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ABSTRACT 

Heat pipes are an important feature of models of vapor-dominated 
geothermal reservoirs. Numerical experiments reveal that a vapor· 
dominated heat pipe is unstable if pressure is controlled at shallow 
levels. This instability is discussed in physical terms, and some im· 
plications for geothermal reservoirs are considered. 

INTRODUCTION 

A heat pipe is here taken to bl! a porous medium in which heat is 
transferred vertically from depth by the mechanism of steam rising 
and condensing at the top, and liquid condensate falling to the bot
tom to boU again. The steam and liquid gravity driven counterflow is 
balanced so that there is no net mass tr31l11fer (Pruess, 1985; White 
et al. 1971; Straus and Schubert. 1981). 

The heat pipe is central to conceptual models of vapor-dominated 
geothermal reservoin (White et aI1971; Truesdell and White. 1973. 
Pruess and Narasimhan. 1982). In the mnin reservoir pressure and 
temperature do not vary greatly with depth and heat transfer is con· 
vective. A low permeability cap rock overlies the reservoir. Steam 
rises through the main reservoir and condenses at the cap rock, reo 
leasing ita latent heat of vaporisation. The condensate trickles back 
down through the main reservoir, to an underlying boiling liquid sur
face. Net mass transfer through the main nservoir is small Fields 
described by this conceptual model include Larderello, Italy; The 
Geysers, California; Mataukawa, Japan; and Kawah Kamojang, In· 
donesia. 

In numerical simulations of one-dimensional vertical heat pipes, it is 
usual to fix the pressure and saturation at one end. and to specify a 
heat input or output (and zero mass transfer) at the other. Thia 
paper has been motivated by the observation that in order for a 
numerical simulation to converge to a steady vapor-dominated heat 
pipe it is necessary to have the constant pressure and saturation 
condition at the bottom end. 

Further simulations have confinJied that the vapor·dominatad heat 
pipe is unstable if the constant pressure and saturation condition 
is at the top. If this is perturbed. it either switches to a liquid· 
dominated heat pipe or dries out. If the constant pressure and sat· 
uration condition is at the bottom, the vapor-dominated heat pipe is 
stable to small perturbationa. A liquid-dominated heat pipe has tho! 
reverse stability requirement - it is stl1ble when the constant pres· 
sure and saturation condition is at the top and unstable otherwise. 

Aside from the insights gained into two-phase vertical f1ow,'this has 
some interesting implication. for geothermal reservoirs. If the reser· 
voir can be viewed as a one-dimensional porous medium with two. 
phase fluid and negligible maaa through·f1ow these results SURest 
that a reservoir will only be vapor-dominated if the pressure con· 
trol is at depth. That is, a vapor·dominated reservoir will have 
good recharge at depth and poor communication at its top (for ex· 
ample, a caprock). Conversely, a liquid-dominated reservoir, wUl 

be expected to have good recharge at the top and relatively poor 
recharge from depth. These results say little about reservoirs where 
two-dimensional or three-dimensional How etrects are important, or 
about fractured reservoirs in which there is pressure support dis· 
tributed throughout in blocks. An assumption implicit in these com· 
ments ia that the reservoir is not still evolving, but has reached a 
stable steady stata (this may take thousands of years). 

SOME THEORY 

Conductive etrects are ignored here for simplicity. If the equations 
for mass and energy consen"lltion are solved for a steady state one
dimensional vertical heat pipe. the convective heat fbx may be shown 
to be (Cor example. Pruess et aI. 1986) 

Q = k(pi - Pv)h",g 
vt! k.1 + vvl k.v 

(1) 

where k is the permeability of the porous medium. P is density, g is 
the gravitational constant, h., is the latent heat of vaporisation. II 

is the ki:lematic viscosity, k. is the relative permeability, and sub
scripts I and II mean liquid and vapor phase respectively. 

The relative permeability functions k.1 and k rv reflect experimental 
evidence that when there is a large amount of steam present, it is 
more difficult for the liquid phase to How. When the quantity of 
liquid pre.ent i •• mall enough. it will not flow. The residual liquid 
saturation. below which the liquid phase is immobUe. is around 0.3 
for sands. and may be as high as 0.8 for fractured geothermal reser· 
voirs (Grant and Glover. 1984; Pruess et aI, 1986. p.4; Pruess and 
Narasimhan, 1985; Pruess. 1985). The dependence of krl and k.., 
on the liquid saturation S is not well known. For simplicity in this 
paper it has b.:!en lIssumed th:lt 

{ 
0 0 S S < 0.3 

krl = 1'- (1 - S)/o.7, 0.3 S S S 1.0 

k.." = 1 - krl 

The exact form of the relative penneability function is unlikely to 
atrect the nature of the instability under study here. 

