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ABSTRACT 

Reservoir and production engineering tools are applied to data 

obtained in a pressure buildup test on well A-IS in the Los 

Azufres geothermal field in Mexico. The well produces a two

phase mixture through a single fracture in a double-porosity 

media. The reservoir parameters were estimated as follows: 

permeability-thickness between 5.4 to 8.1 X 10- 11 ml (18,000 

to 27,000 md-ft); the ratio of fissure system storativity to 

that of the total fisBure-.atrix system 0.1. 

Test interpretation showed the presence of a sealing boundary 

near the well. Using estimated reservoir parameters the 

simulation of an idealized well producing at constant mass flow 

rate near a linear boundary was done considering both homoseneous 

and double-porosity reservoirs. 
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1. INTRODUCTION 

At Well A-IS in the Los Azufres Geothermal Field, there will 

be installed a 5 MW. non-condensing turbo-ienerator unit, to 

be commissioned in 1987, according to Mexico's National 

Geothermoelectric Expansion Program. 

In order to know the initial characteristic of this well before 

starting its exploitation, several tests have been carried out: 

pressure transient tests, and production tests. 

The importance of these and other tests is because their 

interpretation can be used to predict the well's behaviour 

and also permits the taking of quick decisions to repair a 

well or drill another one. 

The above mentioned is applied directly to a specific well, 

however, the reservoir parameters obtained from the tests must 

be utilized in the total reservoir model to predict the complete 

system behaviour and also to decide between different 

alternatives. 

In the present work, practical tools to estimate reservoir 

parameters from a pressure buildup test are presented . 
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2. LOS AZUFRBS FIBLD 

Geothermal prospecting studies in Mexico started at the 

beginning of the 19505 Alonso (1985). At the present, there 

are more than 60 known areas which discharge geothermal 

fluids on the surface. On Figure 1 are presented some of 

these, taking into account their importance. 

The Pathe zone in the state of Hidalgo was the first geothermal 

area where wells were drilled to generate electricity. This 

was done because of the relatively short distance to Mexico City, 

where the consumption of electrical energy has always been 

high. The mass flow rate was poor and the heat content (specific 

enthalpy) low. However, there was installed the first 

geothermoelectric plant, generating about 600 kW •. The 

importance of Pathe is because it was demonstrated to be feasible 

to exploit the geothermal resource to generate electricity. 

The four most important fields in Mexico are: Cerro Prieto, Los 

Azufres, Los Humeros and La Primavera. Razo (1985) presents 

the geolotical, geophysical and geochemical characteristics of 

these and other zones. Molinar (1985) shows a general view about 

the evaluation of these fields. 

Well A-18, was drilled in the Los Azufres geothermal field, which 

is located in the state of Michoacan (Reyes, 1985), 200 km north

west from Mexico City. The reservoir is classified as liquid

dominated and has a surface area of about 30 kma. More than 50 

wells have been drilled (Figure 2). Although the studies 

indicate the existence of one reservoir, the field has been 

divided into two parts; namely, north and south zones. In the 

north zone, most of the producing wells discharge a two-phase 

mixture. On the other hand, in the south zone there are about 

4 wells which produce superheated steam . The specific enthalpy 

ranges from 1000 to 2850 kJ/kg, and the best steam well produces 

about 30 kg/so 

The reservoir has been commercially exploited since 1982, using 
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5 non-condensing turbo-,enerator units (Ortega, 1985). The 

nominal capacity of each unit is 5 MW. and the admission steam 

pressure and mass flow rate are 0.8 MPa and 16.4 kg/s, 

respectively . The separated water is injected into the 

subsurface to avoid ecological deterioration. 

Alonso (1985) has presented the expected National 

Geothermoelectric Expansion Program. For the case of Los 

Azufres the installation of some 7 small-scale turbo-generator 

units is planned, similar to those already installed, and 

also the installation of the large-scale Tejamaniles 

Geothermoelectric Central in the south zone. The nominal 

capacity of the central is 50 MW.. According to this program, 

and considerina the flow characteristics of all the wells, it 

was decided to use the well A-18 to supply one of this small 

units. 
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3. WELL CHARACTRRISTICS 

3.1. Well Completion 

Well A-IS was drilled in the south zone of the Los Azufres 

field, close to an area where most of the wells produce 

superheated steam at relatively shallow depths (about 700 m). 

It was completed at 1328 m depth using the following pipes: 

13-3/8" from 0 to 300 m; 9-5/8" from 0 to 1000 .; 7" from 959 

to 1328 m. In Figure 3 is presented the completion of this 

well, the beginning of the slotted can be easily distinguished 

at 1013 m depth. Completions like this are common at Los 

Azufres. 

3.2. Output Curve 

In March 1986 the output characteristic curve of this well 

was obtained. The maximum total mass flow rate was calculated 

to be as hiah as 43 kg/si the specific enthalpy of the mixture 

as 1764 kJ/ka; while the wellhead pressure was measured 0.9 

MPa (Table 1). In Figure 4 are presented the steam and water 

characteristic curves, both at atmospheric conditions. In 

Table 1 the specific enthalpy of the mixture increases as the 

mass flow rate increases too. This effect occurs when there 

is a heat transfer process from the rock matrix to the fluid. 

In Table 1 and Figure 4 is possible to appreciate that the 

production of the well is controlled by the reservoir. 
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4. PRESSURE BUILDUP MEASUREMENTS 

4.1. Teat Description 

On March 17, 1986, well A-IS was opened to carry out a pressure 

buildup test. According to field experiences acquired for 

several years in this matter, the well was left to produce 

for two days in order to reach a stable production state 

before the test was commenced. The flow rate was controlled 

by using a 2 inch orifice, installed close to the wellhead in 

the pipeline to the silencer. Since the production started, 

the common surface measurements were periodically taken and 

registered. Few hours before the test started, pressure and 

temperature lOis were run to know the state of the fluid 

flowing into the well. After that, the test was developed 

using both temperature and pressure recorders. 

4.2. Measurements Before Shut-In 

During the drawdown period (production), three basic parameters 

were registered at the surface: the wellhead pressure PWh, 

critical lip pressure Pc and head of water in weir box. The 

measured quantities were 

Pwb = 3.2 MPa 

p, = 0.077 MPa 

A = 0.138 m 

The diameter of the discharae pipe was 0.1985 m. 

Simultaneous pressure and temperature logs were run downhole. 

The measured pressure and temperature values are reported in 

Table 2 and their plots against depth are shown in Figures 5 

and 6, respectively. These data were also used to construct 

Figures 7 and 8 which will be discussed later. 
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4.3. Measurements During Buildup 

Before the well was shut-in, pressure and temperature elements 

were lowered to 1200 m depth. Kuster elements recorded the 

pressure and temperature behaviour during a 19 hours test 

period. After that, the elements were brought to the surface, 

and the registered deflections on the metallic charts were 

read. The information obtained in this test is presented in 

Table 3. Pressure and temperature data were also plotted 

against the elapsed time and they are shown in Fiaures 9 and 

10. 
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5. FLOWING CONDITIONS 

5.1. Specific Bnthalpy and Mass Flow Rate 

To estimate the mass flow rate and the specific enthalpy of the 

fluid during the discharging period (drawdown), the empirical 

relation of James (1962) was employed. That expression is 

written in S.l. units as 

( 1 ) 

