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STEADY-STATE, VAPOR-LIQUID CONCURRENT FLOW: RELATIVE
PERMEABILITIES AND END EFFECTS
M. Parlar, M. Zeybek and Y.C. Yortsos

ABSTRACT

Steady-state methods are commonly used for the determination of the relative permeabilities
of single component vapor-liquid systems, such as steam-water. Even though such experiments are
performed under adiabatic conditions, the interpretation of results has proved to be a difficult task
in many cases. Reasons involve phase change, heat transfer, capillarity and rate considerations.

This paper presents a systematic study of the saturation and temperature distributions in
steady-state, vapor-liquid flows and examines the sensitivity to parameters such as injection rate,
permeability and core length. Two sets are analyzed, one pertaining to the simultaneous injection
of a two-phase mixture (Sanchez and Schechter, 1987) and another involving phase change (Liquid to
vapor) within the core (Miller, 1951). End effects and, in general, effects associated with capillary
heterogeneity are analyzed in detail.

First, we extend our recent results for immiscible, two-phase flow (Yortsos and Chang, 1990)
to account for phase change and heat transfer. It is shown that in regions of permeability decrease
(increase), consecutive condensation and evaporation (evaporation and condensation) take place.
Temperature gradiénts develop in regions of permeability increase, while almost flat profiles accom-
pany the permeability decrease. These trends are consistent with experimental observations. The
effect of thermal conductivity can be significant.

Subsequently, solution trajectories in the temperature-saturation plane are constructed. They
allow a unified approach to the two problems (two-phase or single-phase injection), which are shown
to lie on different parts of the same trajectory. The phase portrait obtained is found to be sensitive
to variations in permeability and thermal conductivity. Minimum conditions for the development
of in-situ evaporation are also developed.

Finally, the process sensitivity to parameter values is examined for two-phase injection, a typical
process in relative permeability estimation. For fixed outlet-end conditions and enthalpy of injected
fluids, the inlet saturation is determined as a function of a macroscopic capillary number. It is
found that a plateau region develops, within which the inlet saturation is approximately constant,

although corresponding saturation profiles are not necessarily flat. Numerical estimates show that



the error involved increases with decreasing enthalpy and decreasing permeability.

INTRODUCTION »

The concurrent flow of a liquid and its vapor in a porous medium has been the subject of
several experimental studies in the past. With main objective the estimation of vapor-liquid relative
permeability pairs, simultaneous flows at steady-state and under adiabatic conditions have been
investigated. Two flow configurations are typical: one involving the simultaneous injection of
both vapor and liquid (e.g. steam-water), and another involving the injection of subcooled liquid
only, that subsequently undergoes a phase change somewhere within the porous medium. Recent
references for the former include Trimble and Menzie (1975), Monsalve et al. (1984), Verma (1986),
Verma and Pruess (1986), and Sanchez and Schechter (1987). The in-situ evaporation of a flowing
liquid has been examined in an early paper by Miller (1951) using propane, and in a more recent
application by Counsil (1979) using water. In-situ phase change of a similar type, but with mass
transfer the predominant transport process, has also been described (Handy, 1957).

While their relevance in modeling the condensing or evaporating flows, typical of thermal and
geothermal processes, has not been rigorously established, and may in fact be questionable, steady-
state relative permeability experiments are nonetheless attractive, due to their relative simplicity
and for their own sake. Phase change introduces additional novel elements, absent from two-phase,
two-component flows (“oil-water”), such as volumetric changes and heat transfer. Thus, despite
the adiabatic conditions, fluid flow, phase change and heat transfer are nonetheless coupled to each
other in all such experiments. | |

Analyses of the saturation, temperature and pressure profiles are usually obtained by decoupling
fluid flow from heat transfer. An exception is the study by Verma (1986), who presented sample
numerical results with the use of a general geothermal simulator previously developed (Pruess,
1982). Capillary pressure is also typically omitted, although Sanchez and Schechter (1987) make
use of a Leverett J function to relate vapor and liquid pressures. The latter authors implicitly
assume that flat saturation profiles are established throughout the core. Although it is likely that
approximations and assumptions made in previous studies were indeed justifiable, quantitative
assessments have not been provided. Equally lacking are sensitivity analyses of the effects of the

various parameters.

The need for a more detailed description is underscored by the wide variation and scatter in



relative permeability curves obtained by different investigators for relatively similar porous media.
Instructive is the steam-water system, of interest both to thermal recovery of oil and to geothermal
energy. Trimble and Menzie (1975) report unusually low vapor (and high liquid) permeabilities,
in all but a narrow region of low water saturation. In contrast, Counsil’s (1979) data indicate an
opposite effect, the vapor permeability being large (and the liquid permeability being small) in all
but a narrow region of high water saturation. Trends somewhat similar to the latter were reported
by Monsalve et al. (1984), the vapor permeability exhibiting a sharp decrease above a certain water
saturation. On the other hand, recently obtained data contradict most of the previous, in that the
relative permeabilities reported are more representative of a gas-liquid system (Verma and Pruess,
1986, and Sanchez and Schechter, 1987). Significant differences between the two pairs are claimed
by the first authors, while a strong case is made by the latter authors for the similarity in relative
permeabilities of vapor-liquid and gas-liquid pairs.

