes/hr which would lift their hourly production rate, 

with some modification to eXisting plant and introduction of new driers, to 
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about 2.25 tonnes of dried lucerne. The economics of this exercise are 

discussed by van de Wydeven and Freeston (1979). 

2.3 . 3 Kawerau 

Up to early 1979 the Tasman Pulp and Paper Co . had been operating the Kawerau 

field and had met the costs of installing and maintaining the field 

equipment. The original Geothermal Energy Act established that all rights 

to geothermal energy belonged to Government but allowed private persons to 

use the energy, provided they fulfilled certai n conditions. In 1977 amendments 

were made to the act which made it more difficult for the public to develop 

geothermal energy themselves and perhaps more importantly gave the 

Government the right to develop a field solel y for the purpose of selling 

geothermal energy. This means that effective control of a geothermal field 

is under one authori ty , the Government , and the value of geothermal energy 

for industrial purposes is reCognised. 

The major effect of this amendment was that the Tasman field equipment was 

purchased by Government and the maintenance and development of the Kawerau 

field became a Government responsibility (invested in MWD) the Government 

selling steam to the company. 

At present the current demand is for 195 tonnes/hour of separated steam 

with further 75 tonnes/hour under discussion for a future expansion. 

The steam is used either directly or used through a heat exchanger to 

produce clean process steam. The surplus is used to generate electricity, 

a 10 MW turbine is installed on site. It is known that the field is 

capable of supporting a much larger usage than at present , the investigation 

drilling programme is just about complete. However the mill is located 

close to the production zone and it is necessary to assess the effects 

of increased draw o ff particularly with respect to subsidence . The paper 

machines are sensitive to differential movement. 

The field equipment utilises conventional well heads delivering mainly by 

two phase lines to a Separator Flash plant in the field,from which HP and 

LP steam are derived. One of the largest diameter two phase lines in N.Z . 

is used here. It is 46 cm in diameter and about a kilometre long. 
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Paper manufacture requires substantial quantities of common salt. The 

mill is about 30 km from the sea and the idea of producing salt from sea 

water using geothermal energy is under consideration. 

2 . 3 . 4 Ngawha 

Seven wells have been drilled in this field. In general temperatures are 

low (236 "C) but the area is large and two wells have given large flows. 

A third well drilled and tested early in 1981 did not appear to be 

quite so promising , however , the field is relatively unexplored and there 

is considerable interest both by the local power board and industry in 

the use of this prospect. 

From the local power board's point of view, further load expansion in the 

area is limited by the transmission line capabilities through Auckland. 

There is no generation in Northland since the Marsden Stations which are 

oil fired were "mothballed" so unless these stations are converted to coal, 

power from the geothermal resource at Ngawha appears attractive. In 

addition Northland has extensive man-made forests and the timber industry 

will be expanding in the area requiring energy . As mentioned earlier the 

1980 Government Energy Plan has included a 100 MW station on the field 

for 1991. 

2 . 3. 5 Rotokawa and Tauhara 

These fields are relatively close to Wairakei , the former some 8- 10 km 

distant where substantial deposits of sulphur occur. Private industry 

is keen to mine the sulphur using geothermal energy and discussions 

are in hand with Government for a joint venture. The Tauhara field is 

believed to have a connection with Wairakei so the draw off is being 

closely monitored , in addition the field extends partly under Taupo and 

the effect on the township is uncertain. However,some light industry is 

being encouraged to make limited use of the resource. 

2.3 . 6 Rotorua 

The geothermal area is confined to a North-South band running from Whakarewawera 

in the south to the iake edge in the North (Fig. 2 . 2). Surface manifestations 
2 

mark the field,in all the area is about 10 km. The source of heat is a 

flow of hot chloride water rising near Whakarewawera moving northward 
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towards the lake. The main flow mixes with a secondary flow from Pukeroa 

Dome. Both these are diluted by low chloride low temperature ground water in 

the west and north west. The deep hot water temperatures are cooled by mixing 

to give temperatures generally between 100-160·C. 

The producing wells in Rotorua are shallow 60-120 metres with a few over 

220 metres. Average well production is 0.38 MW therma~ which is sufficient 

to supply approximately 45 households. Approximately 4100 households (42% of 

RotQrua City) are located inside geothermal area and of these about 1100 (25\) 

use geothermal energy . In the commercial and i ndustrial sector 340 use geo­

thermal energy. The number of operating wells used by all sectors is about 

421 (Lorentz ' and Mountfort , 1980). 

In 1950s and 1960s geothermal energy was exploited by individuals for their 

own use. Since then rising costs have encouraged people to form cooperatives 

or group heating schemes up to 30 per group which operate successfully . 

However,capital costs are high, fees, maintenance, new equipment, soak holes, 

is usually many times more than alternative heating but the overall economics 

can usually be justified on the basis of running costs. 

Since the energy is free, system designs, industrial and householde~ tend to 

be very inefficient with a large wastage of energy and there is need for 

legislation to control this type of exploitation of what is a valuable 

resource. Geothermal District heating has been proposed but so far there 

has been little response from the communi ty, mainly because Rotorua is a 

tourist centre which derives much of its income from the thermal manifestations 

of the area and which is concerned that these manifestations ~ill lose their 

appeal if more drilling takes place. 

It is only in recent years that the field at Rotorua has been monitored. 

A programme was recently introduced by DSIR for the joint implementation by 

the Ministry of Energy and Rotorua District Council and is intended to take 

at least two years before conclusions can be made which could be used to 

develop a management plan to the field . The objective is to ensure continu­

ation of the natural activity at Whakawerewera . Meanwhile all drilling 

activity has been suspended . 
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2 . 4 Developments in techniques etc. 

2.4. 1 Drilling 

Early drilling in N.Z. was carried out with 250 m and 500 m rigs however,most 

of the drilling has been done with 1000 m capacity rigs. Recently however the 

smaller rigs, because their operational costs are cheaper, are being used for 

reconnaissance drilling. Although the well is smaller in diameter and shallower 

it does provide positive information on which to base a decision for use of the 

bigger more costly rig. 

Recently,use of the 1000 m rig has become necessary particularly where basement 

has been reached with little permeability and high temperatures. Drilling, 

looking for feeding fissures through the basement is then desirable. 

Hydraulic fracturing is also a possibility which is being explored. Some 

preliminary trials using cold water from the Waikaito have been moderately 

successful. 

Costs are variable and dependent upon local conditions but for 

1980 costs Bolton (1980) gives 

Depth 

500 m 

1000 m 

2400 m 

2.4.2 . D.isposal of Waste Water 

Production 
Casing 

6 5/8" 

8 5/8" 

9 5/8" 

Approximate 
cost (NZ) 

<130 . 000 

$400,000-$500,000 

$650,000-$800,000 

A lot of effort has been put into rei njection studies particularly centred on 

the Broadlands field (Robinson 1979). Early tests were done by reinjection of 

water above and at production depth,i n the centre of the west Bank (BR33) and 

which had been exposed to atmosphere This resulted in depos.i ts in the well and 

recirculation !in nearby wells. The average re injection rate was 170 t/h and 

tests lasted for three months. 

Next , reinjection on the eastern edge of the east bank ' (BR7) was tried. 

Water temperatures were between 105 a nd 13S · C into a well that has a number 

of loss zones above and below the producing levels. This has resulted in 

an improved performance o.ve ra three year period. Average flow has been around 
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25 t/h with a well head pressure of 7 to 14 barg .. 

Reinjection into a well outside the producing field on the West aank 

(BR34) with a good -l oss zone at · 7S0 m into water at 60·C using reinjection 

water at a temperature of 9S·C , required a relatively high well head 

pressure for a maximum flow of 215 t/h. Over a period of one month 

the well head pressure rose to 12 barg whilst the flow dropped .to 160 t/h 

Pump failure stopped the test just as the pressures and flows were 

stabilizing but it was concluded that the test was unsatisfactory because 

of silica deposition in the rock. 

Three short term tests (1 week) in three different wells on the West 

Bank (BR 13 , 23, 31) having temperatures of 270 ' C at their loss zones 

received separated water which had not come in contact with air. Well ­

head pressures ranged from 0 to 6 barsa. The pressures were fal l ing 

in two of the wells with positive back pressures at the end of the 

test for water flows of around 200 t /h . Tests were stopped after a 

week to avoid permanent damage but were considered to be encouraging . 

Further tests have been conducted by injecting into a high enthalpy 

(1600 kJ/kg) high gas (11% by weight in steam) wel l in the two phase 

region for long periods, however, the resul ts are not known to the author . 

In other tests chemical analysis combined with pressure transient studies 

of water injected at 100·C showed strong evidence of deposition close 

to the well . Other evidence suggests silica deposition is induced by 

calcite formed as a result of changes in co
2
/carbonate/bicarbonate 

balance as the water leaves the well. Other tests indicate that if 

cooling is done by heat exchanger wi t hout concentrating the solution 

rather than by flashing ,than deposition may be suppressed. 

However it appears that we do not have enough confidence yet to inject 

below the silica saturation temperature and Ohaaki is to be desi~ned on 

that basis. 

Chemical treatment of the waste water to precipitate out the silica 

was successful but resulted in large quantities of calcium silicate 

creati~. a problem. The material has a value and proposals are under 

consideration for manufacture of a small quantity. 
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2 . 4.3 Pilot Plant Studies 

a . Condenser/Cooling Tower Tests 

This was operated from 1978-1980. Direct contact steam condenser and 

associated water cooling systems were operated with a view to developing 

a gas separation and collection system to avoid the dissolution of gases 

such as H
2

S and CO
2 

in steam condensate . Condenser parameters which 

contr _oIled the H
2

S and CO
2 

solubi lity were f irst established using once 

through cooling water . Subsequently closed cycle cooling water experiments 

were conducted to determine the species in the closed cycle system. In 

addition a series of corrosion probes were installed in the closed cycle 

system to assist with material selection for the full scale power station. 

A schematic of the rig is shown in Fig 2. 3 . of Glover (1979) , Soylemezoglu 

(1980), Braithwaite and Lichti (1981) , give the details. 

The feasibility of disposing the gas in the cooling tower plume was 

demonstrated on this rig and will be used in the Ohaki plant . 

b . Heat Exchanger 

With the completion of the condenser tests the rig has been modified 

for a series of tests to collect data and demonstrate the use of geothermal 

energy in industrial heat exchangers. A programme of work using the r ig 

and monitoring existing geothermal heat exchangers at Rotorua and Kawerau 

has started this year . The rig consists of 8 (tube in tube) heat exchanger 

tubes in series which are downstream of the separator on BR 22 . The rig 

takes water/steam mixtures , the flow rates are monitored separately by orifice 

plates and gas content can be controlled . The tubes through which the 

geothermal fluid is circulated are apprOXimately 5 m long and of 25 mm 

diameter . Temperature and flowrate of the cooling water can be controlled, 

a closed cycle system being used with the chemistry of the cooling water 

being continuously monitored . Instrumentation used is conventional 

thermocouples and water or water/mercury monometers . The thermocouple 

data i s collected by a data aquisition system and ana l ysis completed by 

computer. The intention, after calibration, is to obtain data of two phase 

heat transfer coefficients , fouling factors etc . to assist with industrial 

heat exchanger design. Corrosion monitoring is also being undertaken and 

different tube materials are programmed. 
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The rig was commissioned using single phase flows earlier this year and 

calibration data obtained . Two phase measurements have been underway for 

the last month or two. 

