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ABSTRACT

Geysers that discharge water and steam intermittently to the atmosphere are one of the rarest

natural phenomena associated with geothermal systems. several approaches including

laboratory experiments, field observations and mathematical and numerical modelling studies

are used in the present study to explain the behaviour of geysers and the important parameters

controlling the eruption of geysers. A particular study is made of three geysers at Rotorua

geothermal field: Pohutu, Prince of Wales Feathers and Waikorohihi.

The existing mathematical model (steinberg et al., 1981a) is studied and an improved

mathematical model is developed to accommodate two-phase flow and the variation in fluid

properties with temperature. Both the existing and the improved mathematical models are used

to model pohutu and are able to reproduce not only the interval benveen eruptions but also the

durations of the cavern filling and the duration of the pre-play stage observed by the author on

the 20m of August 1993.

Fully transient numerical models, which include the eruption process itself, are developed

using MULKOM and the AUTOUGH2 simulators and produce reasonably good agreement

with the analytical solutions and experimental data. The model provides information about the

processes inside the geyser system and models the surface discharge which cannot be modelled

using the Steinberg type of model. A fully transient model for Pohutu, which is developed

using the AUTOUGH2 simulator, is able to reproduce the behaviour observed by the author on

the 20th of August 1993.

The results of sensitivity studies show that of the three Rotorua geysers, the Feathers is the

most sensitive to changes in the rate of the hot upflow from depths. Both the Feathers and

Waikorohihi are more sensitive to temperature changes than Pohutu. Pohutu is currently a

vigorous geyser with preliminary pulsating spring behaviour; large changes in the rate and

temperature of the hot upflow would be required to stop it erupting. All geysers are sensitive to

variations in the water level and temperature in Te Horu'
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xx.Lt

NOTATIONS AND SYMBOTS

A = cross sectional area (m2)

A{. = cross sectional area occupied by the liquid phase (m2)

A"tr = effective area of the veff (ml
c = specific heat (kJ/kg.K)

c6 = slrcific heat of hot water (kJ/kg'K)

cc = specific heat of cold water (kJ/kg.K)

h = specific heat of water in the charnber (kJ/kg'K)

q = sPecific heat of rock (kJ/kg'K)

Clt = chloride conccntration of the erupted water when first ejected (ppm)

Cf = chloride concentration of the erupted water at the end of eruption (ppm)

d = diameter of the chamber (m)

4n = dianeter of the channel (m)

d1 = duration of the chamber filling (s)

dttu = actual duration of the chamber filling (s)

dt2 = dration of the channel filling (s)

dt', = duration of the channel filling+duration of the heating up for non-

overflowing geYser (s)

dfu = duration of the heating up until entption (s)

dttr = intervd between eruptions (s)

dkp = duration of the water PlaY (s)

dp = duration of eruption for Pohutu (s)

dr = duration of eruption for the Feathen (s)

dy7 = duration of eruption forWaikorohihi (s)

E = etr€rgY contained in the fluid &f)
F{ = etr€rgY contained in the residual water (kI)

= €tr€rgy contained in the fluid at the beginning of the chamber filling (kI)

E" = en€fgil transferred to the system by the cold water (kI)

q = eD€rBI losses carried by the overflowing wafer (kI)

4 = €o€fgl transferred to the systemby the hot water (kI)

E = eo€rgY inPut to the sYstem (kI)

Ep = eruPtion rate for Pohutu (kg/s)

F4 = eruPtion rate for the Feathers (kg/s)

EW = eruption rate forWaikorohihi (kgs)

F1 = function of the liquid viscosity number (N1)



xxx

F2 = function of the liquid viscosity number (Nf

ft = function of the liquid viscosity number (Nf
Fa, = function of the tiquid viscosity number (Nj
F5 = function of the liquid viscosity number (N1)

F6 = function of the liquid viscosity number (N1)

F7 = function of the liquid viscosity number (N1)

g = acceleration due to gravity 1m2ls;

G = total inflow of cold and hot water entering the chanrber (kg/s)

CrL = mass flow rate of the liquid (kg,/s)

G5 = mass flow rate of the steem (kg/s)

Gr = total inflow of cold and hot water during stage-l, the chamber filling

(kds)

Cn = total inflow of hot and cold water at the end of stage'2 (kg/s)

Gs = rnilss flow rate of cold water entering the chamber (kg/s)

Gco = mass flow rate of cold water after an eruption, i.e. at initial condition

(ks/s)

Gct = nrass flow rate of cold water during stage-l,the chamber filling (kgs)

GcZ = rDassflow rate of cold water at the end of stage-2 (kgs)

H1 =liquidholduP
Hc = void fraction

H = length of the channel (m)

Hplume = height of eruPtion (m)

h = enthalpy of the fluid (kyke)

h = enthdPy of the overflowing water (kJ/kg)

hs - enthalpy of the liquid phase (kJ/kg)

h = enthalpy of the vapour phase (kJ/ke)

hrg = heat of vaPorization (kJlkg)

hft = enthalpY of the cold water (kJ/kg)

hn1 - enthalpy of the hot water (kJ/kg)

trg - enthalpy of the residual water after an eruption (kJ/kg)

K = effective conductivity of the rock

k = absolute permeability of the rock

kpa = relative permeability to liquid

knv = relative permeability to vapour

L = length of the charnber (m)

I-i = length of water column (m)

Lg = bubble-slug boundary, dimensionless

I-s = slug-transition boundary, dimensionless
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= pressur€ in the chamber at the end of stage-2,the channel fi[ing @a)

= heat input to the chanrber (kW)

= Inflow rate of hot water for Pohutu (kg/s)

= Inflow rate of hot water for the Feathers (kg/s)

= Inflow rate of hot water for Waikorohihi (kgs)

= saturation of liquid

= saturation ofvapour
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= residual saturation of vapour

= cross section area of the channel (m2)

= entropy of water at cavern temperature (kJ/kg)
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U = time at the end of stage-Z,i.e. end of the channel filling(s)

t3 = time at the end of stage-3, i.e. time when an eruption occun (s)

tp = interval benreen eruptions for Pohutu (s)

tg = interval benreen eruptions for the Feathers (s)

try = interval between eruptions forWaikorohihi (s)

T = temperature (oC)

Tc = temperature of cold water ("C)

T6 = temperature of the overflowing water (oC)

T6 = temperature of hot water (oC)

Ts = saturation temperature ('C)

Tg = temperature of the residual water after an eruption, i.e. at the initial

condition fC)
T1 = temperaturc at the end of stage-l ('C)

T2 = temperature atthe end of stage-2 ("C)

Tcht = temperature of water in the chamber after an eruption (oC)

= temperature of boiling water at amospheric pressure ("C)

Ta12 = temperaturp of boiling wafer associarcd with a full column ('C)

T"ql = equilibrium temperature of the mixed hot and cold water during stage-l

cc)
Tqz - equilibrium temperature of the mixed hot and cold water at the end of

stage-2 fC)
= equilibrium temperaturc of the mixed hot and cold water during stage-3

("c)

Tp = cavern temperature for Pohutu fC)
Tg = cavern temperaturc the Feathers CC)

Tyy = cavern temperature Waikorohihi ("C)

Uo =nozzf,e velocig (u/s)

V = volume of the water (m3)

V1 = volume of the water in the charnber at the end of stage-l

= volume of the charnber (m3)

Vg = volume of the residual water after an eruption (m3)

Vt = volume of the chamber plus volume of the channel (m3)

Vch = volume of the channel (m3)

Vcb = volume of the chanrber (m3)

Vy = mixture velocity (m/s)

V6 = actual gas or steam velocity (m/s)

V1 = actual liquid velocity (m/s)

Vg = slip velocity (rnls)
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Vsc = superficid gas or steam velocity (m/s)

V5s = suPerficiat liquid velocity (m/s)

Vs = bubble rise velocitY (m/s)

WL = water level in the channel (m)

l\lLO = water level after an eruptioo (m)

Xp = Inflow rate of cold warcr for Pohutu (kgls)

Xg = Inflow rate of cold water for the Feathers (kgls)

Xw = Tnflow rarc of cold water for Waikorohihi (kgls)

xi = steam qualitY in the Eixnrc

cr = rccharge parameter (m.s)

p = densitl &gtn3)
pO = density of the residual water after an enrption (kdn1

Pc = densitl of srcam (k/m3)

pv = densiry of steam (kdn3)

pL = density of liquid waler (kglnl

Pr = densitY of rock (kgln3)

po,G) = &nsitl of water at cavero temperaure 1tg/m3)

po,(100"C) = dcnsitY of waler at IOO.C (k/n3)

trr = viscosity of liquid water (kdm's)

pc = viscosity of steam or gzut (kg/m.s)

o = liquid surfacc tcnsioo (dyneJcm)

At = tirne inctemcnt (s)

0 = porosity

l, = sfeam fraction of tbe total mass flttx
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Chapter I
INTRODUCTION

1.1. Background and Objective of the Study

By the late 1970s there was a wide spread public concern that excessive exploitation of the

Rotorua geothermal field (New Zealand) had caused a decline in activity of the natural surface

features associated with the field, particularly those at the Whakarewarewa thermal area

(Fig. 1.1). The area, which is located on the southern boundary of Rotorua City, is one of

New Zealand's most famous tourist areas because it has a variety of geothermal surface

features: hot and boiling springs, steaming and hydrothermally-altered ground, mud pools and

geysers. A special attraction to tourists are the geysers that intermittently discharge hot water

and steam into the atmosphere (Fig. 1.2).

In comparison with the geysers in the Yellowstone National Park, USA, and those in Iceland

and Kamachatka of the USSR, the geysers at Whakarewarewa are less spectacular and fewer in

number (Allen and Day, 1935; Wilson, 1975; Torfason, 1985; Bryan, 1986). Because,

however, the Whakarewarewa geysers are in close association with active volcanism and are

accessible in all seasons, this area has some advantages for tourism over the other fields

(Wilson, I975).In 1980 Rotorua was visited by more than a quarter of million tourists, about

a third of whom were from overseas (Donaldson, 1980). Tourists can extend their trip to visit

other thermal areas in the Taupo Volcanic region (see Fig.l.3) such as Craters of the Moon

(close to Wairakei), Waimangu, Orakei Korako and Waiotapu. The Whakarewarewa area is not

only valuable for the tourist industry but also has great cultural value. It has a special place in

Maori culture and is listed among their taonga or most prized possessions (Allis and Lumb,

I992).This area is also important because it is the one remaining geyser area in New Zealand.

Geyser Valley close to Wairakei, which in terms of the number and variety of geysers was

equal to Whakarewarewa, has collapsed due to the exploitation of the geothermal field (Wilson,

1975).

Because of the increasing public concern, the New Zealand government established the

Rotorua Monitoring Programme in 1982 to confirm and quantify the changes in natural activity

in the Whakarewarewa-Rotorua area, to determine major factors affecting the geyser activity

and to provide a base line for future field management. In 1983 the Rotorua geothermal Task

Force was established to study the engineering aspects of geothermal energy use in Rotorua

and to find ways to reduce fluid withdrawal from the Rotorua geothermal reservoir. The results

of their work were published in two major reports for the New Zealand Ministry of Energy

(1985).
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Figure 1.1 A view of Whakarewarewa thermal area showing Pohutu ggyryr and Prince of- 
Wales Feathers geyser in eruption (Photo: Saptadii/August 20,1993)

Figure 1.2 A closer view of Pohutu, geyser (ri7ht) and Prince of Wales Feathers geyser (left)
in eruption (Photo: Saptadji/August 20,1993)
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The Rotorua Monitoring Programme (1982-1985) confirmed that the nature of

Whakarewarewa has changed significantly over the period 1969-1984, particulady in terms of

the number of active geysers and boiling springs (Cody and Simpson, 1985; Simpson, 1986)'

Of sixty-three boiling springs that existed in 1969 only thirty-eight were found in 1984, and of

sixteen geysers that existed in 1969 only six were active in 1984, and only four of them were

active daily, namely: Pohutu, the Prince of Wales Feathers, Waikorohihi and Mahanga. These

geysers are located close together along the Te Puia fault on Geyser Flat @g. 1.4). Wairoa has

been dormanr since 1959. Kereru used to boil vigorously and erupt occasionally, but by 1984

it erupted only rarely. Mahanga was still active daily in 1984 but according to Cody (see Weir

at el., tgg1) it was dormant or nearly so by 1989. Te Hont, a large vent close to Pohutu, used

to erupt and boil vigorously discharging large quantities of water, but since the early 1970s the

water in Te Horu has never overflowed at the surface. In 1969 the water temperature in this

pool was g0-l00og, but by 1984 it had decreased to 60-90'C (Cody and Simpson, 1985;

Bradford et al., lggT). with the exception of Pohutu which had erupted to 20 metres for over a
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century, by 1983 the other remaining geysers showed signs of decline. The Feathers used to

play to a height of 12-13 metres (Lloyd, 1975; Lloyd in Cody and Simpson, 1985) but in

1982-1987 it erupted only to a height of 8-10 metres. According to Cody and Simpson (1985),

in 1983 it erupted to a height of only 6 metres, but it played almost continuously to L-2 metres.

Waikorohihi in the early 1900s used to erupt to a height of 13 metres (New 7n'alandHerald in

Lloyd, 1975) but it was occasionally dormant (Cody and Lumb, 1992).In the period 1967-

1969 and in 1975 it played to a height of only 5-6 metres (Lloyd, 1975; Lloyd in Cody and

Simpson, 1985), and in July 1985 it played to a height of 8 metres (Cody, 1985 in Weir et a1.,

1992).

The interests of tourism and of geothermal energy utilisation came into conflict in Rotorua. On

the one hand preservation of the Whakarewarewa area was essential for tourism. On the other

hand the geothermal fluids were needed to supply hot water for residential and commercial use.

In Rotorua, government department offices, hospitals, schools, hotels and motels have been

heated by geothermal energy. The geothermal water has also been used to supply hot water for

spas and swimming pools in almost all hotels and motels. In one of the hotels the geothermal

energy has been used not only for heating but also for cooling. Since exploitation began

(1930s) about 900 wells have been drilled in the Rotorua field, of which about 350 are

production wells (Drew, 1984). Up to the early 1980s there was litfle restraint on where wells

could be drilled or on the amount of the fluid that could be withdrawn from the wells

(Donaldson, 1980). At that time the total winter production rate was 31000 tonnes/day and the

surrmer production rate was 25000 tonneVday (New 7*'alandMinistry of Energy, 1985). Most

of the waste water was re-injected to depths of less than 20 metres. Only about 5 Vo of the

waste water was re-injected to production depths of 100-200 metres. Grant et al. (1985), as

part of the Rotorua Monitoring Programme, estimated that since exploitation began the pressure

in the geothermal reservoir, in some parts of the system, had dropped by up to 0.5 bar (5 m of

water level) and that beneath Whakarewarewa it had dropped by up to 0.2 bar (2 m of water

level).