Theoretical work to model such flows at the micro-level has been limited. Besides the popular to
the geothermal literature, but otherwise unsupported, model of straight-line relative permeabilities,
the only work to address such issues was undertaken by Parlar and Yortsos (1987), and by Yortsos
and Parlar (1989), in the context of steam-water, and solution gas drive, respectively. Both papers
are restricted to the quasi-static limit, however, where temperature and pressure gradients are
small, thus relative permeabilities are only saturation (and history) dependent. It must be noted
that the model of Parlar and Yortsos (1987) for drainage does indeed corroborate the findings of
Sanchez and Schechter (1987). Nevertheless, additional work is needed to. support this result and
to resolve other issues.

The wide experimental discrepancy calls to question the data interpretation, particularly in
regions where the sensitivity to parameter values is high. Variables such as vapor (steam) quality,
mass and energy injection rates, pressure, permeability and system length, all affect significantly
saturation and temperature profiles. End effects are accompanied by evaporation-condensation
phenomena adding yet another degree of complexity. A comprehensive analysis of such issues is not
currently available. This forms the motivation for this paper. We consider the simulation of steady-
state, vapor-liquid, concurrent flow, as a result of either simultaneous injection or evaporation in
situ. Following a conventional approach, we formulate a complete model of the process and we

proceed to examine its sensitivity to various parameters. The work presented is a sequel of a



previous study on countercurrent flows (Satik et al., 1989). As the object of this investigation
is experiments in laboratory cores, end effects are addressed by generalizing recently developed
methods (Yortsos and Chang, 1990) to single-component phases.

The paper is organized as follows: The formulation of the problem for adiabatic injection in
1-D geometries is, first, presented. The approach is conventional, in that relative permeabilities
that depend only on saturation are considered. Clearly, this constraints what follows to relatively
small saturation and temperature gradients. For completeness, Kelvin effects are also included,
although they are practically insignificant everywhere, but in the very low water saturation region
(see also Satik et al., 1989). We subsequently examine saturation and temperature profiles across
regions of permeability (capillary) heterogeneity, in order to generalize end effects (in the manner
of Yortsos and Chang, 1990). Extrapolation of the results to infinitely sharp permeability contrast
yields conventional end effects. The subsequent section deals with the construction of saturation-
temperature paths (trajectories) from the solution of thé flow problem. Simultaneous injection
or injection of a single (subcooled) liquid phase are represented by different regions of the same
trajectory. Finally, saturation and temperature profiles are discussed and sensitivity studies are
performed in the final section. |

FORMULATION

We consider the concurrent 1-D, horizontal flow of a single-component liquid and its vapor,
under steady-state, adiabatic conditions. For purposes of generalizing end effects, a heterogeneous

core is assumed. We proceed with mass balances for both vapor and liquid
2 (puge) + =0 )
bz P -
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where 7n is the condensation rate. The overall mass balance reads

o
('9';(PL9L +puu) =0 (3)

and upon integration
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where m; is the mass injection rate. The conventional expressions for Darcy’s law are next taken

Kez),

Qv = — 1o rv

(5)
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A capillary pressure curve in terms of a Leverett J function is assumed

9

P = —=J(8) o (7

while the vapor pressure is approximated by a Clausius- Clapeyron-Kelvin expression

P, = P,,O(T)exp[L;; (%—%)—;—;P] R '(8)

More accurate phase equilibria can be used, although expected gams are not s1gmﬁca.nt For numer- ‘
ical purposes, relative permeability and capillary pressure curves are approximated by the simple, |
ad hoc expressions of Table 1. For generality, Kelvin effects were also included above, although
their contribution is quantitatively negligible (except in the region of low liquid saturation).

The energy balance completes the formulation | |

4
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to yield upon subsequent integration

dT
PLQLhL + puguhy = AE +C . (10)

The constant of integration, C, is the enthalpy injection rate, and can be related to either injection

or productijon values. For example, using injection data (subscript 0), we obtain

¢ = m; * {(er + XOLur) + [CpL = Xo ¥ (CpL - cpv)] *
dT

(To-T)}-2 5| | oy

with xo denoting vapor quality at injection and where subscript r indicates reference temperature.