2.4.4 Corrosion Work 

An intensive programme of corrosion testing has been performed on the 

test bore at BR 22. Howard {1980} has built a vibrating reed facility for 

the study of corrosin fatigue in geothermal steam . This uses separated 

steam at 10 bar to excite resonant vibration in a reed specimen of test 

material. This technique enables fatigue endurance data to be accumulated 

more rapidly and with a higher degree of reliability than was possible using 

the conventional rotating bending technique. Turbine blade materials have 

been tested and one of the major conclusions of this and other corrosion 

work has failed to identify any turbine blade materials having substantial 

technical and economic advantages over the 13\ chrome steel used at Wairakei. 

Instrumentation for measurement and monitoring of corrosion rates has been 

developed and is used extensively for the corrosion investigations in N.Z . 

geothermal fields . Soylemezoglu et al . (1980) report a number of 

investigations using corrosometer methods and Lichti a nd Wilson (1980) 

describe methods using electr ochemical techniques . 

Two corrosion case studies are presented briefly below , the first involves 

the corrosion discover ed on annual shut down (1977) in the HP lines at 

wairakei . The occurrance , nature , mechanism , and preventive measures have 

been studied by many workers , see Sloymezoglu et al. (1980) for a review. 

Condensation pot model tests conducted by the author will be discussed in 

Lecture 4 . The effect of condensate velocity and turbulence were considered 

to have a role in the pipeline corrosion mechanism. A corrosometer 

monitoring program, using condensate from a catch pot on the HP line which 

passed along a small diameter pipe, was used to measure these effects . 

Probes were exposed for 20 days and pipe sizes were changed to achieve a 

. range of condensate velocities . Corrosion rates were shown to be a linear 

function of velocity (1 .7 cm/s to 20 . 6 cm/s) demonstrating tha t reducing or 

limiting the flow of condensate would reduce pipeline corrosion rates . 

The literature cited above , briefly indicates that the probabl e cause for 

the HP pipe line corrosion appears to be due to changes in fluid properties 
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causing a reduction in the magnetite l ayer normally found on the inside 

of the pipe. Inhibitors were therefore tried to prevent the localised 

corrosion and the lines were monitored to demonstrate t he effects. Fig. 2 . 4 

shows these effects . The lower line shows the effect of exposing a carbon 

steel probe to pipe line condi t ion s . After a surface layer had formed on 

the measuring section after 13 days , the rate reduced dramatically. Three 

inhibitors on the line were tried. The measurements for two of them are 

shown here, the third was bore flu id and indicated a similar result to the 

Trisodium tests. Trisodium has been adopted with an injection of about 

0.5 kg/day wich has the effect of controlling the pH of the condensate to 

about 8. 

The second case study is that of a corrosion survey of the materials 

used for construction of the condener cooling tower plant referred to 

earlier . Soylewezoglu and Lichti (1981) . The survey included corrosion 

by the process stream as well as at atmospheric conditions. The chemical 

conditions within the process stream were extremely diverse and could not 

be defined explicitly and in addition the plant was aspirated intermittently 

with dismantling and modificat ion to change experimental conditions , 

resulting in internal and surfaces being exposed to atmospheric conditions 

while wetted by fluids containing H
2
S. Corrosion under these circumstances 

may have been more severe than that whilst under controlled experimental 

conditions. 

The conclusions state that carbon steel is satisfactory for non-aerated 

steam operation , but unsuitable for environments where process fluids are 

airated. 

Epoxy coatings were in general unsatisfactory . 

Galvanized or painted carbon steel and stainless were generally resistant to 

atmospheric corrosion. Carbon steel and brass suffered extensive corrosion . 

Stainless steel components located in cooling wate r and off- gas circuits 

had little or no corrosion and no stress corrosion cracking of stainless 

was observed . 
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2. 4 . 5 Miscellaneous 

a. Helical Screw Expander . In conjuctlon with USA , Mexico and Italy , 

N.Z . is taking part in testing the expander , using total flow . This will 

be in N. Z. during 1982 and the objective is to test the machine under 

conditions relating to water dominated fields using a condenser. This is 

an International Energy Agency project . 

b . Downhole Spinner/Plate . Development and use of this device reported 

by Syms and Bixley (1979) is continuing . It has been used up to 2BO ' C, 

providing a continous r ecord at the surface of internal flows . It was 

used at warakei to identify a 50 lis downward flow in a well which has 

since been repaired and put back into production . Further work and 

application of these devices is described by Syms et a l (1980) . 

c . Downhole Heat Exchangers and Separators . Simple 'U'tube typed heat 

exchangers are used in the home by many people particularly in Taupo. 

Recently some serious work has started in assessing and analysing their 

performance. One sizable installation has been installed at a school in 

Taupo to supply space heating and work at the University of Auckland has 

just commenced on the fundamental aspects of this type of heat exchangers . 

Experiments are also in hand on downhole seperators although no details 

are yet available. 

d . Computer modelling . An active group exists in N. Z. with people working 

in Auckland , Wairakei and Well ington . 
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ROTORUA-TAUPO GEOTHERMAL REGION 
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I Whole Islond 
2 Awakeri 
3 Kawerau 
4 Rctomo 
5 Lake Rotaili 
6 Toheke 
7 Tikitere 
8 Lake Rotokowo 
9 Ratoruo City 
10 Tarawero 
It Woimongu-

Rotomohono 
12 Woiotopu 
13 Waikite 
14 Te Kopio 
15 Orakeikoroko 
16 Reporoa 
17 Ngotimoriki 
18 Broad lands 
19 Rotokouo 
20 Wairakei 
21 Taupo - Touhara 
22 Woihi 
23 Tokoonu 
24 Ketetohi 
25 Ruopehu 
26 Ngowho 

SCALE 
40 60 80 100 Km 

Fig . 2.1; Location of the thermal areas in the North Island , New Zealand. 

(Adapted from Department of Scientific and Industrial Research 

Report NZGS 38n New zealand Geol ogical Survey, 1974 . ) 
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3. TWO PHASE FLON RESEARCH 

3.1 Introduction 

The transmission of geothermal fluid from the wellhead to the user , for 

the generation of electricity or for use in an industrial process, has 

to be accomplished as efficiently as possible . The fluid collection and 

transmission hardware costs represen t a significant part of the cost of 

development of a geothermal resource. It has been the general practice 

for wet geothermal fields to separate the fluid at the wellhead into 

steam and water phases, and to carry these fluids in separate pipelines. 

In connection with the generation of electricity from a geothermal heat 

source, James (1968) and Takahashi e t a1 (1970) showed that by using two 

phase transmission there were economic factors and an increase in power 

obtainable from such resources which promised a significant overall 

reduced cost per kilowatt over a comparable single phase system. Recently 

James {19801 has postulated that two phase transmission of the geofluid 

would eliminate the steam condensate corrosion problem that has been 

discovered in the steam transmission line at Wairakei. Since these 

early papers, a number of two phase lines in various geothermal fields 

have been designed and commissioned , e.g . Kawerau, Tiwi and Tongonan 

(Philippines) . 

In order to design a safe and efficient pipe network for carrying a one 

~omponent two phase mixture, data is needed describing the flow structure, 

the pipeline pressure drop, quality change and flow response to pertur­

bations caused by various fittings and components. Demand for information 

for the design of nuclear power stations has been responsible for the 

great bulk of experimental work and associated correlations and models 

for steam water flow . However , experience has shown that descripti ons 

of flow through relatively small diameter boiler- type tubes (up to 5 cm 

diameter) do not successfully predict the flow performance through large 

diameter (up to 1 metre) pipes that are encountered in geothermal appli ­

cations. In addition, much of the data is for a two component flow , 

mainly air/water, which limits its usefulness in predicting the charac­

teristics of a single component steam/water flow. 



A test faciE ty comprising a 10 cm di ameter horizontal pipe loop was 

built on the Wairakei geothermal fie l d at Bore 207. The experiment 
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was designed to collect pressure d rop data for typical geothermal steam/ 

water flows through straight pi.pe and corrnnon components such as right 

angled bends, bends in'S' and 'ut con f i guration and 'Tee' fittings . 

A short straight pipe capable of being t i lted up to 90 · was also avail ­

able to investigate losses in inclined pipes. In support of the Bore 

207 , use was made of a laboratory air/wate r rig at the University of 

Auckland to investigate instrumentation techniques and assessment of 

some air/water data. 

During the course of the project it was possible to make pressure drop 

measurements on the two phase pipelines at Broadlands and Kawerau . 

This lecture, after a brief discussion of the two phase flow parameters 

and a description of the rig and measurement techniques used, presents 

some of the data col lected in graphical form. This method of presentation 

has been selected in order to simplify the application t o 'real' systems. 

3.2 Two Phase Flow - General 

3 . 2 . 1 Introduction 

A number of reviews o f the flow of a two phase mixture have been 

published which give detailed definitions of terms used , flow regime 

maps, and pressure drop correlations a vailable . 

The thesis of Nguyen (1975) , Harrison (1975), Allen (1977) , Lee (1978) 

and Chen (1979) are particularly relevant in t his study . In addition , 

the books of Wallis (1969) , Hewitt and Hall Taylo r (1970), and Govi er 

and Aziz (1977) give discussion of the methods of analysis, measurement 

techniques , and review of data corre lations. A series of papers by 

De Gance et al (1970} discusses flow regimes, two phase heat transfer 

and t he si zi ng o f pipelines. This review gives detailed des i gn t echniques 

fo r both hori zontal and vertical two phase flow with the emphasis on the 

practi cal prob l em solving o f process plant situations . The Engineering 

Science Data Unit Items present me thods for (at calculating the pressure 

change in a system of known geometry carrying a known mass flow rate 

with a known heat transfer distribution ; (b) ca l culation of mass flow 

rate in a system of known geometry wi th known inlet and e xit pressures 
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and known heat transfer distribution; and (cl the calculation of the 

1.0 . of a pipe system of known len9th carrying a known mass flow rate 

and having specified i nlet and exit pressures. 

The basis of these methods is a data bank of some 2210 measurements 

obtained from the literature covering both one and two component 

adiabatic flows i n both horizontal and vertical pipes over a range of 

pipe s i zes , mass flow, etc. Seven established prediction methods for 

t he friction component of pressure drop are compared with the data, and 

a statistical technique is established which enables the user to dete~ne 

the best method for a particular p r oblem. Suggested methods of calculating 

gravity and acceleration losses are also included. 

Table 3.1 details the range of quantities used in the data bank , and, 

of the 2210 measurements , 47% were for Single component fluids , mainly 

steam/water; the remainder were obtained in two component flows, mai nly 

air/water. The maxi mum pipe diameter quoted is 30 cm; the majority of 

the measurements were obtained on pipe diameters of about 5 cm or less. 

