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Grid Orientation Effects in the Simulation of Cold Water

Injection into Depleted Vapor Zones

Karsten Pruess

Earth Sciences Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Introduction placement, which is made considerably more compli-
cated by the fact that some of the displacing water may

Vapor-dominated geothermal reservoirs such as Lar- vaporize, while some of the vapor undergoing displace-
derello, Italy, and The Geysers, California, are funda- ment may condense. These phase change processes are
mentally water-short systems. This is apparent from the accompanied by strong latent heat effects. The large
relatively low pressures in the natural state, typically contrast in thermophysical properties between water and
about 35 bars at 1000 m depth, which is much below vapor (see Table 1) gives rise to highly non-linear flow
hydrostatic pressures, lt is also apparent from the high behavior.
heat content of the produced fluids, typically
superheated steam. A number of papers have presented numerical simula-

tions of cold water injection into superheated vapor
Large-scale production from these systems has caused zones (O'Sullivan and Pruess, 1980; Schroeder et al.,
reservoir pressures and well flow rates to decline, lead- 1982; Calore et al., 1986; Pruess et al., 1987). These stu-
ing to an underutilization of installed electrical generat- dies have demonstrated numerical simulation techniques
ing capacity. Clearly, these reservoirs are beginning to that are capable of dealing with the highly non-linear
run out of fluid, while heat reserves in piace are still processes, and have clarified some of the basic effects
enormous. (At Larderello, there is a long-term trend of and phenomena. Flow around an injection well has been
increasing formation temperatures in the upper produc- analyzed under the simplifying assumptions of horizon-
"tire zones of the reservoir; Sestini, 1970). Reinjection tal flow only, and radial symmetry. Around the injection
of colder waste waters, or injection of waters from a weil, a single-phase liquid plume forms with a tempera-
source other than the geothermal reservoir, is the pri- ture equal to the injection temperature T = Tinj (see Fig-
mary means by which dwindling fluid reserves can be ure 1). Beyond this plume there is a region of single-
replenished, phase liquid conditions, with temperature T - Tf inter-

A considerable body of field experience with injection mediate between injection temperature and original
has been accumulated at Larderello and The Geysers; reservoir temperature To, Tin j < Tf < T o. In a porous
the results have been mixed. There are well documented medium, and neglecting the (small) effects of heat con-
cases where injection has increased flow rates of nearby duction, the temperature and phase fronts are sharp. Heat
wells. Return of injected fluid as steam from production conduction broadens the fronts slightly, while in
wells has been observed directly through chemical and fractured-porous media the delayed fluid flow and heat
isotopic changes of produced fluids (Giovannoni et al., transfer between fractures and rock matrix can lead to
1981; Nuti et al., 1981). In other cases injection has very broad temperature fronts and extended two-phase

zones containing a "ing mixture of water and vaporcaused thermal interference and has degraded the tem-
perature and pressure of production wells. (Calore et al., 198t

Water injection into depleted vapor zones gives rise to Injection effects are much more complicated when the
complex two-phase fluid flow and heat transfer possibility of vertical flow is taken into consideration
processes with phase change. These are further compli- (Calore et al., 1986). Vertical permeability permits
cared by the fractured-porous nature of the reservoir injected water to flow downward in addition to outward.
rocks. An optimization of injection design and operating Because of the much larger density of liquid water as
practice is desirable; this requires realistic and robust compared to vapor, downward flow of liquid does not
mathematical modeling capabilities, require a pressure gradient, but can be driven by gravity

force, even opposing a (sub-hydrostatic) gradient. The
Numerical Simulation of Water Injection effect of gravity may dominate the pressure and tem-