For the case of Los Azufres, where the atmospheric pressure is 

0.073 MPs, one has from steam tables (Keenan et al., 1978) the 

following 

VI = 1.0368 E-03 m' /kg 

hi. = 2280.48 kJ/ka 

h. = 2661.8 kJ/kg 

where, VI is the specific volume of liquid water, hi I is the 

latent heat content, and h. the steam heat content. To determine 

the liquid water flow rate through a V-notch (90 ' ) weir box 

(ASME, 1971), one can use 

WI = 1. 3345 AI. 475 IVI ( 2 ) 

where A is the head of water in rn, and WI the water flow rate 

in kg/s. Substituting VI into Equation 2, one gets 

Wl :: 1287.16 A2. 4,'1'5 ( 3 ) 

The steam fraction is defined at atmospheric conditions as 

x :: w, I (WI +w,) :;:: (ho - hi) Ihl , ( 4 ) 

where, w, is the steam flow rate in kg/s, ho is the specific 

enthalpy of the steam-water mixture in kJ/kg (assuming that the 

stagnation and the steam-water mixture enthalpies are equal), 
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and hi the liquid water heat content in kJ/k,. From Equation 

4 one has 

W = W'I hi • / (h. -h. ) ( 5 ) 

Substituting Equation 3 into Equation 5 with the values of the 

enthalpies for Los Azufres one gets 

w = Exp(14.8923) A'·"'/(2661.8-h.) ( 6 ) 

The final expression in terms of the stagnation enthalpy i s 

derived from Equation 1 and 6, and can be written as 

where 

The latter equation must be solved for ho using a mathematical 

convergence method (e.g, Newton-Raphson). After that process, 

one has to come back to the expression which contains the mass 

flow rate. The computed values for both; the specific stagnation 

enthalpYi and the mass flow rate were found, respectively 

h. = 1314 kJ/k& 

w = 16.2 kg/. 

The lip pressure was not corrected for the presence of gas in 

the mixture because the amount of gas present was not available 

but is it generally low in Los Azufres. 

5.2. Pressure and Temperature Logs 

Returnini to the flowing pressure profile in Figure 5, it is 

possible to distinguish three different straight lines. The 

first straight line starts at the surface and finishes where 

the intersection with the second line occurs at 950 m depth. 

The change in slope between the first and the second straight 
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lines is due to the reduction in pipe diameter. The intersection 

of the second and third straight lines is located at 1225 m 

depth. Here the change in slope is related to the feed zone. 

Flowing temperature profile (Fiaure 6) shows an almost typical 

temperature distribution inside a geothermal well. However at 

about 1250 ID depth there is a small temperature inversion which 

also can be related to the feed zone. 

5.3. Fluid Thermodyna mi c State 

In order to know the state of the fluid throughout the well 

during flowing, the Clapeyron Diagram in Figure 7 was utilized. 

Pressure and temperature data under flowing conditions were 

plotted on the diagram. It was possible to determine that two 

phase flow occurs between from approximately 1225 m depth and 

to the surface. The presence of a single liquid water phase 

was detected below that depth. 

5.4. Wellbore Simulat ion 

Taking into account the calculated specific enthalpy and mass 

flow rate as well as the measured wellhead pressure and the well 

completion, a program used by Ambastha and Gudmundsson (1986), 

was run from top to bottom. The data and output are presented 

in Appendix A. The measured and calcul ated pressures can be 

observed and compared in Figure 8. This plot shows that the 

simulator gave reasonable fit. Although not presented, the 

temperature profile was also a good fit. 

5.5. Feed Zone Depth 

After analyzin, the information available and employing the 

results of the simulator the feed zone was determined to be 

between 1200 and 1250 m depth. Below that depth, the pressure 

increases according to a hydraulic column, that can be due to 

a small or non-production horizon. 
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6. INTERPRETATION OF BUILDUP TEST 

6.1. Pressure and Teaperature Buildup 

In the Clapeyron Diagram (Figure 11) is presented the 

thermodynamic behaviour of the fluid at 1200 m depth during the 

buildup test . The thermodynamic state of the fluid was in the 

compressed liquid region. 

6.2. Identification of Model 

6.2.1 . Inner boundary 

Pressure transient test interpretation starts by plottin~ the 

pressure increment BP against the time increment 6t a log-log 

paper as shown in Figure 12. The inner boundary effect is felt 

at the earlier elapsed time (Grinaarten, 1985). The dominant 

effect can be: wellbore storage, skin, fracture, and partial 

penetration . 

Wellbore storage effect is due to expansion of the fluid inside 

the well and is characterized by a straight line of one unit 

slope in the diagnostic plot (Figure 12). Skin effect is due 

to the presence of some damage in the walls of the well and it 

produces a steady state pressure drop. Partial penetration 

results from unc ompleted drilling process throuah the total 

reservoir thickness (normally found in geothermics). Fractures 

exhibit on a log-log plot a straight line with one-half slope 

when it has a very high conductivity or one-quarter slope when 

the conduc ti v ity is low. 

The inner boundary was determined to be a single medium 

conductivity fracture because the slope of the fitted straight 

line which passes through the earliest points (Fiaure 12) is 

between the one-half and one-quarter slopes. 
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6.2.2. Reservoir behaviour 

Gringarten (1985) defines reservoirs according to their response, 

as homogeneous or heteroaeneous. These responses can be very 

similar when the data are not properly plotted on log-log paper 

(scale problem). However, it is possible to avoid that confusion 

by plotting the derivative d(6P)/d(Ln(8t)) against at on the 

same kind of paper. 

This idea was considered to apply directly to the test data, 

however, there was noise in the results and that made it 

difficult to distinguish clearly the reservoir response. Least 

squares method was used to smooth the data. In Fia:ure 13 is 

presented BP against Ln(8t) on Cartesian axis for both cases: 

measured and fitted data. The fitted curve is 

8P = A, + Aa*Z + Aa*Z2 + At *Z3 + As *Zt (8) 

where 

A, = 3.634032 

A, = -2.113564 

A, = 0.4576055 

A. = -4.222444E-02 

A. = 1.415709E-03 

Z = Ln(8t) 

with 

Coefficient of determination = 0.995 

Coefficient of correlation = 0.998 

Standard error of estimate = 2.790-03 

Therefore the fit was reasonable, and derivative function becomes 

d(8P)/d(Ln(8t» = A, + 2*A,*Z + 3*A.*Z· + HA.*Z' (9) 

Plotting the derivative function as described before, Figure 

14 was obtained, which shows the characteristic hump of a heter

ogeneous reservoir response (Gringarten 1985). Now going 

back to Figure 12, one can appreciate in the infinite acting 
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period two straight lines with the same slope, which is 

typical of double-porosity reservoirs. 

6.2.3. Outer boundary 

At late time, it is possible to observe a faster pressure 

inc rement in the diagnostic plot (Figure 12), which is the 

charac teristic of an outer boundary. To determine the type of 

boundary, it was necessary to construct the specialized plot 

shown in Figure 15. One can see that the slope of the late 

time straight line is twice the total system reservoir slope. 

This is due to the e xistence of a sealini fault near the well. 

6.2.4. Complete reservoir behaviour 

The complete behaviour is obtained by combining the individual 

behaviors. In that way, the complete behaviour is defined 

as: a single medium conductivity fracture in a double-porosity 

reservoir with a sealing fault boundary. 

