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I. INTRODUCTION

Nowadays, the streamline method is very popu-
lar and commonly applied in the reservoir simulation
studies, nevertheless this technology has been in the
literature   since Muskat and Wyckoff’s 1934 paper
and has repeated attention since then. Streamline-
based simulation is an attractive alternative to cell-
based simulation because of the fundamentally dif-
ferent approach in moving fluids. Instead of moving

fluids from cell to cell, the streamline breaks up the
reservoir into one-dimensional (1D) systems and ap-
proximates 3D fluid flow calculations by a sum of
1D solutions along streamlines. Transformation from
a 3D problem to 1D systems is facilitated by the time-
of-flight concept (Datta-Gupta and King, 1995, Pol-
lock, 1988). Unfortunately, this concept limits the
application of the streamline method to the convec-
tion problems only. The contribution of physical dif-
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ABSTRACT

Gravity effects are more prominent in thermal recovery simulations due to larger den-
sity difference between phases. Historically, the streamline method has been unable to
account for gravity effects. This is a result of assuming that the fluid path follows the
streamline path and therefore no communication among streamlines. However with grav-
ity, a fluid pathline is different from a fluid streamline. Each phase can move vertically as
a result of the gravity segregation effect in addition to the flow along streamline.

Gravity effects are accounted in the streamline method by an operator splitting tech-
nique. The idea is to isolate the convective flow from diffusion due to gravity for separate
solutions. The convective part is calculated along the common streamline trajectories and
the diffusion part is determined by the direction of gravity. While this has been done suc-
cessfully for isothermal problems, it is still a challenge to obtain both accuracy and effi-
ciency for non-isothermal flow. This paper further examines the mixed streamline method
with an operator splitting technique for this class of problems. The pressure equation for
defining streamlines was derived by summing up the mass conservation equations. Then,
the mass and heat transport equations in terms of the streamline time-of-flight coordinate
were solved for each streamline. A gravity step will be followed by solving the segregation
equations over the dimensional grid. For simplification of modeling, heat was assumed to
transfer by convection only, of which direction is parallel with the flowing phases and the
influence of temperature in the simulation model is through changes in fluid viscosity only.
The proposed approach was tested through simulation of heavy oil recovery by means of
hot waterflooding. The results were verified with those of a commercial fully implicit ther-
mal simulator.
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IV.  TESTS AND
RESULTS

In this section, we exam-
ine the validity of the proposed
procedure. Several simulation
results obtained by our model
are compared with those by
STARS.

A. Common Data

Table 1 is a summary of
fluid and rock properties data
used for simulation. The rela-
tive permeability curves are
shown in Figure 2. The
wellbore radius is 0.09 m. The
producer was constrained with
bottom-hole pressure at 20700
kPa. The injector was con-
strained with rate at 100 m3/
day cold water equivalent
(CWE) with temperature of
150oC. The convergence cri-
teria employed in Newto-
Raphson’s procedure are 0.02
for saturation and 5oC for tem-
perature.

B. Homogeneous case

First we performed a simu-
lation of hot waterflooding in
a 2D vertical homogeneous
reservoir of 3000 md. The di-
mensions were 500×5×10 m
which was divided into
100×1×5 gridblocks. We ran
the simulator for 100 days or
the equivalent of 1.33 pore vol-
ume injected (PVI).

The production perfor-
mance at the surface condi-
tions obtained by streamline
method is shown in Figures 3
(a), (b), and (c). For validation
purpose, we have also shown
the results from STARS. Com-
parisons of the water satura-
tion profiles shown in Figure 4
provide insight into the reason

Figure 5
Temperature profiles for homogeneous case

Figure 4
Water saturation profiles for homogeneous case
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for the similarities and differ-
ences in the both simulation re-
sults. Much water has been
produced by streamline simu-
lation compared to STARS af-
ter 30 days injection as indi-
cated by the 0.44 water satu-
ration contours at the produc-
tion layers. This explains ear-
lier breakthrough of the water
in streamline solution as ob-
served in Figure 3c. After
breakthrough, the water pro-
duction became higher in
STARS solution than stream-
line solution. This is consistent
with the water saturation pro-
files. After 100 days injection,
the 0.52 water saturation con-
tour generated by STARS so-
lution has taken place in the
production layers higher than
streamline solution. However,
the corresponding recovery
curves that represent the inte-
grated response of the dis-
placement are in good agree-
ment between two simulators
as can be seen in Figure 3a.

Note that the input water
properties were adjusted by
STARS in order to obtain the convergence solution.
The water density was changed from 993 to 997 kg/
m3, with the water compressibility factor and ther-
mal expansion became 4.570E-07 kPa-1 and 1.971E-
04 oC-1, respectively. Effect of this water compress-
ibility can be observed in the oil production rate pro-
file in STARS solution. The oil production rate in-
creases over 100 m3/day in the early period of simu-
lation reflecting the system under compression, as
shown in Figure 3(b). During this period, the stream-
line shows an oil production plateau of 100 m3/day
which is the same as the total injection rate, indicat-
ing incompressible system.

Figure 5 compares the temperature fronts be-
tween two simulators. In the streamline solution, the
temperature front move faster at the bottom of the
reservoir rather than at the upper part of the reser-
voir as opposed to STARS solution. Knowing that

the water is denser than oil during the simulation pe-
riod, the result of streamline solution likely supports
our physical intuition. Water always flows downwards
and oil always flows upwards causing gravity tongue
at the bottom part of the reservoir.