_, perature regime around an injection well. Much of the
Water injection into a medium containing superheated injected water may flow downward rather than outward
vapor can be classified as a process of immiscible dis- from the injection weil, partially vaporizing in the pro-



cess. Two-phase conditions may extend all the way to squares permits flow to or from a grid block only in
the injection well. The one-to-one correspondence discrete directions of 0°, 90 °, 180°, and 270 °. This

between pressure and temperature in two-phase condi- discreteness in the rotational sense persists even as grid
tions can give rise to interesting heat pipe effects spacing is refined, causing grid orientation errors.
(water-vapor counterflow; Calore et al., 1986). Over
time, temperatures near the injection well will decline. A potential for grid orientation errors exists also in the
As long as two-phase conditions prevail, this will be vertical plane, where the vector of gravitational
accompanied by pressure decline, so that within the boil- acceleration defines a preferred direction. Simulation
ing injection plume vapor will flow towards the injection predictions may be sensitive to the orientation of grid
well rather than away from it. Vapor approaching the lines with respect to the vertical.
injection point will partially condense, and the associ-

ated latent heat effects will counter the cooling effects Studies of two-phase immiscible displacement, and of
from continued injection. The entire injection plume steam flooding of hydrocarbon reservoirs, have shown
may remain in boiling and nearly isothermal conditions, that mere grid refinement is ineffective in reducing grid
maintained by water-vapor counterflow (heat pipe), orientation errors. Such errors can be substantially elim-
When the injection rate is increased, pressures near the inated only by increasing the number of flow directions
injection well will also increase, and a single-phase considered in the finite difference grid. Conventional
liquid zone of limited extent may form. Temperatures in finite difference simulations employ a "five-point" dif-
the liquid zone will decline towards the injection tem- ferencing scheme, which considers flow between a grid
perature. The flow processes are further complicated by cell and the four neighbors with which it shares inter-
preferential flow in fractures, and by the unstable nature faces (see Figure 2; P communicating with E, N, W, and
of a displacement process in which a heavier phase S). Grid orientation effects can be substantially reduced
(water) is invading a region with lighter fluid (vapor) by means of a "nine-point" approximation, which in
from above, addition considers the possibility of flow along the diag-

onal directions (P communicating with NE, NW, SW,
Numerical simulation studies have shown that predic- and SE).
tions of water injection into vapor zones are sensitive to
space and time discretization effects. Space discretiza- This paper examines grid orientation effects for simula-
tion effects are well known from immiscible displace- tion of water injection into depleted (low pressure)vapor
ment processes, where they cause a broadening of phase zones. We study grid orientation effects not only in the

horizontal plane, but also in the vertical direction. Allfronts (Aziz and Settari, 1977). These effects are aggra-
vated in two-phase flow with phase change, because they simulations were carried out with LBL's general-
affect the coupling between fluid flow and heat transfer, purpose reservoir simulator TOUGH2 (Pruess, 1990),

which implements the general MULKOM architectureand alter the phase composition of the flowing two-.
phase mixture. Coarse gridding near the injection point for multiphase fluid and heat flows (Pruess, 1983, 1988).

will cause an over-prediction of vaporization rates. The 2.D Areal Model
one-to-one correspondence between temperatures and
pressures in two-phase conditions can produce spurious The nature and su'ength of grid orientation effects can be
flow effects (Schroeder et al., 1982; Pruess et al., 1987): easily evaluated by comparing simulation results
when colder water enters a grid block that is in two- obtained from two different grids that have the same
phase conditions, temperature and pressure of the two- grid block size but different orientation. The customary
phase mixture decline, causing spurious flow towards approach is to consider a five-spot production-injection
the injection point. In simulations of cold water injec- arrangement, and to compare simulations obtained with
tion into superheate.zt vapor zones in two-dimensional "parallel" and "diagonal" grids (see Figure 3; the
R-Z geometry, the shape of the injection plume was terms "parallel" and "diagonal" denote the direction of
found to depend sensitively on the computational grid grid lines relative to the lines connecting production and
used (unpublished work by the author with R. Celati and injection wells). We have performed simulations with
C. Calore). the grids shown in Figure 3, using problem parameters

