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CHAPTER 9

MODELS OF POHUTU GEYSER

This chapter describes further calibration of the mathematical models, and the sensitivity of the

models to variables affected by the operation of nearby production wells. In the previous

chapter, three Rotorua geysers were simulated and the models were calibrated against the

observed interval between eruptions. However, the results showed there are many possible

combinations of input parameters which can produce a good match to the observed interval

between eruptions, and further calibration as described in this chapter is required' The

additional calibration data available is from observations of Pohunr on 20ft of August 1993 and

consists of the duration of the cavern filling and the duration of the pre-play stage (the stages of

the eruption cycle are defined in Chapter 7). The next stage of model calibration, not covered in

this study, would be to match the temperature changes in the geyser cavern. However, the

required temperature data are not available at present.

The general form of the model considered is the same as that described in the previous chapter.

Model parameters used are discussed in section 9.1. Three models are considered, namely, the

Steinberg model (Chapter 4), the variable density model (Chapter 5) and a fully transient

numerical model (Chapter 6). The results of the simulations using the mathematical models are

described in sections g.2. A discussion of the sensitivity of the geyser to changes in model

parameters is included. The fully transient numerical model for Pohutu is described in section

9.3.

Table 9.1

Average observed data for Pohutu

20 August 1993

Average duration of falling stage (t1)

Average duration of quiet stage (t2)

Average duration of Pre-PlaY (t3)

Average duration of eruPtion (t4)

Average interval between eruptions (tl+t2+t3)

Average duration of active (t1+t3+Q)

Average duration of cavern filling (t1+t2)

84s
221 s

123 s
223 s
428 s
430 s

305 s



296

9.1. Model Parameters

As in the previous study (Chapter 8), the plumbing system of Pohutu is modelled as a large

chamber connected to the surface by a small channel (suggested by Weir et al., 1992). The

chanrber is fed from a deep hot-water zone and cool water at shallow depths from Te Horu (see

Fig. 7.1 of Chapter 7). The inflow rate of hot water is assumed to be constant but the inflow

rate of cold water is assumed to be dependent on the pressure in the charnber.

Table 9.2 lists the cross section area, the length of the channel and the inflow temFratures

used in the present studY.

Table9.2

Model parameters for Pohutu (from Weir et al. ,1992)

Channel length
Cross section area of the channel
Temperature of cold inflow
Temperahrre of hot inflow

9m
0.12 m2
600c
180'c

Other input parameters must be specified for the models. These are:

(i) the volume of the chanrber.

(ii) the volume of the residual water after an eruption.

(iii) the length of the charnber.

(iv) the diameter of the chanrber.

(v) the pressure in the cold water zone.

(vi) the inflow rates of cold and hot water.

There are considerable uncertainties about the values of these parameters. The cavern volume

for pohutu, for example, was estimated by Weir et al. (1992) to be 100 m3 by assuming that

the geyser cavern is equal to the volume of hot water ejected during the eruption. But the

average volume of the ejected water during the eruption of Pohutu on the 20ft of August 1993

was only 22.8 m3 (see Chapter 7). On the other hand, experimental studies carried out by the

author using laboratory models showed that only 2O-3O7o of water in the chanrber was ejected

during an eruption (see Chapter 3). Two cases listed in Table 9.3 were investigated in the

present study. Because for the model calculation the volume of the residual water in the

chamber (Vs) should not be equal to zero, Ve was assumed tobe lOVo of the chanrber volume.

The sensitivity of the model results to the value chosen for V6 was investigated and will be

discussed later in this section. [n case 1, the volume of the chanrber was assumed to be 25 fif ,

lOVo greater than the volume of the ejected water of 22.8 m3. In case 2, the cavern volume

estimated by Weir et al. (1992) of 100 m3 and the volume of the ejected water during the

eruption of ZZ.g m3 were used. In the second case the percentage of the volume of water
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ejected during the eruption is equal to 22,8Vo of the cavern volume. It thus lies within the range

observed in the laboratory models.

Table 9.3

List of cases for modelling the performance of Pohutu geyser.

Parameters Case I Case 2

Volume of the chamber
Volume of the residual water (Vg)

25 m3
2.2 m3

100 m3
77.2 m3

The length and the diameter of the chamber need to be specified for the variable density model

and the AUTOUGH2 model. Because these data are not measurable, several subcases listed in

Table 9.4 were examined. The diameter of the chamber was calculated by using an assumption

that the chamber is a cylinder. For comparison, the distance from the vent of Pohutu to the

vent of the Feathers (approximated from Fig. 1.4) is 5 m and to the vent of Waikorohihi is

25 m.Based on the distance between Pohutu and the Feathers, it is probably more likely that

the charnber of Pohutu has a diameter of less than 5 m.

Table 9.4

Subcases studied for modelling Pohutu geyser

Lrngth of
the chamber

Volume of chamber = l(X) m3
Total Cross sectional diameter of
depthl) arca of the chamber the chamber

Volume of chamber = 25 m3
Cross sectional diameter of
arca of the chamber the chamber

lm
2m
3m
4m
5m
6m
7m
8m
9m
l0m

l0m
ll m
12m
13m
14m
15m
16m
17m
18m
19m

lfi) m2
50.0 m2
33.3 m2
25.0 m2
20.0 m2
16J m2
14.3 m2
12.5 m2
ll.l m2
10.0 m2

ll.3 m
8.0 m
6.5 m
5.6 m
5.0 m
4.6 m
4.3 m
4.0 m
3.8 m
3.6 m

12.5 m2

6.3 m3

4.2m3

4.0 m

2.8 m

2.3 m

1) length of tle clumber plus length of clwuel

As in the previous study, the pressure-dependent flow of cold water assumed in the present

model is provided by the flow from Te Horu, with the water level in Te Horu corresponding to

the pressure P* used in (4.1). In fact the water level in Te Horu varies during some eruptions

of Pohutu (see Weir et al., 1992) but keeping it fixed during the time between eruptions is a

reasonable approximation. For the model calculations the pressure in the cold water zone is set

to a slightly larger value than the hydrostatic pressure for a cavern full of water.



298

Estimates for the inflow rates of hot and cold water to the cavern of Pohutu are listed here in

Table 9.5.

Table 9.5

Estimates for the inflow rates of water for Pohutu.

20 August 1993

Average inflow rate of hot water
Average inflow rate of cold water

223 kgls
24.4 kgls

In all cases it was assumed for the model calculations that the initial state, just after the

eruption, was as follows:

Temperature of residual water = 100oC

Pressure in the charnber after an eruption = 1.01325 bar

9.2. Simulation using mathematical models

The performance of Pohutu geyser was simulated here using the Steinberg model (see Chapter

4) and the variable density model (Chapter 5).

There are two criteria which must be met to obtain a good match in modelling a geyser. The

first is that the model results must match the observed data not only in terms of the interval

between eruptions but also in terms of the duration of the cavern frlling and the duration of the

pre-play stage. The second is that the temperature in the cavern versus time calculated by the

model must match the measured data. As the temperature in the cavern of Pohutu was not

measured during the period of observation only the former calibration were made in the present

study.

Owing to the uncertainties about the accuracies of the input parameters, the input parameters

need to be modified until a satisfactory agreement with all observed data is obtained. This is not

a simple task as it requires a trial-and-error procedure. For the present study the problem has

been simplified by keeping all parameters listed in Table 9.2 fxed and by investigating only the

cases listed in Table 9.3 and 9.4. Efforts to match the observed data were made by varying the

inflow rates of hot and cold water and the pressure in the cold water zone. With different input

parameters there are several models, described later in this section, which can produce a good

agreement with the perfonnance of Pohutu observed on the 20th of August 1993, but as data

are not available on the actual temperature in the cavern for Pohutu it is not possible to deduce

which one is the best model. The results of the study are discussed in more detail in the

following subsections.
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9.2.1, Simulation using the Steinberg model

Case I : Volume of chamber = 25 m3Qnd volume of the residunl water = 2'2 m3'

To begin with the inflow rates of hot and of cold water listed in Table 9.5 were used' The

pressure of the cold water zone and the atmosphere pressure are assumed to be 2 bar and

l.Ol3Z5bar respectively. Corresponding to cold inflow of 24.4 kg/s, the recharge coefficient

of 2.47 x lo-a m.s was used. The agreement between the calculated and the observed data are

poor. The calculated interval between eruptions is only 23 7o longer but the calculated duration

of cavern filling is 68 Vo longer and the calculated duration of pre-play is 89 Vo shorter than the

observed values.

One way to decrease the duration of cavern filling is by increasing the inflow of water to the

cavern. The duration of pre-play will increase if the inflow of water to the chamber is

increased. The model was calibrated against the field data by varying the inflow rate of hot

water (GrJ and the recharge coefficient for the cold water zone (cr), while the other parameters

were kept fixed. Fig. 9.la show contours of constant duration of cavern filling and a contour

of interval between eruptions of 428 s for various hot and cold inflows. Fig. 9.1b is a graph

showing contours of constant duration of pre-play and a contour of interval between eruptions

of 42gs for various hot and cold inflows. The average observed duration of cavern filling and

duration of pre-play for Pohutu was 305 s and 123 s respectively. As can be seen, the contour

of interval between eruptions of 428 s crosses the contour of duration of cavern filling for

pohutu of 305 s (Fig. 9.la) and the contour the duration of water overflowing of 123s @ig.

9.lb). Contours of interval between eruptions of 428 s, of duration of cavern filling of 305 s

and of duration of pre-play of L23 s, plotted together in Fig. 9.1c, intersect at one point (P)

thus a good agreement between the observed interval between eruptions, duration of cavem

fi1ing and duration of pre-play can be achieved at this point. This good match to the observed

data was obtained with inflow rates of hot and of cold water to the charnber of 32.4 kg/s and

48 kg/s respectively. The inflow rate of cold water is twice that suggested by Weir et al. (1992)

for pohutu geyser, while the inflow rate of hot water is about three times greater than their

suggested value. The model results are compared to the average observed data in Table 9.6.
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Table 9.6

Summary of the model results for Pohutu (Stcinberg mdel)

Average observed data
on August 20,1993

Model for Pohutu
(case l)

Model forPohutu
(case 2)

Volume of the chamber

Volume of residual water
lnflow rate of hot water
Inflow rate of cold watsr
Total inflow rale of water
Duration of cavem filling
Duration of prc-play
Enrption interval
Type of surface features

305 s
123 s
428s

geyser p.b.s')

25 m3

2.2rrr3
32.4kgls
48.0kys
80.4 kg/s
303 s
125 s
428 s

geyser p.b.s

100m3
772m3
62.5kgls
16.0kgs
72.5kls
306 s
l22s
42E s

geyser p.b.s.

I ) geyscr and pulsathg bilhg sqing.
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Case 2: Volwne of chamber = 100 m3and volume of the residual water = 77.2 m3 '

As before, to begin with the inflow rates of hot and of cold water listed in Table 9.5 were used.

The pressure of the cold water zone and the atmosphere pressure are also assumed to be 2 bar

and 1.01325 bar respectively. Corresponding to a cold inflow of 24.4 kg/s, the recharge

coefficient of 2.47 x l0-a m.s was used. The agreement between the calculated and the actual

interval between eruptions is poor. The calculated interval between eruptions is about three

times that of the observed value. The calculated duration of cavern filling is 68 Vo longer, and

the calculated duration of pre-play is about eight times that of the observed values. Decreasing

the pressure in the cold water zone to 1.9 bar, in order to decrease the inflow rate of cold water

to the chamber during the heating up stage (pre-play stage), does not significantly shorten the

interval between eruptions. As in the previous case the model was then calibrated by varying

the mass of hot inflow (GrJ and recharge pararneter for the cold water zone (cr), while other

piuameters were kept constant. Fig.9.2ashows contours of constant duration of cavern filling

and a contour of interval between eruptions of 428 s for various hot and cold inflows. In Fig.

9.2b plots contours of duration of the pre-play for various hot and cold inflow are shown.

Contours for an interval between eruptions of 428 s, for duration of cavern filling of 305 s and

duration of pre-play of 123 s, are plotted together in Fig. 9.2c, and intersect at one point (P)'

indicating that a good agreement between the calculated and the actual interval between

eruptions, duration of cavern filling and duration of pre-play can be achieved. The best match

is obtained with inflow rates of cold water of 16 kg/s and of hot water of 62.5 kg/s. The model

results are compared to the average observed data and those obtained from case I in Table 9.6.

One of the interesting results to note is that the inflow rate of cold water to the chamber is of the

same order of magnitude as that suggested by Weir etal. (1992) for Pohutu geyser. The inflow

rate of hot water, however, is four times greater than that suggested by Weir et al. based on an

interval between eruptions of 3060 s and and a duration of eruption of 1020 s (see Tables 7.1

and7.2 in Chapter 7).

Figs. 9.3a and 9.3b show the temperature in the cavern for the model of Pohutu as predicted

by the Steinberg model for cases I and 2 respectively. As can be seen they have a different

form although they have the same perfonnance characteristic. The adequacy of the model

results could not !g verified because temperatures in the cavern were not measured.

Both models predict that, at all times, temperatures are higher than the boiling point

temperature. pohutu should thus have pulsating boiling spring behaviour as well as geyser

behaviour (see Table 4.l.in Chapter 4 for details of the criteria). This type of behaviour for

Pohutu is observed.
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9.2.2. Simulation using the variable density model

A similar study was undertaken using the variable density model and the Duns and Ros

correlation, previously discussed in Chapter 5. One of the assumptions used is that that T6=T1-1

for Ti-r<100"C and Tc=100oC for T;-1>100"C. The model parameters listed in Table 9.2 were

also used. As mentioned before, the length and the diameter of the chamber needed to be

specified for the variable density model. As they are unknown, three subcases listed in Table

9.4 were studied for case l. In an effort to obtain a model which produced a good match to

observed data, the ten subcases listed in Table 9.4 were studied for case 2.