TABLE 3 . 1 (ESDU) 

Extreme Values of Parameters 

Diameter (D) mm 

Dryness (x) 

Mass velocity (Cl kg/sm2 

Relative roughness (E./D) 

Gas v iscosity (~G) NS/m 

Liquid viscosity (~L) NS/m 

Gas density (PG) kg/m3 

Liquid density (PL) kg/m3 

Surface tension (01 N/m 

Min . value 

1.0 

0 

11 

2 . 5 .x 10- 5 

1 1 .05xlO-6 

74 x 10- 6 

0.8 

612 

6 . 2 x 10- 3 

Max. value 

305 

1.0 

25000 

5 x 10-3 

22.7 x 10- 6 

128000 x 10-6 

93 . 0 

13546 

456 x 10- 3 

A recent paper by Friedal (19801 represents the latest eff orts known to 

the aut hor in establishing the accuracy of the techniques for the 

estimation of pressure drop. Friedal presents a review of correlations , 

with their limits , for gravity and momentum as well as friction pressure 

drops. Their scope is defined and their accuracy f or prediction is 

systematically compared with a new data bank . It includes extensive 

data during s i ngle component two phase flow of water and various 
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Two phase system and zones of the void fraction measurements 

Parameter 

Mass flow quality (-) 

Mass flow rate (kg/m2hr) 

Pressure (bar) 

Density ratio (- ) 

Viscosity ratio (-) 
- 3 Diameter (10 m) 

-3 Surface tension (10 N/m) 

Two phase mixture 

Number of measured points 
Horizontal flow 
Vertical flow 
Number of authors or 

literature references 

Single-
component 
mixture 

<l 

4458 to 309 

180 to 1 

1573 to 4 

23 to 2 

57.5 to 9 . 1 

53 to , 
H

2
O 

D
2

0 

R 12 

R 113 

4161 
188 

3973 

11 

Two-
component 
mixture 

<1 

10330 to 3 

197 to 

10710 to 5 

5327 to 6 

220 to 6 

469 to 25 

N/Hg 

air/water 

air/oil 

argon/alcohol 
argon/water 

4848 
1350 
3498 

28 

Two phase systems and zones of the frictional pressure drop measurements 

Parameter 

Mass flow quality (-) 

Mass flow densi ty (kg/m2h) 

Pressure (bar) 

Densi ty ratio (-) 

Viscosity ratio ( - ) 

Diameter (10- 3m) 
-3 

Surface tension (10 N/m) 

Two phase mixtures 

Number of measured points 
Horizontal flow 
Vertical flow 
Number of authors or references 

Single-
component 
mixtures 

< 1 

8210 to 15 

212 to 0 . 6 

1615 to 2 

46 to 2 

55.9 to 3.' 

69 to , 
H,O 

R 11 

R- 12 

R-22 

R 113 

N, 

6128 
1037 
5091 

'4 

Two ­
component 
mixtures 

< 

10330 to 5 

171 to 1 

1194 to 6 

5072 to 6 

154 to 0.98 

80 to 20 

air/water 

air/oil 

natural gas/water 

natural gas/oi l 

nitrogen/water 

argon/alcohol 
argon/water 

6740 
4706 
,034 

38 
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refrigerants, and of several two-component systems in horizontal and 

vertical unheated straight pipes under industrially relevant flow 

conditions. In addition, the accuracy of the prediction of some 

generally accepted correlations for void fraction is tested. In all, 

the data bank includes 9009 measurements of mean void fractions and 

12.868 frictional pressure drop measurements tn circular and rectangular 

flow channels by 39 and 62 different authors, respectively. A total 

of 18 relationships for the mean volumetric void fraction and 14 

relationships for frictional pres'sure drop measurements were examined 

and compared. The ranges of the parameters are given in Table 3 .2 as 

a function of type of two phase system. Of particular significance to 

this study, it is noted that the maximum pipe diameter for single 

component data is just over 5 cm, and 22 cm for a two component flow, 

air/water mixtures being prevalent. 

3 . 2.2 Calculation ¥ethods 

Basically it is possible to distinguish three fundamental physical 

models. The HOMOGENEOUS flow model is the simplest. This assumes that 

the liquid and the gas or vapour are uniformly distributed over the 

flow cross section and in the flow direction so that the mixture can be 

regarded as a single phase flow with suitably defined mean values of 

the thermodynamic and hydrodynamic properties of the two phases. 

However, the meaningful definition of mean physical properties, 

particularly viscosity, of the two phase mixture leads to difficulty. 

The homogeneous flow model is frequently used as a reference. 

In the SEPARATED flow model, or slip model, it is assumed that the gas 

and the liquid flow separately as continuous phases with distinct mean 

velocities within different parts of the flow cross section. A set of 

basic equations is formulated for each phase, the solution is closed 

by expressions detailing the interaction of the two phases and the 

interaction of the two phases with the channel walls. These are obtained 

from empirical equations which give the mean void fraction, defined as 

the nean proportion of a pipe's cross sectional area containing the 

gaseous phase, or the ratio of the mean velocities (slip) and the wall 

shear stress as functions of the primary parameters of flow. This model 

represents the other limit.tng case; the actual flow behaviour lies 

somewhere between the homogeneous and separated flow models . 
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More realistic repI:esentations of two phase flows has recently appeared 

in the literature . These 1llOdels involve treatin g the various phase 

models independently , e . g. annular model, slug model, etc. The 

description of any flow pattern is generally accomplished by means of 

the statis-tical features of the flow or by means o f mass, force and 

energy balances. However, the analys-is is difficult , and only the 

relatively simple annular and stratified flows have been so analysed 

(Friedal 1980) . One of the problems with these models is that the 

classification of the various patterns is highly subjective ; there is 

also considerable doubt in the establishment, quantitat ively, of the 

patterns on a flow map drawn with respect t o the primary parameters of 

flow . 

A d i scuss i on of these IIY:)dels , with examples , can be found in the review 

papers and books quoted in the reference list. 

During two phase flow in a non-horizontal channel the pressure drop 

per unit length is made up of contributions due to elevation (gravi ty) 

acceleration and friction , i.e .: 

The first two terms describe a reversible change of pressure; the 

frictional pressure drop , however, is an irreversible change of pressure 

resulting from the energy dissipated in the flow by friction , eddying, etc. 

The equations of the individual components can be defined by means of an 

energy or momentum balance . In the literature it is customary to use 

the momentum balance as the basic equation . 

The pressure drop as a result of changes in elevation is given by -

~ pg sin 0 
( ddOZ) 9 --

where 0 is the angle between the pipe axis and the horizontal. The 

definition of mean density (P) is dependent upon the model chosen: 

For homogeneous flows 
1 

P 
1 - x 

+ ---
PL 
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and ~or the separated flow model p = apG + (1 - O)P
L 

and a correlation for a is necessary . In general, void fraction 

corre lati ons' which are accurate for horizontal flow are invalid for 

vertical flows; howe'ver , no void fraction correlation explicitly 

attempts to correct for variations in 0 . At small mean void fractions 

and at large density ratios, the gravity component may be large . It 

is therefore important to have an accurate assessment of void fraction . 

For smal l changes in elevation the homogeneous model 91 ves sufficient 

accuracy . and for a horizontal pipe this component is zero. 

The ESDU Data Item 77016 attempts, using as a base seven wellknown 

vertical flow correlations , to calculate the effects of inclined flows 

using a conversion technique. Most other references recommen d using 

ei ther a sui table vertical or horizontal model depending on the angle El 

a n d its proximity to the vertical or horizontal plane . 

During the flow of a two phase mixture through a pipe there is an increase 

in volumetric flow due to reducti on in pressure caused by friction and , 

in a single component mixture, due to flashing. This results in an 

increase in the velocity of both phases with a resultant momentum change , 

giving a pressure drop due to accele r ation . The addition of heati ng, 

resulting, for vapourising 'lDixtures , in an increase in the vapour fraction 

giving an additional pressure drop due to acceleration . 

An exact calculation of this component of pressure drop is not possible 

since a knowledge of local phase velocities is required, and again , a 

detailed knowledge of the flow pattern is necessary . One technique is 

to relate through a factor , the lTlOmentum multi plier , the momentum flux 

in a two phase flow to that of a single phase fluid. This relating 

factor is predicted using either the homogeneous or separated flow 

models (ESDU 7800J). 

Friedal {19801 states that the homogeneous equation leads in most cases 

to a more accurate or sligh.tly conservative prediction. Howe ve r i n un­

heated two phase flows the pressure d~op due to acceleration can often 

be neglected . If the ratio 6.P2ph/P < 0 . 2 , where 6.P 2Ph is the frictional 

pressure drop and p the saturation press'ure, then the acceleration 

component is probably negligible. 
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In general the frictional term contributes lOOst to the overall pressure 

drop; however its calculation is i:mpreci:se with the result that many 

pipes and flow channels are over or undersized . Under comparab l e 

conditions the frictional pressure drop in two phase flow may be con­

siderably larger than tn single phase flow. Often the friction pressure 

drop i n two phase flow is referred t o that of a single phase flowing 

under certain hypothetical conditions . This relating factor is called 

the 'Two Phase Multiplier'. The various prediction methods use di ffering 

defini tions for the reference single phase flow'; for example , the liquid 

(or gas) phase flowing alone at the same mass flow rate as the liquid 

(or gas) component of the two phase mixture , or the liquid (or gas) 

phase f l owing alone at the same mass flow rate as the complete t wo phase 

mi xture . The determinat ion of the frictional pressure drop or the 

friction multiplier is not possible by theoretical means alone; thus 

the developed models are corrected or correlated by measurements . 

The li te rature contains numerous re l ationships and calculation models 

for the multiplier and friction pressure drop particularly in unheated 

small diameter tubes with single component flow, usually air/water. 

Generally they are based on relatively few measured values valid over a 

narrow range of parameters . Extrapolation outside this range, o r 

application to other fluid sys t ems , can lead to large errors in predic­

tions . One o f the favoured methods using the friction multiplier 

approach , particularly for the geothermal t wo phase experiments 

referred to earlier , is the Lockhart-Martinelli (1949) correlation . 

However this method has limited accuracy. James et al (1969) recommend t he 

pressure drop estimated by this method should be increased by 30% , and 

Harrison (1977) tested the method together with o thers using the MWD 

file data 0965L and although the Lockhart- Mart:!:nelli method produced 

the best results , the predictions we ,re on a verage 53% high. The standard 

deviation of data about this point was ±6 % (corresponds to 65% of results 

lying Hithin :!6% of the 53% hi gh po i nt). 

Expe rimental investigations in transporting two phase geofluid has 

pre vious ly been reported by Jaroes et al (19691. Takahashi et al (1970), 

Soda e t al (197S) and MWD f ile (J.965t as reported in Harrison (1975). 

These experi ments were a ll conducted in the f ield and represent the f l ow 

characteristics likely to be us~d in production plant. The range of 

values and test conditions are given in Table 3 . 3. 
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TABLE 3 •• 3 

James Takahash i Soda NZ MWD( 1965) 
(19691 et 01 ( 19701 et a1 (19751 et 01 

Pressure MPo 0 . 52- 0 . 83 0 .2 1-0.25 0 . 28-0 . 59 O.47- .1.2S 

Flow 12.0- 5 2 . 4 5.3- 15.7 13.6-44.2 12.6-50.7 

Dryness 0.2- 0 . 55 0 . 11 - 0 . 14 0 . 04- 0 . 026 0 . 075- 0.426 

Diameter m 0.305 0 . 201 0 . 30 0.20 

Test Rig: 

Horizontal Horizontal Inclined 7 " Horizontal 15 
66 . 7Sm ; 23 . 85rn ; 200m Vertical 7 . 6m 
U bend both Inclined (Transient 
horizontal 7.41 " 23 . 85m tests) 
and verti cal bends 
26 .9 rn. 

