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We describe a theoretical model of the fluid flow, 
heat transfer and phase change which occurs when liq- 
uid is injected into a fracture bounded by a hot, im- 
permeable rock. We first consider the case of a warm 
host rock, in which there is no boiling of the water. We 
then develop the model to describe the case in which 
the host rock temperature is in excess of the boiling 
temperature and the water boils. We show that a two- 
phase boiling zone develops between purely liquid and 
purely vapour filled regions in the fracture. The results 
are compared successfully with new laboratory exper- 
iments in which bc1t.h wat.er and et,lier spread radially 
from a cent’ral source into a fracture consisting of two 
hot glass plates. The  work has direct implications for 
understanding vapour regeneration as a result of liquid 
injection and boiling in a geothermal reservoir. 

1. Introduction 
In many superheated geothermal reservoirs, vapour 

is drawn from the system to  generate power. I17 an at,- 
tempt to regenerate this vapour, commercial operators 
actively reinject liquid. The fate of this liquid depends 
on the properties of the reservoir, and in particular, 
whether the system is dominated by large fractures or 
may be represented as a porous matrix. A number of re- 
cent models and laboratory experirnenh have analyzed 
the injection, propagation and ultimat.ely the boiling 
of liquid in a superheated porous layer (Pruess et al., 
1987; M‘oods a.nd Fit,zgerald, 1993; \Voods and Fitzger- 
ald, 1997). These studies have identified some of the 
fundamental controls on the heat t,ra.nsfer and phase 
change in hot perrneable rock. However, the models 
only apply t,o flow in a porous layer, while in many 
geothermal systems, the liquid motion may be domi- 
nated by flow along large fract’ures. Here we report on 
the results of a complementary study in which we ex- 
amine the heating and phase change which occurs when 
liquid is injected into a fracture embedded between two 
impermeable layers of rock. 

We consider twediniensional flow, discussing the 
physical balances which control the process. Then we 
present some simple analytical solutions which are valid 

in t.he limit. of small and large Stefan number. We ex- 
tend t,he analysis to describe the axisymmetric spread- 
ing from a point source, for which a different’ class of 
simi1arit.y solutions are required. The predictions of the 
axisymmetric model are then compared with a series 
of laborat,ory experiments in which liquid was injected 
into a fra.ct,ure surrounded by impermeable boundaries 
at a temperature ( i )  below the boiling point. and ( i i )  
above tlie boiling point. We conclude wit,h a discussion 
of the releva.nce of the work for modelling injection into 
geothermal systems. 
2. Physical balances controlling heat transfer 
and boiling in a fracture 

When liquid inva.des a fracture in one-dimension 
as shown in figure 1,  heat is transferred from the sur- 
rounding walls by thermal conduct,ion. After a time t ,  
the conduct~ion will have cooled the walls a distance of 
order ( t c t ) ’ / ?  in the direction normal to  the fracture and 
a distance ~ ( t )  along the fracture. z ( t )  may be calcu- 
lated in terms of the global conservation of heat. 
2.1 Host rock below the vaporisatton temperature. 

If the volume of liquid injected after time 1 (per 
unit 1engt.h in the cross-flow direction) is Qf  and the ini- 
tial temperature of the liquid is AT  cooler than the host 
rock, then the heat required to raise the temperature 
of the injected liquid to that of t,he rock, prCplarQt ,  
is supplied by cooling the volume (per unit lengqh in 
the cross-flow direction) c :  rock - p , C p , A T ( ~ f ) l ~ t ) x ( f ) .  
Therefore, we expect. ths ,  

where 

For a constant injection rate. these scalings slio~v that 
the cooled region extends a distance 

~ ( t )  - RrP(t~t)’ /? I2.4) 

2.2 Host  rock above t h e  boiling temperafurt. If the frac- 
ture walls are initially above the boiling temperature 
of the liquid, then three separate zones develop ia the 
fract,ure. Near the site of injection. t.he liquid is heated 
from the iiiject.ion temperature to  t,he boiling tempera- 
t.ure. Ahead of this region, the thermal energy is used to 
vaporise t,he liquid producing an isot.liermal two-phase 
boiling zone of length y(t)  say along the fract,ure. The 
temporal dependence of y( t )  may be found from a sim- 
ple heat balance 

(2.5) 
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Figure 1 

heat conducted tram host 

Fracture walls 

1. Schematic of heat transfer into a fracture from the 
host rock 

where L is the heat' of vaporisation, and ATb is the 
temperature of the fracture walls in excess of the boiling 
teniperat,ure. This leads to  the scaling for the thickness 
of the boiling zone 

y ( t )  - R,SP(Kt)'/2 (2.6) 

is the Stefan number of vaporisation. Finally, ahead of 
the two-phase zoiie, the newly formed vapour is heated 
up to the far-field temperature over a distance z ( t ) ,  
where, as in (2 .2) .  

z ( f j  - R,P(r;t) ' /? (2 .8)  

with R,, = &, ' h C  Y the ratio of specific heats of the 
vapour and host rock. 