To assess how well the operator splitting tech-
nique works for modeling gravity effects in the non-
isothermal flow, the streamline simulation was run by
turning off the gravity step. Figure 6 shows the water
saturation and temperature profiles for this case. The
gravity tongue was not developed, leading to what is
known as piston-like displacement. But this does not
represent the example studied here. Because of the
difference between water and oil densities, the con-
tours of equal temperature and water saturation are
certainly not vertical within the reservoir. Thus, this
test conformed that the mixed streamline and opera-
tor splitting techniques also work well for the non-

Figure 6
Water saturation and temperature profiles generated

by turning off gravity step

Figure 7
Well locations and permeability distribution for heterogeneous case
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isothermal problems. The
underrunning of the water near the
base of the reservoir is the result
of the buoyancy forces between
the water and the oil and is obvi-
ously significant.

C. Heterogeneous case

We next tested the proposed
procedure in a heterogeneous res-
ervoir. A 250×25×25 m reservoir
was divided into 100×1×10
gridblocks. Figure 7 shows the well
location and the permeability field.
The values range from 788 to 3592
md as depicted by dark to light col-
ors.

Figures 8(a)-(c) show the pro-
duction performance for a total
600 days or 1.28 PVI. For valida-
tion purpose, we have also super-
imposed the results from STARS.
There is very good agreement be-
tween streamline and STARS cal-
culations. The same general be-
havior as the homogeneous case
can be observed throughout the
results of this case. As in homo-
geneous case, STARS adjusted the water properties
in order to obtain the convergence solution. This re-
sults in different oil profile at early time between two
simulators, as shown in Figure 8(b).

The water and temperature fronts are shown in
Figures 9 and 10. The growth of the fronts shows
visually what is taking place in the permeability model.
The presence of a less permeable region at around
50 m in the x-direction and 20 m in the y-direction
has retarded the water and temperature fronts. This
pattern appears to be similar in the streamline and
STARS solutions although there is more detail with
high resolution in the streamline results.

D. Model Run Time

Run time for the 100´1´5 homogeneous model with
streamline was 0.23 min to reach 1.33 PVI, whereas
STARS required 0.83 min. For the 100´1´10 hetero-
geneous model, streamline required 2.70 min to gen-
erate the solutions up to 1.28 PVI while STARS was
0.93 min. The inefficiency of streamline in this het-
erogeneous example mainly arises during the solu-

tion of 1D convective part. Abrupt changes in per-
meability caused the steep local changes of proper-
ties. As the stiffness of a system increases, more
iteration is necessary for 1D solver to converge onto
the solutions. We are currently pursuing the exten-
sion to decouple the 1D water and energy streamline
equations and solve them separately. It will greatly
reduce both the size of linear equation systems and
the degree of nonlinearity, leading to improve the ef-
ficiency of 1D solver. However, because of the more
frequent pressure recalculations to account for the
high nonlinearity in the pressure equation for the non-
isothermal problems, the speed up factor will be less
compared to the isothermal cases.

V. CONCLUSIONS

We developed the mixed streamline and opera-
tor splitting techniques to model gravity effects en-
countered in the non-isothermal flow. We have de-
rived the coupled equations for streamline simulation
of this problem and proposed a procedure to solve
the equations. We tested the procedure for hot wa-

Figure 8
Production performance of heterogeneous case
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terflooding process in homoge-
neous and heterogeneous reser-
voirs. It was confirmed that the
gravity step works well to model
the buoyancy forces between wa-
ter and oil. The results obtained by
the developed model demonstrated
acceptable comparison with the
commercial thermal simulator.

A potential area of further
work is to improve the numerical
solutions of the mass and energy
streamline equations in the sequen-
tial step. Also we have aims to-
ward developing a tool for selec-
tion of the appropriate time step
size to provide a basis for auto-
matic control of time step within
full field streamline simulations.

VI. NOMENCULATURE

A
z

= cross section z-direction, m2

C
r
= specific  heat  of  rock,   kJ/

(kg·oC)

D = depth of  gridblock  from  da
tum, m

f
a

= fractional  flow  of  phase a,
fraction

G
e
= gravity  fractional of energy,

kJ·m/(m3·s)

G
w

= gravity component of water,
m/s

g = gravitational acceleration con
stant, m/s2

H
a
= enthalpy of phase a, kJ/kg

k = absolute permeability, m2

k
ra

 = relative permeability of phase
a

n
s

= number of streamline passed
a grdiblock

p = pressure, Pa

q = volumetric   flow   rate,  m3/
(s·m3)

r
e

= well drainage radius, m

r
w

= wellbore radius, m

s = local streamline coordinate, m

Figure 10
Temperature profiles for heterogeneous case

Figure 9
Water saturation profiles for heterogeneous case
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s
k

= skin factor

S
a

= saturation of phase a, fraction

T = temperature, oC

t = time, s

U
a

= internal energy of phase a, kJ/kg

u
t

= total velocity, m/s

u
a

= velocity of phase a, m/s

Ät = time step size,s

Äz
k
= gridblock dimension in z-direction, m

ë
a

= mobility of phase a, 1/(Pa·s)

ë
t

= total mobility, 1/(Pa·s)

ë
g

= total gravity mobility, 1/(m·s)

ì
a

= viscosity of phase a, (Pa·s)

ñ
r

= rock density, kg/m3

ñ
a

= density of phase a, kg/m3

t = time-of-flight, s

f = porosity, fraction

Subscripts

i = gridblock number

S = saturation

T = temperature

t = total

w = water

Superscripts

c = convective step

g = gravity step

k = Newton iteration level

n = pressure time level

w = well
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