3.2 . 3 F low Pattern Maps 

Many correlations for two phase predictions of pressure drop have been 

developed without consideration of the flow pattern. Since e xperimental 

data were used, e ffects due t o flow pattern will be inherently incorporated, 

and this will sometimes result in correlation curves that behave in an 

unusual manner. I dentification of flow patterns is subjective and is 

often dependent on being able to visualise the flow. Most of the flow 

pattern maps available have been obtained by study of the f low behaviour 

in transparent pipes and identifying regimes such as Strati fied, Wave, 

Slug , Annular , etc . Other techniques used include x-radiography , which 

has allowed investigation i n opaque channels with heated walls. Various 

types of probe have been developed which produce indirect information from 

which it is poss i ble to deduce the flow pattern . Allen (1978) reviews some 

of these techniques. 

A recent de velopment by Matsui and As i moto (19781 follows earlier work by 

Hubbard and Duk ler ( 1966). Thi s a l lows the identification of the flow 

pattern from the shape of the probability dens-ity function of a differ­

ential pressure signal. Tlie presence of periodicities, the o rder of 

variance , and average value of the signal characterise the flow regime. 
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Several en;lpirical flow pa t tern correlat ions have been developed but 

there is little agreement among them. A number of different coordinates 

have been proposed for the maps which, together with the problems of 

nomenclature and flow identification , produce a wide choice , and for a 

particular flow situation can give a range of answers. 

The flow pattern map of Baker (1954) has found wide use over a long 

period, particularly in the petroleum industry . The ordinates are 

proportional to t he mass velocity of the gas , and the ratio of the mass 

veloci ty of the liquid to that of the gas . Factors are introduced to 

bring the transition lines for systems other than air/water into 

coincidence with the air water system. This map was used by James et al 

(1969) and Takahashi et al (1970) to establish that the geothermal flows 

used in their experim;:nts we r e in the annular flow regi me . The apparatus 

of Soda et al (1975) provided for visual observation to enable the 

existing flow patterns to be compared with those predicted, and minor 

disparities were found. 

Mandhane et al (1974) , having resurveyed existing maps , introduced a chart 

based on a data bank of over 6000 pOints . The axes are in terms of the 

superficial gas and superficial liquid velocity ; however , the data is 

predominantly air/water and is limited to relatively small diam;:ter pipes. 

However, the authors noted the necessi t y of representing the transition 

boundaries as broad bands absorbing any property effects which may tend 

to shi ft the boundaries . 

Taitel and Dukler (l976) carried out a t heoretical analysis of the 

transition boundaries and demonstrated t he effects of property and 

diameter changes in the location of these boundaries. Of particular 

significance for this study was the lack of sensitivity of the annular/ 

slug boundary to changes in diameter, at least up to 30 cm , which was 

the limit investigated. 

Vert ical two phase flow is characterised by the symmetry of the flow 

patterns , wh i ch produces a differen t set of flow maps ; the wave and 

stratified regimes of horizon t al flow are not found . 

With the two e..xtremes , i.e . horizontal and vertical, showing differing 

regim;: maps , the inclined flow situati on is extremely complex . Some 
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preliminary work in this area has been xeported by Spedding and Chen 

(19801 using an air/water r i g . Fri c tional pressure drop data on axes 

of fri ctional velocity and total velocity a're presented as discrete 

curves of superficial liquid velocity which. a lso identifies flow regime . 

A se r ies of graphs are presented illustrating the effect of pipe 

inclination for both up and downhil l flows . (See Lecture 4) . 

3. 2 . 4 Pressurelosses in Contractions, Bends, Tees, valves 

One of the least studied aspects of two phase flow is that of energy 

loss associated with such features as bends , tees , etc . These features 

occur in practical pipe runs and in sections of boilers and evaporators . 

One common way of calculating fricti onal losses in single phase flow is 

to express the resistance of the feature in terms of the equivalent 

length of straight pipe. The same procedure can be applied to two phase 

flows, although i n general the equivalent length of pipes tends to be 

longer than for s ingle phase . 

The r e does not appear to be a generalised method of estimating losses in 

these features. Collie r (19721 presents a short review of the data and 

techniques used. Evidently some authors recommend the homogeneous model 

as suitable for predicting t he loss for e xpansions , contractions and 

bends, particularly for high mass velocities (G > 2700 kg/m2s). It i s 

reported by Fitzsimm:>ns ( 1964) that the pressur e drop round bends was 

up to 2 . 5 times higher than that predicted usi ng single phase measure ­

ments and multiplying by an experimentally dete~ned straight pipe 

multiplier . Chisholm (19671 expresses bend loss as a modified Lockhart 

Martinelli parameter for bends and tEes . Valves are treated similarly 

in Chisholm (1967b); the data base is t hat of FitzsillUTlO ns (1964). Govie r 

and Aziz recomme nd using the equivalent length approach, using data for 

valves and fittings obtained from Crane Co ., U.S.A., for s i ngle phase 

flow (Govier and Aziz , 1977) . 

Harrison (19751 used the availability fUnction to analyse losses at pipe 

components (diffuse r and sudden enlargement in geothermal steam water 

flow) and concluded that i t was a I1Dre useful concept than the pressure 

recovery coefficient usually used in single phase flow . 
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Lee (1978) p_resents a more complete review of the literatuJ;"e on pressure 

losses in tittings, together with SQ~ experi~ntal data taken on 

air/water rig for the 180 degree horizontal bend. 

Of the experiments reported on geotherrnal pipe lines, Takah ashi et a1 

(1970) attempted to correlate 'measurements' for separate 90 ' and 135 " 

horizontal and 83 ° vertical bends in t he 20 cm line on a pressure loss 

versus an apparent dynamic pressure based on a homogeneous model. 

Although three separate lines are drawn, the results are unconvincing 

since so few data points were availabl e. James et a1 (1969) measurements 

on the expansion loop were correlated with mean dryness for the horizontal 

loop, but when the loop was vertical no such. simple correlation was 

possible . 

3.2 . 5 Methods adopted for presentation of measurements 

3.2 . 5.1 Pressure loss calculation 

Harrison (197Sl developed a general one dimensional analysis of geo­

thermal steam water flow in which the following simplifying assumptions 

are made : (a) The flow is one dimensional. Mean velocity components 

normal to the main flow direction are considered to be zero . 

(b) Turbulent fluctuations in the flow are negligible. (c) Pressure 

and t emperature gradients normal to the main flow direction are zero. 

In order to solve the resulting equati ons the flow is idealised by con­

side r ing either a homogeneous or separated flow, as discussed earlier. 

From the earlier measurements on geothermal pipelines, flow conditions 

are in the annular- annular mist regimes and generally it is agreed that 

slug flow should be avoided. This enables further simplifications to 

the equations to be made and allows the separated flow model for low 

quality flows to be developed. Typically the dryness at the wellhead 

will be 0 . 1 < x <: 0.3. Correlati ons for wall shear stress, heat transfer, 

and void fraction are needed for the solution of the equations. 

The prediction method developed by Barrison (1975) is simplified to 

allow manual calculation of pressure drop in stratght horizontal pipe 

(Harrison .1977). For situations in which heat loss to the surroundings 

is small, the dryness of the flow can be considered constant. The total 

pressure gradient consists only of fr i ction and acceleration components, 

and t he one dimensional steady flow momentum equation reduces to 
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'£= 
dz 

4tw 
D 

where Tw is the wall shear stress . 

+ ~ dy 
A dz 

With the assumption of annular flow and the consequent liquid filro. on 

the wall of the pipe , Har rison (1975) demonstrates that wall shear can 

be correlated in terms of the well known Moody diagram or one of the 

equations givi ng friction factor for rough pipes-, the Reynolds number 

being defined in terms of the super fici:al liquid velocity. 

The average liquid phase velocity i s defined as 

= 

and by defining void fracti on CL = AG and introducing dryness fraction 
A 

= 

(1 - a. lA ------ ----- ------- 3 . 1 

Butterworth (1975) reviewed six well known correlations for void fraction 

and proposed that all could be e _xpressed in a general form 

1 

1 + 

A, p, q, r are arbitrary con stants to be dete rmined by experiment for 

the parti cular s ystem. 

For the typical pressure range used in geothermal pipelines, 5 to 12 bar , 

the viscosity term is near unity for r = 0.1 as listed by Butterworth 

(1975), and with A = I Harrison (19751 back correlated the data from 

the NZ MWO f ile (1965) t o obtai n 

= 
1 + (

' _ ",1t.8 (p ) 0.515 
-'I G 

x / -PL 

- - - --- -----3 .2 

This correlation neglects the poss±ble effects· of (a) flow :regime, (b) 

inclination of channel, and (c) h igh mass trans-fer rates-. 
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When the assumption of constant dryness and the concept of separate phase 

veloci ties is used , the acceleration pressu.re gradient can then be solely 

attributed to the density - pressure r elati on of the steam phase. The 

f i nal dimension less quantity is given as 

AC 
w2 _ 2 V x G 
----
a A2 p 

---- --- --- --------3.3 

where P is the line pl!:essulte , so that the final equation for a 

hori zontal pipe is 

Se 
dz 

4Tw 
D(l-ACi 

- - - - --------------3 . 4 

In mos t practical cases the acceleration term will be small. 

3 . 2 . 5.2 Flow Pattern Map 

The flow pattern map of Mandhane et a1 ( 1974) was chosen for this study. 

The map is based on a data bank. of 5 , 935 individual observations over a 

wide range of properties for horizontal fleM. Table 3.4 gives the range 

of parameters used . 

This map is particularly easy to use since the coordinate axes are i n 

terms of the superficial velocities . The original data was sorted by 

Mandhane et al (1974) to i nvestigate diameter effects , and although the 

groups of data were small there was no observable effect for pipe dia­

meters over 25 mm. Any effect that does exi st is masked by being 

included in the calculation of superficial velocities . In any case , 

the work of Taitel and Dukler ( 1976) suggests that the annular-slug 

boundary, which is of major interest to this study , is unaffected by 

changes in diame ter . 

TABLE 3.4 

Pipe diameter (mm) 

Liquid phase density kg/m3 

Gas phase density kg/m3 

Liqu±d phase viscosity kg/ms 

Gas phase viscosity kg/ms 

Superficial liquid velocity m/s 

Superficial gas velocity mjs 

Surface tension N/m 

30 

1 

24 

12 . 5 - 165 

704.9 - 1009.3 

0 . 801 - 50.46 

.x 10-5 - 9.0 ..x 10-5 

x 10- 5 - 2.2 ..x 10- 5 

O. OOg - 7. 31 

0 . 043 - 171 

x 10- 3 - 103 x 10- 3 
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The map as presented by Mandhane et a1 (1974) is based on air/water and 

to account for di f ferent physical properties the flow r egime boundaries 

are shifted , not the axes as' is common with many of the other maps . 