These scalings are appropriate as long as the cross- 
fracture conduction of heat through the fracture walls 
dominates the along fracture conduction of heat, so that  
there is negligible cooling of the walls ahead of either the 
boiling zone or the zone in which the liquid or vapour 
is being heated. The  cross-fracture conduction of heat 
only dominates the along-fracture conduction if 

P , S P  >> 1 (2.9)  

In many situations of interest, (2.9)  is satisfied and 
hence t.he scalings (2.4,  2.6,  2.8)  provide simple est.i- 
mat,es for the length of the zone over which liquid or 
vapour is heated or the length of t,he boiling zone. 
3. A model of heating and boiling in a fracture 

Complete solutions, which provide t.he dimension- 
less const.ants for the scalings presented above may be 
found by complete solution of the governing equations. 
This shows that. for the case of no boiling, the temper- 
ature in the host rock is given by 

When the initial temperature of the host rock is in 
excess of the boiling temperature, the process becomes 
more complex. However, in the limiting case that ( i )  
the heat of vaporisation is much greater than that re- 
quired t o  heat the liquid to  the boiling temperature or 
to  heat the vapour to  the far-field temperature once it 
has boiled, L >> CpAT1,CpAT2, and (ii) QS/K >> 1 
so that  heat conduction in the along-fracture direction 
may be neglected relative to  tha t  in the along fracture 
direction, there is a much simplified solut,ion of the sys- 
tem. In this limit, the boiling zone dominates and there- 
fore the temperature profile may be +proximated by 

. .  . . .  
(3.3)  

?QSRi and T = Tb + AT for I > X(lit)'/ ' where 
with the leading edge of the boiling zone locat,ed a t  

= n~ 

(3.4)  

Further, the mass flux of vapour as a function of the 
total mass flux in the fracture varies with position ac- 
cording t o  ( f t J  d r  e 4) 

( 3 . 5 )  
In this approximate solution, shown in figure 3pthe rel- 
atively narrow regions in which liquid is heated to the 
boiling t.emperature and in which vapour is heated to 
the far-field temperature are neglected. 

Isotherms in the rock abovelbelow 
the fracture 
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(3 .1)  
T(r,y, t )  = T, + AT for I > Q t / w  (3.2)  

T ( x ,  y. 1 )  = T,+ATerf 

where t-he fracture width is w (figure 2) .  
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3. 
is a zone of boilinn. 

Temperature profile in the host rock when there 



4. Axisymnietric Injection 
Tlie problem of axisymmetric iiijection into a frac- 

ture is also of interest, but requires new scaling laws for 
the distances over which liquid is heat.ed up and boils. 
Applying similar arguments for the conservation of heat 
to those of section 2 .  we find that the radial distance 
over which liquid is heated froin one temperature t.o a 
second scales as 

while the radial dist.aiice over which liquid boils scales 
as 

These solutions only apply as long as t.he radial conduc- 
tion scale is much smaller than the radial location of the 
front, so t.ha.t a negligible amount of heat is conducted 
inwards from larger radii. The scalings only apply for 
times 

(4 .3)  
For typical values in geothermal systems, RI - 1, Q - 

ni'/s, and S - 10 - 100, 
so that, this scaling applies at  least for times 0 < f << 
lo's, which covers the time of interest for geothermal 
systems. which is t,ypically of order inonths to years. 
Therefore we may neglect the effects of radial conduc- 
tion of heat i n  applying the model to act,ual reservoirs. 

f << T = ( R S Q ? / H K ~ " ) ?  
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4.2 A s y i ~ i p t o f r c  s o / u t i o i i  f o r  huiliny ?I?  a radzd  fracture 
As in section 3 .  there is a useful asympt.otic so- 

1ut.ion for the temperature profile i n  the liniit of high 
St.efan number. .s' =: L/C,AT >> 1. in which case the 
heat of vaporisation is much larger than the heat re- 
quired to warm up the inject,ed liquid or heat the newly 
formed vapour.  In this approxiniat,ion, r1 << r2> and the 
length of the zone ahead of the boiling region in which 
the vapour is heated to t.lie far-field t,eniperature also 
becomes vanishingly small relative to the boiling zone. 
The temperature pi,ofile therefore has the approximat,e 
form 

with 

(4.5) 

and the vapour mass flux, as a fraction of the total mass 
flux, increases with radius according to 

with the leading edge of tlie boiling zone located ht 

r = r2 = X(Kl)l/d (4 .7)  