Case I : Volurne of cha:,nber = 25 m3and vohilne of chamber = 2'2 m3'

To begin with, the the performance of Pohutu observed on the 20s of August 1993 (Table 9.1)

was simulated using the inflow rates of hot and cold water listed in Table 9.5. The pressure in

the cold water zone was assumed to be I 7o larger than the hydrostatic pressure for the charrber

and the channel full of water (see Table 9.7).

With G6=22.8 kg/s and G"=)!,.4kgls, in all cases the agreement between the calculated and

the observed data is poor. The calculated intervals between eruptions ue75 to 105 s longer

than the observed value but in all cases the duration of the pre-play stage is equal to zero while

that observed is equal to 123 s. As in the previous study, the model was calibrated against the

observed data by varying the inflow rate of hot water (GfJ and the recharge parameter for the

cold water zone (cr), while other parameters were kept fixed'

CJ
o
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Table 9.7

Additional model parameters for the three subcases studied in modelling Pohutu geyser

Case Chamber Cross section Chamber Total Hydrostatic Pressure at the

length area of the chamber diameter depth pressures cold water zone, P*

A 2m 12.5 m2 4.0 m ll m 2'05 bar 2'M bar

B 4 m 6.3 m2 2'8 m 13 m 2'23 bar 2'25 bar

C 6 m 4.2 m2 2.3 m 15 m 2'42 bat 2'45 bar

Subcases I-A: length of the clnmber = 2 rn, dinmeter of the clnmber = 4 m

No satisfactory agreement between the calculated and the observed data could be obtained for

this case. The contours of interval between eruptions of 428 s, of duration of cavern frlling of

.305 s and of duration of pre-play of 123 s, as can be seen in Fig. G.l (Appendix G), are far

apart.

Subcases 1-B: length of the chamber = 4 r4 diameter of the chamber = 2.8 m

A good agreement between the calculated and the observed data can be obtained for this case

(see Fig. 9.4) with hot inflow of 32.3 kg/s and cold inflow of 57 kg/s. The model results are

compared to the average observed data and to those obtained from the Steinberg model in Table

9.8.

case I-B: Volume of the chamber = 25 m3. volume or the residual water=2.2 dL
Iength of the chamber = 4 m. diameter of the chanrber = 2.8 m

120
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ao&
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Figare 9.4 Contours of interval between eruptions of 428 s, of duyqtiolt of cavern filtins of 305 s ard of duration of
pi-play of 123 s for iarious hot and cotd iillows (case 1-8, variable density model). A-B=botorfury beween regions

of overflowing geyser ard non overflowing geyseir. I=region of overflowing geyser. Il=region of non overflowing

geyser. P = Polwtu SeYser.
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Subcases 1-C: length of tlu chamber = 6 m, diameter of the clnmber = 2'3 m

The best match can be obtained with case C with a hot inflow of 33.5 kg/s and cold inflow of

52kgts(see Fig. 9.5). The model results obtained from this case are compared to the observed

data and those calculated using the Steinberg model in Table 9.8.

Table 9.8

Summary of the model resuls for Pohutu (Variable density model)

Average (obscrved)
on August 2n,1993

Steinberg modcl
Case I

Variable Density Model
Case l-B Case l{

Volume of the chamber
length of the chamber
Diameter of the chamber
Volume of the residual water
Inflow rate ofhot water
lnflow rate of cold water
Total inflow rate of water
Duration of cavem filling
Duration of pre-play
Interval between enrPtions
Tlpe ofsurface feanre

305 s
123 s
42E s

r , llgeyser P.o.s.-,

'1^t
2.2m3
32.4kgls
48.0 kg/s
80.4 kg/s
303 s
125 s
428s
geyser p.b.s.

25m3
4m
2.8 m
2.2mj
32.3kgls
57.0 kg/s
89.3 kgs
288 s
140 s
4?3s
geyser p.b.s.

25m3
6m
2.3 m
2.2m3
33.5 kg/s
52.0 kg/s
85.5 kgs
305 s
120 s
425 s
geyser p.b.s.

I ) geyur p,b.s. = geyscr and puLsathg boili,'s sprhS
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Seyser.
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plots of temperature in the cavern of Pohutu versus time predicted by model for case 1-B and

l-C are shown in Fig. 9.6. Unfortunately, no temperature data are available to validate the

model results.

Cnsp l: Volume of the clnmber = 25 m3 volume of the residual water=2.2 m3.
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Time (seconds)

Case 2-B : chamber length=4 m E

Case 2-C : chamber lcngth=6 m o
preploy snge begins

eruption occurs

Figure 9.6 Temperature in the cavern of the nadel for Pohutu as predicted using the variable density madel

for case l-B arrd 1-C.

case 2: volurne of clwmber = 100 m3and volume of charnber = 77.2 m3.

Ten subcases, listed in Table 9.4 (listed here as suhases A to J), were studied. A range of

chamber lengths from 1 to l0 m and diameters in the range 3.6-11.3 m were used. The

pressure in the cold water zone was assumed to be 5 Vo larger than the hydrostatic pressure for

the chamber and the channel fulIof water. To begin with, the simulation was carried out using

the inflows of cold and hot water listed in Table 9.5. The first six cases predict that at all times

the fluid in the chamber is a two-phase mixture of water and steam. Slug flow, which initiates

an eruption, is formed at the bottom of the channel before the channel is completely full or

immediately after the water level reaches the surface. Water will therefore not overflow from

the channel prior to eruption (the duration of pre-play is zero). In reality, water overflowed

from the pohutu for 123 s. In terms of the interval betwben eruptions, however, the calculated

and the observed data match really well. The calculated intervals of eruption are only 37 to 4O s

longer than the average observed value. In other cases the calculated durations of water

overflowing are 3 to 4 times longer than the observed value. For these cases the models predict

that at all times during the filling of the chamber the fluid is two-phase, but boiling is

suppressed as soon as water rises up the channel.

actw! +l rpreplay | ^.o-t



309

To obtain a good match to the observed data the model was calibrated by varying the inflow

rate of hot water (GfJ and the recharge parameter for the cold water zone (g), while other

parameters were kept constant. Only cases A, E, G and J were calibrated' The results' all

presented in Appendix H, show that the agreement between the calculated and observed values

for interval between eruptions, duration of cavern filling and duration pre-play cannot be

obtained for these four cases. Decreasing the pressure in the cold water zone, in order to reduce

the inflow rate of cold water during the overflowing stage, does not significantly change the

model results.

9.2.3. SensitivitY StudY

A number of mathematical models has been produced for Pohutu. It is of interest to use the

models to investigate how the behaviour of Pohutu will be affected by changes in the inflow

rate, the temperature and the pressure. Several cases were investigated to determine the effect

of these changes on the interval between eruptions for Pohutu. Case I investigates the effect on

the interval between eruptions of Pohutu of lOVo variations in the inflow rates, temperature and

pressure and a I Vo variation in the atmospheric pressure. Several other cases investigate the

effect of simultaneous changes in more than one parameter on the interval between eruptions

for Pohutu.

Three models which produced a good match to the performance of Pohutu geyser as observed

on the 20s of August 1993 (listed in Table 9.9) were selected for this study.

Table 9.9

Models for Pohutu geyser

Model I
(Steinberg model)

Model2
(Steinberg model)

Model3
(vDM)

Volume of the chamber
Volume of the residual water

Lrngth of the chamber
Diameter of the chamber
Temperature of hot inflow
Temperature of cold inflow
Mass flow rate of hot water
Mass flow rate of cold water
Total inflow of water
hessure at the cold water zone

Duration of cavern filling
Duration of pre-PlaY stage
Interval between eruPtions
Type of geyser

lfi) m3
712 m3

180'c
60'c
62.5 kgls
16.0 kg/s
78.5 kg/s
2.0 bar
306 s

122 s
428 s

geyser p.b.s.

25 m3
2._2 m3

180'c
60"c
32.4 kgls
48.0 kg/s
80.4 kg/s
2.0 bar
303 s

125 s
429 s

geyser p.b.s

25 m3
2.2 m3
6m
2.3 m
180"c
60"c
33.5 kg/s
52.0 kg/s
85.5 kg/s
2.45 bar
305 s

120 s
425 s

ovr. geyser

VDM = variahle densitY model
geyser p.b.s. = geyser and pukating boiling spring' ow. geyser = overllowing geYser'
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atmospheric pressure

The effect of lOVo variations in the inflow rates, temperature and pressure, and a l%o vatiatton

in the atmospheric pressure on the interval between eruptions for Pohutu was investigated by

varying each parameter in turn while all the others were kept fixed. The variations in the

interval between eruptions resulting from these changes according to the models are shown in

Table 9.10. The precentage increase and decrease in the interval between eruptions are shown

in Table 9.1l.

All models predict that a +107o change in the temperature of the hot inflow G18'C) will have a

significant effect on the performance of Pohutu geyser. A lOVo decrease in T6 causes the

interval between eruptions of Pohutu to increase by about 30 to 40Vo. Pohutu, still, remains

however in Steinberg's category of a geyser with preliminary pulsating behaviour. A lOVo

increase in T6 (+18"C), on the other hand, cause the interval between eruptions of Pohutu to

decrease by 2oto3ovo.with this change, Pohutu will erupt without preliminary indication; i.e.

water in the cavern of pohutu will be hot enough to erupt immediately after the water level

reaches the mouth of the vent or before the cavern is completely fuI].

Model 3 predicts that a l07o increase in the inflow rate of hot water (Gfl will also have a

significant effect on the interval between eruptions for Pohutu. With this change the interval

between eruptions for pohutu will decrease by about 30Vo andthe water in the cavern will then

be hot enough to erupt before the cavern is completely full. Pohutu will erupt without

preliminary indication. Other models predict that the interval between eruptions of Pohutu will

decrease only about l}-l5%o and Pohutu will remain in Steinberg's category of a geyser with

preliminary pulsating behaviour. All models, however, predict thatlOVo decrease in Grt cause

the interval between eruptions of Pohutu to increase by about l$-tjvo.

Model 3 predicts that a l07o increase in T" (+6"C) will also have a significant effect on the

interval between eruptions for Pohutu. With this change the interval between eruptions of

pohutu will decrease by about 30Vo andthe water in the cavern will then be hot enough to erupt

before the cavern is completely full. Pohutu will then erupt without preliminary indication.

Model 2 predicts the interval between eruptions of Pohutu will decrease by only about 107o.

These two models, however, predict that a 107o decrease in T" will cause the interval between

eruptions of pohutu to increase by no more than l}Vo. only model I predicts that lOVo

variations in T" would have no significant effect on the interval between eruptions.
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Table 9.10

Variation of interval between eruptions

Inflow rate Inflow rate Temp. of Temp' of lt"-tj'of Atmospheric

of hot water of cold water hot water cold water Te Horu pressure--c-io%) @t0%) (xrlvo) (try%) @ro%) @r%)

Modell6,24'-8'.00"7',O3"-7'14"5',33"-g',47"7'.O0"'7'14"6',52"-7'24"7',07','7'10'
Model2 6'16"-8'13" 6',5r"-7',23" 5'32"-8'13" 6',27"-7',49" 6'19"-8'36" 7'O7',-7',10"

Model34,5l,,-8,01,,5,22".7'||"5'02".g,27"5'05".?'46,'5,34".7,54"7,06".7,07"

Note:
On August 20, Igg3, the interval between eruptioys of. Pohutu varied from about 4 minutes to I hour but mostly

pohutu erupted every 5 to 8 minutes (see Chaier 7). ih" ourrog, obsemed interval between eruptions is 7'08"'

Table 9.11

Percentage increase and decrease in the interval betwe€n eruptions for Pohutu.

parameter Changes Percentage increase (+/decrease G) in the interval betw-een eruptions

% tr{oaet t Model2 Model3
(427 s) (429 s) (425 s)

Inflow ofhot water +l0%o
-l0%o

Inflow of cold water +10%
-l0%o

+l%
-l%

- 9.4%
+12.4%

+ 1.6%
- 0.97o

O.OVo

+ 0.77o

-r2.4% -3r.5%
+14.9% +13.2%

Temp. of hot water +lOVo -22'O% -2?:62 -]:;nn
-lO% +37.5% +37 5% +33'4%

i"*;ffi;;-----;|;;---------:'i;-----*--:-;;; -:;;';:;-----
-lo% +1.6% +9'3% +9'6%

hess. of Te Horu +lO% + 4'0Vo +203% +ll5%
-lOVo - 3.5% -ll3% -19'3%

+ 3.3% + 1.4%

- 4.2% -24.2%

Atm. press

The effect of variations in the Te Horu water level on the interval between eruptions was

investigated by varying the pressure in the cold water zone (P*) while the other parameters

were kept fixed. If the water level varies over a range of. + 2 metres, for example, the pressure

will vary by about + 0.2 bar (lo7o). All models except model I predict that lOVo variations in

p* (water level) causes the interval between eruptions of Pohutu to vary by about l0-20%o'

Activity records given by Weir et al. (1992) show that the water level in Te Horu sometimes

fluctuates through a l0 metre range.

+ o.5% + o.5%
- o.5% - o.2%
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The variation in atmospheric pressure is usually not more than one percent (Rinehart, 1972),

As shown in Table g.10, a decrease in atmospheric pressure lengthens the interval eruptions

and an increase in atmospheric pressure shortens it. All models predict that a I 7o variation in

atmospheric pressure will cause the interval between eruptions of Pohutu to vary by less than 5

seconds.

Case 2: Changes in tern?eranre

The effect of simultaneous changes in temperatures of the hot and cold inflow was investigated

by varying both T6 and T", while other parameters were kept fixed. Contours of constant

interval between eruptions for various inflow temperatures for the three models are shown in

Figs. 9.7a to 9.7c.

Table 9.12

Sensitivity of Pohutu to variations in the hot inflow'

Model I Model2 Model3
ChT6ChT6GhT6

Model values 180"C
Transition IV-ilI -t)
Transition III-II 't)
Transition II-I 102'C

62.5 kgls 180'C 32'4 kgls
8.0 kg/s l59oC 24.0 kgls
1.6 kg/s 128"C 4.7 kgls
0.9 kgls 107'C 2.5 kgls

180'C 33.5 kg/s

182'C 35.0 kg/s

Note:
For models I and 2 (all deduced using the Steinberg model):

I = Hot springs, II = Boiling springs, III = Geysers, N = Geyser and boiling springs.