They found the effects of physical property change in the boundar ies 

was surprisi ngl y small . 

The map and compari son with the Baker chart are discussed later. 

3.2.5 . 3 Losses at Fittinas 

The equi valent le ngth procedure has been adopted to present the pressure 

losses recorde d at fittings . The s t raight pipe losse s were first 

established as a function of the liquid phase veloci t y V
L 

(a best fit 

line is drawn through all the data); the measured fitting pressure loss 

is then converted by thi s cur ve to an equivalent s t raight pipe length. 

3 . 2.5 . 4 Flow in TRP.S 

For these components the single phase technique of presenti ng a loss 

coe f ficient i n t e r ms of a f l ow r a t i o wa s use d . The loss coe fficien t 

i s g i ven by 

K31 = 

- 2 
V3 
2g + 

2 
v3 I 2g 

- 2 VI 
2g + 

where hi i s t he static head a t point i , Vi is the mean velocity 

defi ned as 

and 

v . , = 

= xWv 
9 

For t he fitting used , 3 refers to the upstream , 2 straight downstream, 

with 1 being t h e branch at r i ght angl es , that is, flow d i vidi ng from 3 , 

into lines 2 and 1. 

3 . 3 . Experime ntal Apparatus· 

Duri ng the cou rse of the project , measuremen t s were taken on ( 1) a rig 

b uilt on the Wai rake i fi e ld at Bor e 207 ; (2) on t he 17 . 84 cm two phase 

line at the Lucerne Plant i nstallation on the Broadlands f ield , and (3) 



the 48 cm two phase l ine at the Tasman Plant , Kawerau . In addition, 

much useful instrumentation experience was gained on an ai~/water 
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facility built i n the Aeronautics laboratory at the School of Engineering , 

University of Auckland. In general only the work on WK207 and the air/ 

water rig is discussed here . 

The experi mental rig at Wai-rakei was located on Bore 207 wh i ch is sited 

on the e -xtremity of the field . It has a maximum output o f about 20 kg/s 

a t a wellhead q uality o f 20% and a pressure of 8.6 bar. The no flow 

wellhead press'ure is 27 bar whi l e the ma ximum operating pressure is 

limited by bursting disc to 17 bar. The two phase we llhead mi xture is 

first separated in a conventional Webre cyclone separator , the water 

flowing into two holding drums at the bottom, with the steam phase 

extracted from the top of the cyclone. A s chematic of the rig is shown 

at Figure 3 .1 . The 20 cm diameter pipes can take the separate phases 

to t he two silencers as shown. Water is injected into the 20 cm steam 

l ine and allowed to mix before passing through a sudden contraction down 

to t he 10 cm diameter loop . Flow rates are controlled by gate valves, 

and t he two phases are metered separat ely by o ri fice plates before they 

are recombined . 

The test loop consists of a ' u' bend and an'S' bend configuration in 

which the spacer length can be varied . These are followed by a 45 degree 

IS ' vend combination. After a 6 m length of straight pipe a single right 

angled bend leads to a further 6 m of straight pipe before a long radius 

ratio, RID - 90 segmentated bend . This bend is a model of the 46 cm 

diame t er two phase line in use at the Tasman Co. installation at Kawerau . 

A s t raight 18 metres long section ends at a tee, one arm of which goes 

to the horizontal silencer, the othe r to a straight section which was 

inclined at discrete angles of 21' , 44 ' , 66 ' and 90 ' to the horizontal 

and discharged to atmosph ere t h r ough a lip pressure gauge. The rig is 

mounted 30 cm above ground level and is unlagged . The pipework and 

fi ttings are of standard steam quali ty and are butt- welded together , 

except at the combined bend section where flanges are used to allow the 

use of varianle spacer lengths. 
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InstrlUl}entation for measuring p~essure for this rig was deyeloped on 

the air/water rig built by Lee 09781. This consists o~ an 8.4 cm 

diameter perspex pipe arranged tn toe form of a 'u' bend . Since the 

objective of the Wail'akei experiment was to obtain accurate pressure 

drop data, some time was spent on the air/wate-r rig checking and 

developing pressure drop meas·urement techniques . 

Hewitt et al (19641 report a technique usi.ng liquid purging of the 

pressure lines ensuring that the lines are always full of the liquid 

phase, gas filled lines having been found to be unsatisfactory. This 

method is suitable only for laboratory-type experiments as it is 

considered to be too complicated and not practical for field experiments. 

The position of the measurement point on the pipe circumference was also 

thought to influence the measurement of pressure . Adler (1977) suggested 

that pressure taps be placed on the horizonta l centre line to avoid error 

induced by gravity. 

For the field experiments, condensation pots on all tappings, which are 

placed on the horizontal centre line , are used to ensure that the line 

to the manometers are full of liquid. Models of these pots were installed 

on the air/water rig, and the technique for taking pressure measurements 

developed. Pressure purging was used as a standard, and the pressure 

distribution on complementary diameters on the pipe circumference compared 

at positions along the rig. The conclusions from these experiments show 

that the procedures to be used at Wairakei could be expected to measure 

pressure with an accuracy of better than 8%, which was considered satis­

factory for the field experiment . 

For all field tests static pressures were measured on calibrated Bourdon 

gauges. Specially constructed manometers were used f or differential 

pressures; these were either mercury under wa te r or compressed air 

inve r ted water manometers. As mentioned earlier , the phase flows were 

measured with British Standard Orifice Plates and differential manorneters. 

All results were recorded in the field and fed to the University com­

puter for analysis. Prograqunes were written to provide the information 

in the format as presented in this report . 
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3.4 RESULTS AND DISCUSSION 

In all , 255 separate runs were completed on the Wairakei test loop. 

In addition 14 data points were collected on the Broadlands pipeline 

and some further two phase data was obtained from the air/water 

fad li ty. 

Operating procedures were developed which ensured a wide range of 

parameters; however , a considerable time was necessary between test runs 

in order to allow steady conditions to prevail. 

3.4.1 ~ry steam te$ts 

Aft er cOmmissioning the loop a series of test runs using dry steam 

est ablished that the pipe's relative roughness was 0 . 001 to 0 . 002 which 

was typical of a 10 cm bore lightly rusted uncoated steel pipe (ESDU Data 

Item 66027). Figure 3 . 2 shows the experimental results; a best fit 

straight line is drawn through the data paints. A further check on the 

roughness using dry steam was made 16 months later and confirmed earlier 

results: no significant change in roughness had occurred over this 

period. 

3.4 . 2 Flow ~egimes 

It had been established earlier that geothermal two phase lines should 

be designed to operate in the annular region. The flow para~ters set 

for these tests explored the annular region and the transition between 

slug and annular. A number of test runs were recorded well into the 

slug region . In these cases, slugging flow was identified by oscillating 

manorreter or pressure gauge readings and in so~ cases excessive vibration 

of the pipework. The supporting structure for the test loop, although 

adequate for an experimental rig, was not constructed as a production 

pipeline. 

The range of the main flow parameters is given be l ow. 

Separator Pressure 

Steam Flow 

6. 5 to 11 bar 

0.47 to 1 . 74 kg/s 
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Water Flow 

Quality 

0.54 to 11.3 kg/s 

0.05 to 0.33 

Figure 3.3 shows the test data points on a Mandhane chart . The Harrison 

(1975) results and the Broadlands flow conditions are also plotted. 

Of significance is the large amount of test data taken apparently in the 

slug region. As stated earlier, both the Mandhane and Baker charts were 

constructed using air/water measurements. When the slug-annular tran­

sition line is modified for changes in physical properties by the 

technique suggested by Mandhane et a1 (1974) it appears as shown in 

Figure 3.4 On this figure is shown the Baker slug/annular line. 

The points plotted are those which were positively identified as being 

slug flow. It is noted that the Baker line does not identify these 

pOints as being in the slug regime, even when the original air/water 

curve is modified for the effect of physical properties . The Mandhane 

chart identifies these data points as a slugging flow and shows that a 

number of the Broadlands measurements were also in this regime. This 

is not surprising since during the tests , although no large vibration 

of the pipeline was observed, there was the characteristic noise of a 

slug being transmitted down the line , and the plume from the silencer 

was noticeably 'puffing' at regular intervals. These conditions were 

within the broad band transition boundary region suggested by Mandhane 

et al (1974) . 

3 . 4.3 Horizontal Pipe Pr essure Losses 

The measured pressure gradient is plo tted against the liquid phase 

velocity divided by the diameter of the pipe, in Figure 3.5. The pressure 

gradient is based on the pressure drop measured between tappings 50 to 

54, a distance of 9.8 m. 

The liquid phase velocity is determined using the separated lOOdel and 

the Harrison ( 1975) correlation for void fraction. A constant enthalpy 

determined at the separator pressure is assumed through the rig, the 

quali ty changing as the pressure drop occurs . 

The Harrison (1975) prediction method as outlined in 3.2.5 is tested 

against the experimental measurements in Figure 3.6 and shows that the 

tech nique is reasonable. 
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In order to assess the Harrisan method in comparison with others 

commonly in use , the experimental resul ts for pressure gradi ent are 

plotted against those predicted for the Lockhart- Martinelli (Fig. 3 . 7) . 

The calculations for this TIJ:!thod were carried out as recommended in the 

ESDU Data Item 76018 with an acceleration component included . It is 

seen that this method tends to Qverpredict the pressure gradient, and 

in general t he correlation between measured and predicted is not good. 

3 . 4.4 Pressure Losses at Fittings 

Al l the results in this section are presented i n terms of the ordinate 

showing an equivalent length of straight pipe. That is , the measured 

pressure loss across the fitting for a specified VL is refere nced to 
D 

t he straight pipe losses as illustrated on Figure 3 . 5 . The equivalent 

length in matres is given on the left hand axis, the equivalent length 

expressed in t erms of a number of diamete r s on t he right hand axis. Best 

fit straight line have been fitted to the data . 

Figure 3.8 gives the losses t hrough a ' u' bend and shows that the bend 

formed using a spacer length of two diameters gives considerably less 

loss than that using a t en diameter spacer . The air/water results of 

Lee (1975) support this trend . The resul ts for the'S' were not so 

conclusi ve . 

The short radius 90 degree elbow (taps 30-40) and the tee (54 - 57) are 

cOIlFared in Figure 3 . 9 , the t:ee showing the higher l oss . This bend 

behaves alrrnst as a mitred bend, which from single phase flow studies 

would be expected to have the higher loss. The comparison of these 

two curves illustrat es how choice of bend affects losses. 

Finally , the losses around the l ong radius mitred bend show an additional 

loss due to curvature . This e xtra loss can be significant at high liquid 

velocities . I t is interesting to note that using a 90 degree elbow 

and lengths of straight pipe to achieve the change of direc t ion between 

two points gives margina l ly less l oss t han the long radius ratio bend. 
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The rreasurerrents presented in this section derronstrate the magnitude 

of secondary losses. The pressure loss associated with each of the 

fittings tested is equivalent to a length of straight pipe of the 

order of 100 diameters , which is about twice that of single phase flow 

through the S8ffi8 fitting - Govier and Aziz 09i7). 