After lengthy manipulations the above formulation is further recast in terms of two coupled
differential equations, one for the saturation and another for the temperature distributions. In the

general case of variable permeability, the system has the form

dJdS _ _ F(®,5¢) |
as% = " HE,50 (2)
de . G(0,5)
& = " EO, 5 (13)

where specific expressions for F(0, §;¢), G(9,5) and H(O,S; ) are givenvin the Appendix. The
notation is dimensionless, with the reference temperature T, and the core length L normalizing
temperature and distance, respectively. ,

The system (12)-(13) contains all significant effects, including capillarity, heat conduction and
phase change, summarized for convenience in Table 1 in terms of ‘dimensionless parameters. Nu-

merical estimates for typical conditions corresponding to the data of Sanchez and Schechter (1987)

and Miller (1951) are given in Tables 2 and-3, for water and propane, respectively. Among the . |

important variables are the macroscopic capillary number R,,, which scales rate, the parameter -
C/m;, expressing enthalpy input per flowing mass, and the parameter R, representing the rela-
tive importance of heat conduction. In the a.bsénce of the latter or for high permeability media
(Rn < 1), saturation and temperature equations decouple from each other, an assumption often
used.

The solution of (12)-(13) is not as straightforward as it might appear. Solving the problem given
inlet saturation and temperature values is highly sensitive to the initial conditions, particularly near
inlet saturations for which flat profiles are expected. This sensitivity is not specific to this problem,
but also exists for non-condensing flows as well (Yortsos and Chang, 1990). A backwards integration
is thus necessary, requiring in turn that conditions at the outlet end be specified. This necessitates
that end effects be addressed.

Conventional end effects correspond to large changes (orders of magnitude) in permeability over
a small space interval. This can be considered as a special lumt of the more general case of capillary
heterogeneity across an arbitrary pefmeability profile. The results obtained from such study may
then be applied to the special case corresponding to inlet or outlet end effects. This approach is

taken in the next section.



CAPILLARY HETEROGENEITY

The saturation profiles for the 1-D flow of two immiscible, non-condensing phases in heteroge-
neous cores were studied in two recent publications (Yortsos and Chang, 1989, 1990). The results
showed that, as a rule, the wetting phase saturation responds to a capillary (permeability) hetero-
geneity by exhibiting a A-like kink, in the case of a step-like permeability increase, and a V-like
kink in the opposite case. In principle, similar effects would be anticipated for the present case.
However, the coupling with the energy balance, and the temperature response itself, need further
study.

Using backwards integration, the set (12)-(13) was numerically simulated for the standard
conditions of Table 2 and for a step-like increase in permeability (Figure 1). The saturation response
has features similar to those for flow of non-condensing phases (Yortsos and Chang, 1990): There
is a build-up of the wetting (liquid) saturation in the region preceding the heterogeneity, and a
subsequent decline to the original level, the latter variation confined entirely within the region
of permeability Chdnge. Furthermore, for the present case, the saturation change is accompanied
first by condensation and increased temperature gradients, and subsequently by evaporation and a
gradual decrease of the temperature gradient. .

Analogous behavior is shown in the case of permeability decrease (Figure 2). Now, the liquid
saturation decreases in the region preceding the heterogeneity, giving rise to evaporation and lower
temperature gradients. As in the previous, the original saturation value is rapidly restored by sub-
sequent increases in saturation and temperature gradients, all taking place inside the heterogeneity
interval.

It was previously stated that this response exhibits all the characteristics of the two-component,
two-phase problem (Yortsos and Chang, 1990). This should be the case in the limit of negligible
conduction (R < 1), negligible Kelvin effects, and constant latent heat L,, where the two problems
become mathematically identical. Indeed, at such conditions, the problem (12)-(13) decouples and
takes the form

djds { E__ . +~eFLk,,,Jde}L
‘@SE T \Wr, Yo, @S’

k.wFr\Vkp ; : - (19)



’dA__ (1= (E/WRw)) | o
‘U7 Ebp (15)

where parameter ¢ = R, R,/R., as the relevant macroscopic capillary number. In the above the

fractional flow F expresses a flowing liquid mass fraction,

_ 1
= 14 (kru/er) Ry-Rp

the viscosity ratio being replaced by the ratio of kinematic viscosities R,R,. By expressing the

R (16)

injected fraction in terms of the injected vapor quality, xo

E _ mih, - C ~1
the saturation equation (14) is identical to that for non-condensing flow (Yortsos and Chang, 1990).’