A conceptual model of the Rotorua system has been developed (Donaldson and Grant, 1981;

New Zealand Ministry of Energy, 1985), and a reservoir modelling study of the Rotorua

geothermal field and springs was undertaken during the Rotorua Monitoring Prograrnme

(Grant et al., 1985) in order to investigate the gross effect of fluid production on the surface

features at the Whakarewarewa. The model simplified the Whakarewarewa springs, geysers

and other surface features by lumping all of them together into a single discharge.

Consequently the effect of fluid production on the geyser activity could not be investigated in

detail. To prevent further deterioration of the natural surface features at Whakarewarewa both

the Rotorua Geothermal Monitoring Programme and the Task Force (New Tnaland Ministry of

Energy, 1985) recommended a reduction in the production rate. Re-injection to increase the
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reservoir pressure was also recorlmended. Because of the increasing public concern, the

Ministry of Energy in 19g6 decided to close all wells within a 1.5 kilometre radius of the

pohutu geyser (the largest geyser in this area) and all wells in Rotorua operated by government

departments, and to implement a charging system for extracting geothermal fluid from other

parts of the field. The closure of the bores began in 1986 and continued until March 1988

(Bradford, 1992).

e^ rl 50lu r,

Figure 1.4 The location of the geysers along the Te Puia Fault (afier Lloyd 1975)

Attempts to investigate the major factors affecting the Rotorua geysers motivated this study

(Freeston and O'Sullivan, 1988; pers. comm.). The number of scientific studies of geysers is

limited compared with the number of field observations of their behaviour. Some geysers in

Iceland and the yellowstone National Park of the USA have been the subject of such studies in

Metres
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the past. Most of the theoretical ideas about geysers have been derived from field observations

and temperature measurements made in these areas, as, for example, in the works of Bunsen

(1886, from Sherzer, 1933 and Allen and Day, 1935), Allen and Day (1935), Barth (1950)'

Rinehart (1965, 1968, l969ab, l970abc, 1972, t974, 1975,1980). Early investigators made a

great contribution to the conceptualization of the subsurface geyser system and eruption

mechanism. Of special importance is the concept proposed by White (1967) for the subsurface

structure of geyser systems which are associated with large convective geothermal systems.

Many investigators used laboratory models to investigate aspects of geysers, as, for example,

in Hallock (1884 reported in Allen and Day, 1935), Sherzer (1933), Geis (1968), Anderson et

al. (1978), Steinberg et al. (l98lb, c, d). Of these the most complete is the work of Anderson

et al. (1978) which describes how an eruption is initiated in laboratory models, and the work of

Steinberg et al. (198lb) which describes the processes within a geyser system from the end of

an eruption until the beginning of the next. Only very few analytical studies of geysers have

been made, e.g.by Benseman (1965), Steinberg et al. (1981a), Murty (1979), Dowden et al.

(1991) and Ingebritsen and Rojstacer (1993). Of these the most relevant to the present study is

the study of Steinberg et al. (1981a) who developed a mathematical model for simulating the

processes involved during a complete cycle of a geyser from the end of one eruption until the

beginning of the next and the study of Ingebritsen and Rojstacer (1993) who used a numerical

approach to set up a fully transient model of a geyser.

The most important investigations on the Rotorua geysers are the tracer tests made in 1951,

1959 and 1985 (described in Lloyd, 1975; Cody and Simpson, 1985). The test in 1951

confirmed that there are shallow underground connections between Pohutu, the Prince of

Wales Feathers, Waikorohihi and Te Horu. The 1959 test showed that they were also

connected to Wairoa, but by 1985 this connection seemed to have disappeared. The Kereru

geyser is believed to be not connected to the other geysers and in fact the sinter there has a

different composition from that deposited by the other geysers. Based on these facts a possible

model for the subsurface plumbing system of Rotorua geysers was proposed by Lloyd (1975).

His ideas are described in this thesis in Chapter 2. Other important investigations of the

Rotorua geysers are those carried out by Mclrod (1988); Mcleod and Cody (reported in Weir

et al., lgg1). During the 1987-1988 Rotorua Monitoring Programme the activity of the Rotorua

geysers was recorded using an automatic recording system and temperature sensors which

were fixed above the ground near the vents of the geysers. The records show very clearly not

only the irregularity of the performance of the geysers but also the influence of the water level

in Te Horu on the activity of the geysers.

Scientific studies on the Rotorua geysers have been limited, probably because they have

become part of established tourist sites, and investigations on tourist sites are restricted to
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surface observations because of fears that the activity of the geysers may be damaged' Tests on

geysers in New Tnalandcan be carried out only in isolated areas where access is difficult'

The New ZealandDepartment of Scientific and Industrial Research, over the period 1989-

1991, carried out an extensive investigation of the Rotorua geothermal system. Their work was

described in a special issue of Geothermics (1992). It covers the geology and hydrology of the

area, the results of geochemistry and geophysical investigations, a modelling study, a simple

model for the Rotorua geysers, and an investigation of changes in aquifer pressures and in

thermal activity before and after the bore closure programme. Of special importance to the

present study is the work of Weir et al. (1992) on the Rotorua geysers. To date their work is

the only study which has focused on the Rotorua geysers in quantitative terms. They developed

a conceptual model for the group of geysers. They used the vent areas, estimated heights of

eruption, and durations of play and intervals between eruptions, all measured by Mcleod and

Cody (Mcleod, 1988; Mcleod and Cody as reported in Weir et al', 1992), to deduce the

cavern depths and temperatures, and the magnitude of the inflow of water for each geyser.

The objectives of the present study are as follows:

I . To use laboratory models for the following purposes:

(i) To investigate how a geyser eruption is initiated and terminated.

(ii) To study processes within a geyser system from the end of one eruption until the

beginning of the next.

(iii) To measure the residual volume of water after an eruption.

(iv) To investigate the effect of changes in the inflow and temperature of water on the

characteristic of geyser eruptions.

(v) To provide data to validate analytical models'

A better understanding of the processes within a geyser system will help in the

development of mathematical models which can be used for simulating the behaviour of

geysers.

Z. To test the validity of the mathematical models developed in the past for simulating the

processes in geyser systems from the end of one eruption until the beginning of the next'

Experimental data obtained from the laboratory modelling study is used to calibrate the

models.

3. To derive improved mathematical models and to test their validity for simulating the

geyser processes.

4. To set up fully transient models of a geyser using two numerical simulators (MLJLKOM

and AUTOUGH2) and to test rheir validity for simulating the processes in geyser

systems by comparing the model results with experimental data and field observations.
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5. To makevisual observations of the behaviour of Pohutu, the Prince of Wales Feathers

and Waikorohihi geysers and to deduce their cavern depths and temperatures, and the

magnitude of the inflow of water for each geyser.

6. To simulate the processes in Pohutu, the Prince of Wales Feathers and Waikorohihi

geysers using both the mathematical models and numerical models, and to determine their

sensitivity to changes in flow rate, temperature and pressure of the deep inflow, which

may be caused by the operation of nearby wells.

Thus this study brings together field observations, laboratory experiments and mathematical

and numerical modelling of geysers.

The present study is related to a number of scientific studies which have been undertaken at the

University of Auckland. These have been aimed at, firstly, finding an alternative energy

extraction system which conserves geothermal fluid while providing energy for heating

(Dunstall and Freeston, 1988, 1990, l99l) and, secondly, assessing the use of production

/injection doublet systems for the Rotorua geothermal freld (Pan et al., 1991, 1992).

The Rotorua geothermal field is today, following the bore closure programme, showing strong

signs of recovery. The bore closure programme has reduced the winter production rate of

31000 tonnes/day to 11000 tonnes/day and has reduced the summer production rate of 25000

tonnes/day by a similar proportion (Siitonen, 1988 and Timpany, 1990 as reported in

Bradford, lgg2).The mass of waste water reinjected to production depths has almost doubled

and is now 3lVo of the discharged fluids. The results of pressure measurements in the

monitoring wells, reported by Bradford (1992), reveal that the reservoir pressure increased

sharply following the closure of the bores. As a result the activity of some hot springs has

returned and geyser activity is more intense (Altis and Lumb, 1990; Cody and Lumb, 1992).

The Pohutu geyser plays longer. The Kereru geyser, which very rarely erupted during the

period 1982-1985 (Cody and Simpson, 1985), has been affected by the closure of the bores.

Since early 1987 it has erupted for about 30 seconds at least once every few days to the

unusually large height of l0 to 15 metres. Such eruptions had not occurred at least since 1973

(Bradford et al., 1987). The bore closure programme has also caused an increase in the mass

and heat flow in some other thermal areas, e.g. Roto-a-Tamaheke, Kuirau Park. In fact some

residents have become concerned that the closure of the bores may have caused the re-heating

of old thermal areas near their houses (Allis and Lumb, 1990).

It is hoped that all the studies of the Rotorua geothermal field will provide the information

needed to set up a management plan that will permit the continuing extraction of energy for

Rotorua city while giving adequate protection to the geysers and hot springs at

Whakarewarewa.
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1.2. Thesis Structure

This thesis is divided into ten chapters. chapter 2 reviews the literature on the performance of

geysers, the water chemistry, the surface features of geysers, the mechanism of eruptions' the

conceptual model of the subsurface plumbing system of geysers and irregularity in the

performance of geysers. This chapter also briefly reviews previous laboratory and

mathematical models. The behaviour of the Rotorua geysers and their conceptual models are

also reviewed in this chaPter.

physical modelling of a geyser is part of the present study. In Chapter 3 the configuration of

the laboratory models and the parameters measured are described. The temperature records at

various levels are presented. Mechanisms which control how a geyser eruption is initiated and

terminated, the processes within different types of geyser models, the residual volume after an

eruption, and the factors which determine the interval betrryeen eruptions are discussed in detail'

Other aspects of geysers such as the effect of a constriction on geyser performance, the

response of a geyser to changes in the rate and temperature of the inflow of water are

discussed.

In Chapter 4 a mathematical model, developed previously by Steinberg et al. (1981a) for

simulating the processes within a geyser system from the end of one eruption until the

beginning of the next, is reviewed. The governing equations are re-derived for completeness

and to provide a clear description of the model. In the present study this model is used for a

parametric study. The use of the model for investigating the sensitivity of a geyser to changes

in temperature and mass flow rate of the inflow is demonstrated. The validity of the model is

tested using experimental data obtained from the present study. The processes and the

temperature in the chamber predicted by the models are discussed and compared with those

observed in the laboratory model. Their limitations are discussed and recornmendations are

made.

In Chapter 5 a new mathematical model (called in this thesis "the variable density model") for

simulating the processes which take place within a geyser system between two eruptions is

derived. The new features of this model are that it takes into account the presence of two-phase

fluid and the type of flow regime as well as the variation in fluid properties with temperature

and variation in pressure with water level. A new criteria for the occurrence of an eruption,

described later in this chapter, is introduced with the model. The equations and the solution

method are discussed. The validity of the model is tested using some laboratory data' The

processes which take place and the temperature in the chamber as predicted by the models are

discussed and compared with those observed in the laboratory model. The limitations of the

new model are discussed and recommendations for further improvements are made.
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Chapter 6 discusses the development of a fully transient numerical model of a geyser using the

MULKOM and AUTOUGH2 simulators. The advantage of this model is its ability to provide

some insight into the system as a whole, because it is able to simulate the discharge to the

atmosphere including the eruption process itself, which cannot be simulated using the

mathematical models. The methodology, the conceptual model, the computer model and the

data used are discussed. The processes predicted by the model are examined and compared

with those obtained from laboratory and mathematical models.

Chapter 7 presents data and subsurface parameters for the Rotorua geysers. This chapter is

divided into four parts. The first part reviews the derivation of subsurface parameters, i.e. the

cavern depth and temperature and the magnitude of the inflow of water to the geyser system,

from measured values at the surface such as the vent area of the channel, the height of eruption,

the duration of playing and the interval between eruptions. The uncertainties which may have

contributed to errors in the calculation of the subsurface parameters are discussed. The second

part of this chapter discusses the performance of Pohutu, Prince of Wales Feathers and

Waikorohihi geysers, as observed by the author as part of the present study. The third part of

this chapter discusses the processes likely to be occurring within the Pohutu and the Feathers

geysers, as deduced from the observed data. The last part of this section presents the

subsurface parameters for Pohutu and the Feathers geysers as deduced from the observed data,

using techniques suggested by Weir et al. (1992).

Chapter 8 presents the development of mathematical models for three geysers: Pohutu, Prince

of Wales Feathers and Waikorohihi geysers using the mathematical model developed by

Steinberg er al. (l98la) and the data deduced by Weir et al. (1992). The sensitivity of each

geyser to changes in the inflow rate, the temperature and the pressure are described and

compared.

Chapter 9 discusses improved mathematical models for Pohutu which were developed using

both the Steinberg model (Chapter 4) and the variable density model (Chapter 5) and were

calibrated against the observed data collected by the author as part of the study (Chapter 7). It
also discusses the development of a fully transient numerical model for Pohutu. The sensitivity

of the geyser, as predicted by the models, to changes in the inflow rate, the temperature and the

pressure on the interval between eruptions is also described.

Chapter l0 presents both a summary and conclusions. The main features of the study are

reviewed. Recommendations for future work are advanced.
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ChaPter 2

LITERATURE REVIEW

The term geyser is adopted from the Icelandic geysir which means gusher and is itself related to

the Icelandic giosawhich means "to erupt" (Torfason, 1985). A geyser has been described in

the literature as a hot spring that intermittently discharges hot water and steam into the

atmosphere (e.g. Allen and Day, 1935; White, 1967; Rinehart, t974, 1980). Geysers are

extremely rare natural phenomena but in some places they have a tendency to cluster, forming a

geyser area. The best known geyser area in the world is Yellowstone National Park in the

USA with approximately 400 geysers (Bryan, 1936). Other well known geyser areas are

Kamchatka in the USSR with about 100 geysers (Rinehart, 1980) and Iceland with about 40

geysers (Barth, 1950; Torfason, 1985). rWhakarewarewa-Rotorua (New 7*aland) in 1969 had

16 geysers but today only three geysers are active daily, namely Pohutu, Prince of Wales

Feathers and Waikorohihi.