6.3. Available Theory and Solutions 

6.3.1. Homogeneous reservoir 

Based on Earlougher (1977) the classical equation which describes 

isothermal radial flow of a fluid throughout a homogeneous and 

isotropic medium, can be written as 

6'P/6r' + I/r 6P/6r = (~C."/k) 6P/6t ( 10) 

This expression is called the diffusivity equation, it assumes 

Darcian flow of a fluid of slight compressibility, through a 

medium of constant thickness, due the presence of a small 

pressure gradients. The term (k/~Ct~) is called hydraulic 

diffusivity. Solution of the diffusivity equation for the case 

of constant flow rate production in an infinite reservoir can 

be written as 
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~ - P(r,t) • (q~/4.kH) [-El (- ~C.~r·/4kt) ( 11) 

where Ei is the exponential intearal. When the exponential 

integral argument is lower than 0.01, it can be approximated 

by 

-El [-(~C.~r·/4kt)] • Ln [4kt/Exp(r)~C.~r·] 

Substitutina Equation 12 into Equation 10 and remembering 

that q = wv, gives 

P, - P(r,t) • (wv~/4.kH) Ln[4kt/Exp(r)~C.~r·] 

for the case of a well (r=rw) which produces from all the 

reservoir thickness, and considering the skin factor 

( 12 ) 

(13 ) 

P ••• P, - (wv~/4.kH) [ Ln (4kt/Exp(r)~C.~r.·) + 2s] (14) 

Defining dimensionless time a8 

( 15 ) 

the dimensionless radius by 

( 16 ) 

and the dimensionless pressure as 

Plr.,t.) • 12.kH/wv~) [P, - Plr,t)] 117 ) 

For the dimensionless case, in which the mechanical skin factor 

is considered, one has from Equation 17 the followin, 

PII,t.) + s • P(t.) + s • IhkH/wv~) [P, - P.1l (18) 

Substituting Equation 18 into Equation 14 and canceling similar 

terms 
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P(t.) : 0.5 Ln [4kt/Exp(r)~C,~rw ' ] ( 19 ) 

Equation 19 can be re-written using Equations 15 and 16 as 

P(t.) : 0.5 (Ln t. + 0.8091) (20 ) 

It is important to note that Equations 19 and 20 do not take 

into account the skin factor. Equations 14 and 20 are the 

most common solutions to the diffusivity equation for the 

production case in dimensional and dimensionless forms, 

respectively. For the case of the total drawdown-buildup 

period and using the Superposition Theorem, the resulting 

expression is written as 

(2.kH/wv~) [PI - P • .] : P. (t. + St.) - P. (6t.) ( 21 ) 

Employing 20 and the dimension!ess time definition 

(2.kH/wv~) [PI - P • .] : 0.5 Ln [(t+6t)/St] ( 22 ) 

Rearranging and chanaing the logarithmic base in Equation 22 

P •• : p, - 0.1832 (wv~/kH) Log [(t+6t)/6t] (23) 

On semilog paper, this equation describes a straight line with 

slope 

m : 0.1832 (wv~/kH) (24) 

Now, substituting PI from Equation 18 into Equation 23 and 

solv ing for s 

s: 1.1513 [(P.,(t:1)- P.r(6t:O))/m + Log ((t,+l)/t,) -

Log (k/(~C,~r.·)) - 0.3513] 

Equations 23 and 25 are the basic expressions in the 

interpretation of buildup tests. 

(25) 
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6.3.2. Distance to sealing fault 

For pressure buildup testing, Earlougher (1977) used the 

intersection of the late time two straight lines and relates 

it to the dimensionless pressure, at the intersection time by 

P.(t./(2L/rw')) = 0.5 Ln [(t,+6t)/6tj, (26) 

Thus, to estimate the distance to a linear fault, one finds 

[(t p +8t)/8t] when the semilog straight lines intersect and 

calculate PD from equation 26. From Figure 22 of the Earlougher 

monograph with that value of PD and the value of (tD/{2L/rw a ) 

is found, where finally 

( 27 ) 

6.3 . 3. Double-porosity reservoir 

Deruyck et al. (1982) present the theory for double-porosity 

behaviour which can be applied to both naturally fractured and 

multilayered reservo irs . The diffusivity equation for the 

fissured medium according to the terminology of Gringarten (1982) 

becomes 

(28) 

The counter part equation for the matrix medium can be written 

(29) 

V is the concentration of one medium (i.e. the ratio of that 

medium to the bulk volume)j q* is the interporosity flow, namely, 

the flow from the matrix to the fissure. It is assumed in this 

system of equations, that the reservoir is of infinite lateral 

extent: with closed top and bottom boundariesj the fluid is 

slightly compressible; and flow is single phase and laminar; 

the gravitational forces are negligible; and the pressure 

gradients are small; the porosity of either medium is independent 
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of the pressure variations; and finally, the flow to the well 

occurs via the most permeable medium only, the least permeable 

medium just acting as a source. Here, the interporosity flow 

parameter is defined as 

( 30) 

and represents the facility of the fluid to flow from the matrix 

to the fissure. The ratio of the storativity of the fissure 

system to the storativity of the total fissure - matrix system 

is defined 

Q = (~VC.), I( (~VC.), +(~VC.). ) = 10- OPl. ( 31 ) 

where BP is the pressure increment between the two straight 

lines. For the case of constant flow rate production, the 

solution in the Laplace space for the fissured part is given 

by 

p,,, = k. [{(a f(a)) ro]1 ( a{(a f(a)) kd{(a f(a)) ] ( 3 2 ) 

where 

f(a) = ( Q( 1-Q)a + A )/( (l-Q). + A) (33) 

and ko and kl are the modified Bessel functions of second kind, 

of zero and first order respectively. 

6.4. Bstimation of Double-Porosity Parameters 

6.4.1. Horner method 

From the Horner plot Figure 16, the average reservoir pressure 

can be estimated, extrapolating the late time straight line, 

until it intersects the pressure axis. That occurs when 

Log[(t p +8t)/6t] ~ 0, implies that 6t »tp • The late time 

straight line can be expressed as 
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P(Bt) = 5.695 - 0.4445 Log [(t,+Bt)/Bt] 

Therefore, the average reservoir pressure becomes 

P( m) = 5.695 

One can estimate the average temperature in a similar form as 

for the pressure, however, 8S one can see in Table 2 or in 

Figure 10, the temperature stabilizes after 1 hour. This 

permits the assumption that the average reservoir temperatu re 

is 265 ' C t in that part of the field. In advance, it is 

pointed out that the interpretation of this test be based on 

the thermodynamic state defined by the average pressure and 

temperature of the reservoir. On this basis, one has from 

the compressed liquid water part of the steam tables (Keenan 

et al., 1978), the following data 

h = 1158 [kJ/kg ] 

v = 1.2874 E- 03 [m'/kg] 

~ = 1.0086 E- 04 [Pa-a] 

It is interesting to note that the specific stagnation enthalpy 

corresponding to this ther modynamic state is lower than that 

estimated by the James method. 

Returning to the Horner plot (Figure 12), the left hand parallel 

straight line represents the total system, its slope can be 

calculated as 

m = (5.34-5.327)/Log(7.625/1 1 .6)= -0.0713 

Therefore, the conductivity of the medium using Equation 24 is 

kH = 0.1832(16.19)(1.2874E-03)(1.0086E-04)/(0.0713) 

= 5.4016 E-12 [m'] (18000 [md-ft]) 

The omega parameter can be evaluated using Equation 31 as 
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g = 10-0.07151 / 0.0713 = 0.1 

As one can be noted from Equation 25, to estimate the skin factor 

it is necessary to know the porosity, total compressibility 

and thickness of the reservoir, which are not a v ailable. 

