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1 ADSORPTION OF WATER VAPOR ON 
RESERVOIR ROCKS 

This experimental project is under the direction of Research Associate Dr. 
Shubo Shang, and Prof. Henry J. Ramey, Jr. The focus of the work is the 
experimental investigation of adsorption of water onto geothermal reservoir 
rocks. 

Introduction 
In vapor-dominated geothermal systems, it has been proposed that liquid 
might exist as adsorbed liquid in micropores (White, 1973). Evidence from 
both laboratory studies and field data indicates that storage of liquid as mi- 
cropore fluid is likely (Ramey, 1990). Measurement of adsorption/desorption 
of water vapor on reservoir rocks is a crucial step in determining whether 
adsorption is the storage mechanism for these systems. 

Status of the experi 
A fully automated sorpto by Porous Material, Inc. (PMI) has been 
employed in this work. Different versions of the software have been in- 
vestigated and problems associated with the appropriate application of the 
sorptometer in the present work have been identified. With the cooperation 
of PMI, the sorptometer is now believed to function properly up to a pres- 
sure of 40 psia for the adsorption of steam. However, there is difficulty in 
reaching pressures higher than 40 psia with an instrument temperature of 
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1 O C. This problem is currently under investigation in PMI. I! 

DISCLAIMER 
I 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, exprcss or impliced, or assumes any legal liability or nsponsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 1 
proass disclosed, or represents f ia t  its use would not infringe privately owned rights. Refer- j 
en= herein to any specific cominercial product, proass. or service by trade name. trademark, ~ 

manufacturer, or otherwise dots not necessarily constitute or imply its endorsement, fccom- ~ 

mendation, or favoring by the United States Government or any agency thereof. The views I 

and opinions of authors e x p d  herein do not necessarily state or reflect thosc of the I 
United States Government or any agency thereof. 

’ 

- 



Effort was made to measure the surface area of the rock samples using 
BET (after Brunauer, Emmett and Teller) methods. However, due to the 
small surface area of the rock sample, N2 adsorption failed. Kr was subse- 
quently employed. Unfortunately, the software used for the Kr adsorption 
test, which is different from that for N2 since Kr has a much lower satura- 
tion pressure at liquid Nz temperature, does not appear to work successfully. 
PMI is looking into this problem. 

Experimental Results 
Results for the measurement of the adsorption/desorption isotherm of water 
on Unocal shallow reservoir core are summarized here. The size of the rock 
sample used in the adsorption/desorption test has an equivalent diameter of 
about 3mm. The volume of the sample used in the tests is approximately 
5.6 cm3. Knowing the complexity of the adsorption process, it is important 
to ensure that the rock surface has the same condition prior to each adsorp- 
tion/desorption isotherm test. This was achieved by heating the sample at 
18OOC under vacuum for about 4 hours. Reproducible isothermal adsorption 
curves were obtained after this pretreatment. 

The effect of pressure on the amount of steam adsorbed is shown in the 
adsorption/desorption isotherms. To determine the effects of temperature 
on adsorption, it is necessary to measure adsorption/desorption isotherms 
at different temperatures. Figures 1 to 4 show the isotherms obtained on 
the Geysers shallow reservoir core at 80, 100, 120 and 14OoC, respectively. 
The well and temperature zone of the reservoir where the core was taken 

. was unknown to us. 

Discussion 
It is interesting to note the shape of the isothermal adsorption curves and 
the rapid changes at high relative pressures (the ratio of system pressure 
relative to the saturation vapor pressure). At least two tests were made for 
each temperature, and different final equilibrium pressures were used. With 
the adsorption isotherm ending at a low relative pressure, the contribution 
of adsorption to the total retention of water on the rock is shown clearly 
(Figures 1 and 2). Upto a relative pressure of around 0.9 at 8OoC, and a 
relative pressure of around 0.85 at lOO"C, the amount of water adsorbed 
increases gradudy with increase in pressure due to the building up of the 
multilayers on the rock surface. For those runs with an adsorption isotherm 
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Figure 1: Adsorption/Desorption Isotherms at 80 C 
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Figure 3: Adsorption/Desorption Isotherms at 120 C 
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ending a, a high relative pressure, the c tribution of condensation to the 
total water retention is significant (Figures 3 and 4). With heating and out- 
gassing before each run, adsorption isotherms are reproducible. However, 
the desorption isotherms are affected by the final state of adsorption. It 
is logical to suggest that the system is adsorption dominated at low rela- 
tive pressures, and changes to capillary condensation dominated at higher 
relative pressures. Adsorption is a surface phenoma while capillary con- 
densation is related to the geometry of the porous media. These processes 
are similar in nature i.e they both cause vapor to condense on to the solid, 
and the two processes Sects  each other in a complicated manner. Thus, 
the results of an adsorption test do show a lower vapor pressure than the 
standard saturation pressure of water. However, it is hard to determine the 
cause of this vapor pressure lowering since the status of the rock surface, 
e.g. chemical composition and geometrical structure, is largely unknown. 