(17)

The energy balance (15) expressed in terms of the normalized vapor pressure, A, can subsequently
be solved. At such conditions, all the saturation features follow readily by the analysis in Yortsos
and Chang (1990). |

' Extrapolation of the results to conventional outlet end effects is straightforward. Assumjng. that
a single-phase region does not develop prior to exit, the “infinitely” sharp increase in permeability
induces a maximum liquid saturation buildup, therefore a complete condensation at the outflow
end, which is accompanied by sharp temperature gradients and a relatively significant temperature
decrease. Phase equilibria regarding exit pressure and temperature are implied in the above. When
this is not the case (single phase flow conditions with either superheated vapor or subcooled liquid),
end effects are absent. Extrapolation to inlet end effects is also straightforward, although not strictly
applicable. Nonetheless, one tentatively expects evaporation and flat temperature profiles prior to
inlet. Outlet end effects for typical conditions in homogeneous cores are illustrated in Figure 3.

Subsequently, the effect of thermal conductivity was considered. From the definition of R,

thermal conductivity can be significant at low enough permeabilities. Figure 4. shows the response
obtained for a several-fold increase in conductivity, other parameters being identical to those in
Figure 1. , with the exception of the permeability variation. We observe that while temperature
profiles become smoother, as expected, the saturation response is significantly affected, the capil-

lary heterogeneity being felt over a region substantially larger than in the small conduction case.



Likewise, outflow end effects become substantial. The conduction term not being negligible, the
postulated analogy in (14)-(17) with the results of Yortsos and Chang (1990) is no longer valid,
and further study is needed. We must stress that although the profiles in Figure 4. are for high
conductivities, similar effects are also expected for typical values m low permeability cores, in view
of the scaling properties of Ry,. |

For completeness, we also present saturation and temperature profiles corresponding to a het-
erogeneity (permeability) field that obeys fractal statistics (fractional Brownian motion, fBm). The
relevance of fBm statistics to field heterogeneity was conjectured by Hewett (1986). Results for
H = 0.7, corresponding to a fractal dimension D = 1.3 (Feder, 1988), are shown in Figure 5. The
permeability field having long-range correlations (H > 0.5), permeability gradients are generally
small, thus the saturation response is relatively mild (although sharp responses are expected for
negatively correlated fields, H < 0.5, see Yortsos and Chang, 1990). Even smaller is the effect on
the temperature profile. k |

In the above, rate conditions were selected such that flat saturation profiles were likely to develop
over most of the core extent (see also related discussion below). Contrary to non-condensing flows,
however, flat saturation profiles in vapor-liquid flows cannot be extended indefinitely. Beyond a
certain interval, liquid saturations start to slowly increase in the upstream direction, and conditions
of single-phase liquid flow eventually set. From the conventional forward direction, these processes
correspond to the in-situ change of phase described by Miller (1951), Handy (1957) and Counsil
(1979). To obtain useful information about such flows the corresponding saturation-temperature
trajectories must be examined.

SATURATION-TEMPERATURE TRAJECTORIES

For the remainder, homogeneous cores only will be considered. Here, saturation and temper-
ature are uniquely related, as can be seen by eliminating from (12)-(13) the space variable. The
solutions of the resulting equation constitute trajectories in the “phase (composition) space,” each
corresponding to a specific initial (outlet end) condition. The display (phase portrait) of such tra-
Jectories is of interest, as it allows for qualitative conclusions to be reached. Since our main interest
is in two-phase flow, initial conditions at the outflow end will be specified, by taking variable tem-
peratures and eithef § =1or § = 0. This particular selection of saturation values is necessitated

by end effects (saturation, slightly subcooled or slightly superheated conditions, respectively). The



precise specification requires precise knowledge of the exit conditions, a rather difficult task in
practical applications. We shall return to this issue below.

For convenience, we rewrite the trajectory equation to be solved in the form

47 ds _ F(®,5)
1540 ~ G(9,5) (18)

where, in the absence of heterogeneity

F(0,5)

A E
o (W - ) per
K(I;;A (— TRE:) R#Rpkrv + Ry (19)

(32, (- ) b4

bR A (— %) RuBokrs | ~(20)

G(0,5)

For negligible Kelvin effects we may further approximate

(O, 5) =~ (W - EE—) kor (21)

m

Expressions for the heat input rates W — (E/Rp) or —E/R,, are given in the Appendix.

An important element of the phase portrait is the critical curve F(0, S) = 0 (curve A in Figure
6. ), which controls the sign of the saturation slope d5/dz. Of less importance is the other critical
curve G(0, §) = 0 (curve B in Figure 6), which controls the sign of the temperature slope dT/dz.
The two curves divide the (©, S) plane into three regions: Trajectories in regions I and III have
negative slope that depends mainly on Rj, while those in II have positive slope. The dividing
curves A and B approach each other near § = 1, at which point (D in Figure 6), for R < 1, the

corresponding temperature, T3, is the solution of

C
hp(Th) = — 22
()= — (22)
This is the temperature at which the saturated liquid has the enthalpy. of the injected fluid. We
note that for other parameters kept fixed, the phase portrait is a function of the injected energy

per unit mass, C//m;. An increase in the latter leads to an enlargement of region I, towards higher

temperatures and lower saturations.
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It is of interest to follow a typical trajectory. We consider, first, trajectoriés starting from the
axis § = 1 (point O). While in region I, the trajectory has a (slightly) negative slope, reflecting
the small temperature increase as the saturation decreases in the upstream direction (iﬁdicated by
the arrow). This slope can be substantial when parameter R}, is large (e.g. small k or large ).
It is in this region that capillary end effects are significant, and in fact, region I is essentially a
magnification of the boundary region near the outlet end (Figure 3). One should note that the
saturation spatial profile does not become flat until the critical curve A is encountered.