Ne vertheless, to have some idea about this parameter, the 

following values were assumed 

~ : 0.1 

C. : 1.865E- 09 [Pa-') (I. 2859E - 05 [psi ) - , ) 

H : 50 [m) (164 [ ft)) 

Therefore P(t = l) can be calculated using the slope m wi th 

P(t : l) : p, : 5.327 - 0.0713 Lo£ (190801/11.6) 

p, : 5.0262 

Substituting values into Equation 25 

S : 1.1513 [(5 . 0262 - 5.135)/0.07 13 + Log (190801/190800) 

- Log (5.4016E-12/«0 . 1)(1.0086E-04)(1.865E-09)(0.108)'(50)) 

_ 0.3513 ) 

S : -5 . 26 

To estimate the distance to sealing fault 

PD(tD/(2L/rw') : 0.5 Ln ( 6 ), .0.9 

Coming into Fi a ure 22 (Figure C.2 in Earlougher, 1977) 

tD/(2L/rw') : 2.4 
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so that 

L = { [(5.4016E-12)(190800) / (4 (0.1)(1.865E-09)(50) 

(1.0086E-04)(2.4»] 

~ 338 [m] ( 1108 [ft] ) 

6.4.2. Type-curve 

In Figure 17, fitting the pressure buildup data, to the double

porosity type curve of Bourdet et al. (1983), the match point 

is found 

tn/Cn = 110 

Po = 24.3 

BP = 1 

6t = 3600 [ a ] ( 1 [h]) 

The following parameters were also determined 

and 

(Co Exp(2s», = 100 

(CD Exp(2s»,+_ = 10 

A Exp(-2a) = 1£-04 

Thus, the permeability- thickness (conductivity) of the most 

permeable system is 

k,H = wv~/2. (Po/BP) 

= (16.19)(1.2874E-03)(1.0086£-04)(24.3)/ 2.(lE6) 

= 8.13028E-12 [m'] (27000 [md-ft]) 

The wellbore storage coefficient 

C = 2.k,H/~ (8t/(to/co) 

= 2.(8.13028E-12)(3600)/(1.0086E-04)(110) 

= 1.6756E-05 [m'/Pa] (0.7188 barrel/pai) 
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the storativity ratio 

U = (CD Exp(2s)) ... /(CD Exp(2s)). 

= 10/100 = 0.1 

Using Equation 31, the storativity of the most permeable system 

is 

(",VCt), = g (!i!lVC, l, •• 
= 0.1 (9.325E-09) = 9.325E- 10 [PaJ-' 

The dimensionless wellbore storage coefficient can be calculated 

with 

CD = c/2xrw a (",C,H), •• 

= 1.6576E- 05/2~(.108)·(9.325E-09) = 24255.125 

from 

(CD Exp(2s»,._ = 10 

s = 0.5 Ln (10/c.) • -3.9 

Finally, the lambda parameter is 

Exp( - 2s) = 1E-04 

A = 1E- 04/Exp(2(3.9)) = 4.0973E-08 



25 

7. DRAWDOWN SIMULATION 

The basic reservoir parameters from a pressure buildup test 

were determined using the available reservoir theory and 

thermodynamic principles. The methods of analysis applied to 

test data and the computed values of the reservoir parameters 

are summarized immediately 

Analysis Method 

Horner Analysis 

Type-Curve Analysis 

kH 

[m'] X lE12 

5.4 

8.1 

2 

(dimensionless) 

0.1 

0.1 

P(m) 

[MPs] 

5.7 

The skin factor, the length to the fault, and the interporosity 

flow coefficient, respectively, were estimated as 

s = 5.3 (Horner method) 

B = 3.9 (type-curve) 

L = 337.9 (Earlougher method) 

A = 4.lE-OB (type-curve method) 

These values were obtained by assumin~ 

~ = 10 " 
C. = 1.9E- 09 [PS-I] 

H = 50 [m] 

where et is the liquid water compressibility (Grant et al., 

1982) at averaie reservoir conditions. Thus the product 

(~C,H) of the system, called total system storativity, was 

assumed as 9.3E-09 MPa- 1 • 

It is of interest to know and compare the ideal behaviour of 

the bottomhole pressure of a well in both homogeneous and 

double- porosity reservoirs, under similar conditions of 
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production to that of well A-lB. For this purpose two different 

computer programs were made. 

For the case of a well producing from a homo~eneous reservoir, 

the exponential-integral solution was used as well as the 

superposition principle. The latter was done because of the 

necessity to take into account the sealing fault effect, 

which was substituted for an imaginary well producing at the 

same flow rate as the producing well. 

In the case of a well producing from a double-porosity media, 

the equations given by Deruyck et al. (1982) and presented 

through this work, were included in the respective program. 

It was necessary to employ the Stehfest (1970) aliorithm in 

order to find particular solutions to the fissured system. 

The superposition principle was also used to create the 

imaginary well to consider the linear boundary effect. 

To be consistent in the drawdown simulation of the well under 

these two different conditions, the thermodynamic state of 

the fluid defined by the pressure and temperature at average 

reservoir conditions was used as well as the mass flow rate 

of well A-18 (16.2 kg/s). All the parameters obtained from 

the Horner method were utilized. The distance to sealing 

fault was that computed with the Earlougher method. To complete 

the data needed to simulate the well, the flow parameter 

coefficient A was that determined from type-curve analysis. 

The program and the results of the simulation for the well in 

a homogeneous reservoir are given in Appendix B, while the 

program and results of simulation of the well in a double 

porosity reservoir are presented in Appendix C. The results 

for the homogeneous reservoir were plotted against the 

elapsed time and are shown in Figures 18 and 19. The results 

for the double-porosity reservoir were plotted against the 

elapsed time and are shown in Figures 20 and 21. The initial 

reservoir pressure was not plotted in these figures. Its 

value can be obtained by extrapolating the left hand straight 
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lines in Figures 18 and 20 to time zero. 

5.695 [MPa]. 

It was taken as 

In Figures 18 and 20 (or Figures 19 and 21), it is possible 

to note at early time that the bottomhole pressure for the 

case of a well in a homoieneous reservoir decreases faster 

than the respective pressure for the case of a well in a 

double - porosity media. At later time, the bottomhole pressure 

declines smoothly in linear form. 

To verify the responses of the simulated well in both reservoirs, 

it can be observed in Figures 19 and 21 that at early time the 

bottomhole pressure passes through a straight line with slope 

m. At the time when the boundary effects are felt, the presBure 

follows another straight with slope 2m. 
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8. DISCUSSION 

The theory presented above was developed considering idealized 

liquid phase flow. However, the existence of two-phase flow 

in the drawdown period was pointed out. When the 

superposition theorem was applied, a constant volumetric flow 

rate in both periods of the test (production-recovery) was 

assumed. The viscosity was also considered constant. 

A double-porosity reservoir response and a sealing fault 

effects were detected in the pressure buildup test 

interpretation . 

The simulation of an idealized well producing under similar 

conditions to that well A-IS from a double-porosity liquid 

reservoir was carried out for illustration purposes. However, 

the computed values of the bottomhole pressure for this mass 

flow rate (16.2 kg/s) can be considered valid within reasonable 

limits for a short production period. This aSBumption is 

based on a boiling front close to the well. Under shut-in 

conditions single liquid phase is found in the reservoir. 

For the specific production of well A-18 during the pressure 

test the induced boiling front was located inside the reservoir, 

as noted in the heat content increment in the output charact-

eristic of Table 1. It is noted that the boiling front 

travels into the reservoir according to the extracted mass 

flow rate, so that for small flow rates as that produced for 

well A-18, the boiling front was located close to the well. 

The simulation of this well for long time periods must be carried 

out using a more complex model (Grant et al., 1982) which 

includes relative permeability effects, two-phase 

compresibilities and rock heat transfer to the fluid. 
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9. CONCLUSIONS 

1. Well A-IS produces from a single medium conductivity 

fracture located between 1200 and 1250 m depth at 265 · C. 