Both Hsieh and Ramey (1983) and'Herkelrath et al. (1983) reported 
temperature insensitivity of adsorption on some rock samples. If this can be 
generalized for all geothermal rock materials, considerable laboratory work 
can be avoided. However, adsorption does appear to depend on temperature 
for the sample shown here, at least at high relative pressures. Figure 5 
compares the adsorption isotherms at the four temperatures tested. The 
relative pressure at which the adsorption isotherm has a dramatic change 
decreases as temperature increases. This is an unexpected observation and 
further investigation is planned. 

Significant hysteresis exists for steam adsorption/desorption on the Gey- 
sers Shallow Reservoir rocks. Physical heterogeneity of the rock must be 
responsible for the presence of the hysteresis at high relative pressures. 
Scanning Electron Micrographs (SEM) show the complexity of the physical 
structure. However, at very low pressures, there appears to be irreversible 
adsorption.. Figure 6 shows two sets of isotherms obtained at 120°C. The 
first set was obtained according to the normal procedure, while the second 
set was obtained by starting light after the completion of the first 
test without going through t pretreatment. As shown in Figure 6, 
the amount adsorbed is smaller in the second test and the amount retained 
at the end of the second desorption isotherm is also reduced. 

dsorption is important in geothermal reservoirs, not only in itself but 
n inducing condensation to take place easier than in the absence of 

adsorption. Experimental desorption isotherms are affected by the final state 
of the adsorption .run. Understanding of these phenomena will certainly 
assist the design of a r 
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Future Work 
The ultimate goal of this project is to collect sufficient experimental adsorp- 
tion/desorption data for W o u s  geothermal reservoir rocks to be able to 
extrapolate the laboratory data to field conditions so that one can compute 

Currently, we have a number of samples for testing. Two pieces of Gey- 
sers graywacke (Unocal well NEGU-17) are available from UURJ. Ten sam- 
ples from well cuttings were sent by ENEL, Italy. In addition, we have 
samples from Iceland and Mexico. Adsorption tests similar to the ones de- 
scribed will be performed on the samples available. 

Additional work will be undertaken to investigate the possibility of run- 
ning adsorption tests at temperatures highq than 140°C so that we can 
simulate field reservoir temperature and pressure conditions. 

Measurement of the surface area of the rocks will be made once the prob- 
l d s  in' the software used for the test are fixed by PMI. Scanning electron 
micrographs of the rock samples will be taken so that a comparison of the 
structural effect on the hysteresis can be made. 

reservoir performance in a correct manner. _. .~ 
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- 2 DRAWDOWN AND BUILDUP PRESSURE 
ANALYSIS IN MULTWELL RESERVOIRS 

This is the continuing work of the reservoir interpretation project performed 
by research assistant Xianfa Deng and Professor Roland N. Horne. 

The objective of this study is to investigate how the neighboring wells 
affect the buildup pressure data in the test well if the neighboring wells 
are producing during the testing. The study is the preliminary part of a 
broader project, which will look at the simultaneous analysis of data not 
only from different wells, but also from-different types of geothermal well 
tests (for example, pressure transient and tracer tests). Before embarking on 
he broader study, it has been necessary to first complete the current under- 
tanding of some aspects of multiwell pressure transient tests 

the common use of superposition to create the effect of closed 
is not fully accurate in the case of buildup tests, since the apparent "image" 
wells do not replicate the closing of the testing well. The'tested well is shut 
in, but the neighboring wells continue to produce. 

If there are an infinite number of wells, the testing well is producing 
at constant rate q first and at constant rate 0 after tPD, and if all the 
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where rnD is the distance between observation well 0 and well n. The derivai- 
tion of this solution makes use of the commonly invoked assumptions, namely 
single phase flow intoline source wellb from a homogeneous and isotropic 
porous medium. 

As examples, for the six-well and infinite-well systems illustrated in Fig- 
ure 7, Figures 8 and 9 show a comparison of drawdown and buildup curves. 
The distances in z direction and in J direction between any two neighboring 
wells are 500 feet, and the testing well and observation well are located at 
(O,O), so the pressure response due to the production of infinite neighboring 
wells is 

0 0 0 0  

m-1 n=l 
00 

t [ f ( rm,o)  + f(r- f (r0,m) + f(ro,-m)I 
m=l 

. .  where 

and 

with a = b = 5 
and 11 show the buildup part of these two different systems. It can be seen 
that in the infinitewell syste sure drops rapidly at long time due 

a above can be 
pressure responses (drawdown or drawdown and buildup) for a well in a 

Drawdown case 
a constant pressure boundary. 