applicable for depleted vapor zones at Larderello or The
Because of the sensitivity to space discretization effects, Geysers (see Table 2). Results for production rates and
there is lingering concern about the realism and credibil- temperatures predicted from the two different grids are
ity of numerical simulation predictions for injection into given in Table 3.
superheated vapor zones. The present paper focusses on
a particular kind of space discretization effects, associ- It is apparent that the predictions from both grids are
ated not with the size of computational grid blocks but very similar. Early on, there is slightly faster water
with the orientation of the grid lines. The basic mass and migration towards the production well in the parallel
energy balance equations applicable for the process of grid, giving somewhat higher production rates and
water injection into isotropic media are rotationally slightly faster cooling near the production well. In the
invariant in the horizontal plane, while a computational mi, idle period, 5 - 10 years, predictions from both grids
grid introduces preferred directions. For example, a con- are in excellent agreement, while subsequently there
ventional finite-difference grid consisting of identical again is somewhat more cooling along the flowpath from



the injector to the producer irl _e parallel grid. Addi- Volume, shape, and thermodynamic conditions of the
tional simulations were performed with a "two-waters" plume must be modeled accurately so that the rate at
description of the process, where injected water can be which the boiling plume supplies vapor to the reservoir
distinguished from the vapor originally in place, so that may be predicted. In the vicinity of an injection well,

• the mixture of injected and in-piace fluid extracted at the flow geometry is cylindrically symmetric, requiring a
production well can be monitored. The parallel grid two-dimensional axisymmetric (R-Z)grid. However, in
predicted a more rapid initial return of vaporized our studies we have employed two-dimensional linear
injected water than the diagonal grid. However, these vertical section (X-Z) grids, for the following reason, lt
differences persist for only a very brief period (a few is well established that grid orientation effects can often
weeks) after start of injection, be alleviated by means of higher-order differencing

methods, such as nine-point differencing. Our choice of
In summary, we conclude that grid orientation effects an X-Z section was made because implementation of
for simulation of water injection into low-pressure vapor higher-order differencing is straightforward for grids of
zones are insignificant in 2-D areal models. This favor- constant thickness. R-Z grids would pose added compli-
able result can be understood in terms of the "favorable cations, because the volumes of grid blocks with con-
mobility ratio" between injected and displaced fluid, stant vertical cross-sectional area increase with distance

When water displaces vapor, the displacing fluid has from the symmetry axis
higher viscosity and poses greater resistance to flow. The
parallel grid tends to facilitate migration from the injec-. The model system chosen for simulation of water injec-
tor to the producer; however, as more of the flow path tion is shown in Figure 4. It has a vertical extent of 200
towards the production well fills with liquid water, flow m, a thickness of 1 m, and a horizontal length of approx-
resistance increases, diminishing the preferential flow. imately 200 m (slightly different for the parallel and

An analogous process will take piace in the diagonal diagonal grids; see below). Injection is made at the top
grid. In this case, initial water flow will preferentially of the left vertical boundary, while at the right vertical
occur in the diagonal direction. As water saturation in boundary constant pressures corresponding to gravity
this direction increases, the viscosity contrast will then equilibrium are maintained. The gravity equilibrium is
diminish diagonal flow. In this fashion, a displacement obtained by first running initial conditions of T = 240°C
with favorable mobility ratio will tend to reduce differ- and P --- 10 bar to steady state. Problem parameter are
ences in numerical simulation predictions from grids given in Table 2.
with different orientations of grid lines.