2. Durin~ the buildup test interpretation, it was possible 

to identify a double-porosity response 

3 . The late time data lie on a semi log straight line 

with a slope twice the total system slope . 

interpreted as a sealing fault boundary 

It was 

4 . Although the well produced from the reservoir two

phases flow during the drawdown pressure period of 

the test, the single phase theory seems to be applicable 

for short time periods within reasonable limits 

5 . More complex models must applied to represent the phenomena 

of two-phase flow in the reservoir for both sinale-well 

and overall reservoir 
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NOMBNCLATURB 

A = head of water measured at the weir box [m] 

C = compressibility [l/Pa] 

c = wellbore storage [m3 /Pa] 

D = diameter [m1 

H = reservoir thickness [m] 

h = specific enthalpy [kJ/kgj 

k = permeability [m 2
] 

L = length to sealing fault (m] 

m = slope 

P = absolute pressure [MPs] 

q = volumetric flow rate [m 3 /s] 

q' = interporosity flow [lIs] 

r = radial distance r.] 
s = skin factor (dimensionless) 

T = temperature [ ' C] 

t = time [a] 

V = concentration of medium (dimensionless) 

v = specific volume [m3 /kg] 

w = mass flow rate [kg/a] 

X = steam fraction (dimensionless) 

a = geometrical factor (dimensionless) 

6 = increment or derivative or distance 

r = Buler constant (0.57721) 

A = interporosity flow coefficient (dimensionless) 

~ = viscosity [Pa -s ] 

V = operator nabla 

g = storativity ratio (dimensionless) 

~ = porosity (dimensionless) 

SUBSCRIPTS 

0 = stagnation 

1 = taken at t=1 
, = critical 

• = dimensionless 

• = discharge 
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f 0 most permeable media 

0 initial 

0 liquid water 

• 0 least permeable media 

• 0 production 

• 0 steam 

0 total 

, 0 intersection 

wf 0 bottomhole (flowing) 

w. 0 bottomhole (static) 

w' 0 wellhead 
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TAilLE 1. Output curve data 
(Narch, 1986) 

PHh STEM1 WATER ENl'lIALPV 
IM Pa] Ik~/sl [lrg/sJ [lrJ/lt.] 

0.9 25.6 16 .6 1764 
0.9 25.9 16.8 1763 
1.9 25 . 3 17 .5 17GB 
2.3 20.9 15.9 1676 
3.2 6.6 9.6 1314 

TABLE 2. F lOI~in~ pressure and temperature data 
( ~Iarch 18, 19861 

DEPTH PRESSURE TmlPERATURE 
lm J ["'lPa 1 [ C J 

0 3.236 237.88 
100 3.319 241. 26 
200 3.468 244.47 
300 3.591 246.77 
400 3.709 248.31 
500 3.827 249 . 99 
600 3.958 251.83 
700 '\.085 253.21 
800 4.222 254.90 
900 4 .358 256.43 

1000 4 . 513 258.43 
1050 4 .615 259.50 
1100 -1,734 260.88 
1150 -1 .8 '19 262.13 
1200 4.984 263.77 
1250 5.282 262.46 
1300 5.678 264.43 
1320 5.822 266.57 
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TABLE 3. Pressure and temperature buildup (Harch 19. 1986) 

dt dt PRESSURE TENPERATURE (tp+dt) /dt dp 
1 s 1 1 h) IM Pnl 1 Cl (dimension!ess) [ ~IPa I 

0 0.000 5. I 35 263.12 0.000 
:160 0.100 5.27 I 264.27 531.000 0.136 
480 0.133 5.282 264.43 398.000 0.147 
600 0.167 5.295 264.43 319.000 0.160 
720 0.200 5.299 266.000 0.164 
840 0.233 5.303 228.113 0.168 
960 0.267 5.307 199.7 50 0.172 

1080 0.300 5.312 177.667 0.177 
1200 0.33:1 5.316 160.000 0.181 
1500 0.417 5.320 128 . 200 0.185 
1800 0.500 5.323 107.000 0.188 
2·100 0.667 5.327 80.500 0.192 
3000 0.833 5.332 64.600 0.197 
3600 1.000 5.327 264.76 5-1.000 0.192 
4800 1 .333 5.323 40.750 0.188 
6000 1. 667 5.323 32.800 0.188 
7200 2.000 5.320 264.76 27.500 0.185 
8400 2.333 5.316 23.714 O. 181 
9600 2.667 5.316 20.875 0.181 

10800 3.000 5.316 264.76 18.667 0.181 
13200 3.6f)7 5.320 15.455 0.185 
15600 -1.333 5.323 264.76 13.231 0.188 
18000 5.000 5.327 264 .76 11.600 0.192 
21600 6.000 5.33 2 264.76 9.833 0.187 
25200 7.000 5.336 8.571 0.201 
288()0 8.000 5.340 7.625 0.205 
324()0 9.000 5.344 264.76 6.889 0.209 
36000 10.000 5.352 6.300 0.217 
39600 11.000 5.361 264.76 5.818 0.226 
43200 12.0()() 5. ~169 5.417 0.234 
46800 1 :l. (IOU 5.381 264.76 5 .077 0.246 
50400 14.000 5.393 4.786 0.258 
54000 15 .000 5.406 264.76 4.533 0.271 
61200 17 .000 5. -122 264.76 4 . 118 0.287 
68400 19.000 5. -D8 264.76 3.789 0.303 
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Los IUlJrrti IIdl ", 111 

INPUT n.m AS Ffl..l.Oll: 

~ 'E~ G.':AIIITY 1.0000 
TOTIIL IlASS nC~"RI\TE,lJ/tlR 12851o\.OOCO 
f!(AT TRNlSI' COErr ,UlIIHk/SQ 0.0000 

AT TIE IIHIJIBD : 

DEf'nhH 0.00 
r~ESsur:[,I':iU 40.30 
TEltfUAfIlRE.f 460.62 

PIPE OIAl'.ETER IJS[D AS F!l.LCII: 

FROII 0.0 FT TO 3146.0 FT. flF'E DIAII£T[R 1fT),. 0.7296 
MS J\OI..I)IIHES.S (fl) ~ 0.0002 

fRWi lH,s,O FT TII 4:131 .0 fT, PIPE OIAIIHF.R (FTJ -: o.:mJ 
ABS Rtm:HESS efT) 2 0.0002 

rOT:'t. IF.HHII DlVlen 1)( 1041 IIITH'IAtS 

lOONl!DlE SKlHN TEII'[RATiJ:;'[ AS FOlLOII: 