Upon approach of curve A4, the function F, thus the saturation slope, become very small, and
the corresponding saturation profile is nearly flat. This is also reflected in the direct integration
of the previous set (12)-(13) in this region which is extremely 'slow, and has, in fact, prompted
us into using (18) as an alternative to direct integration. Subsequently, the trajectory crosses
over A at the turning point (C in Figure 6), where F' changes sign, region II is entered, and the
trajectory changes direction and acquires a positive slope. Curve A acts now as an attractor, the
solution trajectory becoming almost indistinguishable from it to the printer’s resolution. Both
saturation and temperature increase in the direction of the arrow (upstream), until single-phase
flow conditions are approached (point D). In this region, all trajectories, regardless of their initial
(outlet) condition practically coincide with curve 4, implying that all in-situ vaporization regimes
lie on the same curve for constant enthalpy content C [m;.

Similar results are obtained for solution trajectories that emanate from the axis § = 0, instead
(i)oint O' in Figure 6). Such trajectories have a slightly negative slope in region III, while being
practically flat in most of region IL. As in the previous, however, flat saturation spatial profiles are -
encountered only when the critical curve A is approached (C'). Thereafter, the trajectory becomes
attracted to A, which it closely follows until the single-phase point D. In fact, the two different
trajectories (whether starting from the “liquid” or the “vapor” side) coincide for all practical
purposes away from the boundaries. We should mention that similar effects were also observed in
the related study of countercurrent vapor-liquid flow (Satik et al., 1989).

Before proceeding further, several remarks are appropriate. We, first, note that such phase
portraits unify the different two-phase flow regimes that develop in the two kinds of experiments, e.g.
the Sanchez and Schechter (1987) or the Miller (1951) type. The former case (most a.ppropriate for

relative permeability measurements) corresponds to the segments CO (or C'0’) where capillary end

11



effects can be important. Clearly, starting (injection) points can be anywhere along the trajectory,
and they are determined by the rate parameter, R, (see also below). In the absence of additional
information the precise path selection (CO vs. C'O’) may be unclear. However, the (slightly)
negative slope in region III implies a temperature increase in the downstream direction near the
outlet end, for trajectories emanating from § = 0. This leads us to tentatively conjecture against
the existence of such solutions at éteady-state. However, additional work is needed to conclusively
resolve this issue.

The other case involves the entire trajectory (DCO) and corresponds to evaporation in situ.
Again, the selection of the particular route (DCO or DC’'Q’) for fixed outflow end temperature is
uncertain. However, the practical consequences of this uncertainty are not significant in the present
case, since the relative length of the last segment (CO or C'O’ vs. DCO or DC'0’) is negligible.
Because of this, experiments of this type are likely to offer useful information only as it regards
saturations in the main path DC (or DC").

The physical meaning of curve A is the condition of constant entha;lpy flow in the absence of

capillarity (relatively high values in R,). This is most readily seen in the no-conduction limit,

where in dimensional notation one obtains

b h(T)=(C/m) |
Buiphe = hilT)— (Clm) 22)

By rearrangement, it is easily shown that (23) indeed expresses the adiabatic condition of constant

enthalpy in the absence of capillary and heat conduction effects. We note that at such conditions,
this is essentially the solution of Miller in his original paper (1951). In fact, the entire curve A can
be readily tra.nsforin_cd into the “pressure function” considered by Mﬂler (1951) by a simple change
of variables. By further neglecting the variation of latent heat with temperature, the critical curve

becomes vertical (constant §)

Fw(8)=1-x0 (24)

and where Xo is the injected vapor quality (compare with previous section). Temperature and heat
conduction effects cause the notable departure from the vertical.
Trajectories for water and propane for the conditions of Tables 2 and 3 are shown in Figures 7

and 8, respectively. The attraction of the trajectories to the single critical curve is evident in both

12



figures. This feature is a consequence of negligible capillarity compared to the saturation pressure,
particularly at higher temperatures. Parameter R, measures this effect at reference conditions. For
the case of propane at conditions of Table 3, the large value of R, and the high permeability (low
R},) verify the correctness of the approach used by Miller (1951).