5. Experimental results on boiling in a fracture 
A series of experiments have tested the abo\e scal- 

ings for he>t transfer and boiling iii a fracture 
5 1 Fracfure walls below t h e  traporzsatioii Icmperalure 

In the first set of experiments, water was injected at  
a temperature of 20°C and the glass plate was heated 
to a range of temperatures 40-90°C The dim 
less temperature profile for diffeient experirnen 
injection rates 3, G and 10 ml/niin have bee 
ted on figure 4 as a function of the similarit> vatiable 
17 = r / ( Q K f ) l / d  All the experimental data collapses to 
a single curve, confirming the scaling analysis of sec- 
tion 4 1 (figure 5 )  Second, there IS excellent agreement 
between the experiments and the model temperature 
profile ( 4  10) for the time interval 0 < t < 900s, corre- 
sponding to the data Tlie analltical solution ap lies 
for 1 - 10s = t u  < i < t ,  = ( Q ' / h 3 )  = 10"s for th k in- 
jection iates Q = 0 5 , 1 , 1  5 x lo-' m3/s. used i n  lese 
experiments M'e conclude that the ne\+ model prllides 
an excellent descrlptlon of heat transfer a.q hqu 111- 

vades i n  a fractuie 
5 2 Boiling ti1 a fratlure 

In the second set of  experiment^ the glass plates 
were heated to a temperature Tb + AT] - 60". Chile 
the ether was iiijected at  a temperatui? of 21" Again, 
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5 Comparison of experimental measurements and the- 
oretical predictions for the temperature p i  ofile in the 
fracture as a function of the distance froin tlie squrce 
for the case of liquid being heated in the fractuie 
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6. Comparison of the experimental measurements and 
theoretical predictions of the temperature profile in the 
fracture as a function of the distance from the source 
for the case in which liquid et.her boils. 

various radii from the source, by a series of thermocou- 
ples. These thermocouples were arranged at different 
azimuthal positions in the fracture, rather than along a 
single radius. In each experiment, red dye was added to 
the ether. This did not vaporise, and a ring of dye there- 
fore collected at the leading edge of the boiling front as 
it advanced through the experimental fracture so the 
posit,ion of the leading edge of the boiling front could 
be determined as a function of time. The boiling zone 
migrates outwards in an approximat,ely circular fashion. 

At atmospheric pressure, t,he boiling point of the 
ether is 34", the specific heat. of the ether is approxi- 
matrely 2000 J kg-'K-', and the heat of vaporisation 
is 3.78 x lo5  J kg-'. Therefore, we estimate that t,he 
St,efan number 

This is sufficiently large that we might expect' the ap- 
proximate model of the boiling for S >> 1 (section 3 )  
to apply to leading order. In figure 6 ,  the measured 
temperatures, (T (  7) - Tb)/ATl, of the thermocouples 
have been plott'ed as functions of the similarity variable 
7 = r / ( S 2 Q 2 / ~ ) " 4 .  It is seen that all the tempera- 
ture profiles collapse to a single curve, corroborating 
the scaling arguments of section 2 and the model of 
section 3.  

Again, the very good agreement, between the exper- 
iment,al measurements and the theoretical predictions 
is expected over the time scale of the experiments. In 
particular, in section 2 ,  we identified that the model 
predictions should be valid for t << (SQ) ' / s3  - lo's 
yet, t,he experiments only run for 2 < 900s. 
6. Discussion and Applications 

The resu1t.s suggest that, as liquid migrates along 
superheated fractures, it is natural that a two-phase 
zone develops between the liquid region near source and 
the superheated vapour zone in the far-field (figure 1). 
For a radially spreading injected fluid, this two-phase 
zone has length 

For a injection rates into a geothermal reservoir along 
a wellbore in the range Q - - lo- '  m 2 / s ,  the 
scaling ((3.1) implies that the two phase zone will extend 
a distance of order 0.1 - 10t1/4 from a point source in 
a fracture. Thus after times of order 1 year, the two 
phase zone will extend 10-1000 m from the source. This 
constrains the possible impact of re-injected liquid on 
the reservoir pressure, since, in a superheated system, 
t,he liquid and two-phase zc:;e remains rather localised 
about the site of injection. 

These results provide new understanding for con- 
straining the number, duration and positioning of rein- 
jection wells which are required in order to maintain an 
approximately uniform reservoir pressure. 
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