Geysers arc very complex natural phenomena. They have different performance characteristics

particularly in terms of interval between eruptions, duration of water play and height of

eruption. Each geyser has its own unique performance characteristics not only during the

eruptions but also between two eruptions. Various ideas about geysers have been derived from

observations of the geysers at Iceland, Yellowstone National Park and Steamboat Springs in

the USA, and Whakarewarewa of New Tnaland.Apart from field observations some aspects of

geysers have also been studied by using laboratory models. In this chapter past studies of

geysers are reviewed to provide background information about the performance of geysers

with respect to the surface features, the water chemistry, the mechanisms which cause geysers

to erupt, the conceptual models of the subsurface plumbing system and the factors which cause

inegularity in geyser performance.

2.1. Geyser Performance

The behaviour of geysers in some areas has been documented in detail by several investigators.

The geysers at the Yellowstone National Park, USA were documented by Allen and Day

(1935), Rinehart (1980) and Bryan (1986), and those at Iceland were documented by Barth

(1950). The geysers at Whakarew.uewa-Rotorua have been described by Lloyd (1975)'

Donaldson (1985), Donaldson and Cody (1984), Bradford et al. (1987), Mcleod (1988) and

Weir et al. (lggz),Allis and Lumb (1992), Cody and Lumb (1992)'
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Geysers have unique performance characteristics. They discharge hot water and steam to the

atmosphere to various heights for a period of time and then are quiet until the next eruption

occurs. The interval between eruptions may be months, weeks, days or minutes. The duration

of play may be any time from a few seconds to a few days. The height of eruption may vary

from less than a metre to a hundred metres or more. Each geyser has unique performance

characteristics. Some geysers erupt in a single thrust whilst others erupt in several successive

thrusts of steam and water, producing some splashing or pulsating eruptions before each full

column eruption. Some geysers are fluctuating in their performance with a fairly regular pattern

e.g. long intervals alternate with short intervals, a short water play is followed by a short

interval and a long water play is followed by a long interval, or a short interval is followed by

one or more long intervals. Others perform with great inegularity and without any definite

pattern, which makes their perfonnance difficult to categorise in terms of interval between

eruptions, duration of water play and height of eruption. In some geysers, prior to each

eruption, water overflows from the geyser channel followed by intermittent splashes of water

whilst in others the water never overflows from the channel. Some produce tremors before or

after eruption. The activity of geysers may decline with time and eventually they may become

inactive. Conversely, long dormant geysers can suddenly become active.

Pohutu, the Prince of Wales Feathers and Waikorohihi geysers at Whakarewarewa-Rotorua all

perform very irregularly. In addition they have two modes of eruption: splashing eruption and

full column eruption (Mcleod, 1988; Weir et al., 1992). For these reasons their interval

between eruptions and their duration of water play are very difficult to determine and to simply

categorise. Their activity has usually been reported in terms of variation in the height of

eruption and the number of eruptions per day. During the 1987-1988 Rotorua Monitoring

Programme their activity was recorded using an automatic recording system and temperature

sensors which were fixed above the ground near the geyser vents (Mcleod 1988; Mcleod and

Cody, as reported in Weir et al., 1992). Water levels and temperatures in Te Horu, a large vent

close to Pohutu, were also measured using a gas purge system, thermocouples and hand

measurements. The records show very clearly not only the irregularity of their performance but

also the influence of the water level in Te Horu on the activity of the geysers. In the following

section the available information about the activity of Pohutu, the hince of Wales Feathers and

Waikorohihi geysers is briefly reviewed.
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Pohutu geYser

The first report on the activity of Pohutu dates from 1874 (see Donaldson and Cody, 1984),

predating the lgg6 eruption of nearby Mount Tarawera. In 1874 Pohutu played intermittently

to a height of 15-30 metres for a period of some two years. In the 1890s some modifications of

the features on Geyser Flat were carried out to increase the activity of Pohutu (Malfroy, 1891

reported in Lloyd, I9ll;Donaldson and Cody, 1984; Donaldson, 1985)' These modifications

caused Pohutu to play twice a day for a period of time. Pohutu's activity appears to have

increased significantly from the late 1960s to the present time (see Tabte 2.1). The increase in

the activity of pohutu in the 1960s may be related to the decline in the activity of Te Horu, as

they are connected underground (see Chapter 1). Te Horu used to boil vigorously and

occasionally played to a height of 5-7 metres in the 1870s (Donaldson and Cody, 1984) but its

activity has declined over the years. Since the late 1960s the water from Te Horu has never

overflowed to the surface.

Table 2.1

Summary of the activitY of Pohutu

Period Height of
Eruption

Numberof
eruptions per day

Sources/References

1874 15-30 m
1888-r889

exPloitation of tle Rotonn geotlwrnalfieU began

_(r)

2
Donaldson and Cody (1984)
Lloyd (1975)

Donaldson (1985)

Lloyd (1975)
Donaldson (1985)
Lloyd (1975)
Donaldson (1985)

Cody and Simpson (1985)
Cody in Weir et al. (1992)

t936
1959
1967-1969
t975
half of 1979
1985
July 1985

1911(2)

l6-20 m
20m

the bore closure began

more than 5
5

lG.18

lGl8
5-25

1986-1987(3)
1987-1988
l8 Sept.1988
22 Sept.1988

i1fle)
3G40

22
3040

Bradford, Cody, Glover (1987)
Mcleod (1988)
Fig. 9 in Weir et al. (1992)
Fig. 3 in Weir et d. (1992)

( I ) - indicates that no data are available.
(2) It sometimes erupted to 36 metres.
(3) Late 1986 to March 1987.'t4 n "ro l,4s splashing column eruptions up to heights of approimately I metre.

The height of eruption has remained about the same over the years at 20 meffes but the number

of eruptions per day has varied. The frequency of eruption of Pohutu increased significantly in

the period from late 19g6 to March 1987 while it was under observation (see Bradford et al.,
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1987). Detailed records (see Fig. 3 in Weir et al., 1992) for a short period in 1988 show

frequent but irregular eruptions.

According to Mcleod (1988), Pohutu exhibits splashing or pulsating eruptions to a height of

approximately I metre. During the splashing mode most of the erupted water drains into Te

Horu, a nearby vent, but during a full column eruption the amount of erupted water entering Te

Horu depends on wind conditions. Water overflows from the channel prior to the eruption of

Pohutu. Activity records (see Fig. 3 in Weir et al., 1992) show that a very significant drop in

water level occurs in Te Horu at the beginning of an eruption of Pohutu and that the cessation

of an eruption of Pohutu is usually followed by a rapid increase of the water level in Te Horu.

Data given by Weir et al. (1992) also show that the duration of water play and the interval

between eruptions for Pohutu are both very irregular, particularly when the water level in Te

Horu is low. They are more regular when the water level in Te Horu is high; however, the

minima and the maxima of the intervals between eruptions and durations of water play are far

apart. The interval between eruptions of Pohutu on September 18, 1988, for example, varied

from a few minutes to 90 minutes and the duration of water play varied from 5 to 25 minutes.

By averaging the 1988 data Weir et al. (1992\ determined the average interval between

eruptions and the duration of water play of Pohutu to be 51 minutes and 17 minutes

respectively.

Changes in the activity of Pohutu geyser and other thermal surface features in the Rotorua

geothermal field were recently discussed by Cody and Lumb (1992). They show the changes

in the duration of eruption of Pohutu geyser for several periods of time, from 1900 to 1989, in

a series of histograms showing the frequency of eruptions and the distribution of duration of

eruptions. The histograms were made using class intervals of five minutes for durations of up

to one hour, then 1-2 hours and more than 2 hours. In brief, the histograms show the duration

of eruption of Pohutu over the years has varied from less than 5 minutes to more than 2 hours.

The most frequent (25-30Vo of all eruptions) and the second most frequent (10-287o of all

eruptions) durations within each period are listed here in Table 2.2. The activity of Pohutu

geyser, in terms of duration of eruption, began to decline in the 1960s. In the period 1966-

1969, for example, eruptions lasting for 25-30 minutes were the most frequent. The duration

(of the most frequent) then became shorter year by year. In the periods 1983-1984 and 1984-

1985 eruptions of 5-10 minutes duration became the most frequent. In the latter period

eruptions of less than 5 minutes duration also became frequent. The bore closure programme

seems to have affected the performance of Pohutu. By 1989 eruptions of 15-25 minutes

duration had become the most frequent and eruptions of less than 5 minutes duration had

ceased. As the amount of fluid withdrawn from the field has been reduced, probably the
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upflow of hot fluid to the Whakarewilewa area has increased and therefore the duration of

eruption has became longer.

Table2.2

Duration of eruption of Pohutu geyser (deduced from Cody and Lumb' 1992)'

Period Number of eruption Duration of eruption (minutes) - .)l
in each ,".11" the most frequent/) the second most frequentz/

1900-1920
r92r-1940
1958-1959
1966-1969
1979-1980
1981-1982
1983-1984
1985-r986
1-9894)

860
3165
5441
9786
5247
3824
I 1817
5372
s00

6G.120
t5-20
20-253)
25-30
20-253)
l5-20
5-10
5-10

r5-20

25-30
20-25
15-20
20-25
t5-20
20-25
t5-20
less than 5
2U25

I) 25-30% of all eruptions.

2) 10-28% of all eruPtions.

3) I5% of all eruptions. During this period 60-120 minute eruptions were also quite frequent (10-15% of all enrptions)'

4) eruptions lasting less than 5 minutes eruptions lus ceased'

Prince of Wales Feathers

The Prince of Wales Feathers geyser was fonned some weeks after the eruption of Mount

Tarawera in 1886 when one of the earthquakes that followed the eruption opened up some

cracks in the Te Puia fault (Donaldson and Cody, 1984)'

There has been little discussion of the activity of the Feathers in the literature. The Feathers

usually erupts before or at about the same time as Pohutu. The height of the eruption is variable

(see Table 2.3).lt used to play to a height of 12-13 metres but in 1982-1987 it erupted to a

height of only 8-10 metres. According to Cody and Simpson (1985) in 1983 it erupted to a

height of only 6 metres but it played almost continuously to l-2 metres. During an eruption of

the Feathers a small pool is formed from which water flows back down the vent. Erupted water

from the Feathers never reaches the catchment for Te Horu. The interval benveen eruptions and

the duration of water play of the Feathers are also both very irregular (see Weir et al., 1992)'

From the activity records (collected by Mcl-eod and Cody) Weir et 
^1. 

(1992) determined the

average interval between eruptions and duration of water play of the Feathers to be 80 minutes

and 20 minutes resPectivelY.

There :'e no pubtished reports describing how the bore closure has affected the activity of the

Feathers geyser in terms of interval between eruptions, duration of eruption and height of
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eruption. According to Cody and Lumb (1992) the activity of the geyser has remained at a high

level ever since its formation in 1886.

There was an earthquake in December 7, L989 (Cody and Lumb, 1992).In the afternoon

following the earthquake, Cody observed that a small quantity of sand and gravel was found

splattered around the vent of the Feathers. This sand and gravel was thought to have been

ejected from the vent of the Feathers. However, he did not discuss whether or not the activity

of the Feathers changed after this earthquake.

Table2.3

Summary of the activity of the Feathers

Period Height of
Eruption

Number of
eruptions perday

Sources/Refercnces

1967-1969
r975
r983
July 1985
1982-1987

13m
12m
6 

^(I)8m
8-10 m

Lloyd in Cody and Simpson (1985)
Lloyd (1975)

Cody and Simpson (1985)
Cody in Weir et al. (192)
Bradford et al. (1987)

( I ) It atso had splashing (pulsating) eruptions of up to I-2 metres in height (almost continrcusly).

Waikorohihi

Waikorohihi, like Pohutu, usually erupts more ilregularly and more frequently when the water

level in Te Horu is low. Usually Waikorohihi stops erupting at about the same time as Pohutu.

According to Weir etal. (1992) Waikorohihi also has both a pulsating and a full column mode

of eruption. During an eruption of Waikorohihi a small pool is formed from which a small

quantity of water flows back down the vent.

In the early 1900s Waikorohihi used to erupt to a height of 13 metres, although it was

occasionally dormant (see Fig. 3 in Cody and Lumb, 1992).In the period 1967-1969 and 1975

it played to a height of only 5-6 metres and in July 1985 it played to a height of 8 metres (see

Table 2.4). According to Cody and Lumb (1992) in the period 1985-1986 Waikorohihi was

sometimes dormant for 2O-35 hours. The bore closure programme seems to have affected the

activity of Waikorohihi as it no longer displays long periods of dormancy.

As for Pohutu geyser and Feathers geyser, both the duration of water play and the interval

between eruptions are also variable for Waikorohihi geyser. Weir etal. (1992) determined from

the activity records the average interval between eruptions and duration of water play for

Waikorohihi to be 92 minutes and 45 minutes respectively.
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Table2.4

Summary of the activity of Waikorohihi

Period Height of Number of
EruPtion eruPtions Per daY

Sources/References

1906 13 m - New 7s'alandHerald in Lloyd On5)

--' explointion of the Rotorua geotlurmalfield began

1967-1969 6 m - Lloyd in Cody and Simpson (1985)

lg75 5m - LloYd(1975)

1984-1985(1) - :n-rl Cody and Simpson (1?q5-)

:::11 :: ,o"i*,ctosureu,,",.--.--1l.1-:::::-1 :*::
18 Sept.l988 - 14

22 Sept.l988 - 20-25
Fig. 9 in Weir et al.(1992)
Fig. 3 in Weir et al. (1992)

(I) Waikorohihi was monitored almost continuously from February 1984 to ocnber 1985.

2.2. Water chemistrY

The water discharged from geysers is generally atkaline chloride water but in some geyser

ilreas the water is neural to slightly acid (Allen and Day, 1935; Rinehart, 1980)' white (1967)

suggested that the water is meteoric in origin. The water discharged from Pohutu, the hince of

Wales Feathers and Waikorohihi geysers is alkaline chloride water and analysis shows that the

chloride concentration in the ejected water increases during an eruption (Table 2.5). The water

chemistry, presented by Lloyd (1975), shows that during an eruption the concentration of the

chloride increased from 582 ppm (first water ejected) to 616 ppm (end of eruption)' The

concentration of chloride in the erupted water from the Feathers, measured by Noguchi in

December 1977 (see Weir et al., lgg2), increased from 590 ppm to 606 ppm during the

eruption. The chemistry of the water discharged from Waikorohihi was also measured by

Noguchi in Decemb er 1977 (see Weir et al., Iggz).During eruption, the chloride concentration

of the ejected water increased from 588 ppm to 615 ppm'

Table 2.5

Chloride concentrations in the erupted water.