' a t p D ) c  K 0 ( r n D & )  

s C ( K i ( 4  + C D ~ O ( & )  

00 
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Figure 7: Configuration well and infinite array systems 
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where roD is the distance between testing well and observation well, and rnD 
represents the distance between the observation well and any image well or 
neighboring well. Similar expressions can be written for a partial penetra-, 
tion well in a reservoir with no flow or constant pressure boundary where 
superposition by images is applicable, as discussed in a personal communi- 
cation from Al-Hussainyfl99lJ. As an example, the pressure responses are 
presented in Figure 12 and Figure 13 for different conditions in a rectan- 
gular reservoir of 800 x 500 feet, thickness 50 feet, permeability 100 md in 
both radial and vertical directions, testing well and observation well at (100 
feet, 100 feet), well radius 0.3 feet. The well partially penetrates the upper 
Q of the thickness and the pressure is measured both at the bottom of the 
well and at the top of the completion interval. The difference of pressure 
responses between partial penetration and full penetration exists from early 
time through late time. So if the paitid penetration effect is not considered, 
the permeability of the reservoir might not be correctly interpreted. 

' 

3 ADSORPTION PARAMETERS FROM 
EXPERIMENTAL DATA 

This project is being performed by research assistant Ming Qi, together with 
Professors Roland N. Horne and Henry J. Ramey, Jr.. 

The objective of the work is to develop the means to infer adsorption and 
desorption isotherms from reservoir performance history matching, both in 
the field and also in transient laboratory experiments. In the current stage 
of the project, we have recently started collecting data from the transient 
adsorption experiments. Having developed a parameter estimation program 
consisting of a simulation part and a regression part, the transient exper- 
imental data can be used to estimate a pair of constants needed for the 
Langmuir equation. 

However, only a small number of vapor pressure transient experimen- 
.tal data are available. Harr (1991) carried out an experimental study on 
the laboratory measurement of sorption in porous media. A series of equi- 
librium sorption measurement were made by using the PMI Sorptometer 



- 
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Figure 12: Drawdown pressure response vs production time 
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Figure 14: Comparison of Calculated and Measured Isotherms 



analysis. 

4 TRITIUM TRACER MOVEMENT AT THE 
GEYSERS 

This project, by research assistant John W. Hornbrook, and Prof, Roland 
N. Horne, is intended to aid understanding of the characteristics of injection 
of water into vapor-dominated geothermal reservoirs by investigating long- 
term observations of tritium tracer movement at the Geysers. The project 

the work is focusing on the pressure transient experiment. The equipment 
being used is the same as that used by Harr (1991), namely the transient 
adsorption apparatus on loan from the U.S. Geological Survey. One initial 
run has recently been made and the results are being analyzed. As soon as 
the adjustments of the equipment are finished, a series of transient pressure 
experiments will be performed and the results will be available for further 

The 
tion 

has begun with the development of analytical solutions for the flow of vapor 
through porous material with adsorption effects included. After considering 
various options, the method of Fitzgerald and Woods presented at the 1992 
Stanford Workshop on Geothermal Engineering appears to be at least a use- 
ful approach to the problem. In this method, a nonlinear diffusion equation 
is solved by similarity, with the nonlinearity contained in the diffusion coeffi- 
cient. In the work so far, we have rederived the diffusion equation including 
adsorption effects and are preparing to investigate the effects of adsorption 
on injection of water into and production of vapor from various geothermal 
systems. 

diffusion equation induding adsorption ef- 
fects begins with the material balance: 

Derivation of the nonline 

second term in this equation accounts for the mass adsorbed. Adsorp 
is related to liquid saturation by the following expression: 



L . .  

After including Darcy's law for th (3) and r-ang- 
ing, we obtain the following expression by following the method of Fitzgerald 
and Woods (1992): 

docity term in 

2 at - aV.((PI +p)Vp) = 0 . (4) 

where: 

(7) 

1-9 Pr ax 1-9 1 - 9 PrPv p = [(l-(-)-X) t (-(,pr OPV - (,)791 (8) 
d Pw 

The time for pressure and vapor diffusion is dependent upon a, and, there- 
fore,upon the amount and rate of adsorption as shown in Eqn. (8). Cur- 
rently, we are evaluating the @ term with the Langmnir and BET isotherms 
used as a basis for calculation. Once the p term is evaluated over a range 
of pressures, we will proceed in determining the rate of pressure and va- 
por diffusion in geothermd'reservoirs. This work will extend the work of 
Fitzgerald and Woods (1992) and will provide solutions which include both 
adsorption a id  desorption effects. 

- 

5 ADSORPTIO 
This project is being und istant, Richard H o k  and 
Prof. Henry J. b e y .  Jr. The objective is to develop methods to include 
adsorption effects into standard geothermal reservoir simulators. 

Physical adsorption of steam has increasingly become re 
important phenomenon in vapor-dominated geothermal reservoirs. A method 
as developed which allows the effects of adsorption to be modeled using 
ETRAD, a commercially available geothermal simulator. The method con- 

ists of replacing the standard steam table with a modified steam table. This 
new steam table was generated by combining the Langmnir isotherm ad- 
sorption model with an energy and mass balance. The TETRAD simulator, 

n run with the pseudo steam table, approximately matches the pressure, 
duction, and saturation behavior of a desorbing geothermal system. 

16 



c 

Figure 15: Comparison of the standard and pseudo steam tables. 
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