This need not be the case, however, for lower permeability (or higher conductivity) cores. The
phase portrait in Figure 9 corresponds to a 100-fold reduction in permeability and shows several
signiﬁcant differences: The size of region I has been reduced, the critical curve 4 no longer coincides
with the limiting curve in the absence of conduction (e.g. Figure 6),‘while the trajectories in region
I take a signiﬁca.nt slope, indicating the added importance of capillarity at lower permeabilities.
Nevertheless, at sufficiently large temperature (pressure) all trajectories get eventually attracted to
the single curve A (compare Figures 7 and 9). Additional permeability effects are presented below.

PARAMETER SENSITIVITY

The preceding section showed that for a fixed enthalpy per unit mass the phase portrait is fixed.
The particular solution trajectory was then determined by the exit temperature (pressure). The
spatial saturation and temperature profiles, however, depend additionally on the rate parameter
R,,. This is the only length-dependent parameter. The latter determines whether evaporation
in-situ (e.g. Miller, 1951) or flat saturation profiles (e.g. Sanchez and Schechter, 1987) or an
intermediate regime would be established. The three possibi]ities are depicted in Figure 10. We
point out that the sa.turatmn—temperature pairs in each of the three reglmes of Figure 10, a.ll belong
to the same trajectory, each expenment representmg a magmﬁcatmn of a region of the previous
one. ’

| Cond1t1ons for in-situ evaporation can be precisely spec1ﬁed For exa.mple, the minimum length

of the core reqmred follows from the requu'ement that

Rm Z X2 (25)

where X, depends on the energy content C/m; and on the exit temperature (©; in dimensionless
notation), and it is given from (13)
©2 H(0©,5(0;0,))

X2== |, @0,5(6; @l))d@ | (26)
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The above integral is evaluated along the particular trajectory, emanating from 0, with § solving
(18). o | .

The variation of X, with the outlet temperature was investigated for the conditions of experi-
ment V by Miller (1951) shown in Table 3. In general, X, was found to decrease as T} increases
and as the thermal energy content ’C /m; decreases. Sample values obtained were 45.7 and 19.2 for
T; equal to 40°F and 80°F, respectively. Comparison with Table 3 shows readily that condition
(25) is indeed satisfied. It was previously pointed out that experiments of this type sample regions
of saturation higher than the value corresponding to the turning point, S*. As one may expect,
end effects are insignificant for in-situ evaporation. ‘A quantitative assessment is readily obtained
by comparing X; to X*, where X* is evaluated from (26) with ©* as the upper limit of integration.
For the conditions of Table 3, oné obtains X* = 0.15, which is negligibly small in comparison to
Xa. ;

When condition (25) is not satisfied, two-phase flow occurs throughout the core. Given. the exit
temperature (pressure), the specific trajectory is fixed, thus saturation and temperature profiles

can be determined. Inlet conditions (So, To) are obtained by solving the equation

@ H(©,5(0;0;))
~Jo, G(0,5(0;01))

and subsequently evaluating S¢ with the use of the trajectory equation (18). The integration of

Ry =

0 | 27)

equation (13), rather than the saturation equation (12) must be noted. Contrary to the saturation,
which exhibits a turning point, the temperature is monctonically varying, thus facilitating the
integration. This aspect is particular to two-phase, single-component systems.

Typical results are shown in Figure 11, for various values of the energy content and the conditions
of Table 2. As R,, increases (by increasing the total rate or the system length), So decreases until
the turning point value §* is reached. A significant plateau region develops thereafter, the extent
of which increases with the energy content (steam quality) and the permeability. In view of the
various uncertainties involved in the estimation of parameters, the existence of such a plateau over
orders of magnitude in R,, is highly desirable. : Unfortunately, its size decreases significantly at
lower values of C'/m; and at lower permeabilities (see below). This sensitivity is somewhat similar
to that of injected quality xo, exhibited in more simplistic approaches, where §* is taken to be the
solution of (24). A plot of this approximation to §* is shown in Figure 12. The sensitivity near
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low values of the injected quality is quite notable and it has been conjectured to cause errors in the
estimation of relative permeabilities in that region.