Chloride concentration Pohutu Feathers Waikorohihi

first water ejected (initial) 582 ppm 590 ppm 588 ppm

615 ppm
end of eruption (final) 616 ppm 606 PPm



l8

2.3. Surface Features of a GeYser

Geysers have different surface features, but are basically either pool (fountain) geysers or

columnar (cone) geysers (Rinehart, 1980; Kieffer, 1984)

Pool or fountain geysers are those that erupt through pools of hot water. In some geysers the

pools are full of water at all times. In others, the pool empties following the eruption, then is

re-filled by hot water prior to the next eruption. Usually the pools are lined by silica sinter and

surrounded by geyserite or silica sinter terraces deposited by the erupted water. In New

T*alandthe Diamond geyser at Orakei Korako is an example of a pool geyser that is full of

water at all times.

Cone or columnar geysers, in contrast, do not have surface pools but erupt through vertical or

subvertical columns. Some have cones which were formed by sinter deposit, while others have

no cones and only slightly raised rims. Lady Knox geyser, New Zealand, belongs to the first

class of cone geysers.

The surface features of Pohutu, the Prince of Wales Feathers and Waikorohihi geysers,

photographed by Potton (1990), show very clearly the vents of the Prince Wales of Feathers,

Waikorohihi and Pohutu respectively.The vent area of each geyser was measured by Cody in

August 1990 (reported in Weir et al.,1992). He measured the approximately rectangular vent

area of Waikorohihi as 0.42 by 0.135 metres, or 0.06 m2, and that of Feathers as 0.525 by

0.20 metres, or approximately 0.llm2. The vent mouth of Pohutu is about 1.5 metres below

the ground. The vent is approximately rectangular 0.6 by O.2 metres, or O.l2 n?.

2.4. Mechanism of EruPtion

Identifying the cause of the eruption of geysers has been as difficult as identifying their actual

subsurface plumbing system. Early investigators made a great contribution to the

conceptualization of the subsurface geyser system and eruption mechanism. For completeness

all previous work from the early 1800s to early 1900s is briefly referred to here although much

of it is also covered by Allen and Day (1935).

Early investigators, as reviewed in Allen and Day (1935), supposed that the cause of eruptions

was the expansive force of stearn which accumulates in an underground cavity. The source of

the steam, however, was not clearly described. Others had different ideas on the cause of

eruption. Based on the results of temperature measurements in the Great Geyser during a visit

to Iceland in 1886, Bunsen put forward a theory (as described in Allen and Day, 1935) which

is generally accepted today. Bunsen suggested that it is the boiling of water that drives the
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eruptions of geysers. Bunsen and his associate Desclozeaux (as described in Allen and Day,

1935) measured temperatures at different depths in the Great Geyser. Allen and Day (1935)

summarised their observations as follows:

The temperature of the geyser column decreases lrom the bonom upward'

The temperature at all points in the column rises steadily trom the time of the last eruption'

The temperature at no point in the water column, even up to a few minutes before a ttuior

iiptioi, reaches the bLilhg point corresponding to the pressure of the atmosphere plus the

water colurnn at the point obsertted'

The temperature at medium depths lies nearest to the boiling point and' approaches nearer 4s a

major eruption is aPProached.

From the temperature-depth curves and boiling temperature-depth curve described above,

Bunsen concluded that in the Great Geyser, boiling began approximately at the middle of the

channel, because at that depth the temperature was the closest to the boiling temperature-depth

curve. Most of the early investigators agreed that the cause of an eruption was boiling of water'

Some objections to Bunsen's theory, however, were raised by Shener (1933) and others such

as Lang, Thorkelsson, Hallock (all described in Allen and Day, 1935). The reasons for the

objections were because Bunsen's theory did not satisfactorily explain, firstly, how water was

heated to boiling, and secondty, it did not explain the intermittent nature of geysers. Their

objections were as follows:

I . The removal of water due to overflowing will not cause the hydrostatic pressure to decrease

and bring on an eruption because the head remains the same (Sherzer, 1933).

Z. Boiling in the channel would always be prevented by the circulation of hot and cold water

in the geyser channel (Lang in Allen and Day, 1935)'

3. The depth where the temperature nearly approaches the boiling temperature depth curve

was probably the point where steam or hot water entered (Thorkelsson in Allen and Day,

193s).

Because of these points they supposed that boiling does not take place in the geyser channel,

but at lower depths where temperatures are higher. This idea led to the concept of an

underground chamber below the bottom of the shaft (channel) as a necessary feature of the

subsurface structure of geYsers.

other critics of Bunsen's theory pointed out its failure to explain the intermittency of geyser

action. Lang (in Allen and Day, 1935) was the first to introduce the idea of the necessity for an

influx of cold surface water at the end of each eruption in order to account for the intermittent

action of a geyser. This idea, which was supported by Allen and Day (1935)' is generally

accepted today.

1.

2.

3.

4.
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It is now generally accepted that it is the boiling of water that drives the eruption of the majority

of geysers (e.g. Alten and Day, 1935; White, 1967; Anderson et al., 1978: Murty, 1979;

Rinehart, 1980; Bryan, 1986; Dowden et al., l99l). Dowden et al. (1991) suggested that the

action of a geyser is a combination of two mechanisms: (1) accumulation of steam in a vent, as

the result of boiling below it, underlying a column of water, and (2) the boiling of water at the

hydrostatic pressure of the overlying water. Some investigators, however, such as

Thorkelsson (in Allen and Day, 1935) thought that gases are also involved in the eruption of

geysers. Tests conducted by Allen and Day (1935) in the Yellowstone National Park revealed

the extreme scarcity of gases in geysers. Rinehart (1980) and Michels et al. (1993)' however,

thought that some geysers, which have high CO2 content and temperatures lower than the

boiling point temperatures, are driven by CO2 (Rinehart, 1980; Michels et al., 1993)'

There are still different ideas on how an eruption is terminated in natural geysers. It is thought

that an eruption is terminated as a result of the back flow of air-cooled water. Allen and Day

(1935) pointed out that in the majority of natural geysers most of the ejected water falls outside

the geyser channel. They thought that an eruption is terminated by the exhaustion of the

accumulated energy. Bryan (1986) postulated that an eruption will continue until either the

water is used up or the temperature drops below boiling.

2.5. Conceptual Model of a Subsurface Geyser System

From the various ideas described in the previous section, Allen and Day (1935) concluded that

there are three essential elements of a geyser: a heat source, a water source and a chamber in

addition to the geyser channel. Based on the temperature-depth curves of some geysers at the

yellowstone National Park they suggested that the heat source is magmatic and that the heat is

transported by steam. The water source is cold water from a neighbouring cavity or cavities in

the upper strata of the ground. The inflow of cold waler is not constant but it is greatest after an

eruption and then gradually diminishes. On the basis of a comparison between the volume of

the geyser channel and the volume of the fluid discharged they concluded that there is a

chamber in addition to the geyser chamber where water is stored which is later ejected. The

channel is believed to be very narrow or tortuous otherwise boiling would not occur in the

bottom of the channel. They suggested that there must be the right combination of heat supply

and influx of cool water for a geyser to occur. If the inflow of cold water is small, it will boil

as soon as it enters the geyser system, and as a result a boiling spring or a steam vent will

occur. On the other hand if the cold inflow is high, water will never reach its boiling

temperature and consequently an eruption will never occur.

Very little is known about the actual subsurface plumbing system of geysers. Some ideas have

been derived from investigations of the Te Waro cavern at Whakarewarewa in New 7n'aland
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(see Fig. 1.4) which was probably once a geyser. The vent was described by Herbert (in Allen

and Day, 1935: Lloyd, 1975; Rinehart, 1980) as :

a circular hole with the typical rounded sinter edges of a geyser, iust large

enoughforamantosqueezehisbodythrough.Themouthofthegeyser
6nerl apparentty leads'dorn o short tuhe into a vaulted cavern into the tloor-
'of 

which'the steim or hot water must have entered The walls of the nbe and

the cavern are lined with smooth bossed masses of silica'

The Te Waro cavern was also investigated by Martin (as described in Lloyd, 1975). The size of

the cavern is described as follows:

The bottom of the shaft is 15 ft (4.6 m) below the surface and it opens out

into a chamber 12 ft (3.6 m) long and 9 ft (2'7 m) high'

The above evidence is too limited for generalisation but many investigators have conceptualised

the subsurface plumbing system as a cavity consisting of a channel and a chamber (Allen and

Day, 1935; White, L967; Rinehart, 1980; Anderson, 1978; Steinberg et al', l98la, b, c, d;

Bryan, 19g6). The channel may be narrow (White, 1967), have a number of sharp bends

(Bryan, 1986) and a constriction along its length (Anderson et al., 1978; Bryan, 1986)'

Rinehart (1980) suggested that the subsurface plumbing system of a geyser may consist of a

single stand pipe or a shaft without a chamber, others have suggested that the subsurface

plumbing system of a geyser may consist of more than one chamber (Allen and Day, 1935;

Rinehart, 1980; Kieffer, 1984).

Martin (see Lloyd,lg75 or Rinehart, 1980) supposed that the cavern of Te Waro was formed

as a result of the action of hot siliceous water and steam on an ordinary fissure passage, with

the water depositing silica on the walls and floor and the steam eroding the vaulted roof and

forming a cavern. White (1967) suggested that geyser caverns are formed by physical ejection

of rock fragments after a new geyser develops from a fracture or some other interconnecting

channel. He had observed that mud, sand and rocks were ejected when a new geyser first

developed in the yellowstone National Park. In New Zealand, according to Donaldson and

Cody (1984), the Prince of Wales Feathers geyser was formed when one of the earthquakes

after the eruption of Mount Tarawera in 1886 opened up some cracks in the Te Puia fault.

On the large scale, geysers are the near surface expression of a large convection system. This

idea was first put forward by white (1967). He produced a conceptual model to explain the

circulation of fluid under the surface. It was based on evidence from some geysers at

Steamboat Springs, Nevada. He supposed that water of surface origin flows downward

through fissures or permeable rocks. At depth this water is heated as it comes in contact with

some magma bodies. Since hot water is lighter then cold water, the hot water will rise up to the

surface through other channels or permeable rocks. This concept is supported by others such
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as Rinehart (1974), Anderson et al. (1978) and Grant et al. (1982). A geothermal system is

believed to be part of a large convection system. The subsurface plumbing system of geysers is

located near the surface, probably within I metre to 25 metres (Anderson et al., 1978) but

perhaps at depths as much as 70 metres (White, 1967). White (1967) suggested that the upflow

water has a temperature at least about 150"C to 170oC at depth.

For the Rotorua geothermal system (Donaldson and Grant, 1981; New Zealand Ministry of

Energy, 1985), it has been suggested that the main source of fluid and energy is beneath the

Whakarewarewa area (Fig. 2.1). Hot water of about 230-250"C rises from a deep reservoir, is

diverted horizontally and then flows west and north under the Rotorua city. Some rises through

faults to the Whakarewarewa area. The upflowing water from depth flashes, then the two-

phase fluid rises and discharges as springs, Steaming ground and geysers.
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Figure 2.1 The conceptual model for the Rotorua-Whakarewarewa geothennal system
(afrer Donaldson and Grant, l98I ).

Very little is known of the subsurface plumbing systems of Pohutu, the Prince of Wales

Feathers and Waikorohihi. Dye tracer tests have been conducted to investigate the subsurface

inter-connections between the geysers along the Te Puia fault (Lloyd, L975; Cody and

Simpson, 1985) by adding fluorescein into Te Horu (in 1951) and Wairoa (in 1959 and 1985).

The test in 1951 confirmed that there are shallow underground connections between Pohutu,

the Prince of Wales Feathers, Waikorohihi and Te Horu (see Fig. 1.3). The 1959 test showed

that they were also connected to Wairoa, but by 1985 this connection seemed to have
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disappeared. The Kereru geyser is believed to have no connection with other geysers and in

fact the sinter there has a different composition from that deposited by the other geysers.

A possible model for the subsurface plumbing system of Pohutu, the Feathers, Waikorohihi

and Te Horu was first proposed by Lloyd (1975). Lloyd suggested that there is one shallow

reservoir connected to all four features and that this shallow reservoir is fed by hot water from

a deeper reservoir. The model included a direct connection between the plumbing system of Te

Horu and that of Pohutu, but included no direct connection between Te Horu and either the

Feathers or Waikorohihi. Recently, Weir et al. (L992) developed a more complex conceptual

model for the system with connections from Te Horu to Pohutu, the Feathers and Waikorohihi.

The model postulates that each geyser consists of a chamber and a channel fed by hot water

from depth and cold water from Te Horu.

2.6. lrregularity in the Performance of a Geyser

Allen and Day (1935) and Marler (1935) believed that irregularities in performance are

characteristic of all geysers. Some, such as Old Faithful, for example, ate described in many

studies as performing at remarkably regular intervals, but have never been really regular. A

geyser may appear for a short period of time to perform at regular intervals but long and careful

observation may show that the maxima and the minima of the interval between eruptions are

quite far apart.

The activity of a geyser may decline with time and eventually it may become inactive.

Conversely, long dormant geysers may become active again. A dormant geyser at Orakei

Korako, for example, became active for several months in 1982 (Allis, 1983). The Bendix

geyser at Orakei Korako is another example (Koenig, 1992). After being dormant for several

months it became active for a few months in l992with an interval between eruptions varying

from a few hours to a few daYs.

Most investigators believe that changes in the heat supply and in the water supply obviously

affect the interval between eruptions. Changes in the heat and water supply may be caused by

several factors. These are:

(a) Opening and closing of fissures after earthquakes. According to Rinehart (1972' 1980)

and Bryan (1986) many long dormant geysers in the Yellowstone National Park erupted

within the next few days after an earthquake and many became less active. The opening

and closing of the fissures after earthquakes probably changes the pattern of ground water

circulation.



24

O) The existence of an underground connection between geysers and neighbouring springs.

Marler (1951) postulated that a cyclical diversion of the flow from one feature to another is

possible if they are connected underground. He put forward this idea after observing that

from time to time there is exchange of function between two geysers or between geysers

and neighbouring springs.