For model 3 (deduced ushg the varidlc density model):

I = Overflowing geysers, II = Non-overflowing geysers. This model does not have criteria to distinguish

between hot springs, boiling springs, geysers and geysers with boiling springs characteristic and tlwrefore tlu

transition between them cannot be determined'

l) For thc range of paraneters studied here region III does not exist (see FiS. 9.7b).

As can be seen in Fig. 9.7a, model I is not sensitive to changes in the temperature of the cold

inflow. Because of the high inflow of hot water to the cavern, model 2 predicts that, unless the

temperature of the hot inflow drops to l20oC, Pohutu will remain in Steinberg's category of a

geyser with preliminary pulsating spring behaviour.

Model2 appears to be more sensitive to changes in the inflow tempratures than model l. A

drop in temperature of l2vo down to 159"C is required for Pohutu to lose its preliminary

pulsating spring behaviour and a drop of 29Vo down to 128"C will cause it to cease eruption

(see Table 9.12).

For the range of temperatures studied here, model 3 predicts that Pohutu will remain active

even if the temperature of the hot inflow drops down to I l0oC'
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Model l: V chamber =100 nf , Gn=ll6.0 kg/s, Gc=72.5 kg/s, Vo=772 nf
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Fipure 9.7a Sensitivin of Pohutu to changes in inflow temperatures (model l). I. Hot springs, II. Boiling
spiings, III. Geysers, N. Geysers and boiling springs, P= Pohutu geyser.
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Modet 3: V clwmber =25m3, Gn=33.5 kg/s, Gr=J) kg/s, Vg=t) a3
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Figure 9.7c Sensitivity of Pohutu to changes in inflow temperatures (model 3). L Overllowing geysers, IL

Non-overflowing geysers. P= Pohutu Seyser-

Case 3: Changes in irtlow rates

The effect of simultaneous changes in the amount of cold and hot inflow on the interval

benreen eruptions for Pohutu was investigated by varying the mass flow rate of hot water (C+)

and the recharge parameter for the cold water zone (a) while other parameters were kept fixed.

Contours of constant interval between eruptions, for various Crtr and Gs1, for the three models

are shown in Figs. 9.8a, 9.8b and 9.8c.

Model I predicts that the amount of hot inflow to Pohutu would have to decrease by 87.2Vo to

g kg/s for the geyser to lose its preliminary pulsating behaviour (see Table 9.t2). A decrease in

the hot inflow of 97Vo down to 1.6 kg/s would be required for Pohutu to cease eruption

altogether.

Model 2 appears to be more sensitive to changes in the inflow temperatures than model 1. A

drop in hot inflow of. 26Vo down to 24 kg/s is required for Pohutu to lose its preliminary

pulsating spring behaviour and a drop of 85Vo down to 4.7 kg/s will cause it to cease eruption.

As mentioned earlier, model 3 was set up using the variable density model for which there is

no criteria to distinguish between hot springs, boiling springs, geysers and geysers with

boiling springs and therefore the transition between them cannot be determined.

30, ZO' 15' 12' l0' 8'

intent aI b etw ee n e rupt ions
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Model I: V chanber =100 nf, Gh=16.0 k,/s, Gc=72'5 kg/s, Vg=//'/ nf
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Fisure 9.Ea Sensitivity of pohutu to changes in inflow rates (model l). I. Hot springs, II. Boiling springs, III'
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Model 3: V chamber =25n1, Gn=33.5 kg/s, Gr=J) kg/s, Vg=2'2 nf
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Fisure 9.8c Sensitiviy of Pohun tu chotges in inflow rates (model 3). I. Hot springs, II. Boiling springs, III'
Gdysers, N. Geysers and boiling springs, P= Pohutu geyser.

Case 4: Chnnges ininflow rate andtemperature of the hot inflow

Here both the temperature and the mass flow rate of the hot water (T6 and Gfl were varied

while other parameters were kept fixed. As shown in Table 9.13, the interval between

eruptions of Pohutu will vary significantly if both the mass flow rate and the temperature of the

hot inflow varyby l0%o.

Table 9.13

Sensitivity of Pohutu to l0% changes in sevcral panmetcrs.
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Case 4: Chnnges in several pararneters

In this case chang es of l}Voto several parameters were considered. The mass flow rate and the

temperature of the hot inflow were varied between 14 to 17 kg/s and 162 to 198oC,

respectively, and the temperature and the pressure in Te Horu were varied between 54 to 66"C

and l.g to Z.Zbar (that is, the water level was varied by 2 metres), respectively. The models

predict that the interval between eruptions of Pohutu would vary from 4 to 18 minutes (see

Table 9.13).

9.3. Simulations using AUTOUGH2

Attempts were also made as part of the present study to set up a fully transient numerical model

of pohutu geyser as observed on the 20fr of August 1993, using the AUTOUGH2 simulator'

9.3.1. Grid laYout

The grid layout used for the computer model is shown in Fig. 9.9. The mesh used consists of

12 blocks. The top block represents atmosphere (ATM l). The nine blocks below it (PHT I to

pHT 9) represent the channel. Each block is one metre thick making a total depth of 9 metres.

One block at the bottom (PHT10) represents the geyser chamber. Block RECI0 in the model

represents the cold water zone (60"C). Constant pressure and temperature boundary conditions

were imposed at block ATM I and at block REC10. The upflow of hot water is included in the

model by an injection of hot water of 180'C at a constant rate.

9.3.2. Model parameters.

Table 9.14 lists data and assumptions used in the model. The main assumptions used in the

model is that the porosity of the chamber (PHTI0) and of the channel (PIIT I to PHT 9) are

assumed to be equal to one. The porosity of the cold water zone (RECI0) is assumed to be

equal to 0.3. The simulation is started at the stage just after the geyser ceases eruption. The

channel is assumed to be filled by steam at that time. The steam saturation in PIIT 1 to PIIT 9

is thus put equal to one.

The volume of the chamber was assumed to be 25 m3. The lenglh of the charrber was assumed

to be 6 m. With a channel 9 m long, the total depth is thus 15 m. The volume of the residual

water was assumed to be 2.2 m3,l0 Vo of the volume of chamber. With an assumption that

9O Vo of thechamber is filled by steam, the steam saturation in PHTI0 is put equal to 0.9.
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Table 9.14
Parameters used in the model.

PIII l toPIII9 RECIO ATM I

Rock porosity
Rock density
Rock heat conductivitY
Rock specific heat
Initial state:

- Pressure
- Temperature
- Steam saturation

Volume

1.0
2500 kg/m3
2.0 Wm.K
900 Jftg.K

l.ll bar
100'c
0.9
25 m3

1.0
2500 kg/m3
2.0 Wm.K
900 Jftg.K

l.0l-1.10 bar
99'C
1.0
0.12 m3

0.3
2500 kg/m3
2.5 Wm.K
1000 Jftg.K

2.45 bar
60'c
1.0
0.2E+20

1.0
2500 kg/m3
2.0 Wm.K
900 J/kg.K

1.01325 bar
l50c
1.0
l.0E+30

A={.l2nO

1

5m RECI0

HOTWAIER
T=180'C

Figure 9.9 Grid layout for Pohutu. ATM I represents the atmosphere. PHT I to PHT 9 represent the

channel. PIITI| represents the chanber. RECI| represents the recharge black

Other parameters (the permeabilities of the chanrber, the channel and the cold water water zone,

the pressure in the cold water zone and the inflow rate of hot water) were varied in order to

produce oscillatory behaviour which matched the observed data. The residual liquid and vapour

saturations (Sp and Svd in the Corey relative permeability cunes were also varied.
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A large number of numerical experiments were carried out in simulating the performance of

pohutu. The modelling process is described here, but it was similar to that described in section

6.2.2 ofChapter 6. The oscillatory behaviour was more difficult to obtain in this model than in

all models described in Chapter 6. As the chamber of Pohutu is much bigger than all the

models described in Chapter 6, the calculation process was also more time consuming' even

though the model is simple, because of the small time steps required during phase changes and

therefore a large number of time steps were required to reproduce each cycle. Often the model

produced only one or two cycles of oscillatory behaviour and thereafter it reached a steady

state. In some cases, the model produce oscillatory behaviour in the form of a perpetual

spouter (see Fig. 9.20) which discharged water to the atmosphere continuously (Bryan'

19g6). oscillatory behaviour which matches the observed data reasonably well was eventually

obtained using parameters listed in Tables 9.14 and 9.15.

Table 9.15
Model parametcn for Pohutu

Permeability of the chambcr and the channel (PHT I to Pml0)
Permeability of cold water zone (RECIO)
Pressure at the cold water zone (RECIO)
Inflow rate of hot water
Corey's relative permeability curve: ._

Residual water sahration (Sq1)

Residual vapour saturation (Syp)

= 3.5 x l0-7 m2

=4.5 x l0 ll m2

=2.45bar
=VIkgls

= 0.0

= 0.3

9.3.3. Performance of the geYser.

The most interesting result obtained from this study is that the model was able to simulate the

eruption process itself. This cannot be simulated using either the Steinberg model or the

variable density model. The mass flow rate and the heat discharge to the atmosphere versus

time, according to the model, iue shown in Figs. 9.10a and 9.10b respectively. The model

results are compared to the average observed data in Table 9.16. Plots of the model results for

the inflow rate of cold water to the chamber, the pressure, the temperature and the steam

saturation in the chamber (PHTI0) versus time are shown in Figs.9.1la,9.llb,9.1lc and

9.1ld respectively.

As observed in Pohutu geyser on the 20ft of August 1993, the activity of the geyser predicted

by the model consists of four stages (see Figs. 9.10a and 9.10b):

(l) Ouiet stage.

Over this period no liquid is discharged to the atmosphere (A-B).The steam flow to the

atmosphere is insignificant. The average duration of the quiet stage was calculated to be

160 s, which is 6l s shorter than average observed value.
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Pre-play stage.

The appearance of water for the first time above the mouth of the channel is indicated in

the model by a rapid increase in the mass flow rate of fluid discharged to the atmosphere

(B). Immediately after water reaches the mouth of the vent, a large amount of water is

discharged to the surface according to the model. A few seconds afterwards the water

column drops very rapidly; water is then discharged at an almost constant rate of about 27

kg/s (18 MW), for a duration of 170 s which is 47 s longer than the observed value. On

the observation day, Pohutu did not behave in this way. Water appeared for the frst time

above the vent as a burst of water (see Fig. 7.3). This was then followed by a series of

bursts. Water was then discharged intermittently. Shortly before the eruption the surges

of water became larger and more frequent.

Full column eruPtion stage.

The beginning of the full column eruption is indicated in the model by a rapid increase in

the mass flow rate of fluid discharged to the atmosphere (C). The model produced a

maximum eruption rate of around 150 kg/s (about one and a half times that estimated by

Weir et al.,lgg2). The maximum rate of discharge of heat to the atmosphere is about 85

MW. Assuming that the full column eruption ends when the mass flow rate to the

atmosphere equals the discharge during the overflowing stage (about 27 kgls), then the

average duration of full column eruption (C-E) can be calculated to be 200 s, which is

23 s shorter than the average observed value.

(4) Falling stage.

After the full column eruption ends (E) the mass flow rate gradually declines to zero (A').

The duration of the falting stage was calculated to be 150 s, which is 66 s longer than the

average observed value.

The interval between eruptions (E-C') calculated from the model is only 52 s longer than the

observed value. The duration of the active stage @-A') is 90 s longer than the observed value.

Table 9.16

Comparison between the AUTOUGH2 model and the observed data

(3)

Average observed data AUTOUGH2 model

on August 20,1993 average

Maximum eruption rate
Maximum heat flow
Duration of the falling stage (t1)

Duration ofthe quiet stage (t2)

Duration of the pre-play stage (t3)

Duration of eruption stage (t4)

Interval between full column eruption (t1+t2+t3)

Duration of the active stage (t1+t3+Q)

Duration of the cavern filling (t1+t2)

84s
221 s

123 s
223 s

428 s
430 s
305 s

150 kg/s
84MW
150 s

160 s
170 s
200 s
480 s

520 s
310 s
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In the model approximately forty percent of the water in the chamber is discharged into the

atmosphere. The steam saturation in the charnber after the end of the full column eruption (E) is

about 0.6 ( see Fig 9.11d).

Table 9.17 compares the parameters used in the three mathematical models, previously

discussed in section 9.2, with those used in the AUTOUGH2. As can be seen, in the

AUTOUGH2 model the inflow rates of hot and cold water are much smaller than those in the

mathematical models (models 2 and 3) but they are the same order in magnitude as those

previously estimated using Weir's method (see Table 9.5 and Chapter 7).

Table 9.17

Models for Pohutu geyser

Model I
(Steinberg model)

Model2 Model3
(Steinberg model) (VDM)

AUIOUGTIz
model

Volume of the chamber
Temperature of hot inflow
Temperature of cold inflow
Inflow rate of hot water
Maximum inflow rate of cold water
Total inflow of water
Pressure at the cold water zone

100 m3
180"c
60"c
62.5 kgls
16.0 kg/s
78.5 kg/s
2.0 bar

25 m3
180"c
60"c
32.4 kgls
48.0 kg/s
80.4 kg/s
2.0 bar

25 m3
180"c
600c
33.5 kg/s
52.0 kg/s
85.5 kg/s
2.45 bar

25 m3
180'c
60"c
24.0 kg/s
27.8 kgls
51.8 kg/s
2.45 bar

9.3.4. Processes occuring within the system.

The processes occurring in Pohutu geyser, starting after one full column eruption ends and

finishing when the next one ends, consists of three stages according to the model: (1) fi[ing of

the cavern (the chamber and the channel), (2) heating of the water in the chamber, and (3)

boiling.