The success of most relative permeability experiments relies on the condition that a flat profile
be established throughout the core with §* as the core inlet saturation. To ascertain this, the

relative importance of end effects must be considered. As a measure of the deviation from flat

profiles we consider the following parameter

o= [ (552 ()

Upon rearrangement and use of (12), (13) and (18), this becomes

6=

1 r% (S _1> H(0,5(0;0,))
R, Jo, \S5* G(9,5(0;0,))
Since O is implicitly related to R,, via (27), equation (29) gives § as a function of R,., other

e (29)

parameter kept constant.
Plotted in Figure 13 is the error estimate § as a function of the rate parameter R,,, for the
conditions of Figure 11. Roughly paralleling the inlet saturation plot (Figure 11) the error de-
creases considerably as R,, increases, particularly after the turning point has been exceeded. More
'imp‘ortantly, a plateau region of small error values develop, the extent of which can be consider-
able for high C' and k. This is highly desirable, since large variations in R,,, the proper values of
which cannot be a priori known, only result in relatively small errors. Upon leaving the plateau
region, however, substantial errors are rapidly established, that prohibit the successful conduct of
meaningful relative permeability experiments there. |
~-The error estimate was found to be sensitive to the injected energy content, more reliable results
being obtained at higher injection quality, roughly in step with the saturation sensitivity (Figures
11 and 13). In general, the plateau extent decreases and errors increase with a decrease in the
injected energy content, although the minimum error value is not as sensitive and remains low, at
least for the cases studied. On the other hand, errors are uniformly higher for lower permeability
cores. Plotted in Figure 14 are the inlet saturation and the corresponding error estimate for the
conditions of Table 2, but with a hundred-fold reduction in permeability. It is apparent that the
plateau disappears, and that only a narrow region remains, where, however, errors are signiﬁca.htly

higher than before (the lowest value being higher than 33% in the case of Figure 14). It is clear
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that mea.ningful relative permeability experiments of this type are not possible for such cases, and
alternatives must>be sought.

As a sample illustration of the above sensitivity we simulated the error involved in one of
the experiments (run no.15) reported by Sanchez and Schechter (1987). Except for the capillary
pressure curve (for which the expression of Table 1 was used), all other parameters including
relative permeabilities were reported. The corresponding inlet saturation and error estimate plots
are shown in Figure 15. Notable are the wide plateau regions and the corresponding low error
values, both resulting from the large core permeability. Also marked in Figure 15 are the inlet
saturation (§o = 0.2927) and error (§ = 7.7%) estimates corresponding to the experimental value
for this run, R,, = 0.015. The relatively low error estimate, coupled with the good agreement
between theoretical and experimental (S = 0.31) values underscores the reliability of these data
(although an analysis of all the runs is of course necessary for a more rigorous ‘assessment).

CONCLUDING REMARKS

In this paper we analyzed steady-state, concurrent vapor-liquid flows in 1-D cores under adi-
abatic conditions. The general problem was treated including heat conduction, capillarity, phase
change and Kelvin effects. The latter were found to be negligible, except at the low liquid satu-
ration range, where, however, unaccounted thin film effects become quite important and must-be
included. The aim of the study was to examine the features of saturation and temperature pro-
files, to explore their sensitivity to process parameters, and to provide error estimates for relative
permeability vapor-liquid experiments typically conducted at steady-state. |

- Tt was, first, shown that reliable numerical results are only possible by backwards (in the up-
stream direction) integration, a requirement that can be met only if (outlet-) end conditions are
available. This led us to the analysis of end effects and, in general, of effects caused by capillary
heterogeneity. For small values of the conduction parameter Ry (small conductivity or large per-
meability), the effects on the liquid (wetting) saturation are identical to the case of two-phase,
two-component (oil-water) flow, analyzed in detail in a recent work (Yortsos and Chang, 1990).
The temperature profile is also affected, becoming steeper (smoother) near the heterogeneity region
for a downstream increase (decrease) in the permeability. Direct extrapolation to conventional end
effects suggests a maximum liquid saturation buildup, accompanied by condensation and sharp

temperature gradients at the outlet end. Opposite effects are to be expected at the inlet (although
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such extrapolation may not be strictly proper). Conductivity was found to exert significant effects
by extending the influence of the heterogeneity to a greater region. While unimportant for large
permeability cores, such effects are quantitative for tight cores.

Subsequently, the flow in homogeneous cores was simulated in terms of temperature-saturation
(composition) trajectories. This approach enables a unified approach to the vapor-liquid flow that
encompasses both the in-situ vaporization of Miller (1951) (injection of a subcooled liquid) and the
simultaneous injection of two-phases, as is typical in relative permeability experiments (Sanchez and
~Schechter, 1987). It was found that all solution trajectories are rapidly attracted (away from end
effects) to the critical curve that describes flow in the absence of capillarity. It is in its near vicinity,
where inlet conditions in typical relative permeability experiments also lie. Under the additional
constraint of negligible conduction, this curve coincides with the solution of Miller (1951). However,
significant discrepancies arise as the permeability decreases.