(c) Deposition of silica (Rinehart, 1980). An example of this is Te Waro vent at

Whakarewarewa, New Zealand (Fig. 4.1), which was once a geyser and which is

believed to have become dormant because of the deposition of silica.

Other possible causes of inegularities in geyser performance are variations in earth tidal forces

and barometric pressure (Rinehatt, 1972,1980), wind strength and direction, atmospheric

pressure and ambient temperature (Bryan, 1986; Weir et al., 1992). According to Rinehart

(lg7Z, 1980), based on observations on the Old Faithful and Riverside geysers in the

Yellowstone National Park, low atmospheric pressure lengthens the intervals between

eruptions and high pressure shortens them. A strong, cold wind blowing across pool or

fountain geysers may delay their eruptions. Many observers, as pointed out in Bryan (1986),

have noted that the interval between eruptions of the Daisy geyser in the Yellowstone National

Park becomes longer whenever a strong wind blows across the Daisy.

The effects of wind strength and direction on the Rotorua geysers have been studied by Weir et

al. (L992). During the 1987-1988 Rotorua Monitoring Programme the activity of the Rotorua

geysers was recorded using an automatic recording system and temperature sensors which

were fixed above the ground near the geyser vents (Mcleod, 1988; Mcleod and Cody, as

reported in Weir et al., 1992). Water levels and temperatures in Te Horu were also measured

using a gas purge system, thermocouples and by hand measurements. The records show very

clearly not only the inegularity of their performance but also the influence of the water level in

Te Horu on the activity of the geysers. Apparently water levels in Te Horu are affected by wind

strength and direction because the wind controls the amount of the erupted water from Pohutu

which flows back into Te Horu. Erupted water from the Feathers, however, does not reach the

catchment for Te Horu. Erupted water from Waikorohihi often flows into Te Horu but the

flows are small. It was concluded moreover that high water levels in Te Horu produce regular

activity in the geysers. Conversely, low water levels produce irregular behaviour.
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2.7. LaboratorY Models

Laboratory models have been used to investigate aspects of geyser performance by, for

example, Hallock (reported in Allen and Day, 1935), Sheruer (1933); Allen and Day (1935);

Forrester and Thune Q9a2);Anderson et al. (1978); and Steinberg et al. (l98lb, c, d)' The

configuration and dimensions of the models built vary, but basically all have the four main

components of a geyser system: a chamber, a channel, a working fluid and a heat source' The

experiments did not attempt to model natural geometric conditions. Nevertheless, the models

have assisted in the understanding of geyser characteristics such as the processes involved

within the system, the mechanism of the eruption and the effects of various geometric and flow

parameters on the performance of geysers. only Anderson et al. (1978) and Steinberg et al.

(1981b, c, d) discussed their experimental study in detail, and for this reason only their

investigations are reviewed here.

Anderson et al. (1978) used Pyrex glass for the chamber and the channel to make visual

observation possible. A catch basin was attached at the top end of the channel. For the heat

source, they used one or two Meeker bumers. Their models did not have a continuous water

supply. In their models most of the ejected water fell in the catchers and returned to the geyser

chamber. They investigated a number of model geysers. The most important fact demonstrated

by the models is that an eruption is initiated once boiling occurs in the chamber and a vapour

bubble rises into the channel without collapsing. This bubble is followed by large bubbles'

which force rapid movement of the water within the channel and discharge of water and steam

out of the channel. The models also showed that intermittent overflow occurs prior to eruption

once boiling begins and the model geyser column is nearly full. In addition the model geyser

produced a variety of tremors both before and after eruption. Further experimental study using

a more complex model, i.e. a geyser model that has two chanrbers, showed that a single thntst

eruption is produced from models that have one chanrber and one channel, and a multiple thrust

eruption is produced from a geyser model that has two chambers. This is because only one

charnber boils vigorously at a given time.

More complex models were builtby Steinberg et al. (1981b, c, d). In the first model (Steinberg

et al., 19S1b) the chamber was a hermetically sealed copper cylinder insulated with an

asbestos-kaoline layer. The channel was made from quartz and had a vacuum jacket which

provided thermal insulation. In addition to the main components of a geyser their models were

completed with one or more of the following: a catch basin, a continuous water supply and

instrumentation including flow meters, thermocouples to measure temperatures at various

levels and manometers to measure pressure. The first model was developed to test their

theoretical ideas with regard to the processes occurring in a geyser system. The processes
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which occurred in the model were very much the same as predicted from their theories. After

an eruption, the channel and part of the chamber are empty. The charnber is then immediately

filled by cold water entering at a constant rate. The model shows that pressure remains constant

during the chamber filling. During channel filling the pressure increases as the water level in

the channel increases. The pressure during channel filling is equal to the hydrostatic pressure of

the overlying water. As the pressure increases during channel filling, the inflow rate of the cold

water decreases. The pressure and the temperature in the chamber increase as heating

continues. The model shows that during the eruption the pressure in the chamber drops to

atmospheric pressure and the inflow rate for the cold water increases very rapidly.

The second model (Steinberg et al., 1981c), different in configuration and dimensions, was

built to simulate the type of geyser that does not empty itself during an eruption. It consisted of

a chamber, a channel and a catch basin with two return legs to the charrber, all made of Pyrex

glass. Prior to the experiment, the model was filled with Freon-113, then cooled and pumped

out. The system was then sealed. The liquid was heated with an electric bulb. Both the bulb

and the chamber were inserted in an aluminium jacket. Temperatures at the chamber and the

catcher were measured by thermocouples. Steinberg et al. (1981c) pointed out that the essential

difference between this model and the previous model is that in the second model an eruption

begins when the water temperature in the chamber reaches a temperature which is above its

boiling temperature, whilst in the first model an eruption begins once the chamber temperature

reaches its boiling temperature.

The third model of Steinberg et al. (198Id) was an extension of the second model (Steinberg et

a1., 1981c). Steinberg and co-workers added a pendulum to the second model in order to

investigate how mechanical influences or seismic activity affect the performance of a geyser. A

comparison with the second model led to a conclusion that high mechanical stresses will reduce

the degree of boiling and cause the geyser to erupt more frequently.

2.8. Field Measurements (experiments)

In experimental studies, subsurface measurements made in real geysers are not as common as

surface measurements. Surface measurements usually consist of measurements of the vent

area, the interval between eruptions, the duration of play and the height of eruption of the

geysers. Because of the lack of standardisation in data collection Fix (1969) suggested a

nomenclature for recording data from a geyser and techniques for observations. He suggested

that the activity of a geyser over one cycle, from any given point to the recurrence of the same

point, should be recorded in detail and should be divided into phases. The suggested system is

very useful for deciding on what data should be collected and how it should be collected during

visual observations. With the suggested nomenclature the activity of a geyser is recorded for
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several stages, i.e. for the overflowing stage, initiation stage, rising stage, falling stage and

other stages discussed latter in Chapter 7. Kieffer (19M) divided the activity of the old Faithful

geyser in a cycle into several stages, but they are simpler than those suggested by Fix (1969)'

A number of experimental studies have been made of real geysers. One of the field experiments

carried out in New Zealand is that of Benseman (1965) on an isolated geyser' namely Wainui

geyser, at Orakei Korako (New Tnaland).He built a dam in the overflow channel of the geyser

and made a series of experiments to measure the geyser discharge and the interval between

eruptions. From these data he deduced the size of the internal components of the geyser and

proposed a conceptual model for the system. He thought that there was a reservoir connected in

series to the plumbing system of Wainui geyser. This reservoir was thought to be fed by hot

water from other reservoirs. The plumbing system of the geyser was also thought to be

connected underground with the neighbouring springs. Benseman (1965) derived a

mathematical model for the system and tested the model using experimental data.

Steinberg et al. (1978) carried out hydrosounding experiments in 1970-1974 on Quathegey

geyser and Prince Burotino geysers at the Geyser Valley, Kamachatka in the USSR in order to

determine the subsurface parameters of the geysers, such as the free volume of the system

(volume of the system filled by steam and air after an eruption), the enthalpy of the fluid

feeding the geyser, the inflow rates of water to the system immediately after an eruption and

during the overflowing stage and the enthalpy of the fluid in the system before an eruption. The

experiments were conducted by pouring known quantities of water into the geyser system and

then measuring changes in the main characteristics of the geyser, i.e. the duration of the

eruptive stages and the temperature and quantity of the added and erupted water. They varied

the temperature and the mass of the added water (in total 300 runs were carried out) and used

the data to provide a series of equations, based on the principles of mass and heat balance, for

calculating the enthalpy of the fluid and other parameters.

Nicholls and Rinehut(1967) conducted a seismic study in several geysers in Yellowstone

National park, USA. They related the seismic activity of the geyser with the processes

involved in the system and concluded that the processes within the system consist of filling of

the system with water and then heating it until eruption. A similar study was made by Rinehart

(1968) on some Icelandic geysers. A seismic study was also conducted by Kieffer (1984) on

the Old Faithful geyser. She described the subsurface plumbing system of the geyser and the

processes involved in the system before and during an eruption, which were suggested by the

seismic signatures.

Downhole temperature measurements have been carried out in a number of geysers (see Allen

and Day, 1935; Rinehart, 1980; Kieffer, 1984). One of the difficulties in measuring
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temperatures is that the thermocouples are often thrown out of the geyser vent. The

temperature-depth curves indicated that some geysers are fed by hot fluid from the bottom

whilst others are fed from the side wall. They also showed that before an eruption the

temperature increases with time demonstrating that heating takes place in the system before an

eruption.

Downhole temperature mq$urements have never been made in the Rotorua geysers but, as

previously mentioned, during the 1987-1988 Rotorua Monitoring Programme their activity was

recorded using an automatic recording system and temperature sensors which were fixed above

the ground near the geyser vents (Mcl-eod 1988; Mcleod and Cody, as reported in Weir et al.,

lgg2). Water levels and temperatures in Te Horu, a large vent close to Pohutu, were also

measured using a gas purge system, thermocouples and hand measurements. Apart from

measurements of vent areas and tracer tests it seems no other measurements or tests have been

made in Pohutu, the Prince of Wales Feathers orWaikorohihi.

2.9. Mathematical and Numerical Models

Very few mathematical models for simulating the behaviour of a geyser have been developed.

The rareness of geysers, the complexity of the real geyser systems, the variety of their

performance and the lack of subsurface data are some of the reasons which make it difficult to

model geysers. To date only Benseman (1965), Steinberg et al. (1981a), Murty (1979), and

Dowden et al. (1991) and Ingebritsen and Rojstaczer (1993) have produced theoretical models

for analysing aspects of the behaviour of geysers.

Benseman (1965), based on his experimental study on Wainui geyser (previously discussed in

section 2.8), derived a mathematical model and used the experimental data (the mean level of

the water in the geyser vent, the discharge rate and the interval betrreen eruptions at its normal

level and when the level raised) to deduce the intemal structure of the system quantitatively

such as the heat supply, the effective area of surface the reservoir, the flow from the reservoir

to the geyser, the heights of free water surfaces in the plumbing system of the geyser and in the

reservoir measured from an arbitary datum. The basic principle used in the model is that the

rate of water supply is constant and the interval between eruptions is inversely proportional to

the rate of hot water suPPlY.

Steinberg et al. (1981a, b, c, d), who agreed with the idea that an eruption occurs as a result of

boiling, carried out both experimental studies and a theoretical study. They developed a

mathematical model for simulating the processes which occur within a geyser system after the

end of one eruption until the beginning of the next. They modelled a geyser as a system

consisting of a chamber and a channel fed by hot and cold water. They divided the processes
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occurring within a geyser system during its quiet period into three: filling of the chamber,

filling of the channel and heating of the water until it reaches the boiling point temperature.

They used mass and heat balance equations to calculate the pressure and the temperature in the

chamber and the inflows of water into the chanrber and the interval between eruptions. They

did not model the eruption itself. Their method will be discussed in detail in Chapter 4'

Murty (lg1g),who also accepted the idea that the eruption of a geyser is caused by the boiling

of water, used a mathematical model for simulating the convection process that occurs within a

geyser vent in the pre-boiling stage. He concluded that, in some aspects, the results of his

study support those of Anderson et al. (1978), i.e. intermittent overflow occurs prior to

eruption and an eruption consists of several thrusts. However, his model did not support part

of the theory of geyser behaviour reported by Anderson et al. (1978). Anderson et al' (1978)

reported that only a model with a constriction in the geyser channel could produce an eruption'

Murty,s theoretical study, however, showed that eruptions are possible whether or not there is

constriction in the geyser channel. Other features shown by the mathematical model is that the

temperature approaches the boiling temperature at about a third to a half the full depth in the

geyser channel.

Dowden et al. (1991) developed a mathematical model for investigating the role of vaporisation

in the ejection process of a geyser eruption. They also supported the idea that an eruption is

caused by the boiting of water. While Steinberg et al. (1981a) were concerned with the

processes within the geyser system during its quiet period, Dowden et al' (1991) were

concerned with the process of ejection of water during the eruption itself. The model was

developed for simulating the surface profile of the ejected water of a geyser. They derived a

relationship between geyser height, water content, depth of vaporisation and such parameters

as temperature and pressurc at the beginning of vaporisation'

In a recent study, published during the present investigation,Ingebritsen and Rojstaczer (1993)

developed a fully transient model using a numerical approach for simulating the behaviour of a

geyser and for investigating the sensitivity of a geyser to changes in permeability, porosity'

heat input, recharge pressure and temperature, cross-sectional area and depth of the channel'

The model was developed with an idea that an eruption is caused by the boiling of water. The

model consists of a single stand pipe or a shaft without a chamber, extended to a depth of

200 m with an area of 0.6 m x 1.5 m, surrounded by a low permeability rock. Heat is supplied

from the bottom at a constant rate of 2.5 MW. The upper boundary is set to a constant pressure

and enthalpy. At the side the pressure and the enthalpy are maintained at the hydrostatic boiling

point. The upper and the lateral boundaries are the source of mass recharge. The model

employs mass and heat balance equations and uses Darcy's equation to describe the flow

processes. AIso only fully saturated flow is considered. The authors show oscillatory
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behaviour over two or three eruption cycles with a fairly constant interval between eruptions

but do not report on whether this behaviour can be maintained for more than three cycles. Their

model shows that changes in the permeability and porosity of the vent will significantly affect

the interval between eruptions. An increase in the permeability, for example, will cause the

geyser to erupt more frequently. In contrast, an increase in the porosity will increase the

interval between eruptions. However, changes in the heat input and in the inflow temperature

seems to have no significant effect on the interval between eruptions. Their model also shows

that the length and the size of the channel determines the interval between eruptions. A longer

channel produces a longer interval between eruptions and vice versa. Changes in the cross-

sectional area of the channel have a significant effect on the interval between eruptions only if
the size of the channel is fairly small.

