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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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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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LM

L1

L2

M
I\40

= transition-mist boundary, dimensionless

= function of the pipe diameter number (No)

= function of the pipe diameter numtrer (Nn)

= mass of the fluid in the system (kg)

= mass of the residual water after an eruption ftg)

= mass at the beginning of the charrber filing (kg)

= mass of cold water flowing into the system (kg)

= mass of the fluid leaving the system (kg)

= mass of hot water flowing into the system (kg)

= dimensionless gas velocity number

= dimensionless liquid velocity number

= dimensionless pipe diameter number

= dimensionless liquid viscosity number

= Reynold number of the bubble

= Reynold number of the liquid

= dimensionless slip velocity

= pressure (Pa)

= pressue in the cold water zone (Pa)

= atmospheric pressure (Pa)

= prossure at the bottom of the channel (Pa)

= pressure in the chanrber after an eruption, i.e. at the initial condition @a)

= proSSUr€ in the chamber during stage-l,the chamber fiXing (Pa)

= 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

= residual saturation of liquid

= residual saturation of vapour

= cross section area of the channel (m2)

= entropy of water at cavern temperature (kJ/kg)

= entropy of the steamphase at 100"C

= entropy of the water phase at 100oC

= time (seconds)

= time when the simulation started (s)

= time at the end of stage-I, i.e. end of the charrber filling (s)

I\4
I\4d

Mh

Ncv
Ntv
ND

N1

Nn"b

Nn"t
S

P

P*

Pa

h
Pe

P1

P2

at
Rp

R;

R'y

S1

Sv

S1p

S16

s

S

S5

Sy

t

t0

t1
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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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