3.4.5 COmparison with Horizontal Air/Water Measurements 

It is considered useful to make a comparison of the steam/water and 

air/water results to the same base . Data from two air/water experiments 

are analysed. One set is obtained from the e xperiments of Lee (1978) 

with an 84 mm diameter perspex pipe, the other from Chen (1979)who used 

a 45.5 mm diameter perspe x pipe . This latter rig was fi t ted with 

quick action valves which enabled mean void fraction to be determined 

experimentally . Figure 3.10 shows the steam/water curve obtained at 

Wairakei and the ai r/wate r results from the two experiments . On ly annular 

flow data was included from Chen (1979) and the experimental void fraction 

measurements used to determine V
L

. Clearly t he separated model correlate 

the air/water da t a, and there is reasonable agreerrent between the two 

sets of air/water !information. However , the air/water measurements 

underpredict the steam/water gradient. 

In Figure 3.1J. the experimental void fraction of Chen (1979) is compared 

wi th the void fraction corre lation of Harrison (1975) for this particular 

air/water experiment . There is a divergence , particularly for the lower 

values of void fraction , generally corresponding to low quali ty. This 

i ndicates larger quantities of water with increasing wall film thickness, 

wi th subsequent changes in flow structu re at the interface . Of course 

by using a Butterworth type void frac tio n correlation , with indices 

fitted to suit the air/water resul ts , e xperiment and prediction can be 

made to agree , whi ch is what Chen (1979) has done. 

In addi t ion to the above differences it should be noted that the steam/ 

water res ults were obtained for a rough pipe, i.e. re l ative roughness of 

about 0 . 001 , which for a f ully turbulent liquid Reynolds number would 

give a friction factor of about 0 . 022 . The air/water data was obtained 

for a s mooth pipe with a friction fac t or of about 0 . 009 over the range 
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of Reynolds number tested. The separated flow model shows pressure 

gradient to be proportional to friction factor, ignoring the acceleration 

conponent for a 9i Yen set of flow conditions. It could there fore be 

expected that 

in the ratio 

the smooth pipe gradient for a 
0.022 
0.009 = 2 . 4. This moves the 

given VL would be increased 
D air/water data 

above the steam/water curve . However, more information is needed before 

such detailed conclusions can be drawn. 

It is suggested from this discussion that care should be taken in using 

air/water correlations for steam/water calculatior.s , and secondly , 

that effects of roughness should not be ignored. 

3. 4 .6 Conclusions 

The main conclusions are that 

a) the separated flow roc>del as developed by Harrisan can be used 

within confidence to predict pressure drop for a two phase flow in 

horizontal pipe within the range of the parameters tested . 

b) the Mandhane Chart is satisfactory in predicting the annular/slug 

transition region 

c) it is clear that a lot of experimental data has been collected which 

requires further analysis . Care should be taken in using smooth pipe 

air/water data for predi ction of pressure losses. 
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4. TWO BHASE I NCL I NED FLOW , BOREHOLE PRESSURE DROP 

EST I MATION AND CONDENSATION POT DESIGN 

4 . 1 Inclined Flow 

Work on the 10 cm loop included tests for upward flow in an inclined 

pipe. Pipe inclinations of 2 1 ' I 44 · , 66 " and 90' were possible. The 

flow down the inclined pipe could be resolved by a lip pressure gauge on 

the discharge end and during these tests use was also made of the tee 

to obtain pressure drop information for d i viding flows 

4.1.1 Inclined Pipe Loss 

The gravity component as stated earlier in Lecture 3 is given by 

dp 
p sin e 

dz 
9 

and the mean mixture density 

= 
PL PG 

P + 
1 + Y/

VR 
1 + VR/y 

where Y = B / (1 
= x PL 

- B I 1 - x P G 

For homogeneous flow VR - 1 and 

P P S + PL 11 - SI 
G 

or , in terms of .x 

1 
+ 

1 - " 
PG 

PL 

and for separated flow 

The correlation of PrellOli et al (1970) for vertical flow nndified 

by 8eggs (1973) orientation factor was chosen , as the authors claimed 

to account for inclined pipe losses . The Premoli et al (1970) uses 

the veloc! ty ratio rather than voi d fract i on . The two are re lated 

by 



a = 1/(1 + VR 
Y 

After determining the velocity ratio from the Premoli et al (1970) 
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correlation, it is converted to a void fraction for the vertical pipe 

case. Using the homogeneous mixture veloci ty , a Froude Number is 

calculated , and a liquid velocity number. These enable a flow regime 

(one of three) to be selected which, from the appropriate 8eggs (1973) 

equation , allows first a flow regime factor then a further coefficient 

which depends on the direction of flow , i .e. up or down flow , to be 

estimated . Finally . the void fraction from the Premoli et al (197Ql 

correlation is fac t ored by an equation involving these numbers. The 

calculation technique is detailed in ESDU Item 77016 (1977). 

4 . 1.2 Inclined Pipe Tests 

No satisfactory method of accounting for inclined pipe losses has 

resulted so far from this work . The experimental data has been compared 

with two correlations. Fi gure 4.1 presents the measured results conpared 

to the metho ds of Premoli et al (1 970) and Beggs . The gravity component 

was obtained by subtracting the horizontal straight pipe friction loss 

from the measured quantities , also making an allowance for the acceleration 

component. It is seen that the prediction is well below that of the one 

measured. It would appear , however , that the technique might be suitable 

for much smaller angles than 20 degrees and for small mass veloci ties. 

If instead of using the velocity ratio preditction, the Harrison 

void fraction is used then the result is as Figure 4 . 2 . Again , the 

cor relation is not good a lthough for angles up to about 40 degrees 

there is a reasonable fit to the data. This method cannot be e xpected 

to give a good result since the data base for determining the void 

fraction relationship is based on measurements in a horizontal pipe 

with predominantly annular flow, and as was stated earlier for incline 

flow , patterns change and the pressure drop correlation becomes out 

of range. 

From this work it is clear that pressure drop is a fraction of flow 

regime . Spedding and Chen (1980) h ave carried o ut extensive tests 

on an air \i8ter rig , in which they were able to measure hold up. Some 

of their results are presented in figures 4 . 3 and 4.4. The coordinates 



- ~4 -

are frictional velocity U
X 

defined as (shear stress/liquid density) 1/2 

and VT ,+ total velocity of phases . With these coordinates the resulting 

curves show a logical progression with V
LS 

the superficial liquid velocity. 

It is difficult from these curves to isolate one particular set of data in 

terms of the variables , however they do serve to show that inclined pipe 

loss is very much a function of angle which determines the flow regimes, 

the liquid superficial velocity for some flows having little significance. 

Upward and downward flows are covered in what is a very extensive set of 

measurements. 

4.2. Geothermal well-Pressure Drop Prediction . 

4.2.1 Introduction . 

The capability of accurately predicting flowing pressures in geothermal 

well producing steam-water mixture under various operating conditions has 

a wide application. 

a) May be the most important for a developed field would be to combine 

this knowledge of wellbore behaviour with a reservoir simulation programme. 

This would provide a general fluid simulator for a geothermal field, and 

would allow complete modelling of the reservoir and the production system 

in a single pass. Its principial profit would probably be to predict the 

long-range performance of the reservoir , and determine in advance what 

its performance would be when it became partially depleted. 

b) The optimisation of wellbore design for future wells in a partially 

developed field can be achived by calculating production rates for different 

casing diameters at a given wellhead pressure, and comparing the benefit 

of increased flow rates against the higher cost of larger diameter wells . 

cl Calculations can be made to estimate the depth at which the precipitation 

of calcium carbonate scale is likely to occur for different diameters and 

mass flow rates . This is possible since 
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the precipitation p rocess. is related to the pressure and temperature 

conditions in the wellbore. Then, the selection of operating conditions 

can be guided to cause scaling at shallower depths, making it easier to 

carry out clean-up operations. 

d) An additional application would be the determination of procedures 

for starting up and testing wells. As the gas- lift is a common method 

for this purpose, the gas volume, pressure, and injection depth require­

ments can be determined if the prl:!:ssure profile in the wellbore is 

known . 

At the present time, IOOst of the e.xperience gained in vertical two phase 

flow has been inspired by the petroleum industry , nuclear reactors and 

air- liquid systems. Accordingly, it is not known yet in a definitive 

way which , if any, of the pressure drop correlations developed for 

these systems, is suitable for geothermal wells. 

There ha:v:e been a few critical reviews, Geuld (1974), upadhyay et al 

(1977) ,Denver (1978) with this objective . Howeve.J; due to the difficulty 

in accumulating a substantial number of pressure data in geothermal 

wells for comparison , the results are limited in the range of well 

condi tions studied. 

The flowing fluid may enter the we 11 as a single phase fluid steam or 

water, or as a mixture of both phases, the latter two cases being the 

most conunon in geothermal wells. And even for the liquid phase case, 

a steam- water mixture is very likely to occur in some portion of the 

well. 

As water flows up the well , the pressure falls because of the reduced 

hydrostatic load imposed by the fluid column above, and friction in the 

we 1 lbo re . Finally, a pOint in the well is reached at which the local 

pressure is at the bOiling pressure for the water temperature. At this 

point , flashing begins and some steam is formed. As more steam is 

formed, the fluid velocity increases augmenting the frictional forces 

and reducing the density of the overlying mixture. 

Bubble, Slug, Transition and Annular mist may all be found in the bore, 

particular for high flow rate cases , however for lower flow rate wells 

the slug flow regime appears to be the most consistent. 
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Goulo , (1974) applieo four methods to calculate the pressure 

profile in some geothermal wells at Broadlands and Wairakei, New 

Zealand. He reported the method of Hagedorn and Brown (1965) as the 

bt=!st for slug flow compared with Or kis?ewski (1967) and Aziz. The 

Turner- Ros correlation was used for annular mist and the Griffi th and 

Wallis (1961) for bubble flow exclusively. 

Recent work done by upadhyay et al (1977) in geothermal wells 

from Up.ited States and Phillippines, used agai n Hagedo r n and Brown, and 

O:rkiszewsk~ correlations together wi th the 8eggs and Brill approa ch which 

was developed for inclined pipes . In this corr:parison , a revi~w of this 

subject has been prepared by t.l-)e Denver Research Institute (1978) . 

A handbook in Geothermal Well Design is presented gi vi ng a !'<eries of 

graphs and a relatively easy procedure to estimate the ."lell hedd 

cO!1diti ons from the well bore bottom data , for different values of mass 

f low rate , producti on t.emperature and well bore dialTk:!ter. The handbook 

is limited for wells being fed by liquid single-pha~e only and it is 

expected its major U~e will be in making a~ economic ana l ysis to deter­

mining the feas i bility o f geothermal p.nergy projects . 

For this handbook , several of the IOOre prominent correlations for two 

phas e flow were conside red . The selected me t hod was a conbination of the 

elevation pressure d r op predicted by Hughmark's (1962) method, and the 
et al 

prediction o f Duckler/( 1964l Case I! for f ric tional p ressure drop . 

4.2.2 Selection of methocs 

The re · .. "iew suggests that the three methods should be tested for geo­

thermal wells . 