2.10. Data for the Rotorua GeYsers

Except for the vent areas and the results of dye tracer tests no other data are available related to

the subsurface plumbing system of Pohutu, the Prince of Wales Feathers and Waikorohihi.

Very recently Weir et al. (1992) carried out an analytical study in order to deduce the cavern

depths and the temperature and the magninrde of the inflow of water for the group of Rotorua

geysers considered in the present study. They used the height of eruption and the measured

vent area to calculate the nozzle velocity of the erupted water at the surface and then used the

nozzle velocity of the erupted water to calculate the cavern temperature associated with full

column eruption and to calculate the chloride ratio, that is the ratio of the final to the initial

chloride concentration, resulting from adiabatic flashing. Moreover, they used the calculated

cavern temperature to calculate the cavern depth. By assuming that adiabatic flashing occurs

from the cavem up to the surface, they were able to use the nozz)e velocity to calculate the mass

discharged from the geyser. Using an average duration of water play they calculate the total

amount of water discharge during the eruption. They then assumed that the cavern volume is

equal to the total amount of water discharged during the eruption. The mass of cold and hot

inflows entering the cavern was computed using mass and energy balance equations. Their

calculation procedure is described in more detail in Chapter 7 of this thesis. At present the data

which they present and their analyses of the Rotorua geysers are the most complete available.
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Chapter 3

LABORATORY MODELLING

It is important that geyser systems be studied experimentally in order to understand the

fundamental processes involved and to provide data for validating mathematical and numerical

models. Many investigators have used laboratory models to gain qualitative information but

published quantitative data are not available. Therefore to provide data for validating the

mathematical and numerical models, two laboratory models of geysers were set up by the

author in the Thermodynamic Laboratory, School of Engineering, University of Auckland. A

number of experiments were also undertaken to address the following questions:

(i) How is a geyser eruption initiated and terminated ?

(ii) What is the effect on the performance of the model geyser of a constriction at the top

end ofthe channel ?

(iii) What determines the interval between eruptions, the duration of water play and the

eruption height ?

(iv) How much of the water contained in the charrber is discharged during an eruption ?

(v) What is the effect on the characteristics of the eruption of changes in the rate of inflow

and the temperature of the inflowing water.

3.1. Configuration of the models

As discussed in Chapter 2 the most common conceptual model for the subsurface plumbing

system of a geyser consists of a chanrber and a channel. The charnber is fed by hot water and

steam from the bottom or the side walls. Apart from an influx of hot water or steam, there is

also an influx of cold water to the chamber. With this idea in mind physical models were set up

in the laboratory. As for previous laboratory models, for example those of Allen and Day

(1935), Forrester and Thune (L942),Anderson et al. (1978), and Steinberg et al. (1981b, c, d)

the models built did not affempt to model the exact geometrical structure of a nan[al geyser, but

the models included the four main components of a geyser: a chamber, a channel, a working

fluid and a heat source.

Two laboratory models were set up in the present study. Details of the models are described

below.
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Model l

Fig. 3.la shows the configuration of the first model. The model was simple. It consisted of a

charnber, a channel, and a heat source but it did not have a continuous water supply. Both the

chamber and the channel were made of Pyrex glass to make visual observation of the processes

possible. A trumpet shape catch basin, made of aluminium and with a diameter of 1.5 metres,

was attached at the top end of the channel so that the water discharged during an eruption

returned to the system through the same channel. A one-metre-long ruler installed vertically at

the catch basin allowed the estimation of eruption height. A thermocouple was inserted at a

selected position in the system to measure temperatures during the experiments.

Six different kinds of plumbing systems, listed in Table 3.1, were tested. The first three

designs are shown in Fig. 3.1b. Models B and C are both constricted at the top end of the

channel but each has a constriction of a different size. The other three have the same design as

model A, with no constriction at the top end of their channel. Models D, E and F have the same

dimensions except that each has a channel of a different length.

Table 3.1 The dimensions of the components for model I

Diameter of the channel (cm)
Diameter at the top end of the channel (cm)

Length of the channel (cm)
Diameter of the chamber (cm)
Length of the chamber (cm)
Total volume (ml)

2.45
2,45
150
l0
24
2200

2.0
t.oI)
152
l0
25
2150

2.O
t.5I )
150
l0
25
2t30

3.0
3.0
150
l5
30
5800

3.0 3.0
3.0 3.0
170 200
15 15
30 30
6000 6210

I) tttc ctwnel is constricted at thc top end of tlu clannel (see Fig. 3.lb)

The models described above were frst used to investigate how an eruption is initiated. Models

B and C were used to test the effect of a constriction at the top end of the channel on the model

performance. Models D, E and F were used to work out the relationship between the length of

the channel and the height of eruption. Models E and F were also used to check how much of

the water contained in the chamber was discharged during an eruption.

Experiments were conducted by filling the tube with a known volume of water. The system

was then heated using a gas burner placed at the bottom of the chamber. The processes within

the system were observed, the temperatures were measured using thermocouples and the times

when the eruption occurred and the volume of the water after each eruption were noted. A K-

type thermocouple and Fluke-77 dataacquisition unit were used to measure temperatures. Thus

single point temperatures only were measured and multiple runs were necessary to obtain the

temperature distribution through the system.
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Figure 3.1a. Configuration of model I

(b) (c)

Figure 3.Ib Three different designs for the plumbing system of model l.



34

Model2

The design of the second model is similar to that of the first, except that in this model there is a

continuous water supply into the chamber. The model consists of a chamber, a channel, a

water cylinder to supply water to the chamber, an electric element to heat up the water in the

chanrber and a catch basin. The arrangement of the model is shown schematically in Fig. 3.2.

The dimensions of the charnber and the channel are given in Table 3.2.

In this model the geyser chamber (l) was made of carbon steel while the geyser channel (2)

was made of Pyrex glass so that the processes in the channel could be seen. For the heat input

to the charrrber an electric element of 2000 W (3) was used. The chamber was connected to an

open water cylinder (4) by a pipe of 25.4 mm in nominal diameter (5). The water cylinder, for

supplying water to the geyser chamber, was positioned I m above the ground and 0.7 m from

the geyser channel. The inflow of water to the geyser chamber was controlled by a valve (6)

and measured using a rotameter (7). The water in the water cylinder was supplied from a water

tap (8). An electric element of 1500 W (9) was installed at the bottom part of the water supply

tank, to heat the water to a selected temperature. A thermostat (10) was installed in the tank to

control the water temperature. In addition, a T-type thermocouple (l l) was inserted to measure

the inflow temperature throughout the test. At the top of the cylinder there was a water outlet

(12) which was kept open to maintain a constant water level. A water level indicator (13) was

installed so that the water level in the water supply tank could be seen. Both the geyser

chamber and the water supply tank were insulated with a glass wool insulator (14). The same

catch basin (15) as for model 1 was used for this model. The catcher has a water outlet (16)

which was connected through a hose (17) to a collecting tank (18). A2.5 m long ruler (19)

was installed to measure the eruption height. Four T-type thermocouples (20) were inserted in

the model to measure the temperatures in the centre of the chamber, in the bottom of the

chamber, in the centre of the channel and in the top end of the channel. Three of them were

inserted in the system at 1.85 m, 1.7 m, and 0.8 m below the mouth of the channel. The other

one was placed at the mouth of the channel (zero metre from the mouth of the channel).

Temperatures were measured using anHP34ZlA data acquisition unit (21) connected to an

HP-85 computer (22) and a printer (23).

Table 3.2

The dimensions of the comPonents for model 2

Channel Chamber Water Tank

Inside diameter
Length
Cross section area
Volume

3.85 cm
160 cm

0.00116 m2
1855 ml

15 cm
30 cm

0.01?66 m2
5310 ml

15 cm
2m
0.01766 m2
35.4 litres
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There are two types of geysers in nature: cone geysers and pool geysers (see Chapter 2).ln

order to understand the processes involved in these geysers, a number of experiments were

conducted using model 2. Firstly, the model was used to study the processes within a cone

geyser. For this experiments, a pipe of 0.1 m length was connected to the top end of the

channel (see Fig. 3.3a). Then the mouth of the channel was 0.1 m above the base of the

catcher. With this modification most of the ejected water did not return to the system. The

ejected water that fell in the catcher (15) flowed through the water outlet (16), and down

through a hose (17) to the collecting tank (18). Secondly, the model was used to study the

processes within a pool geyser. For these experiments, the additional plPe was removed, so

that the mouth of the channel was right at the bottom of the catcher (see Fig. 3.3b).

(a) Modelfor a cone geyser (b) Modelfor a pool geyser

Figure 3.3 Models for a cone geyser and a pool geyser'
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The following data were recorded throughout the experiment:

(a). Temperature in the centre of the chamber (1.85 m below the mouth of the channel).

(b). Temperature at the bottom of the channel ( 1.7 m below the mouth of the channel).

(c). Temperature at the cente of the channel (0.8 mbelow the mouth of the channel).

(d). Temperature at the top end of the channel (0.0 m from the mouth of the channel).

(e). Temperature in the cold water supply cylinder.

Apart from temperatures, the inflows of water to the geyser chamber were also measured

throughout the test using the rotameter (7). The rotameter scale was read manually and

converted to the units for flow rate (Umin) using the manufacturers calibration curve, i.e. a

relationship between rotarrcter scale and water flow rate in Vmin. The author then converted the

units for flow rate to m3/s. From the temperature of the inflow, the density of the inflow water

could be determined and the inflow rate converted to kg/s.

3.2. Mechanism of eruPtion.

The heating process and the eruption mechanism which occured in the models are discussed in

this section. Model I was first used to investigate how an eruption of a geyser is initiated. This

was possible because both the charnber and the channel were made of Srex glass. In model2

only the processes in the channel could be seen.

Model I showed that as the chamber was heated, the temperature increased and convection

occurred. Simultaneously, the water expanded and the water level increased slowly. After

several minutes, small bubbles started to form. Initially, they adhered to the bottom of the

chamber. They then rose to the upper part of the chamber where they became attached,

especially at the neck of the chamber. When they became numerous, some of them separated

from the wall and were seen to rise up the channel. The water level continued to rise at a faster

rate until it overflowed into the catcher. After a few minutes, a large vapour bubble appeared to

enter the channel but it collapsed as soon as it entered the bottom of the channel and as a result

only small bubbles continued rising to the surface. This occurred several times with the vapour

bubble collapsing near the bottom of the channel, although each time at a slightly higher

position than the previous bubble. Once vigorous boiling occurred in the chanrber a large

vapour bubble rose into the channel without collapsing and was followed quickly by other

large bubbles from the chamber. These rose up the channel very rapidly and forced the

overlying water out of the channel. When this occurred water and steam were discharged to the

atmosphere.
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The most important fact demonstrated by this experiment is that two-phase flow occurs in the

geyser model, obviously starting with bubble flow which is characterizedby a suspension of

discrete bubbles in a continuous liquid. The flow is very similar to the bubble flow pattern

shown in Fig. 3.4 (Orkiszweski, 1967\. An eruption, moreover, is initiated once vigorous

boiling occurs in the charnber. A large vapour bubble rises without collapsing into the channel

and it fills almost the whole of the cross section of the channel. The shape of the bubble is very

much the same as Taylor bubbles (bullet shaped bubbles) such as those shown in Fig. 3.4 (b).

This large bubble rises up without collapsing into the channel followed by some other bubbles

and separated by slugs of liquid which move very rapidly and force the overlying water out of

the channel (see Fig. 3.5). The successive rise of Taylor bubbles and slugs of liquid in the

channel led to a full column eruption (see Fig. 3.6) when the fluid began to move very rapidly;

the flow in the channel became an annular flow, then it became a mist flow after the eruption

stopped.

Model 2 showed the same eruption mechanism. An eruption began once vigorous boiling

occurred in the charrber and a Taylor bubble rose into the channel without collapsing. It is the

successive rise of Taylor bubbles and slugs of liquid that throws the water into the air.

Experiments with the laboratory models showed that there are two possible scenarios for

geyser flows. Water may reach the boiling point temperature either before or after the channel

is completely full. In the former case, when the water level is low, a Taylor bubble which rises

into the channel without collapsing lifts the overlying water up the channel but it does not

overflow into the catch basin. It then subsides. This occurs several times. When the water level

is high, water may appear at the catcher but it then subsides. This occurs two or three times

before an eruption starts. In this case, water does not overflow at the catcher before the

eruption. This type of geyser is called, in this thesis, a non-overflowing Seyser.

In the latter case, when the channel is completely full, the temperature of the water in the

chamber is still below the boiling point and therefore, while the water in the chamber is being

heated, water overflows from the vent of the geyser model for a period of time and then an

eruption occurs. This type of geyser is called, in this thesis, an overflowing geyser.

In nature, non-overflowing geysers are rather rare. Of 400 geysers at the Yellowstone National

Park described by Bryan (1986), only a few have been known to erupt without warning. White

(1967),however, suggested that intermittent discharge of fluid within the subsurface section of

the vent occurs in many geysers before an eruption is seen at the surface. He classified this

type ofbehaviour as subterranean eruption.
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3.3. Processes within the system between eruptions.

The processes within the system immediately after one eruption and before the beginning of the

next are dependent on many factors, such as the geometry of the vent, the temperature and the

magnitude of the inflow.

In all models which had no cone and were not constricted at the top end of the channel (models

A, D, E, F), after an eruption the ejected water fell into the catch basin and was immediately

sucked into the channel, accompanied by audible 'booming'. Hence at this time the geyser

system contained the residual water and the cool, returned water. Consequently, boiling in the

chamber was suppressed and the temperature dropped significantly. Because of evaporation

and water losses during the eruption, the amount of the returned water was less than that

erupted. The subsequent processes within the system were dependent on the rate of inflow of

water feeding the geyser. If there was no water feeding the chamber, such as for model 1, the

process as described in section 3.2 was repeated starting at a higher temperature and a lower

water level than previously. As the volume of water and thus the water level decreased, the

height and the interval between eruptions both decreased. Eventually water in the chamber

boiled vigorously but only steam was emitted from the vent.