Based on the above, parameter sensitivity studies were conducted. Quantitative requirements on
the rate parameter R,, were obtained for in-situ vaporization to occur. Typical minimum estimates
range between 10 and 50 for the cases studied. The sensitivity of the inlet saturation (for fixed
outlet temperature) was next considered. It was shown that a plateau-like region develops covering
arange of R,, that may span several orders of magnitude, depending on the permeability primarily,
and on the injected energy content, to a lesser extent. Such plateau regions are desirable, in order to
suppress parameter sensitivity and related errors. An error measure was also defined and found to
obey a similar dependence. The existence at high permeability values (R), < 1) of a wide region of
low errors indicates that relative permeability estimates obtained at such conditions can be reliable.
A sample illustration using data from Sanchez and Schechter (1987) provides supporting evidence.
On the other hand, serious questions should be raised regarding the applicability of current methods
for vapor-liquid relative permeabilities of tight cores. It was shown that the lowest possible errors
can be quite large, while being very sensitive to the rate parameter. We conclude that for such

cases alternative methods are needed.
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APPENDIX

Upon manipulation of equations (1)-(11), the following system is obtained in dimensjonless

notation

where

F(O,S,f)

G(®,5)

H(0,5;¢)

kast_ | F(0,5;¢)
ng—f e H(0,5;¢)

o _ g 6,5
€~ T™H(9,5:8)

- [ (v 2)

@2
4 Rr(1+ bR, A)J dkp
"~ 2%p  df
KR,AJW dkp ]
- 2R.O7 & Ry R k| b,
KR,A 1/, E
+ e (1)
RLbRpAJde]
T3k ag | Fullekes
Ry,
E
= (1+bR,A) (W—-R—) kL

+bR,A (— %) R,R k.,
[Bi(1+ bR A)

_k g;A kDWR,,R,,k,,,] ks
+RRBR AR, R .y

i

(A-1)

(A-2)

(A-3)

(A-4)

(A-5)

The various dimensionless terms are defined in Table 1. Important variables in what follows are R,

and Rp, the first denoting a macroscopic capillary number and the latter expressing the conduction

effects. Parameter b(< 1) is a measure of Kelvin effects,

typically negligible, except at low values

of the liquid saturation §. Variables W — E [Rm and —E/R,, represent local vapor and liquid

fraction
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E hi(T) - C/my

W — E = —_—_——Lur (A'6)
E  h(T)-C/my )
- = (A-7)

respectively. It must be noted that these are the only parameters that carry information about the

injected enthalpy rate, C. Under isothermal conditions they simplify to

E
— t— = —_— A.‘8
w o Xo (A-8)
E
—_— = 1- A-9
R. X (4-9)

where X is the steam quality at injection. Finally, the dimensionless vapor pressure A, normalized

with respect to the saturation pressure at the reference temperature is given by

A=exp[K(1 "1) bJ(5) (A-10)

-T) - T

where use of (8) was made.
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k. = 53¢

1~
i

Table 1

_ mipL
R" C\/I'—p_g

R"=”_L

o
i
-
g

™
Il
i n

J = 1417(1 - §) - 2.12(1 — 5)* — 1.263(1 - S)°

Table 1: List of Dimensionless Parameters and Vé.riablcs
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Table 2

 DIMENSIONAL VARIABLES:

Total Mass Flux, m; (gr/hr) =120

~ Exit Temperature, Ty (°C) =100

‘Reference Temperature, T, (°C) =100
Permeability, k° (darcy) =0.5

+. Cross Sectional Ares, (sq.cm) =20.268

" Heat Input Rate, C (btu/hr) =100
Thermal Conductivity, A (Zag) =2.5
Interfacial Tension, o (9222) =58.91
Core Length, L (cm) =50

DIMENSIONLESS PARAMETERS :

b = 0.000504
- K =13.10923
- R, =2241270
R, = 0.000625
R, =1.21621
R, =0.058034
Ry = 0.002917
Ry = 0.050265

Table 2: Typical Va.lues of Variables and Parameters for Water Vapor-Liquid Flow
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'i‘able 3

DIMENSIONAL VARIABLES:

Total Mass Flux, m; (gr/hr) =4699.2
Exit Temperature, T} (°C) =21.1 (70 °F)
Reference Temperature, T, (°C) =35.56 (96 °F)
Permeability, k* (darcy) =0.9
Cross Sectional Area, (sq.cm) =22.018
Heat Input Rate, C (btu/hr) =2720.3

- Thermal Conductivity, A (o) =2.5

 Interfacial Tension, o (4£25¢) =5.5
- Core Length, L (cm) =152.4

DIMENSIONLESS PARAMETERS :.

b = 0.000199

K = 5.49054

R, =12.04819

R, = 0.056749
'R, =213.11244

R, = 36.4553
R,=0.0974

Ry =0.0027

- Table 3: Typical Values of Variables and Parameters for Propane Vapor-Liquid Flow
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Figure 8: Phase Portrait and (T, §') Trajectories for Propane at Conditions of Miller (1951). Arrow

Indicates Upstream Direction.
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