DEf'11I.H n:W,F 

IH~.OO m.GO 
~~~".,o 48:1.0" 
2?~,j,()O 4l'4,00 
JH:i. CO m.co 
37iJ .OO ~1l4.00 

HGI.Oii SOUO 

• WO'!"H~S£ flOW J (RlmOIl ACCf.Lr. PfITE1HIAt ol/IA ~ ~/r-. 

DEPTH.FT PRES,I'SIA TEHf,F [JhBrU!lJ Psi/100ft NI100ft hi/100ft SIIt.FRIII: WilliE rv. n/s 

0." 449.30 460.62 5115.00 0.1 604 
U.JI 171,18 4.S1.0l :;&5.00 0.2&65 0.00(10 4.0810 O.I:in SLIIG \.3867 IJ.4IBt 
86.62 413:.01 461 .H 56:;.00 O.1.~1 0.0000 •• Or.=.:! 0. 15';'4 SlIl5 J,3~O n,JaS6 

12?93 \71.96 461.82 565.00 o.ms 0.0000 4.1095 O.I~' SUr, 1.31192 13.ms 
173.24 476.86 462.23 S6~.00 0.2594 MooO 4.1242 0./5B~ SLIJ!l 1.3904 13.199:; 
216.35 41H,77 4.U,64 5.S5,CO !),2~70 0.0000 4.13a9 0.1579 SLUG 1.39[7 13.1039 
m.u 480.68 46J.O~ 565.00 0,2:;41- 0._ 4.1:1.11 C.,:;74 SLlJIi 1.393C IJ.OOBE 
:11>3.17 432.59 -MJ.47 561.0C 0.2523 0.0000 4. a84 0.1~168 ' LIlO t.JUJ 12.9144 
~46. 48 .a4.51 461.88 565.00 0.2m 0.0000 4.Jfl..ll 1).1563 SUki 1.3,...16 12.8206 ,.,.n 436, 44 464.26 ~16:i . el) 0.2!76 0._ ~ . \979 O'!~8 "-'" 1.39119 1'2.7272 
43].10 488. 31 U4.OS] 565.00 0.2459 0.0000 4. me 0.155] &00 t.li'tIl 12.me 
47lI. 41 4 ~0. J~ 4(,5.08 565.00 0.2HJ 0.0000 4.2176 0.\548 l.lXi I.JH4 12.5m 
51 9.72 412.2] 46:;.49 565.00 0.2429 0.0(100 4.i763 OdS43 Sllr. J .4007 11.4523 
:;6.i.OJ 49~ . 7.4 4f;~,91 $iS.OO 0.2H2 o, ooeo 4 •. 1047 0.1537 SlJJ:i 1.4020 12 .• 3:')91 
M6 .34 496 . 22 466 .32 56~ . OO O .239~ 0.0000 4.3337 O.I:'in Sl'.; 1.403:1 17 .26 ~.a 

..\~9.65 49:1 .21 466.74 565.~ O . 2~1 0.0000 4.3628 0.1527 SlOO 1.40~6 12.1729 



692.96 
73~.27 

i79.58 
822./19 
8U,20 
909.51 
~2.82 
99A,13 

1039.44 
10ltl,75 
1126,06 
11119,37 
1212,68 
125.~.99 

1299,30 
rm.61 
138M2 
14l9.23 
14i2.54 
1515.!J5 
1559.16 
I&:IM1 
164S.i8 
1~ 1lf,09 

l i32.4Q 
1775,71 
181M2 
13h2,33 
1905.64 
194!1. 'is 
1991.26 
2035.57 
2078 .811 
2122.19 
2165.50 
22118,91 
22:;2.12 
2195,43 
2338,74 
2.1112,Oj 
2415,36 
24fl1l,A7 
2SJl.98 
25S5.29 
m8.60 
2.S~ I , il 
2~B5,22 

2728,53 
2171.84 
2815, IS 
28~a ,~6 
2<;1)1.77 
2945,08 
mO,J9 
JOjj.70 
107:i.OI 
3118,32 
31,s1.63 
j2.,4.94 
3248.25 
3291,56 
J.lJ4,S7 
3378 .18 
3421.0 
3464,80 
3500,11 

500022 
:i12,24 
504.26 
!}r16, .lO 
50B,36 
511),43 
512.51 
~I t.60 
516.70 
518.82 
52M5 
52],10 
525.26 
m,u 
529,62 
5.U ,82 
534.04 
5311,27 
538.~1 

510,78 
543.05 
~~5,34 

m.65 
549.97 
552.31 
~5t,66 

557,03 
559,42 
56t.83 
~6 t .25 

566.68 
559.14 
m.6J 
~m, IO 

576.35 
518.6~ 

581.o.s 
.)113,53 
se6.08 
311H,n 
591.44 
."\H.24 
597.1' 
600.10 
603.16 
AeA ,32 
609.$7 
612,91 
616.34 
m.88 
623 ,50 
627 ,23 
631 .06 
~3~, 99 
m.01 
~U.15 

647.38 
651.72 
655 . 19 
&S6.68 
662.20 
U:i,7S 
669.33 
612 ,94 
676,5{l 
6:1!),25 

m.n 
\,\7.35 
~ 6 i. 97 
4,S:J •. "j9 

469.111 
461.24 
(69 .67 
470.06 
4iO.49 
410.92 
471.35 
47l.i8 
m.n 
m.62 
413.06 
413,50 
473,94 
4l4,3e 
m.B:! 
475 .26 
m.68 
47lI.13 
416.58 
471 • .,J 
477,49 
m.ll 
478.39 
473,81 
479 .27 
m.73 
480.19 
4CO.66 
481.12 
4lI1,~ 

m.911 
41t,! ,4! 
m,8S 
483,31 
483.78 
481,27 
~8~,H 

135 ,2~ 
485.77 
4~~,JI 

~S6.87 

4!J7 .43 
488. 01 
4a:J.:.i8 
.89.19 
489,81 
490.45 
4'11 ,11 
491.74 
472,42 
m,12 
493.33 
494 .55 
495,26 
4'r.i.85 
4n,H 
497.03 
1?l.62 
4911.22 
4911.32 
m,39 
49"1.99 

S6j.OO 
.56;;,00 
565,00 
56;;.00 
~65.00 
5.S~ ,co 
565,00 
565,00 
565.00 
5lI~ . 00 

565.00 
56S.00 
565,00 
56S.CO 
S65,00 
565.(1) 
S6:,.OO 
565.CO 
m,oo 
$45,00 
565.00 
:MS.OO 
S65.00 
5l.S,CO 
565.00 
S6:i.OO 
565.00 
j6~,0" 

565.00 
5.S5,OO 
56S.00 
565.00 
~6~, 00 
565,00 
565,00 
S65,(l0 
m.oo 
S.\~.oo 
56~.00 
~\5,CO 

565 .00 
565,00 
m.GO 
"'.00 
565.00 
565,CO 
565,00 
565,00 
565.00 
.'\.65.00 
SK"OO 
~6:;,00 

m.oo 
56!}.CO 
565,00 
~5.00 

56:;.00 
565,00 
m.oo 
565.00 
565.00 
565,CO 
56:;.00 
~.I6~i,CO 

565,00 
.~~5.00 
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0.2366 
o.ml 
O.m:i 
o.mo 
0.2305 
Q,22!?? 
0.2274 
0.1260 
0.2m 
0,n30 
0.7214 
0.2199 
0, 2184 
O.ll~9 

o,m;; 
0,2141 
0,2J~6 

0,1.111 
0.24)96 
0.~32 
0.7068 
0.2O:i3 
0.XI:t9 
0.;:024 
0.2010 
0,1995 
001981 
o,me 
a.m.! 
0,19.19 
00197.5 
0.1'f1l 
0,18$7 
0.1832 
0.1670 
0.1703 
O,lm 
0.1768 
O. Ji19 
0, 11)~9 
0 .18~7 