In model B, which also has no cone but which was constricted at the top end of the channel,

the ejected water was not immediately sucked into the channel. The constriction at the top end

of the channel apparently obstructed the flow causing a pool of water to be formed in the catch

basin (see Fig. 3.7). At the catch basin the water was cooled by air. When this occurred boiling

was more vigorous in the chamber, resulting in steam rising up the channel in counter-flow to

the flow of the water from the catch basin moving down the channel. Accordingly the steam,

which filled the channel, was condensed from the top by the cooler water moving down. After

some time the ejected water was sucked back rapidly into the channel accompanied by audible

'booming', which was louder than before and accompanied by a transient vibration wave. In

this model the intervals between eruptions did not become shorter as the water level decreased.

Instead they were variable. They were influenced by the local environment because after an

eruption the water remained in the catch basin and was cooled by the air. The geyser, however,

slowly died down, as there was no water supplied to the system. However, model C, which

had a constriction of 1.5 cm in diameter at the top end of its channel, did not show such

behaviour. It performed in very much the same way as model A.
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Figure 3.6 Taylor bubbles and slugs of liquid successively rising in the channel
resulting in afull column eruPtion
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Figure 3.7 A Sketch of counter-flow process in the model constricted at the top end of its clunnel.

In nature, most erupted water falls outside the geyser tube and it does not drain back into the

cavern. In an attempt to model this type of geyser, a pipe of 100 mm length was connected to

the top end of the channel of model 2 (see Figs. 3.2 and 3.3a). The ejected water thus did not

return to the system. The chamber was fed by cold or wann water from a cylinder nearby.

Experiments with this model showed that the processes within the system after an eruption

were dependent on the rate and the temperature of water feeding the geyser. There were four

possible scenarios:

(l) Water filled the chamber, rose up into the channel, overflowed into the catcher for a

period of time and then an eruption occurrcd (overflowing geysers).

(2) Water filled the chanrber, rose up into the channel and an eruption occurred before the

channel was completely full or immediately after the channel has frlled (non-overflowing

geysers).

(3) Water filled the chamber, rose up the channel and overflowed into the catcher but the

model never erupted. This type of behaviour is categorised in this thesis as ahot pool or

ahot spring discharge.
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(4) Water in the chamber boiled vigorously throughout the test but did not fill up the channel.

As a result only steam was discharged from the channel. This type of behaviour is

categorised in this thesis as a stearn vent dischuge.

Details of the processes are discussed in the following sections.

3.4. An overflowing cone geyser.

In this type of geyser the processes within the system consist essentially of three stages:

1. Filling of the chamber.

2. Filling of the channel.

3. Heating of water to vigorous boiling.

An example is given here to illustrate these processes. In this model the chamber was fed by

warm water at about 40"C (Fig. 3.8a). The rate of inflow of water, the temperatures in the end

of the channel, in the centre of the channel and the bottom of the channel and in the charnber are

shown in Figs. 3.8b to 3.8f. The rate of inflow of water to the chamber, as seen in Fig. 3.8b'

was variable. It decreased as the water level in the system increased. It was lowest when the

eruption began (D) and highest when the eruption stopped (A). The minimum and the

maximum magnitudes of the inflow, however, were very difficult to read, since the flow

indicator of the manometer moved very rapidly. Thus line D-A in Fig. 3.8b does not accurately

represent the actual inflow of water.

Immediately after an eruption, water re-filled the chamber. During the charrrber filling (A-B)'

the rate of inflow of water was almost constant. As cooler water flowed into the chamber, the

temperature of water within the system dropped very rapidly. After the chamber had filled

water rose into the channel. During the channel filling (B-C), the rate of inflow of water

decreased as the water level in the channel increased. Temperatures in the chanrber and in the

bottom of the channel, as seen in Figs. 3.8f and 3.8e, decreased for a while, then increased as

the water level in the channel increased and the inflow of water to the chamber decreased. The

temperature in the centre of the channel, on the other hand, decreased very rapidly as the

channel was cooled by air, but after the water level reached the thermocouple the temperature

increased very rapidly (Fig. 3.8d). At the top end of the channel the temperature fluctuated

from 20 to 30"C, but imrnediately after the water level reached the catch basin, the temperature

increased quite significantly, to about 40-50"C (Fig. 3.8c). At the end of channel filling, the

temperature in the chamber was about 96oC, whilst those in the bottom, centre and top end of

the channel were about 94"C,90"C and 30"C respectively. All were below the boiling point

temperature for water.
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After the channel fi11ed (c), water began to overflow from the channel into the catch basin. The

rate of inflow of water to the chamber became approximatery constant, and the temperatures

increased at all observations points. The heating processes (stages 3 and 4) were very much the

same as those observed in model 1, previously discussed in section3'2' As the temperature

increased, two-phase flow began to occur in the channel starting with abubble flow, indicating

water in the chamber had reached its boiling point temperature. After several minutes, a Taylor

bubble appeared at the bottom of the channel but it collapsed as soon as it entered the bottom of

the channel. As a result only small bubbles continued rising to the surface. This occurred

several times with the bubble collapsing at the bottom of the channel, although at a slightly

higher position than the previous bubble. Shortly afterwards, a Taylor bubble rose into the

channel without collapsing and was followed by the successive rise of Taylor bubbles and

slugs of liquid which led to a full column eruption (D). When water in the chamber boiled

vigorously the fluid was discharged to a height of about 2.5 mfor about l0 s (D-A)' At the

same time cold water began to refill the chamber. The process described above was then

repeated.

As temperatures at 1.85 m,1.7 m, 0.8 m and 0.0 m below the mouth of the channel were

measured throughout the test, the temperature-with-depth curves at various time can be plotted.

Fig. 3.9a shows temperature-with-depth curves, at the end of the chanrber filling, at the end of

the channel filling, and when a geyser eruption began.Also plotted in the figure is the boiling

point temperature-with-depth curve. At almost all times the temperature of water in the channel

was below the boiling point temperature. when an eruption began, the temperature of water in

the chamber and at the bottom of the chamber were higher than the boiling point temperature.

The temperature-with-depth curve when eruption stopped is shown in Fig. 3'9b' As can be

seen, the temperature of water at all points in the system was slightly lower than the boiling

point temPerature.
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Figure 3.9 Temperature with depth curve (a overflowing cone geyser).

In overflowing cone geysers, the interval between eruptions represents the time required to

refill the chamber after the geyser eruption has ceased, plus the time required to refill the

channel, plus the time required to re-heat the water in the chalnber until vigorous boiling

commences, plus the time required for a Taylor bubble to rise into the channel without

collapsing. The schematic time log of the processes involved in an overflowing cone geyser in

one cycle can be seen in Fig. 3.10. If ta is the time when the geyser eruption stops, tg is the

time at the end of charnber filling, tC is the time at the end of channel filling and tp is the time

when the next enrption begins, then the time required to refill the charnber after the eruption has

ceased (dt1), the time required to refill the channel (dtf, and the time required to re-heat the

water until it erupts (dt3), and the interval between eruptions (dt"r ) are related by:

dt", -dt1 +dt2+ dt3 (3.1)

where,

\.
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If t4, is the time when the subsequent eruption stops, the duration of water play' dt"t , is then

A'

eruption
stops

t
I*l

chamber filling
&

heating of water

channel filling
&

heating of water

heating of water

continues

vigorous
boiling

Figure 3.70 Schematic thne log of the processes involved in an overflowing geyser in one cycle.

It is important to note that charnber filling begins not after the eruption has ceased but when the

eruption begins (see Fig. 3.1I for the schematic time log of the process during the filling of the

chamber). If tD,,is defined as the time when the previous eruption began, then the actual

duration of chamber filling, dt1u, is

dtlu= (t6- tp") + (ts - te)

or

dtlu=tg-tP"

filling oocurs

t-ltt-9 *T- *, 
--f 

**

(3.s)

(3.6)

(3.7)

A

dto,p = tA'- tD

dt

interval between eruptions

c
end of
channel

D

eruption
end of
chamber
filling

t
I*f*
I

eruption
stops

+l--
I

The geyser model described above played only for the very short time of about l0 seconds and

so the difference between dtlu and dt1 is only 10 seconds. However, the difference will be

significant if the duration of play is long. The times required to refill the chanrber, to refill the

channel and to re-heat the water in the chamber to vigorous boiling, along with the interval

between eruptions and duration of water play for each cycle are compared in Table 3.3.
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In this model, the inflow temperature of water into the chanrber decreased with time (see Fig.

3.8a) because the water supply cylinder (4), which was heated by an electric element (9), was

continuously fed by cold water at l5oC from the tap (8). During the test, the inflow temperature

to the chamber decreased from 43oC to 38 oC due to the high flow rate of cold water relative to

the heat source in the water supply tank. Theoretically, if the inflow temperature decreases with

time, the interval between eruptions should increase because a longer time is required to heat

the water to vigorous boiling. This model, however, did not show such behaviour. Instead, the

intervals between eruptions became shorter as the inflow temperature decreases (see Table

3.3). A likely explanation is that the wall of the chamber and the channel became hotter and

hotter as the experiment progressed.

The eruption heights and the durations of water play of each eruption were very much the

same. The geyser model erupted to about 2.5 m for about 10 s. The volume of the residual

water after each eruption could not be measured because the chanrber was insulated but it could

be estimated from the average rate of inflow of water during the chamber filling and the time

required to refill the chamber after the eruption stopped. For the first cycle, for example, the

average rate of inflow of cold water into the chamber was 0.016 kg/s or 16 mVs, and the time

required to refill the chamber after the eruption had stopped (dtl) was 61s. The total inflow was

thus calculated to be976 ml. As the chamber volume was 5310 ml, the volume of the residual

water after the eruption was thus 827o of the chamber volume.
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Table 3.3

Interval between eruptions and duration of water play for the overflowing geyser

Cycle-l Cycle-2 Cycle-3

Inflow of water during the chamber filling ftg/s)
Inflow of water during heating up period ftg/s)
Time when the eruption stoPs, t4 (s)

Time at the end of chamber filling, tg (s)

Time at the end of channel fiUing, tg (s)

Time when the next eruption begins,tD (s)

Time when the next eruption stoPs, tA, (s)

Time required to refill the chamber, dt1 (s)

Time required to refill the channel, dt2 (s)

Time required to re-heat the water, dt3 (s)

Interval between eruptions, dter (s)

Duration of water play, dt*o (s)

Time at the beginning of chamber filling, tp"(s)
Actual duration of chamber filling, dt1"(s)

Duration of water overflowing prior to eruption' dt3 (s)

Volume of the residual watet (Vo of chamber volume)

0.016
0.0054

516
576
731

1372
r382

6l
155

641
856

t0
505
7l

641
82

0.016 0.015
0.0052 0.005

t382 2173
1437 2226
1592 2385
2162 2925
2173 2935

54 54
155 159

570 540
780 752
ll l0

t372 2162
65 64
570 540
84 84

3.5. A non-overflowing cone geyser

ln some cases water did not overflow from the channel prior to eruption. This behaviour was

produced by the laboratory models when the water flowed into the chamber at a low rate. An

example is given here to illustrate the processes occturing in a non-overflowing cone geyser.

The geyser model was fed by warm water at about 60"C, which is 20oC higher than that in the

previous model. The maximum inflow rate of water feeding the geyser was 8 mVs, about half

of that in the previous model. The inflow rate of water to the chamber, the temperatures in the

top end of the channel and in the centre of the chanrber throughout the test are shown in Figs.

3.12a, 3.12b and 3.12c respectively.

As with the previous model, the chamber began to refill with cool water immediately after an

eruption had started. When the chanrber had filled, water rose into the channel. The inflow of

water to the chamber decreased as the water level increased. Because the inflow of water was

relatively small the temperature in the chamber increased quite rapidly. The water in the

chamber reached its boiling temperature when the water level was still below the catch basin.

As the temperature increased a Taylor bubble appeared at the bottom of the channel and lifted

the overlying water up but to a level still below the catch basin. It then subsided. Cool water

continued to enter the chamber, although at a lower rate, and caused the water level in the

channel to increase and boiling in the chamber to be suppressed. This occurred several times
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and caused the water level to rise and fall, still below the catch basin but to a slightly higher

level. When the water level was about 20 cm below the catch basin (the water column in the

channel is about 1.5 metres), a Taylor bubble re-appeared at the bottom of the channel and rose

up without collapsing followed by other Taylor bubbles which were separated by slugs of

liquid. The same eruption mechanism was observed with the successive rising of large bubbles

and slugs of liquid in the channel forcing the overlying water to discharge into the atmosphere.

This geyser model ejected water to a height of about 2 m for about l0 s.

In a cone geyser where water does not overflow prior to eruption, the end of channel filling

coincides with the beginning of a geyser eruption. Thus, in Figs 3.l2ato 3.12c, points C and

D, which represent the end of channel filling and the beginning of a geyser eruption

respectively, coincide. The fact that water hardly reached the catcher prior to eruption is implied

in Fig. 3.12b. Until the next eruption occured, the temperature in the top end of the channel

fluctuated very little (B-C). In fact, it rcmained approximately constant at about 20"C.

Fig. 3.13a illustrates the temperature profiles at the end of chamber filtng and when the

eruption began. The temperature profiles when the eruption stopped is shown in Fig. 3.13b.

Table 3.4 compares the temperature measured when an eruption began with that for a

overflowing cone geyser. It shows clearly that in a non-overflowing geyser the rise and fall of

water levels prior to eruption caused the water in the channel to circulate. In this case the water

temperature at 0.8 m depth was higher than that in a overflowing cone geyser.

As discussed above, in a non-overflowing cone geyser water boils vigorously when the water

level is still below the catch basin. The interval between eruptions thus represents the time

required to refill the chamber after the geyser eruption has stopped (dt1) plus the time required

for the water level to rise to a certain height and for a Taylor bubble to rise without collapsing

into the channel (dtZ). Since the heating up and the channel filling occurs in this case at the

same time, dt2,is thus equal to dt2 (the time required to re-fill the channel). Then (3.2) becomes

dt", =dt1+dt2

where dt1= 1"-1o and dt2= tp-tg or dt2= t6-tg. It is important to note that dt2'may be shorter

than dt2 (the time required to refill the channel up to the top). The schematic time log of the

processes involved in a non-overflowing geyser in one cycle can be seen in Fig. 3.14. Table

3.5 summarises the times at the end of chamber filling, when a geyser eruption starts and

stops, the interval between eruptions, the duration of water play.