The model shows that the frlling of the cavern (stage l) takes place during the falling and the

quiet stages. As the pressure drops after the eruption the chamber begins to refill with both cold

and hot water as indicated by the increase in the inflow rate of cold water to the chamber and

the decrease in the steam saturation in the charrrber from 0.6 to zero (E-F). After the charnber is

full (F), water continues to rise into the channel. The duration of cavern filling (E-B) is

calculated to be 310 s, which is 5 s shorter than the observed value.

The heating of the water in the chamber (stage 2) in Pohutu continues during the overflowing

stage (B-C). During this stage the pressure in the chamber increases very little. Consequently,

the inflow of cold water decreases very little. As the hot inflow is greater than the cold inflow,

the temperature in the chanrber increases with time. Water begins to boil (stage 3 begins) when
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the temperature in the chamber reaches the boiling point temperature associated with hydrostatic

pressure for the full column (C). The full column eruption begins when the water begins to boil

according to the model. As hot water continues to flow to the chamber, boiling become more

vigorous and the pressure in the chamber builds up rapidly to 2.7 bar and the eruption rate

increases very rapidly up to 150 kg/s (D). Afterwards the pressure in the chamber drops and

the eruption rate decreases with time. The full column eruption ends when the pressure in the

chanrber reaches the hydrostatic pressure for the full column @). Once the futl column eruption

ends, the processes described above are repeated, leading to another eruption'

The model discussed here shows that during the eruption, i.e. when the pressure in the

chamber is higher than the pressure at the cold water zone, some hot water flows out from the

charrber (negative values for the inflow of cold water indicate that there is a counter flow)'

This may explain why the eruption of Pohutu lasts longer than the eruption of the Kereru

geyser (see Chapter 7). During the eruption of Kereru geyser some hot water may have been

diverted from Kereru to Te Horu. This may also explain why the water level in Te Horu

increases after the cessation of an eruption of Pohutu (chapter 2).

9.3.5. SensitivitY studY

A fully transient numerical model for Pohutu which is able to give reasonably good match to

observed data collected on the22bof August 1993 has been developed using the AUTOUGH2

simulator (Table 9.16 and Fig. 9.10). The model is certainly not complete as it does not include

the surrounding rocks and the geothermal reservoir. Nevertheless, this simple model is

presently adequate for investigating how the performance of Pohutu geyser in terms of duration

of the falling stage, duration of the quiet stage, duration of the pre-play stage, duration of

eruption as well as in terms of eruption rate and interval between eruptions, will be affected by

changes in the inflow rate and temperature of the hot and cold inflow, changes in the pressure

in Te Horu, changes in the size and permeability of the vent and variation in the atmospheric

pressure and variation in the ambient temperature. The sensitivity of Pohutu geyser to these

changes is discussed in this section. Due to time constraints, however, only a few cycles were

simulated. Further study is required to investigate how changes in these parameters will affect

the performance of the geyser in the long term.

9.3.5.1. Mass flow rate of the hot upflow

The effect of changes in the rate of the hot inflow on the performance of Pohutu geyser was

investigated by varying the inflow rate of hot water while the other paxameters were kept fixed.

In the numerical model, a decrease in the rate of the hot inflow causes the pressure in the

cavern to decrease. A lower cavern pressure will stimulate the inflow of cold water from Te

Horu which results in an increase in the rate of the cold inflow to the chamber (Fig. 9.13).
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Thus, in the AUTOUGH2 model, unlike in the mathematical models, a decrease in the rate of

the hot inflow is coupled with an increase in the rate of the cold inflow. Hence changes in the

inflow rate of hot water can cause very pronounced changes in the eruption rate, in the duration

of eruption and in the interval between eruptions (Fig. 9.12). Al77o decrease in the rate of hot

inflow from24 kg/s to 20kgls, for example, increases the rate of the cold inflow immediately

after an eruption from 28 kg/s to 49 kgls and that during the pre-play stage increases from I1.3

kg/s to 12.5 kg/s (Fig. 9.13). With these changes the duration of the cavern filling decreases

by only 10 s but the duration of the pre-play stage becomes three times longer and the interval

between eruptions becomes 75 Volonger. The maximum eruption rate decreasesby T%o,from

150 kg/s to 140 kg/s (Fig. 9.14),the maximum heat flow rate decreases by ll%o, from 84 MW

to 75 MW, and the duration of the eruption increases by lU%o, from 200 s to 220 s. The

duration of the falling stage slightly decreases with the decreasing hot inflow. The duration of

the quiet stage, however, is not affected by these changes.

The model predicts that that there will be a marked difference in the behaviour of Pohutu geyser

if the inflow rate of hot water increases to 26 kg/s. Figs. 9.15a to 9.15f shows the mass flow

rate discharge to the atmosphere, the inflow rate of cold water, the pressure and the temperature

in the chamber, the steam saturation in the chamber and in the top part of the channel (block

CHA l) versus time respectively as predicted by the model for this case. According to the

model, if the hot inflow is 26 kg/s, the maximum rate of cold water inflow from Te Horu to

Pohutu will be 24kgls, which is 2 kg/s less than the hot inflow. As the cold inflow is low, at

all times the temperature in the chamber will be higher than the boiling point (the steam

saturation in the chamber varies from lSVo to 607o).In this case the duration of the pre-play

stage is zero. The interval between eruptions thus equals to the duration of the cavern filling

(240 s). The maximum eruption rate and heat flow rate are 57o less but the duration of eruption

is 40 s (25Vo) longer.

As was mentioned earlier, in the Rotorua geothermal field the total mass withdrawn from the

wells is usually 2OVo less than that during winter and according to past reports a decrease in

production from Rotorua produces an increase in surface activity at Whakarewarewa and thus

the hot upflow feeding Pohutu will be less in winter than in surnmer. Pohutu will therefore

erupt less frequently and also the eruption rate will be less but the eruption will last slightly

longer in winter than in summer. However, data are not available to confirm these deductions.
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9.3.5.2. Temperature of the hot and cold inflow

Temperarure of the hot i4flow.

The mathematical models have shown that a decrease in the temperature of the hot inflow (Tn)

will increase the interval between eruptions and vice versa. Also it was shown earlier (Tables

9.10 and 9.1l) that a tl}Vo change in Trr G18oC) causes the interval between eruptions of

Pohutu to vary by no more than 38Vo (16O s). The effects on the eruption rate, the duration of

eruption, the duration of cavern filling, the duration of the pre-play stage and the interval

between eruption of changes in the temperature of the hot inflow (Tfl predicted by the

numerical model are illustrated in Fig. 9.16. As for changes in the rate of the hot inflow, in the

AUTOUGH2 model changes in T6 are also coupled with changes in the inflow rate of cold

water. A2.8Vo decrease in Tl from 180"C to 175oC, for example, will increase the inflow rate

of cold water immediately after an eruption from 27.8 kg/s to 34.8 kg/s (maximum rate) and a

further temperature decrease to 170"C causes the inflow rate of cold water to increase to 39.7

kg/s. A 2.8Vo decrease in T5 from 180"C to 175"C decreases the duration of the cavern filling

by only l0 s but it causes the duration of the pre-play stage to increase by 827o which in turn

causes the interval between eruptions to increase by Z|Vo. With these changes, the eruption rate

decreases less than lVo. The duration of eruption is not affected either. Moreover, this

numerical model shows that a 5.6Vo temperature decrease from 180oC to 170"C causes the

interval between eruptions to increase by 52Vo but both the eruption rate and the duration of

eruption remain essentially constant.

The model predicts that, if T5 increases to 185"C, Pohutu will become a spouter (interval

between eruptions is zero) with a ma:rimum eruption rate of 80 kgs and a maximum heat flow

rate of 46 MW. Shown in Figs. 9.17a to 9.17f are the mass flow rate discharge to the

atmosphere, the inflow rate of cold water, the pressure and the temperature in the chamber and

the sream saturation in the chamber and in the top part of the channel Olock CHA l) versus

time respectively, as predicted by the model for this case. According to the model, the

maximum inflow rate of cold water will be only 17 kg/s, which is 7 kg/s less than the hot

inflow and at all times the temperature in the chamber will be higher than the boiling point

temperature, with steam saturation in the chanrber varying from4OVo to 58Vo.

Temperature of thc coldinllow.

The effect of changes in the temperature of cold inflow (I") predicted by the numerical model is

shown in Fig. 9.18. As for changes in temperature of the hot inflow, changes in T" have no

significant effect on the eruption rate and the duration of eruption. The effect on the interval

between eruption, however, is quite significant. A8.3Vo decrease in T" from 60oC to 55"C will
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also stimulate the cold inflow from Te Horu to Pohutu, as the pressure in the cavern is lower,

and causes the inflow rate of cold water immediately after an eruption to increase from 27'8

kg/s to 28.6 kg/s (murimum rate). Both the duration of the falling stage and the duration of the

quiet stage will only slightly decrease but the duration of the pre-play stage will increase by

24Vo and the interval between eruptions will increase by l}Vo, which is the same as that

predicted by the mathematical models (see Table 9.ll).

9.3.5.3. Pressure in Te lloru

The mathematical models have shown that a higher pressure (water level) in Te Horu would

increase the inflow rate of cold water to Pohutu and cause the interval between eruptions to

increase and vice versa. In the mathematical models a l}Vo pressure variation (t0.2 bar) ot a2

metre variation in water level in Te Horu will cause the interval between eruptions of Pohutu to

vary by no more than 90 s (20Vo). The effect on Pohutu of changes in pressure in Te Horu

predicted by the numerical model can be seen in Fig. 9.19. The numerical model predicts that,

if the pressure in Te Horu increases by 0.05 bar (from 2.45 bar to 2.5 bar) or the water level

increases by 0.5 m, both the duration of the falling stage and the duration of the quiet stage will

be only slightly shorter but the duration of the pre-play stage will be twice as long and the

interval between eruptions will be 3l%o longer. A further pressure increase to 2.55 bar (water

level increases by a total of I m) will increase the interval between eruptions by 48Vo. The

eruption rate decreases and the duration of the eruption increases with increasing pressure but

by no more than 5 7o.

During times of low pressure (the water level drops) the inflow rate of cold water could be very

low. The model here shows that, if the pressure in Te Horu drops by I bar to 2.35 bar (water

level drops by I m), Pohutu may become a spouter, with a ma;rimum eruption rate of 38 kg/s

and maximum heat flow rate of 25 MW (see Fig. 9.20).This occurs because the inflow rate of

cold water to the chamber is very low, at a maximum of 6 kg/s (18 kg/s less than the hot

inflow), and so at all times the temperature in the charnber is higher than the boiling point.

As has been mentioned earlier, in reality the water level in Te Horu sometimes fluctuates

through a 10 m range. Certainly, these fluctuations will cause the duration of the falling stage,

the duration of the quiet stage, the duration of the pre-play stage, the duration of the eruption

stage and interval between eruptions to vary greatly.
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9.3.5.4. Atmospheric pressure and ambient temperature

Two cases are compared in Table 9.18 to illustrate how changes in atmospheric pressure will

affect the activity of Pohutu geyser. As in the mathematical models, a decrease in atmospheric

pressure extends the duration of the pre-play stage and hence extends the interval between

eruption. All mathematical models predict that a l7o vatation in atmospheric pressure will

cause the interval between eruptions of Pohutu to vary by less than 5 seconds (see Table 9.10).

This numerical model, however, shows that a O.8 Vo decrease in atmospheric pressure from

l.OL235 bar to 1.005 bar will cause the interval between eruptions to increase by 30 s (6Vo)

and the eruption rate to increase by 5Vo. The duration of eruption, however, remains constant.

Table 9.18

The sensitivity of Pohutu to changes in atnospheric pressure

Patm = 1.01325 bar Patm =1.(X)5 bar

Duration of the falling stage (s)

Duration of the quiet stage (s)

Duration of the pre-play stage (s)

Duration of the eruption stage (s)

Maximum eruption rate (kg/s)
Maximum heatflow rate (MW)
Maximum inflow rate of cold water ftg/s)
Duration of the cavern filling (s)/)
Interval between eruptions (s)2)

150
r60
r70
2AO
150
84
27.8
310
480

150
150
2lo
2N
157
86
28.8
300
5r0

I ) duration of the cavern filling = duration offalling stage + duration of tlY quiet st48e'

2) intemat bitween eruptions = d.uration of the falling stage + duration of the quiet stage

+ duration of tlu Pre'PlaY stage

The effect of changes in the ambient temperaturc on Pohutu geyser were studied by varying the

ambient temperature from 10oC to 20"C. The result of simulations shows that Pohutu geyser is

not sensitive to changes in the ambient temperature. The duration of the falling stage, the

duration of the quiet stage, the duration of the pre-play stage, the interval between eruptions,

the eruption rate and the duration of eruptions all remain essentially constant.

9.3.5.5. Size of the vent

Two cases were simulated in order to investigate the effect of changes in the size of the vent on

pohutu geyser. Shown in Figs. 9.2laand 9.21b are the mass flow rate discharge versus time

for the vent area of 0.07 m2 and 0.09 m2 respectively (in the base case A = 0.12 s12). For both

cases the model predicts that Pohutu will become a spouter because at all times the temperature

in the chamber is higher than the boiling point temperature. This occurs because the inflow rate

of cold water to the chamber is very low (in both cases the maximum rate is only 13 kgs).
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Table 9.19 shows the result of simulations using the vent area of 0.09 m2 and 0.12 m2 but in

these two cases the pressure in Te Horu is increased to 2.55 bar. In the system with a smaller

vent the pressure is higher and hence the inflow rate of cold water is smaller which results in a

longer duration of the falling stage but a shorter duration of the pre-play stage. A smaller vent

also produces a lower eruption rate but the eruption lasts slightly longer than with a larger

vent.