1. Hagedorn and Brown correlation 

2 . Orkiszewski method 

3 . Hughmark-Duckler method 

These three correlations have been tested against others for vertical 

flows and are worthy of application to well bore design . 

Two more methods have recently been developed (1975) and have been added 

to this study. 
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4. Hughmark-Wisman combination 

5. Harrison correlation 

Although these methods were not obtained specifically for geothermal 

wells , they have been tested for steam- water mixtures . 

The Wisman (1975) correlation was developed f or frictional pressure 

drop only in an analytical way and reported an improvement of about lO t 

when compared against Duckler method for experimental s t eam-water vertical 

flow, wi th diameters from 0 . 025 to 0.1143 m (1 - 4 inches) . 

For this work, the method is corrbined with the holdup predicted by 

Hugh mark. 

Finally , the Harrison (1977) prediction was developed primarily f o r 

horizontal geothermal pipelines which have bigger diameters tha n those 

used in previous co r relations however it was demonstrated by Harrison 

(1977) to give acceptable results in vertical pipelines. A detailed 

description of these methods is gi ven in Marquez (1980). 

4.2.3 Source of data for co~arison 

In orde r to test the chosen pressure drop correlations , a se l ection of 

5 geothermal wells from different fields is investigated . 

BR- 12 

KA-27 

M- I02 

OKY-6 

WK-72 

From Broadlands geothermal field , New Zealand 

From Kawerau geothermal fie l d , New Zealand 

From Cerro Prieto geothermal field, Mexico 

From Southern Negros geothermal field, Phi lippines 

From Wairakei geothermal field , New Zealand . 

4.2.4 Assumptions 

Two principal assumptions were es tablished to facilitate the general 

sequence for calculating the predicted pressure drop. 

1) Adiabatic flow : - Assuming no hea t transfe r from the fluid to the 

surroundings, the steam quali ty can be calcula ted . Gould (1974) analysed 

wells from NZ giving flow rates 10 · 47 kg/s to 76 · 93 k g/s and concluding 

that heat transfe r had little effect . 
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2) Pure steam-water mi.xture: - The effect of the total dissolved solids 

upon the water properties is neglected as well as the gas effect in the 

steam phase . This is expected to be acceptable for the contents of the 

wells investigated here . However, the wells M-102 and BR- 27 could be 

analysed in greater detail taking account of the water concentration of 

M- 102 which is around 2% (20 , 000 ppm) at reservoir conditions , and the 

gas content of BR-27 . A gas flow rate of 0.28 kg/s is reported for this 

well whose mixture production is 10.56 kg/so 

4 . 2 . 5 Procedure of calculation 

The sequence of the principal ste9S for determining the predicted 

pressure drop along the well is summarised as follows : 

a) Starting with the well head fluid conditions, a small pressure 

increment t!.PT is selected . 

b) Using the average pressure over the increment , the water and steam 

properties are obtained considering phase equilibriwn. 

c) A new steam quali ty is computed 

d) using the selected correlation , the terms 6Pa ' tf and Pm are 

calculated and the length 6z in which the speci fied 6PT occurs, is 

determined 

e) The pressure is increased again by an increment and the corresponding 

6.z is calculated following the steps b, c and d. 

f) This procedure is continued until the total depth of the well is 

reached or when the change of phase occurs . 

Notes: -

1. In wells where the well head pressure is recorded by different gauge 

to that used for the pressure survey , the starting point was considered 

at the first 100 m depth in order to avoid any difference between the 

readings of the instruments . 

2. The increments 6PT selected along the well were not constant but 

always conserved wi thin 10% of the preceding pressure. 
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3. When a change in diameter of the well was found during the calcu­

lations, the paint where it occurred was considered as a new starting 

paint . 

4. The values of roughness used in this work were those proposed by 

GeuId (1974) 

€ 4.57 x 10 - 5 m. <0.0018 inches) for the casing . 

S 13.72 x 10-5 m. (0 . 0054 inches) for the liner . 

The shear s t ress (Tf) ' the mean dens ity p m and the acceleration term 

!J.Pa are determined as a function of hold up dependent upon the prediction 

IlEthod adopted. 

4.2.6 Results 

To give an idea of the well and flow conditions analysed, a summary with 

the range of the principal parameters are presented . 

Well diameter 

Well depth with two 

phase flow 

Mass flow rate 

Bottom enthaIpy 

Well head pressure 

Pressure at the flash 

(D) 

(ZTP) 

(M
T

) 

(hB) 

(PWH) 

paint (P FP) 

Steam fraction ( X ) 

Surface water velocity (V SL) 

Surface steam velocity (V ScY 

Predicted flow regirre 

0 . 147 - 0 . 290 

600 - 1500 

10.56 - 60.83 

1171 - 1522 

11.9 - 73.8 

20 - 128 

o - 0 . 28 

0 . 036 - 2 . 46 

o - 33.3 

*Slug flow only 

m 

m 

kg/s 

kJ/kg 

Bars 

Bars 

m/s 

m/s 

*The flow regime for each increment was predicted using the boundari es 

proposed by Orkiszweski (1967) . 

The slug flow appeared almost exclusively. Only the first part of 110 

meters below the well head of WK-72 was predicted as transition flow 

regime but then it was close to the boundary of the slug flow regime . 

Figs. 4.5 to 4 . 8 give a graphical evolution of the methods and Figs. 4.9 

to 4.12 are examples of the predicted profiles compared to the observed. 
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4.3 Condensation Pots 

4.3.1 Introduction 

At Wairakei a water stea'ffi mi.:x.ture is dis'charged from the well head to a 

separator from which the steam phase is piped by branch lines which 

convey the steam to the power house. The efficiency of the separators 

is very high '. a dryness fraction of 99.97% has been measured (James 

1975). However, there is still a significant carryover of water into 

the steam line. In addition, although the pipelines are insulated there 

is a heat loss which results in some water condensing from the steam 

phase. Recent tests at Wairakei indicate that the steam phase in the 

main transmission lines may be of the order of 0 . 5% wet. 

The bore water contains dissolved chemicals. The chemical composition 

in the water within the separators at Wairakei is about 1500 ppm (parts 

per million), mostly chlorides , which must not be allowed to enter the 

turbine. To remove water from the pipelines due to these two causes, 

condensation extraction pots are located at intervals down the lines. 

James (1975) claims an efficiency of 70\ for these pots and, with an 

assumed steam dryness of 99.97 and condensation within the pipeline due 

to heat loss of 0.1% of the steam flow between two extraction pots, he 

demonstrates that after the first two pots every subsequent two pots 

reduce the chemical concentration in the water by more than an order of 

magnitude (11.11). McDowell (1975) describes tests on a 280 rrun diameter 

pipeline from Wairakei bore 216 in which over a pipe length of about 400 m 

including some loops and bends, with 5 drain pots the chlorides were re­

duced from 1640 ppm at the ball check valve to about 3 ppm after the 5th 

pot. 

Early research on the design of the pots had indicated that the most 

effective drain pot depth was 3xdiameter of the pipe to be drained. 

Any decrease in this depth caused turbulent re - entrainment prior to the 

working of the steam traps. Unfortunately the drain pots in the Wairakei 

bore field (except for alarm traps) vary in depth between 0.5 and 0 . 7 

diameters. The dimensions were conditioned by, among other things, the 

clearance available between the pipeline and the ground. 
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In 1971, during the optimisati on study o f the Wairakei field and power 

plant , a new 1. 22 m (48 in . l diameter ILP line was designed and it was 

considered necessary to look at t he proposed catchpot design particularly 

wi th reference to its efficiency in removing condensate. In 1977 , during 

the biennial shutdown of the Wairakei power station , corrOSion/erosion 

damage in the two 76 cm (30 in . ) diameter H.P . steam transmission lines 

was di scovered, and , as part of the investiga.tion programme, means of 

improving the efficiency of the catchpots was proposed , to reduce the 

condensate flow . 

4.3.2 Flow in Cavities 

The majority of the work on cavity type flows has been done on re ctangular 

cutouts. Roshko (1955) measured the pressure and velocity fields along 

the centre line of a slot formed in the floor of a wind tunnel. The depth 

of the cavity could be varied between 0 and about 25 ems . The pressure 

on the centre of the floor of the cavity as a frac tion of depth is shown 

in Figur e 4.13. The p ressure coefficien t Cp is defined by Cp = (p.ref)/ 

1/2Pu2 where p is the local pressu re , i.e. at position 14, and p.ref . is 

the static pressure at the re fercnce posi tion which is just ups tream of 

the leading edge of the cavity , and u is the free stream velocity well 

outside the floor boundary layer. The features of this curve are a 

shallow cavity regime from a h/b up to about 0 .1 where the pressure on 

the base of the cavity is positive and a deep cavi ty region where the 

pressure is negative . The maximum positi ve pressure coefficient of 0. 18 

occurs at a h/b - 0 . 06 . Measurements with a flattened pitot tube facing 

upstream close to position 14 i ndicated that, soon a fter the maximum 

pressure is reached , s eparation of the flow in the c avi ty floor occurs . 

Between h/b = 0 . 5 to 0 . 87 , and above h/b = 2 , fluctuating pressures were 

measured with t he change from intermittent to steady at h/b = 0 . 87 occurring 

quite sharply . Wool Tuf t studies indicated that a single steady vortex is 

first formed in the cavity at thts value of depth . These interrni ttencies , 

which create large pressure and velocity fluctuations , appeared to be due 

to switching back and forth between two stable stat es . They occur 

i ntermediate to those for which stable systems may exist. 

Experimental work by Tani et al (1961) largely confirmed Roshko's work 

and added data showi ng the turbulence and shear stress variations in 

rectangular caviti es as a function of h/b . He noted that these para -
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meters (turbulence, shear stress) in the mixing region of the shallow 

cavity (h/b '" 0 . 4) are stronger than for the square cavi ty (h/b :;: l.O). 

The effect of upstream boundary layer characteristic does not seem to be 

significant in establishing the stable cavity flows. 

Mills (1961) supplemented experiment with a theoretical analysis for a 

square cavi ty but one of the main features of this work was to establish 

the flow pattern in the cavity as a f W1ction of depth (fig. 4 . 14) . This 

work shows a series of stable flow si tuations except for the range 

0 . 25 < h/b < 0.80 in which an unsteadiness occurs reaching a maximum at 

about h/b = 0 . 5 - 0.6. It is deduced that the unsteadiness is due to 

periodic fluctuations of the vortex in the vertical direction. 

The effects of three dimensionali t y of the flow in rectangular cavities 

was investigated by Maul! and East ( 1963 ) using a visualisation technique 

(oil flow) and surface static- pressure distributions. They demonstrated 

that the three dimensionality of the flow was a function of cavity depth. 

During investigations of the flow and heat transfer characteristics of 

nuclear fuel elements. flow patterns over a range of depths were observed 

by Lewis (1966) in a r ectangular cavity in a closed circuit wate r tunnel. 

Between depth/chord/ratio of 0 . 25 t o 0 . 8 the spanwise variations described 

by Haul! and East (1963) were largely observed . However , Lewis indicates 

tha t flow appeared to enter the cavity near the side wall, being largely 

contained in the trailing vortex filaments (Fig. 4 . 15) . 