0.J8Sl 
o.mo 
o.lns 
O.19S9 
0.1991 
O .~02 

0,2020 
0,2(137 
0.::053 
0.20,\7 
0.2079 
0.20B9 
O,1ll96 
0.n03 
0.1107 
0.2J09 
0.2109 
0.8'103 
0.P.1H4 
0.8726 
0,8.lJ7 
O.~~:iO 
0,11462 
0.B3110 
o.Bm 

,.-0.-
0.0000 
0.0'>00 
0.0000 
0,00(10 

,."'" 
0.1'!W,I ,.-
0.0000 ,.-
0,0000 ,.-
0,0000 
Q,O{l(lO 
0.0000 
0,0000 
Q,QOCO ,.-
0.000') ,.-
0,0000 ,.
o.ooco ,.
O.OOC? 
O.IIOW 
0.0000 
0.0000 
Q.oooo 
0.0000 ,.,.". 
0.0000 
O.OOO? 

M'" 
O,OOCO , ...... 
G,f;~100 

0,0000 
o .OOCO 
0.0000 
0,0000 
0.00f>(l 
o.coca 
0.0000 
o.ooco ,.-
0.0000 ,."" 
o ,00CO 
0.0000 
O.~O 

0.0000 
0,1)000 ,.-
0.0000 
0.0000 
O.OOGO ,.-
0,0000 ,.
o.OOCO 
O.~OO 
0.0000 
O,()(I()IJ 
0,0000 

4.3m 
4.1203 
4.~503 

~,mo 

4.~lI!I 

4.m9 
4.51~ ! 
4.6C41 
4.436J 
4.6689 
4. 7015 
4,r.t49 
4.7606 
4.111)27 
4.8W. 
4.~&9S 

4.9044 
4.9401 
4,97:'17 
5.0125 
5.0467 
5.O!J41 
501216 
5.1599 
s.m~ 
5.n72 
5,2769 
5 •. l140 
5.35U 
5.m5 
s,m,' 
5.1789 
5.~212 

5.5641 
5.(1(1911 
$,1793. 
5.J~!1 
!i.m9 
5,71 51 
5.1024 
6,om 
6,2751 
6.473? 
6.61".;6 
6.SII10 
i .0900 
7.m .. 
7.5071 
7.7'l60 
7,9481 
8.m2 
:I, ~012 
8.6320 
U5jO 
9.0901 
9.3289 
9.sm 
9.8116 
7.1012 
1.1~15 

7.'l'.J67 
7.3.m 
7.41H 
7.1105 
7, Sli70 
7.6491 

0.15n 
0,1!l16 
0,]511 
0.1506 
0.1500 
Mt95 
0.1~9'1 
0, 1484 
0,1479 
0.1473 
0,j4~1 

0.1462 
O. Us.: 
0.14S1 
o,Jm 
O,tH? 
0.J4Jl 
0.142! 
Ool4" 
0.1416 
0,1411 
0. 1405 
O.JJI"1 
0.1393 
0013117 
0.1381 
0,137:; 
0,1369 
O.IJ6~ 

0,1357 
o.mJ 
001 .144 
O.t:t.!ll 
!I.m2 
O,JJU 
OoIm 
O.J3J:j 
o.mB 
0,13112 
0.1295 
0.1709 
0,1282 
0.1275 
0. 1267 
O . J2lI~ 
o.m] 
0.J2H 
0,1236 
0.1228 
0.1219 
0,12111 
0,1201 
O.U92 
0,ll82 
o,un 
0.1162 
0.1I~ 

0. 1142 
00113] 
0,1125 
0.1116 
0,1108 
O,ltm 
0.1091 
0,JOC2 
0.1074 

SWG 
SUr. 
SLUG 
SWli 
SlI!i 
51.1' 
SlOO 
SLlfti 
Slll(l 
Sl lJ; 
• . 00 
SI,I/Ii 
SI.OO 
o.UG 
slim 
SL!J:j 
SU~1 

SLu:i 
Sloo 
Sll. 
Sl1l'J 
SlIJ:} 
SlUG 
5V.ti 
SUlr. 
!:I.U:; 
SU!i 
:ilUli 
SU~J 

51.IlG 
sur, 
51.00 
Sl.lI!i 
~l~ 

SllrJ 
:l.l1G 
SlIf> 
Slll:3 
5UWi 
5Llj!j 
SLUG 
SLlJ:l 
SLUG 
SLOG 
51.l1.l 
0JJIl 
St.1Ii 
sur. 
SLUG 
SLl1ti 
SU.j 
51m 
Sltlll 
Slur, 
Sll1.i 
Sloo 
SU.i 
.. OO 
Sloo 
SlUG 
SlLO 
SUJ(j 
sur, 
511Kl 
SlLIr. 
r.l..lJ:l 

I.me 
1.4072 
1.40115 
1.4099 
! .4I12 
1.4126 
1.4139 
1.4152 
1.41U 
1.4100 
1.4194 
1.420ll 
1.4222 
1.47.3& 
1.4249 
J.42~4 

I.ma 
I.un 
1.4307 
1.4311 
J .431S 
I,USO 
1.4M5 
1.43&0 
1.43% 
1.4410 
1.447.i 
1.44.)9 
J.H!i4 
1,4470 
I,m:> 
1.4SOI 
1.45J~ 

l.m2 
1.4S46 
1.4561 
1,4m 
I.ml 
1,4607 
1.4621 
1.4640 
1.46~~ 

1,4674 
l.m2 
1.4711 
I.ml 
1.4751 
I.mo 
1.4791 
1.4.1!13 
1.4a~~ 
1,435~ 

J ,4GIII 
1.4904 
1.492B 
I.m.l 
1.4979 
I,ms 
3.Om 
l.om 
3,0212 
3.025."5 
3,0299 
3.0.112 
3.03114 
3,0428 

12.0U9 
11.9946 
11.911?,:! 
11.al06 
11.7190 
It.6277 
1l.SJl>6 
11.m2 
11.36U 
\1.2713 
11.1811 
11.0?l4 
11.0018 
10.912S 
Ill. (I:w15 
to,7407 
10.6~22 
10.5,m 
10.m!! 
10.3380 
10.3063 
10.2190 
10.131 9 
10.0451 
9.9585 
'.8122 
'.78~.1 

9.7060 
9.6l0~ 
9.:mo 
9 , H9~ 

9.3651 
9.?nll5 
9,IUi 
9,J219 
9.04~4 
MH6 
8,:)8.i8 
a.ao~, 

a.7188 
8.m:.; 
8.5H? 
a, 45~9 
.I!.3633 
8.mo 
IJ.IIJOO 
(1.0032 
7.9~00 
7,8~1 

7.]:107 
7.6859 
Mm 
7,4157 
7.3734 
7.2652 
7.m7 
7.0451 
6.9334 
13.701~ 

IJ.SJ08 
13.3518 
1l.1794 
13.0048 
12.8.109 
12.66i>J 
12.4937 



35!il.U 
]:191 .73 
3OJB.04 
3Q81.:35 
Im.66 
3767,97 
3811.28 
1~1.59 

3897.90 
3911.21 
3984.52 
4027.B] 
4071.14 
411~.45 

m7.76 
42!)\.O7 
m4.:i8 
4287.69 
4331.00 

62 

683.96 SOO.60 565,00 
637.70 .')01.21 565.00 
&11.47 501.82 565.00 
6'1:i.28 ;j)2.43 :)65.00 
699.12 503,02 565.00 
703,00 SO:! .o!I4 ~b5 , ~o 

706.91 5~4.27 56:;.00 
7HI,U lrI1.90 5.'15.00 
714.86 S05.S:t 'S65.00 
718,1i? :'if),\,16 .36:i.CO 
m.96 506.80 565.00 
721,07 5117.41 ~5.00 

731 .23 508.06 565.00 
735. 43 508.71 ~5.CO 

739.67 501.36 565,00 
713,96 510.02 $.\:i,CO 
148.30 510.68 56:;.00 
752,68 5It.!S 5,S5.00 
m.1I m.Cl2 565.00 

u rll(SSUF.£ AllALYS1S U 

lOTAt FRICTlOIl, L10UID 
TOII'll rflTEIITlAL. LlOOID 

TOIAl FRICTlO." nlO-~::r. 

TOTIil. P(lfEHTIAL. TVO-PM:'1SE: 
tOTA!. ACCElE" IWO -N!A:!: 

O.R20[. Q,O(IOO 

o.am 0.0000 
0.8032 0._ 
l),m6 0.0001) 