Table 9.19

Sensitivity of Pohutu to changes in the size of the vent (Pressure in Te Horu = 2.55 bar)

A = 0.(D m2 A=0.!2 rn2

Duration of the falling stage (s)

Duration of the quiet stage (s)

Duration of the pre-play stage (s)

Duration of the eruption stage (s)

Maximum eruption rate (kg/s)
Maximum heat flow rate (MW)
Maximum inflow rate of cold water ftg/s)
Duration of the cavern filling (s)

Interval beween eruption (s)

150
150
340
250
130
75
37.9
300
ffi

tn
130
4&
2ro
150
E2
44.3
270
710

9.3.4.6. Size of the chamber

In order to see the effect of the uncertainty in the size of the chanrber on the model prediction,

several cases were simulated using the same parameters as in the base case but with a larger

chamber (in the base case the volume of the chanrber is 25 m3). Fig.9.22 shows the mass flow

rate discharge to the atmosphere versus time, as predicted by the model for the case of

V=30 m3 and V=100 m3. Other results of simulation are summarised in Fig. 9.23 which

shows that the interval between eruptions as well as the duration of the falling stage, the

duration of the quiet stage, the duration of the pre-play stage and the duration of the eruption

stage are strongly dependent on the size of the chamber. The larger the chanrber, the longer the

duration of the falling stage, the longer the duration of the quiet stage and the longer the

duration of the pre-play stage. Hence, the larger the chamber the longer the duration of the

cavern filling and the longer the interval between eruptions. Also, the larger the chamber the

longer the duration of the eruption. The model, however, shows that the eruption rate is not

dependent on the size of the chamber.
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9.3.5.7. Permeability of the channel and the chamber

Two cases are compared in Table 9.2O to illustrate the effect on Pohutu of changes in the

permeability of the channel and the chamber. Changes in permeability of the channel and the

chamber can significantly change the eruption rate and the duration of the pre-play stage and so

the interval between eruptions. A6Vo increase in permeability of the channel and the chamber,

for example, can increase the eruption rate by TVo,the duration of the pre-play stageby 4lVo

and the interval between eruptions by l|vo. However, the duration of the falling stage, the

duration of the quiet stage and the duration of eruption remain essentially constant.

Table 9.20

Sensitivity of Pohutu to changes in permeability

k=3.5x10-7m2 k=3.7 x 1O7m2

Duration of the falling stage (s)

Duration of the quiet stage (s)

Duration of the pre-plaY stage (s)

Duration of the eruPtion stage (s)

Maximum eruption rate (kg/s)
Maximum heat flow rate (MW)
Maximum inflow rate of cold water ftg/s)
Duration of the cavern filling (s)

Interval beween eruption (s)

r50
160
170
2n
150
84
2t.8
310
480

150
160
240
200
160
87
30
310
5s0

9.3.5.E. Relative PermeabilitY

Earlier numerical experiments (Chapter 6) shows the surface discharge of a geyser is strongly

dependent on the relative permeability functions. The higher the relative permeability for water

or the lower the relative permeability for steam, the larger the mobility of water, and this results

in larger eruption rates as well as the surface discharge during the pre-play stage. The results

discussed above were obtained using the Corey relative permeability curves with Ssi=Q.O and

Svn=0.3 (see Fig. 6.3). A number of experiments were made in attempting to simulate the

performance of Pohutu geyser using Corey relative permeability curves with Sls=0.3 and

Svn=0.05. None of them, however, produced oscillatory behaviour. More exPeriments are

required to investigate this aspect.
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9.4. Summary.

l) Three mathematical models for Pohutu are able to give a good match to the duration of the

cavern filling, the duration of the pre-play stage and the interval between eruptions as

observed by the author on the 20th of August 1993. Hence, the choice of model

parameters is not uniquely determined from these data. It is not possible to deduce which

is the best model because data are not available on the actual temperature in the cavern for

Pohutu.

(2) A fully transient numerical model for Pohutu which is able to give a reasonably good

match to observed data collected on the 20th of August 1993 has also been developed

using the AUTOUGH2 simulator. The key model results are compared to those of the

Steinberg model and the variable density model in Table 9.21. The numerical model can

give estimates for the duration of the falling stage, the duration of the quiet stage, the

duration of eruption stage, the eruption rate and the duration of the eruption stage which

cannot be determined from the mathematical model. This model predicts that the maximum

eruption rate is 150 kg/s and the corresponding heat flow is 85 MW. The average

discharge to the atmosphere during the overflowing stage is estimated to be 2l kgls (I8

Mw).

Table 9.21

Comparing key model results

Obs€rvddata Modeh2)

Weir's Obs. data

obs. data/) 20ft ofAugust 1993

Steinberg vDMi) AUTOUGID
model model

Duration of the falling stage
Duration of the quiet stage
Duration of the cavern filling
Duration of the pre-play stage
Duration of eruption stage
Interval between eruptions
Maximum eruption rate
Maximum heat flow rate

1020 s

3060 s

84s
221 s
305 s

123 s

223 s
+Z_A s

loi s

125 s

428 s

ros ,
120 s

425 s

150 s
160 s

310 s
170 s
2fi) s

480 s

150 kg/s
84 MW

I ) Observed data from Weir et al. ( 1992)

2) Votume of the chamber is assuncd to be 25 mt
3) VDM = variable densiry model
-) Obsemed data are not available or the figures cannot be determined from the madels.
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(3) The numerical model predicts that during the eruption of Pohutu some water flows out

from the cavern of Pohutu to Te Horu, which will cause the water level in Te Horu to

increase. This behaviour occurs in reality. The records of activity for Pohutu and the

records of the water level in Te Horu presented in Weir et al. (1992) shows that the

cessation of an eruption of Pohutu is followed by a rapid increase of the water level in Te

Horu.

(4) Both the mathematical and numerical models predict that Pohutu geyser is very sensitive to

changes in the mass flow rate and temperature of the hot upflow. They also predict that

pohutu is sensitive to variations in the water level in the nearby Te Horu cauldron.

Changes in atmospheric pressure do not significantly affect the interval between eruptions

of Pohutu.

(5) The numerical model gives a better picture than the mathematical models on how changes

in parameters will affect the performance of Pohutu geyser. The following is a surnmary

of the sensitivity studY.

(i) A decrease in the rate or temperature of the hot upflow will stimulate the inflow rate

of cold water from Te Horu and result in a much longer interval between eruptions.

(ii) Changes in the rate of the hot upflow will have a significant effect not only on the

interval between eruptions but also on the eruption rate and the duration of eruption.

(iii) Changes in the temperature of the hot upflow will also have a significant effect on

the interval between eruptions, the eruption rate and the duration of eruption.

(iv) Changes in the temperature in the cold inflow are coupled with changes in the rate of

the cold inflow. These only affect the interval between eruptions.

(v) Pohutu is very sensitive to changes in the pressure (water level) in Te Horu.

(vi) The interval between eruptions, the duration of eruption and the eruption rate are

strongly dependent on the size of the chanrber.

(6) All the mathematical models predict that large changes in the rate and temperature of the

hot and cold inflows would be required to stop Pohutu erupting.

At the start of this work it was hoped that a three dimensional model which included the

surrounding rock and the geothermal reservoir could be set up. With such a model it would be

possible to establish directly what effect a pressure drop in the geothermal system would have

on the activity of pohutu and other geysers. At present the development of a three-dimensional

model which includes the surrounding rock and the geothermal reservoir is limited by three

things:
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(a) the lack of a basic understanding of the hydrology and the subsurface interconncction

between springs and geysen in the Whakarewarewa area;

(b) the lack of adequate field data to validate and calibrate complex tbree-dimensional models;

(c) the memory and the computer time required to solve the threedimensional model will be

very large.
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Chapter 10

CONCLUSIONS AND RECOMMENDATIONS

Several approaches including laboratory experiments, field observations and mathematical and

numerical modelling studies were used to study the behaviour of geysers and the important

parameters controlling the eruption of geysers. The primary purpose of this study was to set up

mathematical and numerical models for three geysers at Rotorua geothermal field: Pohutu'

prince of Wales Feathers and Waikorohihi. Models were based on the following ideas: (i) An

eruption is caused by the boiling of water. (ii) The plumbing of a geyser consists of a chamber

and a channel. (iii) The chamber is fed by hot geothermal water from depths and by cold water

from the shallow ground water zone nearby.

In the present study field investigations were restricted to visual observations because of fears

that some field measurements might affect the activity of the geysers. The present chapter

summarises the work and contains conclusions and recommendations for further study.

10.1. Summary and conclusions

(i) Laboratory models

Lack of published quantitative experimental data for the validation of the mathematical and

numerical models was the major reason for the development of laboratory models. The

laboratory models also contributed to an understanding of how geysers work and what

processes occur after the end of one eruption and before the beginning of the next.

. Mechanism of eruption

The laboratory models confirmed that the driving force for an eruption is the boiling of

water in the chamber. The onset for an eruption is the formation of a bullet-shaped

bubble which fills almost the whole cross section of the channel and rises without

collapsing in the channel. The successive rising of the bullet-shaped bubbles and slugs

of liquid in the channel leads to a full column eruption. An eruption stops when boiling

in the chamber is suppressed by the the inflow of cooler water directly into the

chamber. The intermittent discharge behaviour prior to eruption is a result of the growth

and collapse of steam bubbles in the channel.
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. Processes involved

The processes involved consist of the filling of the chamber, the filling of the channel

and the heating of the water in the chamber to boiling. A slug flow may occur at the

bottom of the channel either before or after the channel is completely full, depending on

the rate and temperature of the inflow, resulting in either a non-overflowing or

overflowing geyser. In pool geysers the chanrber and the channel are full of water at all

times, so there is no re-filling of the chamber and the channel.

Experimennldata

Laboratory models provided the following data:

(a) The diameter and the length of the channel

(b) The volume and the cross-sectional area of the channel

(c) The heat input to the sYstem

(d) The temperature in the cente of the chanrber versus time

(e) The temperature in the bottom of the channel versus time

(0 The temperature in the cenhe of the channel versus time

(g) The temperature in the top end of the channel versus time

(h) The temperature and inflow rate of water to the chanrber versus time

(i) The water level in the channel versus time

0) The duration of the chanrber filling

(k) The duration of the channel filling

(l) The duration of the pre-play (overflowing) stage

(m) The interval betrveen eruPtions

(n) The height of eruPtion

(ii) Fietil investigations and data for the Rotorua geyserc

Incomplete data about the activity of Pohutu, the Feathers and Waikorohihi geysers and lack of

information about their subsurface plumbing systems were the majorproblems in modelling the

performance of the three geysers at Rotorua. The interval between eruptions, the duration of

eruption and the height of eruption have been the most common surface measurements made in

these geysers. Details of their activity, from the end of one eruption until the beginning of the

next, have never been given. The other measured data available are the vent areas of the

geysers and the chloride concentration of the erupted water when first ejected and at the end of

eruption. Currently the only subsurface parameters (cavern depths, cavern temperatures and the

conesponding plume properties) available are those deduced by Weir et al. (1992) from data

measured at the surface (described above), by assuming that energy is conserved and that

adiabatic expansion occurs from the cavern depth up to the surface conditions at atmospheric
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pressure and a temperature of 100"C. The accuracy of these parameter values was checked by

comparing the calculated increase in the chloride concentration, resulting from adiabatic

flashing, to the observed data. The derivation of these parameters was checked and the results

are discussed in the following section together with the results of field observations'

. Subsurface parameters deduced by Weir et al' (1992,1

The cavern depth, the cavern temperature, the eruption rate and the inflow rate of hot

and cold water deduced for pohutu appear to be reasonable as the calculated increase in

the chloride concentrations, resulting from adiabatic flashing, match the observed data

reasonably well.

The present study shows that there are considerable uncertainties about the values for

the cavern depths, the cavern temperatures and the eruption rates for the Feathers and

the Waikorohihi deduced by Weir et al. (1992), because of the uncertainties in the

heights of eruption and the size of the vent. The increase in the chloride concentrations

were calculated to be 30-50Vo smaller than the observed data. Based on the quality of

the agreement between the observed and the calculated increase in the chloride

concentrations of the erupted water, the present study suggests that the caverns for the

Feathers and the Waikorohihi are deeper, and hence the cavern temperatures are higher,

than those suggested by Weir et al. (1992). The present study also shows that the

eruption rates for the Feathers and the Waikorohihi could be as much as those

suggested by Weir et al. (1992) only if the vent areas of the geysers are much smaller

than the measured values.

. Observed dntafor the Rotorun Seysers

The geysers at the Whakarewarewa area of Rotorua were observed on the 19ft and 20th

of August 1993 but only the performance of Pohutu and the Feathers geysers were

noted. On the 19ft of August, in 5 hours, Pohutu and the Feathers erupted 2l times and

on the 20th of August, in 6 hours, they erupted 27 times. Both Pohutu and the Feathers

performed inegularly. Their performance was observed to change greatly following the

eruption of Kereru geyser and following the long eruptions of Waikorohihi and

Mahanga geysers. During the observation days, Pohutu most of the time erupted to

about 20 m, which is the same height as observed by Weir etar|. (1992). The heights of

eruption of the Feathers were approximately half those of Pohutu (10 m), which is 2 m

higher than the observed value given by Weir et al. (1992). However, the interval

between eruptions and the duration of the eruptions were much shorter than those

observed by Weir (see Table 7.13).
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Observations of Pohutu and the Feathers produced the following data: the durations of

the falling stage, the quiet stage, the pre-play stage, the full column eruption stage,

interval between eruptions and height of eruption (see Figs. 10.1 and 10.2 for the

summary of the surface activity and the infened processes involved for Pohutu and the

Feathers geysers on the 20ft of August 1993). Pohutu is an overflowing cone geyser

with quiet stage, while the Feathers is an overflowing cone geyser with continuous

discharge.

interval between eruPtions
(7'08")

full column
eruption inactive

decline

water appears

for the first
time

full column
eruption
begins

full column
eruption
decline

ot the
surlrce
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the system

at the sudaee

Figare 70.1 Surface activity ard processes involved in Pohutu in one cycle.
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Figure I0.2 Surface activity and processes involved in the Feathers in one cycle.
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o Subsudace parameters deducedfrom dnta collectedby thc autlnr

Using the technique described by Weir et aL. (1992) and the field data obtained from

the present study, the subsurface parameters for Pohutu and the Feathers were

calculated. It is not possible to verify the accuracy of the cavern depths and cavern

temperaures deduced by Weir et al. (1992) from the present study because the

heights of eruption were only estimated and changes in the chloride concentrations in

the erupted water were not measured during the field observations. The results of

calculation, however, shows that on the lgth and 20ft of August 1993 the inflow

rates of cold and hot water feeding the geysers must have been higher than those

noted by Weir et al. (lgg2) because the average interval between eruptions and the

duration of eruptions for Pohutu and the Feathers were much shorter than those

observed by Weir et al. (see Table 7.13).