Water injection into superheated vapor zones has Schematic diagrams of parallel and diagonal grids are
characteristics opposite from those encountered in steam shown in Figure 5. The parallel grid used in most simu-
flooding of hydrocarbon reservoirs, an "unfavorable lations has a block size of Ax = Az = 10 m. However, the
mobility ratio" displacement. In the latter process, the left vertical boundary, where injection is made, is inter-
viscosity of the displacing fluids (steam and oil heated to preted as a symmetry boundary, so that the first Ax is 5
high temperature) will be much less than the viscosity of m, and the first column of nodal points is located right
the displaced fluids (water and oil at ambient tempera- on the boundary. For the diagonal grid we wish to
ture). Therefore, flow resistance along the path of employ grid blocks of approximately the same volume.
displacing fluids ',',iii diminish, so that any preferential The length of the diagonal in the parallel grid is _ =
displacement in a particular direction will tend to get 14.14 m. In order to cover the same vertical distance of
amplified, giving rise to very strong grid orientation 200 m in the diagonal grid, we take the length of the
effects (Coats and Ramesh, 1982). diagonal in the diagonal grid as 200/14 = 14.29 m, to

which corresponds a side length of 10.10 m. Thus, the
blocks in the diagonal grid have very nearly the same

2-D Vertical Section volume as those in the parallel grid. The parallel grid

The areal simulations discussed in the previous section has 20 rows by 21 columns, and a total volume of
may not give a realistic outlook on effects of water 41,000 m 3, as compared to the diagonal grid which has
injection into low-pressure vapor zones. Liquid water is 29 rows by 30 columns, with a volume of 42,142.8 m3,

much heavier than steam and may flow preferentially Results of simulations are presented as contour diagrams
downward from an injection point rather than outward, of injection plumes (region of two-phase or single-phase
Injection of heavier fluid into lighter fluid from above is liquid conditions) after 717.01 days of simulated time
subject to gravitational instabilities (Schubert and (Figures 6 through 9), and as a table of fractions of
Straus, 1980), which suggests a potential for strong grid injected water vaporized (Table 4). The plume diagrams
orientation effects in the vertical direction, provide a detailed picture of injection behavior, while

the vaporization fractions give a broad aggregate meas-
To examine this possibility, we have performed simula- ure.
tions of water injection into vertical-section models,
using parallel as well as diagonal grids. From a practical
viewpoint, the main interest is in the effects of the injec-
tion plume on conditions in the surrounding reservoir.



Results for Five.Point Parallel and Diagonal Grids It can be concluded that 9-point differencing cures much
of the grid orientation problem, but significant grid

Figure 6 compares the injection plumes after 717.01 orientation errors persist. This is not surprising in view
days of simulated time with the parallel and diagonal of the fact that 9-point differencing is designed to
grids, respectively. The discrepancies are very large preserve the rotational invariance of the Laplace opera-
indeed. In the parallel grid, ali flow is vertically down- tor to higher order (Forsythe and Wasow, 1960). This is
ward from the injection point. The vaporizing liquid the dominant term in pressure-driven displacement in
flows towards the bottom of the flow system, and is then the horizontal plane" however, the vertical flow in the
diverted laterally outward. There is no lateral component present injection problem arises from the gravity term in
to liquid phase flow above the bottom row of grid Darcy's law, which contributes a first-order spatial
blocks. The diagonal grid on the other hand predicts a derivative term in the governing equations. Improving
plume of considerable lateral extent, approximately 50 on the finite-difference approximation of the Laplacian
m, with only a small amount of accumulation of two- would not necessarily improve the discretized represen-
phase fluid at the bottom. This comparison shows that tation of the gravity flow term.
grid orientation effects in the vertical can be extremely
strong for water injection into low-pressure vapor zones.
For comparison, another simulation was performed with The problem considered so far - cold water injection into
the parallel grid, in which the regions of the plume were a porous medium containing superheated steam, subject
more finely discretized. The first (leftmost) column of to pressure and gravity forces, and heat exchange with
grid blocks (Ax = 5 m) was further partitioned into three phase transformation effects - is highly idealized, lt
columns of Ax = 1 m, 2 m, 2 m, and the last (bottom- simplifies the "real" problem by neglecting several