Given a vapor-dominated heat pipe there is a liquid-dominated heat 
pipe with the same heat flux Q. This may be seen either from the fonn 
of Equation 1 or from Figure I, in which Q is plotted against liquid 
saturation S for typical parameter values. When S is sm:lll (just 
above residual liquid saturation), the heat pipe is vapor-dominated. 
and the vertical pressure gradient is just above vaporstatic. When S 
is near 1 the heat pipe isliquid·dominated with the pressure gradient 
just below hydrostatic. These features are nicely summarised in 
Darey'a equations for two-phase flow, 

kkrl 
UI = --(Vp - Pig) 

III 

kk •• 
UtI ---(Vp - Pvg) 

IIv 

where U is the mass flux density, and p is pressure. 

(2) 

(3) 
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NUMERICAL EXPEUL .. IE1'I/TS 

The simulator MULKOM (Pruess, 1983) was used to investigate the 
stability olbeat pipes. The reservoir parameters chosen are listed in 
Table 1. A sketch of the computer model is in Figure 2. Both liquid 
and vapor~ominated heat pipes have been studied, but for brevity 
only the vapor~ominated results are discussed in any det.all here. 

A steady vapor-dominated heat pipe was set up ~y placing the large 
(almost constant p, S) element at the bottom and specifying beat ex
traction at the top, and starting with a column of two-phase fiuid 
that bad vaporstatic pressures and was close to residual liquid sat
uration. This quite quickly settles to a steady vapor-dominatcd heat 
pipe. When it is perturbed, by changing the amount of heat ex
tracted at the top by a small amount, it acijusta to the new heat 
fiux, remaining close to the original configuration. This lIebavicr.1r· 
we term stable. 

The boundary conditions on this vapor-dominated heat pipe were 
then changed - the top element was made very large (almost con
stant p, S) and the heat flux was specified by the heat input at the 
bottom element, which was made the same size as most of the other 
elements in the column (see Figure 3). This configuration, when not 
perturb"d, remained steady for a long time. 

A small perturbation was then introduced by changing the amount 
of heat input at the bottom. The resp"nse of the heat pipe WIlS not 
small. If the heat input was reduced, tbe heat pipe became liquid
dominated (and sta!Jlp.). If the heat input was increased, the heat 
pipe gradually dried out and would never stabiu..e without conduc
tive terms present. 

RESULTS 

The switch from the vapor-domin&ted configuration to a liqllid.dominated 
heat pipe is here discussed in more detail Figure 4 is a plot of the 
flowing enthalpy at each element at various times after the heat 
was turned down at the bottom element. The initial heat input is 
1 W/ml. This is perturbed down to 0.9 W/m2 at time zero. A no
table feature of the plot is that the flowing enthalpy drops to a value 
less than 0.9 W/m 2 , and the whole heat pipe stabilises tr.mporarily at 
this value, before finally moving to match the heat input of 0.9 W/m2• 

This linalstabilisation corresponds to a switch to a liquid-dominated 
heat pipe as may be seen in Figure 5. The liquid saturation remains 
near the residual value of 0.3 until late in the simulation, then moves 
up to near 1 (liquid-dominated) when the heat pipe finally becomes 
stable. 

Figure 6 sbows that the heat pipe initially moves from zero net maIlS 
flow to a net down flow under the influence of the imposed perturba
tion. A look at the liquid and vapor phase fiow rates in Figures 7 snd 
8 respectively, reveal. that the net downfiow is largely due to a re
duction in steam upfiow. These /low rates stabilise temporarily, and 
are responsible for the behaviour of the flowing enthalpy discussed 
previously. Finally. the liquid downllow rate reduces to once again 
match the steam upflow rate, when the heat pipe becomes liquid
dominated. For completenellll the pressure changes that drive these 
fiowrate changes are presented in Figure 9. 

Parameter 

porosity 
permeability 
rock density 
conductivity 
rock specific heat 

Value 

0.2 
100 millidardea 
2650 kg/m3 

0.0 
1.0 JlkgoC 

Table I: Parameters Used in Heat Pipe Simulatiol1ll 
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Figure 1. The heat flux in a IIteady vertical heat pipe. This plot 
is taken Crom Pruess (1985), and is for Corey relative permeability 
curves and a permeability of 1 md. The shape will be similar for the 
case IItudied here. 

condensation 

• 

• 
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Figure 2. The computer model of a heat pipe used here. The heat 
pipe is 100 m long,·and haa 10 computational clements. An addi
tionsllarge element is placed at the appropriate end to fix pressure 
and saturation there. A beat input or output is specified at the other 
end. 
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Figure 3. The specific computer model of an unstable vRpor-dominated 
beat pipe used here. Pressure and saturation are held constant at 
the top. and heat is applied to the bottom. 
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Figure 4. The /lowing enthalpy in the unstable vapor-dominated 
beat pipe. at various times aner the heat input is reduced. Tho 
initial conditions corresponded to a steady heat flux ofl W/m2. 
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Figure 5. The liquid saturation in the unstable vapor-dominated 
heat pipe. at various times after the heat input is reduced. The 
initial conditions corresponded to a steady beat /lux oC 1 W/m2. 