(iii) Mathematical models

Two mathematical models for simulating the processes within a geyser system, from the end of

one eruption until the beginning of the next, are presented in this thesis. The first model,

developed by Steinberg et al. (1981a), uses an assumption that an eruption occurs when the

water in the chamber reaches the boiling point for the hydrostatic pressure produced by the

channel filled with water. The second model is an improved model (called in this thesis a

,,variable density model"), developed by the author to include two-phase flow and the variation

of fluid properties with temperature. The model uses the formation of a slug flow at the bottom

of the channel as the criterion for the onset of an eruption. The validity of the models were

tested in the present study using the experimental data.

. Validit.v of the Steinberg model

A version of the Steinberg model, modified by the author for a single-feed-point

system, was tested against experimental data obtained from the present study. For the

conditions tested, the error between the observed and the calculated interval between

eruptions is between ZOVo to STVo.The model underestimates the intervals between

eruptions because in the laboratory model an eruption occurs at a higher temperature of

about 4"C above the boiling temperature for the channel filled with water. A better

agreement between the calculated and the observed data (enor is less than 20Eo) is

obtained when the temperature for the occurrence of the eruption is increased by 4"C.

Inaccurate reading of the rotameter (inflow rate of cold water) in the laboratory model

may have also contributed to the disagreement in the interval between eruptions. A

sensitivity study shows that a much better agreement in the interval between eruptions
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(error is less than l\Vo) is obtained if the inflow rates of cold water are set 3Vo gteater

than the measured values.

' Validity of the variable densit.v model

The model was tested against experimental data from a laboratory model of an

overflowing geyser and produces a better agreement than the Steinberg model. The

error between obseryed data and calculated results is less than2OVo. For the laboratory

model of a non-overflowing geyser the agreement between the calculated and actual

interval between eruptions is not as good. The mathematical model overestimated the

interval by 2040Vo.

(iv) Numerical models

The present study shows that fully transient numerical models of geysers can be set up using

the MULKOM and AUTOUGH2 simulators. The model is able to simulate the transient

development through all phases of geyser activity which cannot be modelled using the

mathematical models. Also the model is able to reproduce the behaviour observed and the

processes involved in the laboratory model. Reasonably good agreement with the experimental

data was also achieved. The numerical results also agree reasonably well with the analytical

solutions.

c Surface activitv. processes involved and mechanism of eruption

The numerical models are able to simulate the transient development through all stages

of geyser activity: the eruption stage, the falling stage, the quiet stage and the pre-play

stage, which is qualitatively similar to that observed in real geysers. The model is also

able to describe the intermittent discharge behaviour during the pre-play stage.

The model shows that the processes involved inside the system, after an eruption ends

until the next eruption end, consists of the filling of the chamber, the filling of the

channel, the heating of water in the chamber to boiling and vigorous boiling in the

chamber. The filling of the chamber and the channel takes place during the falling and

the quiet stage. The heating of water in the chamber continues during the pre-play

stage. As the temperature increases flashing occurs in the channel where the water

temperature is higher than the boiling point resulting in intermittent discharge behaviour

at the surface. An eruption begins when the temperature in the chamber reaches the

boiling point and thereafter boiling in the chamber becomes more vigorous resulting in

a full column eruption. The full column eruption ends when boiling in the chamber is

suppressed by the inflow of cooler water directly into the chamber.
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Sensitivity of the geYser model

Investigations of factors affecting the performance of the geyser model were carried out

as part of the modelling study by varying one p:fameter while the other parameters

were kept fixed. The results of a sensitivity study can be summarised as follows:

(i) Changes in the permeability of the channel and the chamber have a significant

effect on the eruption rate, as well as on the surface discharge during the pre-

play stage, and on the duration of eruption, but they have little effect on the

interval between eruptions. A cavern with smaller penneability erupts more

frequently and produces a smaller eruption rate but a longer duration of

eruption.

(ii) A change in the rate or temperature of the hot inflow induces a change in the

cold inflow. A decrease in the rate or temperature of hot inflow stimulates the

cold inflow to the chamber resulting in a much longer interval between

eruptions. Also these changes have a strong effect on the eruption rate and

duration of eruption but they have little effect on the durations of the falling and

the quiet stages.

(iii) Recharge of cold water to the chanrber is an important element in determining

the behaviour of a geyser. It has a strong effect on the durations of the cavern

filling and the pre-play stages, but it has little effect on the eruption rate and

duration of eruPtion.

(iv) Changes in the ambient temperature have no significant effect on the

performance of the geyser model.

(v) Changes in the atmospheric pressure have a significant effect on the duration of

the cavem filling and the duration of the pre-play stage'

(vi) Changes in the size of the vent have an effect on the duration of the quiet stage,

the pre-play stage and the eruption rate but they have no significant effect on the

duration of the eruption and the duration of the falling stage.

(vii) The performance of the numerical models of geysers is strongly dependent on

the choice of relative permeability. A higher S1p causes the volume of the

residual water after an eruption to become larger resulting in a shorter duration

of the cavern filling. A higher Sln has the effect of lowering kp1 and hence

lowering the inflow rate of cold water to the chamber. This in turn causes the

cavern temperature to rise more rapid result in a shorter duration of the pre-play

stage. A lower Syg has also the effect of lowering kp1 and hence lowering the

inflow rate of cold water to the chamber. A lower kp1 has also the effect of

lowering the eruption rate and the surface discharge during the pre-play stage.
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(v) Models for Pohutu

A model for Pohutu was developed based on the conceptual model of Weir et al. (1992).

Pohutu was modelled as a large chamber connected to the surface by a small channel and fed

from a deep hot water and shallow cool water from Te Horu. This conceptual model fits the

Steinberg model and the variable density model well. A fully transient model for Pohutu was

developed using the AUTOUGH2 simulator. Sensitivity studies were undertaken to investigate

important parameters controlling the geyser eruption. The results of the study are discussed in

the following section.

. The Steinberg model is able to reproduce the interval benveen eruptions observed by

previous investigators (Weir et al., 1992)-

. Three mathematical models are able to give a good match to the duration of the

cavern filling, the duration of the pre-play stage and the interval between eruptions

observed by the author on the 20th of August 1993. Hence, choice of model

parameters is not uniquely determined from these data. It is not possible to deduce

which is the best model because data are not available on the actual temperature in the

cavern for Pohutu.

A fully transient numerical model for Pohutu was developed. The model was

calibrated against the observed durations of the falling stage, the quiet stage, the pre-

play stage, the eruption stage and interval between eruptions, which again produced

a satisfactory agreement. The model shows that the rate of hot upflow (180"C) from

depth is 24 kg/s and the maximum rate of cold inflow (60"C) from Te Horu is

27.8 kg/s. The mass flow rate discharge to the atmosphere is estimated to be 27 kg/s

and the morimum eruption rate is 150 kg/s (85 MW).

Both the mathematical and numerical models confirmed that Pohutu geyser is very

sensitive to changes in the mass flow rate and temperature of the hot upflow. The

numerical model shows that changes in the mass flow rate and the temperature of hot

upflow have the following effect:

(i) A decrease in the rate or temperature of hot inflow stimulates the inflow of cold

warer from Te Horu resulting in a much longer duration of the pre-play stage

and interval between eruPtions.

(ii) Changes in the mass flow rate of the hot upflow also have a significant effect on

the eruption rate and the duration of eruption but they have no significant effect

on the duration of the falling and the quiet stages.
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(iii) Changes in the temperature of the hot upflow have a significant effect on the

eruption rate but it has little effect on the duration of eruption, the falling and the

quiet stages.

(iv) If the temperature of the hot upflow increases to 185oC, Pohutu will become a

spouter (interval between eruption is zero) but the maximum eruption rate will

decrease to 80 kg/s.

Both the mathematical and numerical models show that Pohutu is also sensitive to

changes in temperature of the cold inflow from Te Horu. The numerical model

shows that a decrease in the temperature of the cold inflow also causes the inflow

rate of cold water to increase, resulting in a longer duration of the pre-play stage and

hence a longer interval between eruptions. The eruption rate, and the durations of the

eruption, the falling and the quiet stages arc not significantly affected'

, The mathematical models shows that Pohutu is also sensitive to changes in the

pressure (water level) in Te Horu . A l07o variation (+0.2 bar) ot a2 metres variation

in water level in Te Horu will cause the interval between eruptions of Pohutu to vary

by 2y7o.The numerical model suggests that Pohutu is very sensitive to changes in

the pressure in Te Horu. The model predicts that a 0.5 m increase in water level will

cause the interval between eruptions of Pohutu to increase by 3l%o. A further 0'5 m

increase will increase the interval between eruptions by 48Vo. However if' a 0'5 m

decrease in water level occurs this causes Pohutu to become a sPouter (interval

between eruption is zero) with a maximum eruption rate of only 38 kg/s. In reality

the water level in Te Horu sometimes fluctuates through a 10 m range (Weir et al.,

lgg2). Certainly these fluctuations may cause the performance of Pohutu to vary

greatly.

. Both the mathematical and numerical models predict that the performance of Pohutu

will be affected by changes in the atmospheric pressure. The results from the

numerical model shows that not only the duration of the cavern filling and the

duration of the pre-play stage but also the eruption rate are affected by the changes in

the atmospheric pressure. Changes in the atmospheric pressure have little effect on

the duration of eruPtion.

. The numerical model shows that Pohutu is not sensitive to changes in the arrbient

temperature.

. The numerical model shows that changes in the size of the vent will change the

performance of Pohutu greatlY.
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The numerical model shows that the duration of various stages, i.e. falling, quiet,

pre-play and eruption, are strongly dependent on the size of the chamber. The

model, however, shows that the eruption rate is not dependent on the size of the

chamber.

. All the mathematical models predict that large changes in temperature and rate of hot

and cold inflow are required to stop Pohutu from erupting.

(vi) Models for the Feathers and Waikorohihi

. Mathematical models for the Feathers and the Waikorohihi geysers were developed

using the Steinberg model. The models are able to reproduce the behaviour observed

by previous investigators (Weir et al., 1992). Due to the time constraints, however,

the model for the Feathers was not calibrated against the observed data collected on

the 20ft of August 1993 and a numerical model has not been developed.

. As for Pohutu, the Steinberg model predicts that both the Feathers and the

Waikorohihi geysers are also very sensitive to changes in the mass flow rate of the

hot upflow. Of the three Rotorua geysers, the Feathers is the most sensitive to

changes in the rate of the hot upflow. Furthermore, the Feathers will no longer

exhibit a preliminary pulsating behaviour if the rate of hot water inflow drops by

only 1 lfto wlile for Waikorohihi and Pohutu the corresponding figures are22Vo and

45Vo tesPectivelY.

. Both the Feathers and Waikorohihi are more sensitive to temperature changes than

pohutu. The model predicts that the Feathers will no longer exhibit a preliminary

pulsating spring eruption if the temperature of the hot upflow drops by 8"C, while

for Waikorohihi and Pohutu the corresponding figures are lToC and 35"C

respectivelY.

. Both the Feathers and the Waikorohihi geysers are more sensitive to variations in the

water level and temperature in Te Horu than Pohutu'

. The models show that changes in atmospheric pressure do not significantly affect the

interval between eruptions of the Feathers and the Waikorohihi geysers.
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(vii) Kereru geYser

. There is a possibility that Kereru has an underground connection with Te Horu as

the activity of Pohutu and the Feathers changed greatly after the eruption of Kereru'

During the eruption of Kereru some hot water may have been diverted, probably to

Te Horu, and caused the water and heat feeding the cavern of Pohutu and the

Feathers to increase and the duration of the falling stage to become longer.

. An improved conceptual model for the Rotorua geysers which includes the

subsurface inter-connection between the Kereru and Te Horu is shown in Fig.7.17'

The model also includes the upflow of hot water from depths and the recharge of

cold water to Te Horu from the shallow ground water zone nearby.

10.2. Recommendations for further work

(i) Lahoratory model

. Laboratory models can be improved to allow the hot inflow to the chamber. Accurate

flow measuring devices are necessary to determine the flow rate of the hot and cold

fluids.

. pressure measurements are also necessary to provide data for model calibration and to

improve the mathematical model. At present the mathematical model uses an assumption

that after the channel has filled the pressure in the chamber is constant and equal to the

hydrostatic pressure produced by the water column. In the numerical model, the

pressure in the chamber is constant only until the water in the chamber reaches the

boiling point. Afterwards the pressure in the chamber increases as water movement in

the chamber become more vigorous.

. Future experimental studies should involve more detailed observations on the processes

occurring inside the chamber and inside the channel, with particular attention to the

onset of an eruption for the non-overflowing geyser. This may hetp in improving the

existing mathematical models, which at present do not satisfactorily model the

behaviour of the non-overflowing geysers.

. Models with different dimensions of the plumbing system should be attempted. Both

the scale of the systems and the dimensions of components could be varied. Future

experimental studies could also be directed toward modelling the following systems:

(a) A geyser with more than one chamber

(b) A geyser with a connection to another geyser
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(ii) Field work

The present study has shown the importance of the availability of data for chloride

concentration when water is first ejected (initial) and at the end of eruption (final) for

the calibration of the subsurface parameters deduced from the measured data at the

surface. As there are not enough data available, more samples should be collected and

analysed.

More data on the activity of the Rotorua geysers are required for model calibrations.