most) row with Az = 10 m was partitioned into four rows physical effects, including capillary pressures, hydro-
of Az = 5 m, 2 m, 2 m, and 1 m. The results were very dynamic dispersion, vapor pressure lowering, and for-
similar to those of the coarser parallel mesh, indicating marion heterogeneity (fractured-porous medium). While
that the grid orientation errors are not overcome by finer simplifying the physics, these idealizations actually
discretization. We emphasize in passing the seriousness make the problem more difficult and sensitive from the
of grid size errors. Heat balance considerations show viewpoint of numerical simulation. The idealized prob-
that complete vaporization of the injected water would lem considered so far is highly hyperbolic in nature,
cool a reservoir volume of 1 m3 by 1.177 10.2 °C per while incorporation of more realistic physical effects
second. If the entire "parallel grid" flow system of would make the problem more diffusive, or parabolic,
41,000 ma volume would be represented with one grid and less subject to numerical discretization errors. For
block, total vaporization would effect a cooling by 17.78 example, capillary pressure effects would tend to suck
°C over the 717.01 days injection period. In such a injected water into dryer regions, giving rise to horizon-
coarse grid the temperature would therefore remain tal flow of water away from the injection point.
above the saturation temperature at prevailing pressures
of approximately 10 bars; ali the injectate would be
completely vaporized, and no injection plume would Capillary Pressure Effects

form. Simulations incorporating capillary pressure effects
were carried out to examine whether inclusion of such

Results for Nine-Point Differencing effects would significantly improve grid orientation per-
formance. We have no data for capillary pressure func-

After demonstration of extremely strong grid orientation tions applicable to the Larderello or Geysers systems,
effects in the vertical, the next set of simulations was and have rather arbitrarily chosen the following func-
carried out with the objective to determine whether these tional form (Leverett, 1941" Udel] and Fitch, 1985):
effects could be substantially eliminated by means of a
differencing scheme with a higher order of rotational

accuracy. Figure 7 compares predicted injection plumes Pcap =-40" 106. a. f(St) (1)

after 717.01days of simulated time for parallel and diag- where f = 1.417 (l-St) - 2.120 (1-St) 2 + 1.263

onal 9-point grids. The predictions for the shape of the (1 - St)3 is a funcfiov of liquid saturation St, and a is the
injection plumes are similar, indicating that grid orienta- surface tension of water, a function of temperature.
tion effects have been much reduced. However, some

signific:,nt differences persist. The diagonal 9-point Results of injection simulations with parallel and diago-
simulation predicts significantly more water migration nal 9-point grids, incorporating capillary pressure
near the bottom of the reservoir. The plume predicted effects, are shown in Figure 8. There is close agreement
from the 9-point parallel grid detaches from the injection between the two predictions for the injection plume,
boundary about halfway down. Additional minor differ- indicating that grid orientation effects have been sub-
ences exist with respect to the phase distribution within stantially eliminated. In addition to helping reduce grid
the plume. Predictions for vaporization fractions, provid- orientation effects, inclusion of capillary forces has also
ing an integrated view of injection effects, agree well eliminated the slumping of injected water to the reser-
between the parallel and diagonal 9-point grids (Table voir bottom, and it has effected a certain lateral broaden-
4). ing of the plume. Predicted vaporization fractions from



parallel and diagonal grids show excellent agreement at capillary pressures makes for a more realistic pro-
all times (Table 4). cess description (obviously, appropriate capillary

pressure data are required), and it simplifies the
For completeness, we also present results of simulations attainment of simulation results that are free of
with capillary pressure effects in 5-point parallel and large errors.
diagonal grids (Figure 9). The discrepancies between the

two grids are not very large, but considerably stronger Simulations including capillary pressure effects with
than for 9-point differencing. Agreement between the parallel and diagonal grids are in approximate agreement
predicted vaporization fractions is good (Table 4). For and give generally acceptable results. The best results
the diagonal grid, predictions from the 5- and 9-point are obtained when 9-point differencing is used, but the
schemes are very similar, while for the parallel grid the improvements in numerical performance obtained by
discrepancies are larger, including capillary pressure effects are more significant