-20 

- -40 .s 
:S 
\l" 
... -110 

-80 

McGuinness and Pruess 

O.Os 

-IOO~--J[=r==~~==~~~:;~==~~~~~ 
-0.7 -0.8 0.0 0.1 

Figure 6. The net mass flowrates in the unstable vapor-dominated 
heat pipe. at various times after the heat input is reduced. The 
initial conditions corresponded to a steady heat flux oC 1 W/m2, and 
zero net mass flew. 
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Figure 7. The liquid /lowrates in the unstable vapor-dominated heat 
pipe, at various times after the heat input is reduced. The initial 
conditions corresponded to a steady heat flux oC 1 W/m2• Negative 
values indicate downftow. 
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Figure 8. The steam flowrates in the unstable vapor-dominated heat 
pipe, at various times aner the heat input is reduced. The initial 
conditions corresponded to a steady heat /lux oC 1 W/m2

• Positive 
values indicate up/low. 
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Figure 9. The changes in pre88ure in the unstable vapor-dominated 
heat pipe, at various times after the heat input is reduced. 'rhe 
initial conditions corresponded to a steady heat flux of! \V/m2, and 
a near vapor-static pressure gradient. The pressure changes plotted 
are the differences from the initial values. 

DISCUSSION 

-When the heat input is reduced at the bottom of the heat pipe, it 
cools there. Since the fluid is two-phase, a drop in temperature must 
be accompanied by a drop in pressure as they are related by the 
Clausius-Clapeyron curve. This pressure drop, as seen in Figure 9, 
diffuaes throughout the heat pipe. Since the relative permeability to 
liquid is small, this pre88ure drop has a much greater effect on the 
steam upflow rate than on the liquid down/low rate. The amount 
of steam leaving the bottom reduces, while the liquid flow rate re
mains constant. Hence the liquid saturation at the bottom beGins to 
increase. 

This incrense in liquid saturation is a move in the .... Tonc direction, 
according to the plot of Q versus S sketched in Figure 10. A stable 
vapor-dominated heat pipe with the heat /lux of 0.9 W/m2 would have 
a smaller liquid saturation than the initinl saturation corresponding 
to 1 W/m2• This implies that the current configuration is unstablo. 

The liquid saturation continues to increase at the bottom element, 
and eventually causes a pressure increase there. The energy needed 
for the accompanying temperatura increase is supplied by the dif
ference between the heat input at the bottom (0.9 W/m2) and the 
amount of heat ftux up the heat pipe (0.84 \VIm'). 

OTHER RESULTS 

When the heat input to the vapor-dominated heat pipil of Figure 3 is 
increased, it simply boils dry from the bottom, and will not stabilise 
without conductive terms present. TIle temperature and pressure 
at the bottom increase, and there is a net mnss up/low, due largely 
to an increased steam ftowrate. The bottom element bccc:mes dry 
steam, and the simulation will not proceed beyond that stace without 
conduction effects to transfer heat through the bottom element. 

Hence the vapor-dominated hent pipe of Figure 3 is unstable - in
creasing or decreasing the heat input by a small amount destroys 
the heat pipe. 

When the constant presaure and saturation condition is moved to 
the bottom element in Figure 3, and heat extraction is specified at 
the top, the vapor-dominated heat pipe is stable to small chances in 

I heat extraction. Small increases or decreases in heat extraction rate 
lead to small changes in pressure and saturation, and the heat pipe 
remains vapor-dominated. 

1·0 
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Figure 10. A sketch of heat ftux vs. liquid saturation in a steady 
vertical heat pipe, illustratinc that for a vapor-dominated heat pipe, 
if the heat /lux Q is reduced the steady-state liquid saturation is 
smaller. 

A liquid-dominated heat pipe has the opposite stability requirements. 
ICthe pressure and saturation are held constant at the top as in Fig
ure 3, it is Btabk to perturbations in heat input. If the constant pres
sure and saturation condition is at the bottom, the liquid-dominated 
heat pipe switches to a vapor-dominated heat pipe if the heat out
put is decreased, or becomes filled with single-phase /luid if the heat 
output is increased at the top. The kind of argument presented in 
the discussion above for a vapor-dominated heat pipe also explains 
the responses of a liquid-dominated heat pipe. 

CONCLUSIONS 

Vapor-dominated heat pipes are unstable if pressure control is at the 
top and liquid-dominatcd heat pipes are unstable if pressure control 
is at the bottom. This instability is understood physically in terms of 
Darcy's Law, thermodynamics and the conservation equations. The. 
numerical experiments partly discussed here present a challenge for 
the applied mathematician, to mathematically explain them. 

The implication for geothermal reservoirs is that if vertical processes 
are dominant, a vapor-dominated reservoir is pressure controlled at 
depth, while a liquid-dominated reservoir is most likely pressure 
controlled at shallow levels. This. will be of some help in shaping 
conceptual and computer models of geothermal reservoirs. 

There is increasing evidence that fractures and low permeability 
blocks play an important part in vapor-dominated reservoirs (see for 
example Pruess, 1985). The response time to perturbations in the 
fracture system will be much faster than in the blocks. The blocks 
will act as a distributed delayed source of mass and heat, making 
the stability issue much more complicated. Extension or adaption 
of the approach used here for. a homogeneous porous medium to a 
fractured porous medium would be a challenging and fruitful task. 
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