Regular monitoring of Rotorua geysers should be encouraged. Data should be

collected throughout the year. It may be useful to develop an observation centre in

Whakarewarewa for the monitoring of the activity of the geysers. Visitors may help

but guide-lines should be given on the kinds of data which should be collected. Data

collection should include:

(i) ma,ximumheightoferuPtion

(ii) duration of the quiet stage

(iii) duration of the pre-play stage

(iv) duration of full column eruption

(v) duration of falling stage

(vi) interval betrveen eruPtions

(iii) Mathematical rnodels

. The present mathematical models :rssume that the hot upflow to the chanrber is liquid

phase only. Some of the early investigators (Chapter 2) supposed that geysers are also

fed by steam. The model could be extended to allow two-phase upflow (hot water and

steam).

. The mathematical models do not satisfactorily simulate the interval between eruptions

for non-overflowing geysers. In the laboratory models of non-overflowing geysers,

the fluid in the chamber immediately after an eruption was hardly ever single-phase

liquid only, as most of the time water in the chamber boils vigorously. The Present

mathematical model considers saturated liquid at the initial condition. To accommodate

non-overflowing geysers, two-phase initial conditions should be introduced in the

mathematical models.
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(iv) Numerical model

. Future numerical modelling studies should include the geothermal reservoir and the

surrounding rock.

. Future numerical modelling studies could also be directed toward modelling the

following sYstems:

(a) A geyser with more than one charnber

(b) A geyser with a connection to another geyser

(v) Models for the Rotorua geYsers

. Further work is required to calibrate the model for Pohutu. The lack of temperature

data has been the major limitation for calibration.

. Further work is required to calibrate the model for the Feathers and Waikorohihi

geysers. The development of numerical models for the Feathers and the Waikorohihi

geysers should be carried out.

. Further work is required to determine the relationship between the deep reservoir

pressure and temperature in the Rotorua geothermal field and the inflow rate of the

deep hot feed for the geysers. Further numerical modelling studies could include the

geothermal reservoir, the surrounding rock and the subsurface inter-connections

among Pohutu, the Feathers, Waikorohihi, Te Horu and Kereru'
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APPENDIX A
FLUID PROPERTY CORRELATIONS

This appendix presents the correlations used in the model for calculating the saturation

temperature and the fluid properties.

A.1. Saturation temPerature

The saturation temperature (Ts) as a function of pressure (P) and as a function of enthalpy (hg)

are determined in the model from apolynomial correlation derived fromthe themrodynamic and

transport properties of fluids published by Rogers and Mayhew (1980). For the pressure range

between O.42bar and 3 bar it is:

Ts = 46.48 63 + 96.429 P - 67.1103 P2+ 30'5031 P3

-7.33g41t'+03r0741 Ps (A.1)

and

Ts = -69.9056 + 1.15873\- 4'772828-3h( + l'22l0lE-5 hf
-r.53972E-8 n +g .*53SE- l2hf (4.2)

The units for the pressure, the temperature and the enthalpy are bar, "C and kJ/kg respectively'

A.2. Fluid enthalpy and heat of vaporization

The enthalpy of the liquid (hs), the enthalpy of the vapour (hr) and the heat of vaporization

(h1r) are determined in the model from the following conelations (Freeston' 1987)

For Tr<150"C

h1= 4.2l8Ts - 0.000798 Ts2 + 5.17E-06 Tr3 (A'3)

hre = 2501. 5 - 2.4335Ts - 0.001833gTs2 - 1.8616E-05 Ts3 (A.4)

h, = h1+ h1, (A'5)

For Tr>150oC

ht= -29.578 + 4.81155 Ts - 0.004513 7 T12+ 1.2453E-05 Ts3 (A'6)

he = 2388.4 + 3.65228 T, - 0.0081257 Ts2 (A'7)
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hre = he - hr (A'8)

The units for hg, , h, and hg:ue kJ/kg and the units for temperature (Tr) are 'C.

A.3. Water densitY

The density of the water (pl) ur a function of temperature (T) is calculated from the

correlations (Freeston, 1987):

pr=3r/(r+ RD (A'9)

where

R2=DlRll/3+ D2R1u3+ D3R1 + D4R1a/3+ D5R1s6+D6R12

+ D7R17/3 + DgR18/3 (A.10)

and

Rl = l- (T+273.16)til7.r5 (A'll)

Here the units for T are oC and for p1 are kg/m3. Other parameters are: D1 = 3.6711257,

D2 = -28.512396, D3 = 222.6524,D4 = -882.43852, D5 = 2000.2765, D6 = -2612.2557'

D7 = 1829.7674 and Dg = -533.505

A.4. Steam densitY

The steam density (pc) fu determined from correlations developed by Tortike et al. (1989):

P 6 = exp [-93 .7 O7 2+0. 8 3 3 94 I T-0. 003 2080 9T2 +6'57 6528-6T3

-6.g37478-9(+2.97203E-12T51 (A.12)

Here the units for T are K and for P6 are kg/-3

A.5. Liquid viscositY

The liquid viscosity (pr) .* be expressed as a function of temperature (T) by a formula

developed by Tortike et al. (1989):

Fr=-0.0123274+4# '# . gfff
2.17342E9 . 1.86935E11*ff (A.13)

Here the units for T are oC and for F1 are kg/m's'
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A.6. Steam viscostY

Steam viscosity (6) is also determined from correlations developed by Tortike et al' (1989):

po=-5.46807E4+6.8g4gF-6T-3.3ggggE-8T2+8.29842F.llT3

-9.970601E -:4T{*.ttgl4B-nrs (A.14)

Here the units for T are K and for Uc are kg/m's'

A.7. Liquid surface tension

Liquid surface tension (o) as a function of temperature is determined from the following

correlation of (Freeston, 1987):

o = 235.8E-3Mrl.2s0,l-0.625Mt (A.15)

where

M3 = Q74-Dle7.L5 (A'16)

Here the units for T and o are K and dyneVcm rcspectively'
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APPENDIX B
DUNS & ROS CORRELATION

This appendix presents the corelations of Duns and Ros (1963), in British units, for

determining the flow regime and mixture density of a two-phase flow. Duns and Ros (1963)

use empirical dimensionless numbers (Ncv, NLv, Np, N1, S, L1' Ia) and define

mathematical limits (Lu, L, and L*) for identifying the transitions from one flow regime to

another.

N6y is the dimensionless gas velocity number which is defined as:

41-
Ncv =1'938V5^al&Lt Yot

N1y is the dimensionless liquid velocity number which is defined as:

41-
NLv = r.e38 vsl { t

Np is the dimensionless pipe diameter number which is defined as:

21-
ND = r20.872d \/ +Yol

N1 is the dimensionless liquid viscosity number which is defined as:

(8.1)

(B.2)

(B.3)

NL = 0.157261ty (8.4)

S is the dimensionless velocity which is defined as:

4l-
s = 1.e38 ur 

{ ** 
(8.5)

Where: d = diameter of the chamber

01 = liquid surface tension

g = acceleration of gravitY

Ft- = liquid viscositY

V5 is the slip velocity as defined in (5.'4)
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(8.6)

(B.7)

(B.8)

Ls=Lr+LeNlv

Ls=50+36Nsy

LM = 75 +84 Ntuo'zs

where: Ls = bubble-slug boundary, dimensionless'

Ls = slug-transition boundary, dimensionless'

LM = transition-mist boundary, dimensionless'

L1 and Lzarefunctions of the pipe diameter number (Np) as shown in Fig. B.1.

The criteria used by Duns and Ros (1963) for determining the flow regime are given in Table

B. 1.

Table B.1. Flow regime boundaries (Duns and Ros, 1963)

Limits Flow regime

0 <N6y <Lg
Lg <NCV<Lt
L5 <NCV<L'n

Ncv > Lt

bubble flow

slug flow

transition flow

mist flow

The mixttre density is calculated as follow:

p = pr Hl + pc (l-Hl)

The liquid hold up is determined from:

(B.e)

(B.10)

(B.11)

regime. For the bubble flow S can be

4-
tr=

The slip velocity (Vg) can be determined from (B.5) which after rearrangement becomes

vs=

The correlation for S is different for each flow

determined using the following:

d*^F



where

F1, F2, F3 and F4 are functions of the liquid viscosity number N1' They can be obtained from

Fig. B.2.

For slug flow the dimensionless slip velocity S is deterrrined using the following correlation:

s = Fr + F2 N1y * rr'(ffi)t

F3'= F3 +

/tt O.ntr* FU)S=(1+F.)Wv-\^' r)/ 
(l+F7N1y)2

Fo' = 0.029 Np + F6

379

(8.12)

(8.13)

(8.14)

(B.1s)
where

Fs, Fo and F7 are functions of the liquid viscosini number N1. They can be obtained from Fig.

B.3.

Figure 8.1 L1 and L2 as functions of the pipe diameter number (Np)
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APPBNDIX C
ORKISZEWSKI CORRELATION

This appendix presents the correlation developed by orkiszewski (1967), in British units' for

determining the flow regime and the mixture density of a two-phase fluid. orkiszewski (1967)

used the following criteria for determining the flow regime:

Table C.l

Flow regime boundaries (Orkiszewski ' 1967)

Limits Flow regime

Vg6/VMcLg bubble flow

V56/Vy>Lg ,NGV<LS slug flow

L14>N6y>L5

Ncv>Lu

transition flow

mist flow

Here Lg, the bubble-slug boundary, can be determined from the following equation:

Ls = min (t.ozt - (o.22r8$, , 0.13) (c'1)

As for the Duns and Ros correlation, Lg is the slug-transition boundary and LL4 is the

transition-mist boundary. They can be determined using (B.7) and (8.8) in Appendix B

respectively.

when the flow regime is bubble flow, the mixture density is calculated as follows:

p = (l-Hc) Pr- + Hc Pc (C'2)

where H6 is the void fraction of gas in the bubble flow. This can be determined from the

following equation:

Hc=r-t2[,.*mf (c'3)

Here V5 is the slip velocity. Griffith (1969) suggested that a good approximation for an

average value of Vg is 0.8 ft/s.

For the slug flow, the mixture density can be determined using the following relationship:
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o= +6pr (c.4)

where 6 is a coefficient correlated from oil field data and Vg is the bubble rise velocity. Griffrttt

and Wallis (1969) expressed the bubble rise velocity by the relationship:

Vs = Cr C2 GA' (c.5)

where C1 and C2 are determined from Figs. C.l and C.2 respectively. NR"U and Np"tr are

given by:

NR"b = 1a$ Pl-vsq (c.6)

Nn"r = 1488 Pt+d (c.7)
" trl

where pl is the viscosity of the liquid' cp

If Czcannot be read from Fig. C.2 the bubble rise velocity Vs can be determined using an

iterative procedure (see Brill and Beggs, 1978):

(1) Estimate avalue for Vg. A good first guess is Vs = 0'5 GA-

(2) Calculate Ns"s and NR"t using (C'6) and (C'7)'

(3) Calculate Vs using the following equations:

When Nneb <= 3000

vB = (0.546 + 8.74E-06 NReil Gil- (c.8)

When Np"6 )= 8000

VB = (0.35 + 8.74E-06 NReil GA- (c.9)

When 3000<Npss < 8000

( = (0.251 + 8.74E-06 NReil GA- (c.10)
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vs= 0.5 (+ (c.11)

(4) Compare the values of Vg obtained in steps I and 3. If they are not sufficiently

close use the value calculated in step 3 as the next guess and go to step 2. Continue

until convergence is achieved.

The value of 6 (c.4) is calculated from one of the following relationships:

When Vy < l0

6 = 0.013 tog,o #r' + 0.2321o9,0 Vy - O.428log,o d - 0'681

When VM > 10

6 - 0.045 tog,o nfu + 0.162lo9,o Vv - 0'888 log,o d - 0'709

The value of 6 is constrained by the following limits:

if VM < l0 then 6 - - 0.065 VM

if VM>lOthen 6=

(c.12)

(c.13)

(c.14)

(c.1s)
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APPENDIX D
CALCULATION PROCEDURE

FOR THE VARIABLE DENSITY MODEL

(l) Set up the initial conditions (i=0): t6, Pg, Tg,Vg, Po, h' lvlg' Gsg' As previously

described, at the initial condition the pressure in the chamber is assumed to be at the

atmosphericpressure(Pg=P).Thetemperatureinthecharrrber(T9)isassumedtobethe

boiling temperature of water at the atmospheric pressure which is determined here using

(A.l).Then,
- calculate the corresponding water density using (A.9) to (A.11)' then let po.pt.'

- calculate the corresponding water enthalpy using (A.3), then let ho=ho.

- calculate lvb= PgVg

- calculate the inflow rate of cold water (G"g) using equation (5.1).

(2) Select a time increment of length At (in seconds)'

(3) Assume densitY P1.

(4) Calculate the volume of the water in the system (V1), the length of the water column (Li)'

the water level (WL1) and the pressure in the chamber (P1) using (5.9), (5.10), (5'11) and

(5.12) resPectivelY.

(5) Calculate the corresponding boiling temperature Tri using (A'1) and the enthalpy of the

liquid (h6), the vapour (hr) and the heat of vaporization (h1r1) using (A.3) to (A'8) '

(6) Calculate the enthalpy of the ftuid (h) using (5'17)'

(7) Compare h1 and hs, obtained from steps 6 and 5 respectively' If hichn then the fluid in the

system is single phase, tiquid only. If hi>hR and h1<hgi the fluid in the system is two-

phase.

(g) If the fluid in the chamber is a single-phase, calculate the temperature in the chanrber (T)

using (A.2) and the water density (pL) using (A.9) to (A.11), then go to step 9' If the

fluid in the chamber is a two-phase fluid then determine the flow regime and the mixture

density as follow:

(r) calculate the steam quality (x), the mass flow rate of the liquid (Grtil) and the steam

(Gstil) using (5.23), (5.24) and (5'25) respectively'

(ii) calculate the corresponding liquid and steam density (pl md p6), surface tension (o)

and viscosity ([rr. *d pc) using (A'9) to (A'16)'
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(iii) Convert units from SI unit to British unit, then calculate the two-phase flow

parameters and the flow regime boundaries.