than the improvements resulting from higher-order dif-
Discussion and Conclusions ferencing. Capillary pressures combat the fingering asso-

ciated with the gravitational instability of heavier fluid
The goal of numerically simulating injection is to pro- (water) over lighter fluid (vapor). Hydrodynamic disper-
vide a robust and realistic prediction of injection effects, sion, which has not been explicitly modeled in the
Presently available numerical simulators can success- present work, will have similar effects. The better per-
fully model the basic physical processes associated with formance of the diagonal grid, even when only 5-point
injection of cold water into superheated vapor zones, differencing is used, may be interpreted as resulting
including highly non-linear phase transitions from vapor from an artificial (numerical) dispersion perpendicular to
to two-phase to liquid conditions, and the associated the (vertical) direction of unstable gravitational finger-
strongly coupled fluid flow and heat transfer effects, ing. Hydrodynamic dispersion effects are expected to be
However, this capability for simulating the basic quite significant in fractured reservoirs, such as Lar-

processes does not necessarily guarantee realistic predic- derello and The Geysers, and deserve further study.
tions for practical injection problems that involve mul- Future work should also address the special effects from
tidimensional flow effects on a broad range of space and the radially divergent (as opposed to linear) flow
time. scales, geometry around an injection weil.
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Table 2. Parameters used in simulations.

Formation Parameters
..... _:" 'r ..... '

' rock density 2600 kg/m 3
porosity 0.05
thermal conductivity 2.51 W/m°C
specific heat 920 J/kg°C
permeability (a) 1 • 10-13 m 2

(b)1 •10-12m 2

relativepermeability CoreycurveswithSh"= 0.30
Sgr = 0.05

capillary pressure 0, or Leverett ]-function (see text)

Initial Conditions
.,-. , , , ,,, =

temperature 240°C
pressure (a) 10 bar

(b) gravity equilibrium with Pa,, = 10 bar

Injection Specifications
, . ,., _ ,.: -_ _ :

enthalpy I26 IO/kg (approximately 30°C)
injection rate (a) 2.5 kg/s

(b)0.01kg/s

ProductionSpecifications

(a)wellborepressure 8 bar
(a)productivityindex 8.335•lO-12m 3

(b)Variablerateatconstantpressureboundary

(a)I/8offive-spotwith208.5m wellspacing(20acre),200 m thick

(b) vertical X-Z section with depth = 200 m, thickness = 1 m

Table 3. Simulated production rates and temperatures for
five-spot areal production-injection system,
using parallel and diagonal grids.

Production Rate Production Temperature
Time (kg/s) (°C)

(years)
parallel diagonal parallel diagonal

,_, , _

2 1.60 1.28 226.5 233.5
5 2,18 2.40 I92.3 190.6

10 2,41 2.44 185.5 186.5
20 2.48 2.48 157.6 163.0

.....



lO

Table 4. Fraction of injected water vaporized for 2-D vertical section.

5-point 9-point
Time ...........

Grid
(days) no Pup w/Pcap no Pcap w/Pcap

___ ,, .:. ,;.....

37.0 parallel 0.707 0.774 0.700 0.761
diagonal 0.696 0.750 0.717 0.765

105.3 parallel 0.747 0.725 0.729 0.736
diagonal 0.720 0.714 0.721 0.743

214.1 parallel 0.703 0.702 0.729 0.730
diagonal 0.714 0.711 0.720 0.712

329.9 parallel 0.677 0.722 0.715 0.712
diagonal 0.705 0.713 0.706 0.715

501.1 parallel 0.756 (*) 0.709 0.715 0.707
diagonal 0.710 0.715 0.708 0.715

614.6 parallel 0.800 (*) 0.719 0.701 0.713
diagonal 0.716 0.715 0.695 0.713

717.0 parallel 0.828 (*) 0.715 0.686 0.708
diagonal 0.689 0.716 0.677 0.715

(*) Injection plume has penetrated constant-pressure boundary.