For h/b = 0.8 to 1 . 25 a "w" vortex was formed - a sinusoidal vorte x fila­

ment of two wavelengths , the plane of which rotated as a function of depth; 

it was vertical for a square cavity. Above h/b = 1 . 25 two alternate flow 

patterns were observed, generally mirror images of each other . The "w" 

vortex is thought to arise from end effects which, because of the small 

span/chord ratio (: 2) , would control the flow in the whole cavity . 

4 . 3 . 3 Model Experimental Work 

4.3.3 . 1 First Series 

A pressure tapped cylindrical cavity (catchpot) (Figure 4 . 16) was lOOunted 

in an air rig (mean velocity 43 m/s) in a region of fully developed flow. 

The rig discharged to atmosphere , and conditions in the model line were 

considered to be typical of those experienced in the 1.22 m line .~t 
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Wairakei, i . e. high dynamic pressure compared to static pressure . Two 

types of tests were conducted first, pressure profiles were measured 

for a range of cavity depths, and secondly, known quanti ties of water were 

injected at the bottom of the pipe at two positions upstream of the 

cavity (9 and 69 diameters) and the collection efficiency of the catchpot 

estimated . 

The pressure profiles both in the streamwise and normal directions were 

measured for a range of depths. Typical profiles are shown in Figure 4.17 . 

The pressure coefficient (Gp) profiles both in the streamwise and normal 

directions were measured . The magnitude and distribution of pressures 

was a function of depth . In general . for shallow depths the pressure on 

the upstream wall was negative leading to a negati ve pressure on the base, 

which rises sharply from a maximum sucti on on the base to a peak positive 

pressure on the downstream wall at the bottom of the cavi ty . The pressure 

then falls up the downstream face of the cavity . Above an hid greater 

than 0 . 5 the pressure on the upstream wall is first negative , reaching a 

I?eak. suction about half way down the wall before turning up at the upstream 

corner . There is a positive pressure across the base with a peak near the 

downstream wall. Finally there is a negative suction loop as the top of 

the cavi ty is reached. 

The pressure coefficient at the centre tap on the base is shown as a 

function of hid , at figure 4.18 , and shows a clear suction peak at about 

hid = 0.5 . Tests were done at different airspeeds and indicate a small 

Reynolds number change ; however the critical depth of about hid 

unaltered . 

0.5 was 

To obtain collection efficiency data - that is, the ratio of the amount 

collected to the amount flowing - a known quantity of water was injected 

(9 diameters or 69 diameters upstream of the cavity) at the bottom of 

the pipe . Figure 4.19 shows the variation of collection efficiency as a 

function of depth , and illustrates the effects of liquid to gas flow 

ratios. The rrethod of injecting water into the bottom of the pipe was not 

entirely satisfactory but the results clearly show t he influence of catch­

pot depth on the water retention. 
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The pressure profiles in Figure 4.17 appear to be of similar shape to 

those measured in two dimensional cavities. However, the instability 

experienced by Roshko was not evident here. Within the cavity the flow 

i s cOIlFle x and three dimensional. The pressure profiles and the water 

injection tests suggest for shallow cavities , Le . hid < 0 . 5 , that the 

water deposited initially on the downstream wall is driven vertically 

down towards the base. The flow then splits and moves towards the side 

walls where a vigorous upward spiralling motion drives the droplets 

towards t he lip , similar to that suggested by Lewis. In addition , 

particularly with the larger f lows , a secondary loss occurs in which 

water is torn from the surface as it is forced towards the upstream wall 

of the cavi ty by the incoming airstream. 

For cavity depths greater than hid = 0.5 , the pressure distributions on 

the walls and base suggest a more stable flow with a symmetry appearing 

in the profiles a nd the possibility of a stable vortex appearing . The 

retention of water improves with increasing depth. Water injected at 

69 diaueters upstream of the cavity is more typical of that in the full 

scale pipeline . 

4.3.3.2 S~cQnd Series 

As mentioned earlier , further tests were necessary as a result of a 

programme designed to alleviate the corrosion p r oblem observed in the 

76 cm (30 in.) diameter p i peline. The objective of these tests was to 

improve the collection efficiency of the pots . 

The air/water rig of Lee (1978) was used for these tests. Air is 

supplie d from a Roots blower via a flow measuring orifice to a 84 mm dia­

~ter perspex pipe arranged in the form of a 180· ' u ' bend connecting 

two straight lengths 3 metres long . Water is injected through an annular 

injector which sprays the water on t o the walls of the pipe at entry. 

A cyclone separator returns the water to the sump , the air being dis ­

charged to atmosphere . Water flow rate is measured by a calibrated 

rotameter . 

A section was installed in the downstream tangent from the 180 degree 

bend , which included the test catchpot with an adjustable base and three 

other catchpots. These additional catchpots were used to collect water 

in the efficiency tests . This test position was chosen in order to 
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u~ilize the bend to spread some water around the pipe wall, a condition 

which has been observed in the Wairakei pipes . The test catchpot was 

about 25 diameters downstream of the tu' bend in a region which could 

be expected to have a reasonably well developed flow. A water outle t 

on the base of the test catchpot was included to empty the pot . 

Two sizes of catchpot were tested, the dimensions chosen to correspond 

to a scaled mode l of those in use at Wairakei, the diameter of pipe (D) 

to diameter of catchpot (d) ra tios being 1.5 and 1.0. Airflow was 

adjusted to give a pipe velocity of about 30 m/s, corresponding to the steam 

velocity i n the 76 cm steam lines. A water flow rate was selected to 

give about the equivalen t of 1% wetness . In these tests no attempt to 

model Reynolds number was made ; the available apparatus did not permit 

correct Reynolds number scaling. 

Following the tests of the basic catchpots , modifications were introduced . 

These a r e discussed later. 

Pressure tappings on the top of the pipe and across the horizontal dia ­

meter were installed. These were sited one pipe diameter upstream and 

downstream of the pot, and pressure drop measurements ta~en on an in­

clined manometer . 

Three techniques were used to estimate collection efficiency . Firstly, 

a deep catchpot > 2.0d was allowed to fill to a known depth a n d the dis­

charge cont r olled to give a constant depth . Figure 4.20 summarises 

typical results from this type of test . Secondly, the plunger was set 

at a given depth and the catchpot discharge adjusted to give a constant 

depth of water equal to 0 .1 250 over the base of the catchpot. A study 

of the results showed that at depths greater than about 0 .50 the col­

lection efficiency was virtually independent of depth. 

The third technique used was t o set the plunger base to a given depth , 

allow the water to build up to a fixed height , al l ow the water to build 

up to a fixed height. and discharge the water, allowing it to refill for 

the next cycle. This procedu re was considered to be an app r oximation to 

the operation of the Wairakei drain pots . The results , although not 

covering the full range of plunger depths, showed t he same trends as 

illustrated in Figure 4 . 20 ; that is, a peak collection efficiency for 
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this diameter ratio (~= 1.5) at about a hid = 0.6 (hiD = O. 4l which is 

defined as the critical depth. 

Visual observation of the flow into and around the catchpot largely 

supported the interpretation given in the earlier Series One tests. 

It was noted with interest that below the critical depth the build-up 

of water in the catchpot was s uch that t he air- water interface sloped 

in the direction of flow, i . e . the water was deeper on the upstream side. 

The drain exit, therefore, needs to be on the upstream half of the catch­

pot base. This was confirmed by the pressure distributions rreasured 

earlier . 

The sensitivity of collection efficiency to variations in water flow was 

investigated. Below critical depth, no significant change in efficiency 

was detected for small changes in water flow. However, for hid > 0 . 6 a 

10 % decrease in water flow , Le. the air/water mixture becoming dryer , 

resulted in about a 7-10% improvement in collection efficiency. This 

was the result of less water spread on the pipe walls, more of the water 

flowing along the bottom of the pipe. Small increases in water flow did 

not show any measurable changes. It was not until the wetness had been 

increased from 1% to 4% that the collection efficiency reduced signifi ­

cantly . 

The 76 cm (30 in.) diameter line at Wairakei has a number of drains which 

are 50 cm (20 in.) diameter and 20 cm (8 in.) deep (measured from the 

bottom of the pipe). These dimensions correspond to hiD = 0 . 27 (h/d = 0.4) 

which is below the critical depth and would be expected to have a low 

collection efficiency of about 60%. As discussed above, at this depth 

the flow inside the cavity is highly three dimensional and turbulent , but 

there is a tendency for water to move to the upstream side of the catch­

pot and to be re-entrained with the airstream. For this geometric design, 

attempts were made to improve the efficiency . To prevent the reversed 

flow, a baffle mode l led in p l astici ne was placed transverse t o the flow 

direction , fixed to the base and immersed within the cavity . '!Wo different 

shapes were tried and both resulted in collection efficiencies over 95% . 

It was necessary, however , to ensure that there was a passage for the air 

wi thin the cavity to traverse upstream. This was provided by small gaps 

around the edge of the baffle and in the centre. The most efficient baffl-e 
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under all conditions was one in which the upper edge approximated to the 

pipe/catchpot in t e,rse ction wi.th 3 holes i n the cen t re whils t a b affle 

whi ch left the middle third of the diarooter open performed satisfactorily. 

Catchpot 
D 

(- = 1. 0) 
d 

A limited range of tests was carri ed out for a catchpot of ~ = .1 - 0 . 

The collect i on efficiency at t hree depths was measured . For 0 . 25 D a nd 

O. 75D efficiencies we r e of the order of 90% whilst at O. SD a very strong 

pair of vortices , rotating parallel to the flow on either side of the 

catchpot , was observed giving a collection efficiency of about 75% . 

I nsertion of baffl es, as descri bed above , destroyed the vortex system 

and gave efficiencies over 95% . 

The pressur e drops across the catchpots are shown in Table 4. 1 The pressure 

drop coefficient is e xpressed in t erms of the dy nami c head o f t he airflow. 

Catchpot 

D 

d 

D 

d 

= 1.5 

= 1. 0 

TABLE 4 .1 

Mass rati o 
air 

/water 

• 

1. 5 

4 . 4 

4. 4 

Pot depth 

hiD 

0 . 27 

0 . 27 

0 . 27 

0.27 

0 . 52 

0 . 27 

0.52 

0 . 013 

0 . 009 

0 . 010 

0 . 018 

O. 131 

0 . 0 10 

0 . 025 

Some recen t full scale tests con f irmed the bas i c r esu lts of these model 

baffle tests. Baffles were inserted into two drainpots i n I L ' line at 

wairakei (A 4/ 5 , Asl. The shape of the baffle is in Fi g ur e 4 .2 1. The 

rate of condensate wa s meas ured and the. results measured o ver a long period 

in Figure 4 .22 . 

I t is seen that on installation of the baffles the condensate discharge 

froIn the two d r ain pot s r ose from a round 40 k g / hr to 140 k g/hr . I t was 
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estimated that this demonstrated an improvement in catchpot efficiency 

from about 40% to 95\ . The performance at A4 was surprisin9 and later 

traced t o a blockage within the dra i n pipes . 

From this work it is seen that drain pot performance is a function of 

depth and that shallow pots can be improved by i nstalling a baffle plate. 
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