(iv) Determine the flow regime and the mixture density (p) either using the Duns and Ros

correlation or the Orkiszewski correlation.

(9) Compare the calculated density (step 8) to the assumed density (step 3). If they are not

sufficiently close let the calculated value become the assumed value and return to step 3.

Repeat the calculation until the assumed and calculated values are sufftciently close.

(10) After a successful iteration calculate the inflow rate of cold water (G.) for the next

calculation using (5.4), let i=i+l, ti=ti-r+At and the calculated density becomes the

assumed value. Repeat the calculation starting from step 3. If V1>V"U (the water volume is

higher than the chamber volume) repeat the calculation with smaller At until Vi=V"b

(chamber filling finishes).

(11) After the chamber has filled repeat the calculation starting from step 2 but calculate the

volume of water in the system (V1), the enthalpy of the fluid (hp), the water column (LL)'

the water level (WLk) a16 the pressure (P1) during the channel filling using (5.37),

(5.38), (5.39), (5.40) and (5,42) respectively. If the fluid in the charnber is a two-phase

fluid, determine the flow regime at the bottom of the channel as follow:

(i) Calculate the pressure at the bottom of the channel using (5.43) and the

corresponding saturation temperature (A. I ).

(ii) Calculate the corresponding fluid properties: hg,, hg1, and hlg using (A.3) to (A.8).

(iii) Using the enthalpy of the fluid, hi (from step 6), h6 and hsg (from the above steP),

calculate the sream quality (x1), the mass flow rate of the liquid (Grtil) and the steam

(Gsfil) using (5.23), (5.24) and (5'25) respectively'

(iv) Convert units from SI unit to British unit, then determine the flow regime at the

bottom of the channel as follows:

- calculate the the superficial velocity of steam and liquid (Vsc and V51) using

(5.28) and (5.29). Here A is the cross section area of the channel.

- calculate the mixture velocity,Vy, using (5.30).

- calculate the flow regime boundary parameters

- determine the flow regime in the channel

(12) For the period of water overflowing calculate the mass of water overflowing from the

channel over the period of At (4Ir,16) using (5.47) and the enthalpy of the fluid (\) using

(5.30). Determine the density of the fluid in the chamber. If the fluid in the charnber is a

two-phase fluid then determine the mixture density, the flow regime in the chamber and

that in the bottom of the channel using the same procedure as described above. The

calculation finishes when the flow regime in the bottom of the channel is slug flow.
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APPENDIX E

SIMULATION RESULTS

FROM TIIE VARIABLE DENSITY MODEL

E.1. Modelling laboratory experiment 1

Results presented in sections S.2.g.l show that for an overflowing cone geyser (experiment 1)

the period of the channel filling calculated by the mathematical model is longer than the actual

period. A number of calculations were made in attempting to obtain a good agreement in the

period of the channel filling by varying the recharge coefficient (a) and pressure in the cold

water zone (P*). The results, as previously mentioned, show that a good agreement for the

period of channel filling can be obtained if cr=l.150E-6 m.s and P*=1.227 bat (see Table

E.1). Overall, however, the agreement between the calculated and the observed data is poor

(see Figs. E.L,E.zand E.3 for the inflow rate, the water level and the temperature versus time

respectively)

Table 8.1

Comparison between the laboratory and mathematical models for experiment-l

Lab.
Model I

Mathematical models for cases

234

Period of the chamber filling
Period of thc channel filling
Period of water overflowing
Interval between eruPtions

dtr
dtz
dtl
dhr

6ls
155 s

641 s

856 s

40s
154 s
640 s

834 s

40s
154 s
420 s

614 s

40s
154 s

320 s

514 s

40s 40s
154 s 154 s
ll40 s 860 s

1334 s 1054 s

E.1. Modelling laboratory experiment 2

Results presented in sections 5.2.10.1 show that the agreement between the actual and the

observed data for an non-overflowing cone geyser (experiment 2) are poor' A number of

calculations were made in attempting to obtain a better agreement with the interval between

eruptions by varying the recharge coefftcient (ct) and pressure in the cold water zone (P*)' The

results show that the calculated interval between eruption and the calculated water level match

the observed data reasonably well if c=1.150E-6 m.s and P*=1.227 bar but overall the

agreement between the calculated and the observed data is poor (see Figs. E'3,l,'4 and E'5

for the inflow rate, the water level and the temperature versus time respectively).
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APPENDIX F

SOME RESULTS FROM NUMERICAL MODELLING STT]DY
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APPENDIX G

DATA FOR POHUTU AND THE FEATHERS GEYSERS

This appendix presents measured values for the durations of the falling, the quiet, the pre-play

and the eruption stages and the interval between eruptions for Pohutu and the Feathers as

observed on the 196 and 206 of August 1993.

Table G.1.

Observed data for Pohutu geyser on the 19s of August 1993

Cycle
no.

Duration Drnation Duration
ofthe.falling ofthe quiet ofthe pre-play

stase// itr" '?,3"

Duration of
the full column
eruption stage
stage (s)

Intcrval Duration of the
between qlvern fillin/
eruptions(s)' (s)

239
?ffi
r72
137
t9
86
t69
?fr
tT2
n5
n6
BI
BL
82
162
ffi
2N

165
183
2Ar

n
50
114

2N
167
u9

ica
9

I
2
3
4
)
6
7
8
9
l0
11

L2
13
L4
l5
l6
t7
1.f.2)
pt)
n
2l

53
3v
D
72
t72
85
D
146I
D
86
tu760
104
$
7l
g7

599
3284
822,
v7
1455
268y4
315
281
256
3E
2t7
288nl
t73
2tl
2M

4l
38
%
31
n4
9
t2
130v
53
63
t2
r39a
6
ztl
:o'

g3
3676
917
450
l90l
5t2
435
591
4y
388
474
356
4y3
348w
82
418

652
3638
851
4r9
1627
503
N3
6r
380
335
4Il
324
3v
320mnlm

310
?88

ffi
82

r)
2)

3)

4)

duration of the failing -sta7e of, the previons cycle.
the time when water, for ffie .flrst nme, appearea above the nouth of the geyser, the time when-the fulI colurnn
';k;;;""i;;;;;;U',t;'iiii['in'ii'ki'fuil"iu^" ertption staied to'leitthe were missed. rfrerefore the

7;{"r;;;iffi77ii q,isi::,i,'i;;&i;; ffi;;;:;i"y ;fr;;,' tni ii,otio" or intptioi and the intenatbetween
eruptions bannot be detC rmined
i:h;';i;;;f;;thZ-r7i"i6ili'i*ption staned to decline was missed and tturefore the duration of the falling
stoee and the tnterial between e:ntptions cannt be dcternirud
ViFaioiof *i caveilUing = durationof the tlvfalling stoge + durutonof tlu quict stogc

The average values for each stage and the average interval between eruptions for August 19,

lgg3,calculated without taking into account data from cycles number 2,3,5,18 and 19, are

given in Fig. G.1.
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I stage I ,t"g" I tt"gr I eruption I| (t'30") | @u") ' (l'15") | stage (3'36") |

+
I

fullcolumn
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Figure G'I schemanc time tos 'f 'f"'i{rT;,fi';xr?# i#$::r::V:f:in the svstemfor the Pohutu sevser

Table G.2 presents the durations of the falling, the quiet, the pre-play and the eruption stages

and the interval between eruptions for Pohutu as observed on the 20th of August 1993. The

average values for each stage and the average interval betrreen eruptions for August 19,1993,

as calculated without taking into account data from cycles number 2,3,5, 18 and 19, are given

in Fig. 7.14 in Chapter 7.

Table G.3 presents the duration of the eruption and the interval between eruptions for the

Feathers as observed on the 19ft of August 1993. The durations of the falling, the continuous

discharge and the intermittent discharge stages cannot be determined because the activity of the

geyser for these stages could not be seen clearly from site 1. The average values for the

duration of eruption and the average interval between eruptions, as calculated without taking

into account data from cycles number 1,2,3,5, 8, 18 and 20, are given in Tables 7.9 and

7.14 in Chapter 7.

t
inactive

l
I

I

fullcolumn
eruption begins

t
I

water app€ars

forthe fint time

I
I

fullcolumn
eruption
declirE
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Table G.2

Observed data for Pohutu geyser on the 20s of August 1993

Cycle
no.

Duration
of the quiet

Duration
of the falling

'ti" eruption
stage (s)

Duration Duration of
of the pre-play the full column

'?,3"

Intcrval Duration of thg

b"t'"on cavern fining{)
eruptions
(s) 

- (s)i'y"

763
M
42
363
wi
3n
457
&5
3n
2W

145
l!)6
243
r57
283
u
r49
473
318
n4
t62
2fl

2r2
16l
26
2N
2t4
208tn
3Jl
189
2!n
7+3
w2
281

68
159
r57
&
30
191
131
4t
63s
86
124
2r9
6
r60
r75
29
y2
r75ln
63
106
78
na
t20s

r47 339
zvt 249
r42 1243
81 3y
145 gn
3846681 3789no183 2y
3 215
101 ry
58 151

wt@
- ll0
ral 6l
1819 Nl
7575m63 2Ug7 r49
51 189a r57
43 3X
75 110g7 r20
130 0

I
2
3
4
5
6
7
8
9
l0
ll
t2
B2)
r43)
15
l6
rf)
18
19
n
2l
2.
B
?A
E
%

5v
6r5tw
479
t052
695
590
3%
r052
3y
362
428
m
v9
2415

486
456
1385
415
IU22
504
459w
4t7
2ffi
88
N
16I

r)
2)

3)

4)

5)

174
2t16

352
267
236
2N
ns
3D
185
xn
190

Duration of he falling snge of the previous qcle.
The time when the eruptron started n arruni'nos missed therefore the duration of eruption cannot be

determined.
T;;';;;;'q"ence of 2) in cyqle 13, the.duration of the fatting snge and the intenal between eruptions for
cycle 14 thii cycte carnot bd determined
t'ii-tiri"'iiii;;;;,-i;;;i"iiit u^e, appeared above the mouth of the geyser and therefore the duration of

'#,aw:';rn%,:Hifftr":i{#;!["f Hitrf :;f ii#fr#ff ft"quiasnse
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Table G.3

Observed data for the Feathers geyser on the 19th of August 1993

Cycle Duration Duration Duration Duration of the InErval Duration of the

o6. of the-falling of the quiet of the pre-play full column between cavern fiilind)

w" tY '?,5" :Hgi?$ ffiPtions G)

I
2
3
4
5
6
7
8
9
10
ll
t2
13
14
15
16
n
l8
19n

627
2@
268
273
360
2X
?A
610
tT2
no
39
263
3'E)
zT)
l8l
ffi
267
D5
83

652
3329
851
4fi
r765
351
360
6L
4y
314
4n
3V4
v5
30r
%
4n
418
742
3n
3n

-) data could tnt be colleAed because tlu activity of the geyser prior b an entption cannot be seen clearly from site
I.
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Table G.4

Observed data for the Feathers geyser on the 20th of August 1993

Cvcle Duration Duration of the Drration of
;6. - of G fatung continuous thc interminent

stase/) discharge dischar- ge
(5) stage (s) stage (s)

Duration of Interval
the full column between
enrption
staEe (s) "-?$i*

6t4
4il
1406
535
94:2
4yl
65
3%
t23l
313
88
428
252
noy7
2417
936
456
42
337
T3
314
414
ffi
?A2
v2
88

241
26r
243
301
28
285
2n
n6
3X
32r
n8
?fi
28E
2t2
167
?fr
l4;l
2t4
2ffi
?93
357
2gl
310
33r
2{2
246
219

4D
296
1175

&34I
89
617
t25a
g7
a
t28
r01
455

q2
t75
101s
L4l

156
y2
s
T

38
SI
68

81
t76
292
n8
180
88
109
83o
74w
m
2U
149
ty
104

t17
106
0
43

t{llll
163
8l
2t8
n4u
9
4y
1m
101
58
150

174
1618
$gl
63
8l
5l
@

c7
4
tyz
IE

I
2
3
4
5
6
7
8
9
l0
1l
t2
t3
t4
15
16
l7
18
19n
2L
2,
B
v+
E
%
n
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APPENDIX II
RESULTS OF TIIE SIMULATIONS OF POIIUTU GEYSER

USING THE VARIABLE DENSITY MODEL

Case I -A: Volurrc of the clwnber -- 25 nf . volume-o{ thg resldtnl ryater = 2.2 m

Mass flow rate of hot water (kgs)

Figure H.I Contours of intentalbetweeneruptionsof(lS.l, of duration,of.caunfiIlitts.of 3.05 sandof luratioltof p:epPy

of 123 s for various not "i ciii inytow (caie I-A, iarbbli iensity 
^odch. 

l-B=bowlary_ between regions of overtlowing

i"yiirLl"a "o" 
overflowing geyser.- I=region of otterflowhg geyser. Il=region of non ovcrtbwhg geyser'

Mass flow rate of hot water Cg/s)

Figure H.2 Contours of constant inter.,lal between erttptioVs of .a!S-s, of contarrt duration of ca'tetn filling of .305 s od of
,o'"ii*t i"*tion of piepllay'if tii-t io, uirtous noi and coid inlowicase l'-A, Pa=2.05 bgr). A-B=bowdarv bgnqn
regions of overflowing g;;";'""d;;;-o"r1o.Asi"ytir. i=region oi overflowing geyser. Il=region of non overflowing

geyser,

C').d 
r2o

J'

glm
>

=80()

o60
c)

;4
(tt n
U'

=.
0

n

(t)

4,0
J4

c)
cl
B

()

C)

k
3

F
CA
U)
ctt

lm

intenalbewem &tmtionofpreplay(water
eruptions = 428" werflowing)=l)'J"

0
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iolitant duration of preplay of 123 s for variotts hbt and cold inflow (case -E). A-B=boundary-between regions of
overflowing geyser il tin oveflowing geyser. I=region of overflowing geyser. Il=region of non overflowhg geyser.
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