(3.8)
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Table 3.4

Comparison between lemperature in an overflowing geyser and that in a non overflowing geyser

Depth Overflowing cone geyser Non-overflowing cone geyser

0.0
0.8 m
1.85 m

39.2"C
99.2"C
108.4"C

34.0'C
lo2.4"c
106.9'C

0.0

-0.4

-0.8

a

-1.6

-2.0

0.0

-0.4

-0.8
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In this model, as with the previous model, the inflow rate of water to the chamber also

decreased with time, but the effect on the interval between eruptions (see Table 3.5) was not

significant. There was also no significant change in the eruption height and duration of water

play. During the eruption water was discharged to about 2 m, about 0.5 m lower than the

eruption from the previous model. It also played for only about 10 s.

Table 3.5

Interval between eruptions and duration of water play for the non overflowing geyser

Cycle-1 Cycle-Z Cycle-3

Inflow of water during the chamber filling (kg/s)
Inflow of water during heating up period (kg/s)

Time when a geyser eruption stops, t4 (s)

Time at the end of chamber filling, tg (s)

Time at the end of channel filling, tg (s)

Time when a geyser eruption begins, tp (s)

Time when the geyser eruption stops, tA' (s)

Time required to refill the chamber, dt1 (s)

Time required to refill the channel and heat the
water until eruption, dt2' (s)

Interval between eruptions, dter (s)

Duration of water play, dtrrP (s)

Time at the beginning of chamber filling, tp,(s)
Actual duration of chamber filling, dt1" (s)

Volume of the residual water (Vo of chamber volume)

0.0083
0.0033

325
421
623
623
633
96

0.0079
0.0033

633
726
914
914
925

93

188

28r
ll

623
104

E6

0.0077
0.0033

925
l0l7
I 208
I 208
r2t9

92

l9l
283
ll

914
103

87

202
298
l0

305
107

85

The volume of the residual water can also be calculated from the average inflow of water

during chamber filling and the time required to refill the chamber after an eruption stopped

(dt1). For the first cycle, for example, the time required to refill the chanrber after the eruption

stops is 96 seconds and the inflow of cold water to the chamber during this time period is

0.0083 kg/s or 8.3 mVs. Thus the total inflow is calculated to be 797 n'J. The volume of the

chamber is 5310 ml, and thus the volume of the residual water is 4513 mI or 85Vo of the

chamber volume. For the second and the third cycles, the volumes of the residual water are

86Vo and 877o respectively. In the overflowing geyser the volumes of the residual water after

the eruptions are lower at 82Vo to 84Vo. This is because the water column when the eruption

begins is longer than that in the non-overflowing geyser. In the non-overflowing geyser, when

an eruption occurs, only about 90Vo of the channel is filled with water. So, in the overflowing

geyser the pressure before the eruption is higher than that in the non-overflowing geyser. This

in turn causes the volume of water discharged from the overflowing geyser to be more than that

discharged from the non-overflowing geyser. As a result, in the overflowing geyser the

residual volume after the eruption is less than that in the non-overflowing geyser. The height of

eruption seems to be dependent on the length of the water column before the eruption. The
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non-overflowing geyser, for example, erupted to a height of about 2 m whilst the overflowing

geyser erupted to about 2.5 m.

3.6. A pool geyser

The processes within a pool geyser were also simulated using model 2. For this purpose, the

additional pipe was removed, so that the mouth of the channel was right at the bottom of the

catch basin (see Fig. 3.3b). The system was filled by water until a pool formed in the catch

basin. Because the capacity of the catch basin was limited, the catcher outlet (no.16 in Figs.

3.2 and 3.3b) was only partly closed in order to allow some outflow from the catcher. The

processes occurring in the system, again, depend on the combination of heat input and rate of

inflow of water to the chamber. Only the right combination of them produces an eruption;

otherwise the outcome is merely a hot spring.

The processes within the system were very much the same as those observed in model A.

Immediately after an eruption, the ejected water that fell in the catch basin was sucked into the

channel and the geyser system then contained residual water consisting of cool returned water

and water from the cylinder. The volume of the ejected water returned to the system was

reduced because some of the ejected water fell ouside the catch basin and some was lost during

the eruption because of evaporation. Whether the pool empties following an eruption then fills

prior to the next eruption or, conversely, it remains full, is dependent on the magnitudes of the

water inflow to the chamber and the water outflow from the catcher and the afiIount of water

that falls in the catcher.

Shown in Figs. 3.15a to 3.15f are the variation with time of the inflow temperature, the inflow

rate and the temperatures in the catcher, in the centre and in the bottom of the channel and in the

centre of the chamber, respectively, obtained from an experiment with the laboratory model.

The system was fed by warm water at about 55"C. Maximum inflow to the chanrber was about

0.0079 kg/s or 7.9 rnlls.

As Fig. 3.15c shows, water temperatures in the catcher decreased with time, from 80"C to

7s"C,because the water was cooled by the air. Temperatures in the centre of the channel, as

seen in Fig. 3.15d, were approximately constant, at about 7soC. Temperatures in the chamber

and in the bottom of the channel, on the other hand, increased steadily. This was because the

inflow of cold water to the chamber was very small (only about 0.0032 kg/s).
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After all the ejected water returned to the system the water level was about 10 cm below the

catcher. It took only a few seconds for the water to rise to the catcher and for a pool to form

there. The water levels in the catcher were difficult to measure. The laboratory rig was quite

high and it was not safe to be close to the rig when the eruption occurred. During the quiet

period, however, the water level in the catcher varied from 50 to 100 mm above the mouth of

the channel.

Temperature profiles when a geyser eruption began and stopped, and after all the ejected water

returned to the system are shown in Fig. 3.16. In general, the water temperatures in the

channel were below the boiling point.
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Figure 3.16 Temperature profiles (pool geyser)

In a pool geyser, whose pool is full of water at all times, the interval between eruptions

represents only the time required to re-heat the water in the chamber until vigorous boiling

begins and for a large bubble which fills almost the whole of the cross section of the channel to

rise without collapsing into the channel (dt3). In the model pool geyser the chamber and the

channel were full of water at all times and dt1 and dt2 were thus equal to zero. Equation (3.1)

for the interval berween eruptions, dto, becomes

I
t
I

I
I
I\

ilil
i
I

dkr= dtg (3.10)
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where dt3= 1o-go (see Fig. 3.L/).Table 3.6 summarises the times when the eruption began and

stopped, and the time when all the ejected water retums to the system together with the interval

between eruptions and duration of water play for each cycle. This pool geyser played

approximately every 2 minutes for about l0 s to a height of about 2.5 m.

A

eruption
stops

D

eruption
occurs

A'

eruption
stops

interval between eruPtions

re-heating water in the chamber

&3

Figure 3.I7 Schematic time log of the processes involved in a pool Seyser in one cycle.

Table 3.6

Interval between enrptions and duration of water play for the pool geyser

Cycle-l Qcle-Z Cycle-3

Maximum inflow of cold water (kg/s)

Minimum inflow of cold water (kg/s)
Time when a geyser eruption stops, t4 (s)

Time when all the ejected water rcturns
to the system, tC (s)

Time when the next eruption begins, tp (s)

Time when the geyser eruption stoPs, tA' (s)

Time required to heat the water until eruption, dt3 (s)

Interval between eruptions, dt", (s)

Duration of water playing, dtwp (s)

0.0079
0.0033

t037

r047
rzt2
t223
r65
165

lt

0.0079
0.0033

r223

t22E
1392
t402
169

169

l0

0.0079
0.0033

1402

t4t6
l57l
l58l
165

165

l0

3.7. Hot pool or hot spring

Experiments with both the cone geyser model and the pool geyser model showed that in some

cases water overflowed from the channel for a long period of time but no eruption occurred.

Usually, this happened when the inflow rate of cold water to the chamber was high. The cold

water cooled the water temperature in the chamber. It seems that heat supply was not adequate

to bring the water to boiling.
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3.8. Steam vent

Steam vent behaviour occurred in the laboratory models when the inflow rate of cold water to

the charnber was very low. This caused the water in the chamber to boil vigorously at all times.

As the result only steam rose to the catcher.

3.9. Eruption height

Measurements of the eruption height and duration of water play were quite difficult to make

because the models played only for a very short time. Models A, B and C played for only

about five seconds. Models D, E and F with larger chambers and larger channel diameters

played only slightly longer (about 10 seconds).

Model A discharged water to a height of about 50-70 cm. Model B with a smaller channel

diameter and a constriction at the top end of its channel erupted to lower heights of befween 40

to 50 cm. Model D with the same channel length, 1.5 metres, as the first three models, but a

larger chamber and a larger channel diameter, erupted much higher. The highest eruption

observed from model D was about 1.6 metres. Models with longer channels erupted slightly

higher. Model E with a channel length of 1.7 metres erupted to a maximum of about 2.3

meters, and model F with a channel length of 2 metres erupted to a maximum of about 2.4

metres.

Several experiments were undertaken in order to investigate the relationship between the height

of the water column or water level in the channel before the eruption, and the height of the

eruption and the volume of the residual water after the eruption. To allow the measurement of

the volume of water in the chamber after an eruption, the catch basin was slightly lowered so

the mouth of the channel was higher than the catcher and the ejected water did not retum to the

system. Several tests were carried out to obtain the relationship befween the height of water

column in the channel before the eruption and the volume of the residual water after an

eruption. The same procedure was undertaken for each test: a known volume of water was

poured into the tube and heated. Once the eruption occurred the eruption height was measured,

and the volume contained in the chamber after the eruption was measured.

Shown in Fig. 3.18 is the relationship between the water level in the channel (before the water

was heated) and the eruption height for geyser models D, E and F. Here, the water level was

taken as negative downward. This figure shows that the eruption height of a geyser was

strongly dependent on the height of water column in the channel before the eruption occurred.

The highest eruption occurred if vigorous boiling occurred when the channel was fulI of water.
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The lowest eruption occurred if vigorous boiling occurred when the channel was empty. This

figure also shows that the height of a geyser eruption was dependent on the channel length.

provided that the heat supply into the system could bring the water in the chamber to vigorous

boiling, geyser models with longer channels had longer water columns and produced higher

eruptions.
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3.10. Volume of residual water after an eruption

Another important fact demonstrated by the model is that not all of the water contained in the

system was discharged during an eruption. The rapid movement of bubbles and slugs of liquid

forced out all the water in the channel, but it did not force out all the water in the chamber. In

Fig. 3.19, the percentage of the residual water, that is the ratio of volume of the residual water

after an eruption to the chamber volume, is plotted against the eruption height. The figure

shows that the residual water in the chamber after an eruption varied in the range of 65Vo to

907o. This means only about l}Vo to 35Vo of the water contained in the chamber was

discharged during eruption. As mentioned before, the highest eruption occurred when water in

the chamber was boiling vigorously while the channel was full of water. The amount of the

water discharged during an eruption appeared to be greatest when the highest eruption

occurred. Indeed the higher the eruption the lower the volume of residual water.

0.0
I
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3.11. SummarY

The results of the experimental study can be summarised as follows:

1. Four different types of features were observed in the laboratory models, namely

overflowing geysers, non-overflowing geysers, hot pools or hot springs, and steam vents.

The present study has shown that the type of the feature is dependent on the temperature

and the inflow rate of cold water and the heat input into the chanrber. Unfortunately, the

data are not adequate to show regions for different types of behaviotlr, h a plot of inflow

rate versus inflow temPerature.

2. All of the models studied here showed the same eruption mechanism. An eruption begins

when vigorous boiling occurs in the chamber and a Taylor bubble, i.e. a large bubble

which fills almost the whole of the cross section of the channel, rises without collapsing in

the channel. This large bubble is followed by other large bubbles. They are separated by

slugs of liquids and rise up the channel very rapidly and force the overlying water out of

the channel. The successive rising of the Taylor bubbles and slugs of liquid in the channel

leads to a full column eruPtion.

An eruPtion stoPs when:

(a) Boiling in the chamber is suppressed, either because of the inflow of cooler water

directly into the chanrber or because of the return of the ejected wat€r to the chamber.

O) No more overlying water remains to be discharged'

E'...
\ \\ \

at.
aa.. a

\..-. 
E

.r. a
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. F ------*--.--".-
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3. During the filling of the chamber the inflow rate of cold water to the chamber is almost

constant. During channel filling the rate of inflow decreases as the water level increases'

After the channel is filled with water, the inflow rate of water to the chamber becomes

constant. The inflow rate of cold water decreases very rapidly to a minimum value just a few

seconds before an eruption begins. When the water is discharged, the inflow rate increases

very rapidly to a maximum value, then, when the eruption stops, it becomes approximately

constant.

Interval between eruptions (see Fig. 3.2O):

(a) In overflowing cone geysers the processes within the system, between the end of one

eruption and the beginning of the next, are: charnber filling, channel filling and heating

the water in the charnber to boiling and formation of a Taylor bubble (slug flow) at the

bottom of the channel. For this type of geysers the interval between eruptions (dt"r) =

time required to refill the chanrber after a geyser eruption stops (dt1)+ time

required to refill the channel (dtt + time required to re-heat the water in

the chanrber until vigorous boiling begins (dt3)

interval between eruPtions

for an overflowing geYser

interv al b etw e e n e ruPtions

for a non-overflowing geYser

quiet stage

interttal between
eruptions

forapool geyser
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d' +d

i
r-

4.

f
i

filling of the chamber
+

heating of the water

filling ofthe channel
+

heating of the water

heating ofthe chamber continues

Figure 3.20 Schematic time log of processes involved in dffirent types of geysers in one cycle'
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O) In non-overflowing cone geysers the Taylor bubbles rise up the channel without

collapsing when the water level is still below the catcher. For this type of geysers the

interval benpeen eruptions (dko) =

time required to refill the chamber after a geyser eruption stops (dt1)+ time

required to refill the channel and to re-heat the water in the chanrber until

vigorous boiling begins (dt2')

Here dt2,<dtz.

(c) In a pool geyser whose pool is full of water at all times, the chamber and the

channel are full of water at all times, so there is no refilling of the charnber and

the channel (dt1=g and dt2=0;. For this type of geysers the interval between

eruptions (dt"r) = time required to re-heat the water in the chanrber until vigorous

boiling begins (dt3).

4. The height of eruption is dependent on the height of the water column in the channel before

the eruption begins. The highest eruption will occur if before the eruption begins the geyser

vent is full of water.

5. There is strong relationship between the duration of water play and the volume of water in

the chamber. Provided that the heat supply into the system can bring the water in the

chamber to vigorous boiling, the larger the chamber volume the longer the duration of

water play.

6. When a geyser eruption begins the temperature of water in the charrber is approximately

z4"Chigher ttran its boiling temperature for the pressure in the chamber.
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