O, iA~O 0._ 
0.7778 O,MOO 
o.ml 0._ 
0.7&07 O.OOCO 
0.7512 0.0000 
0,71.17 0.0000 
0.73S3 O,OMO 
o.n68 O.~i) 

0. 71811 0.0000 
O.llOt 0.0000 
0.1~20 0.0000 
0,69.17 0.0000 
O.~54 0._ 
o.ml O.C'"JCO 
O, 6~a 0.0000 

0.0000 PSI 
0.0000 PSI 

'S .II8~9 PSI 
m.m3 PSI 

0.0000 pSI 

1.7329. O.JOl>~ Stl'J 3.0413 12.:mr. 
].81aB 0.1056 SLLr. J.O~la 12.U]j 
7.9O.'J 0.11"7 su~ 3.0::;6~ 11.974:; 
7.WIS 0,1038 SlIlG 3,0(,09 lI.OO21 
8.00119 0,J029 SLUG 3.0~~'" 1l ,iilO2 
A.I7:i! 0.1020 SlJIIi J.0700 It,W! 
B.m6 0.1010 Sllli 3.07U 11.2962 
8 • .1660 0.1001 ,,-er; J,07V4 tt.1258 
8.46H 0, 0991 SUO 3.0842 10."''':011 
a,56~3 0.0182 SL'£ 3.01190 10.71J63 
B.66ir. o.om Sll"; 3,O9~9 10.6172 
8.7726 0.0963 SlUO J.0987 10.4485 
8.87t' 0.0953 Sllli J.I0l4 10.28R2 
11.9838 00IJ94J SlOO 3.1084 to. 1204 
9.0m 0.0933 sur. 3.m4 9.9:i30 
9.2095 0.0923 sr.oo 3.Uf1'3 9.786(1 
' .37.ii.~ 0.0913 &Ol J.1236- '.6.19~ 
" 44~9 o.om SUO 3 .1~ Mm 
9.:-0691 0.0992 SlOO 3.1340 '.287:1 
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INIEGER lorl,IER 
rl.1.B led!!, af~' ~, X 

lo1'l=2 

THI5 FF:OGF:A" IS ueED TO 1'[HiilUI/r 111£ HEAL (ltlIA~IIOR 

OF " Ilnl FRO[lUCINO '" (ON5TII'" ""S~ flOV ~AI( HOII 
A Im~llEffEDUS RESERI'OIR UJrH A SfntlNO rftllll IDUUI'ftRI. 
IlERE I! CAlCIIlAIEO 11{ WO~IE'HIAl-ImGRAl 10 rllm Ill! 
fLOUINO IOIJOHIIIILE FRESSURE. 

'0= rorolJhI Idiarnsior.hss) 
dv' dyn,~lr vlsco,llv fr.·" 
le" tall I t(j.'r'n'!lI~llth flfF'" 
CO" conductlYity '."3' 
rt= "ur ... otr thld",rn 1" 
rt~ "1' 'Iow r.t. (It/') 
1'1= !lPI'rlflr fluid vDIU'". htf.31'.!I' 
ur: v,ll~o" "diu, I.' 
df= dlstanc, to lh. ",Itn! f.ull ,.1 
,-,= "rtuMUlt ,.U2) 

.hl'l.I415926S1 
.1-S.1iS 
.. 0= •• 
11'1=1,0086,-04 
le:: I, 8~5!-09 
ro=5.40161-12 
rt ·,50. 
11-16.11 
,,-1.2871.-0l 
11,=.109 
dl-JJ7.! 
n=to/rl 
"=rI hvt4v/'4 .IC6', hi t., (ttl) 
l!lt'. ".1 
111",Otdv' lc/r-. 
d'=~"wrtt2 014 • 
• 1' b.ldlll2. 
do 20 1-1010 
lI-lo.tll 
1t~-d.1I1 . 
y" •• d, Illo,t, n~ d fI') 
l"'1r t,y 
Ifj:,l/tl 
x~tftd'I(lo'L"tf,I'r' 
b,-, '"e 
,ur~'I·,u(!lh:' 
\~, .,t'PUr,y, • 
."Il,ftO,'(4t1S.6)', l'fU"'J.t 

20 conUnu, 
,lOll ... 



64 

JI,lieil re,}tB (,-hJ,(c-:) 
coatcmlbU:.r1/v(201,rl'l 
,xtern.! ,rd 

C IH1S FIWGRAK CAN FE Ul1P ID l'fTE~KII[ IHE I~EAll!rp SEH.Y10R 
c or A IlEll FRODUCING ~I CUHST,1IH 11!'ss Fl(lll lATE FIOK A 
C IlETEROGENEIlUS IDOUIIlE-FIIRO'lIITJ RESER\'OIR UlTH 
C A SEAlING FAUlI IOOIlPARY, 
C HERE IS USED IHE SIEHFESI AllORlTHII IQ FlHD TH( 80110HHOl[ FmSLtE 

nvatS 

l.abd,'4.0lIJ.-OB 
DIUI::!,1 

",·,108 
res,IO! 
dr=JJ7.9 

,ls5.69' 
11'1&'(1 
,,,=1.28141P-OJ 
d'l::lI.0086r-O~ 

,hl·J,lm92&54 
.,,5.401&0-12 

till nra'l Iv,nv) 
do l=1rnv 
Lw. ',yU' d 
rnddo 
bn t"l 
do I 1::11,10 
do 2 jotJ,' 
!,(Q.lI<HIIJ 

''''"'''/''' ''',fdlltr,hlbd.',olld,1 
r.!f2 . tdrtwr 
b=~td(l,r,I,.bdl'Q'f11) 
,11·,(-.11< .Ibl 
T~t t,l"rl",b 
wril,IIO,'(4rJ5.ol') l,~ti'I'~ 

2 conlioo. 
1 cDIlUnue 
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c 
SUBROUTINE ARRAYIV,N) 

c 
C EVALUATES THF. ARRAY V(f) FOR N- TERNS IN AN ASIKPTOTJC 
C 5ERIE EXPANSION OF PRODABILITY CENSITY FUNCTION. 
C FOR SINGLE PRECISID~ a-DIGIT ARITHHETIC THE orTIHUM 
C VALUE FI:R N IS ADOOT N'lO. FO! DOUBlE PRECISION 
C ARITNHETIC THE DPTIMUH IS APOUT N'18. N NUST lE EVEN. 
C IAsrD OK 'AlC-{)RITIIH 36S' BY H. STEifE,T IN CCHHUNICAT-
C IONS OF THE ACH, VOLI3,NO.1 "IAN 1970. 
C 

IHrLICIT REAI.Il! IA-lhD--1) 
OIHENSIIlN mO),VI20hNIl0) 
GIll·I. 
'~"HI2 
DO 10 I'M 

I') GIll"GII-\)1! 
C 

C 

Hlll·2.lGINH-1) 
DO 20 1'2,/IH 
FI'I 
IF II .EO.HHI GOTO 15 
HI I )'nmHl3l211 )/161.11- I) IG I I )IG I I -I) I 
GOTO 20 

I, HII)'FIIIHHIGI211)/IGIT)IGII- I)) 
~o CONTlHUE 

S, '21111H-NlI/212H 

DO 30 l-hN 
VII)'O. 
KI'l!f1)l2 
11'1 
IF !y.2.Gr.HH) K2=NH 
~) la K"KI,K2 
IF 12IK-I . EO.0) GOTO 3. 
IF 11.f.0." ,IlTO 37 
VII)'VII)tHIK)/IGII-K)IGI1IK- I )) 
GOTO 40 

36 VIll·VI!ltHIK)/GI!-K) 
coro to 

31 VIll-VllltIlIKllGI2IK-ll 
to CONT!HUE 

'1(f)'SHIVIIl 

C ~r,ITE (5,90) I,V<!} 
90 fCRMAT 11),16,3X,613.6) 
30 CONlINUE 

RETURN 
END 
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c 
C l~FD - The liPJilce transr,lfl of lhe ,,"'55ure tunl.'tion fUf 
C the double :>orosi t 'll IOdel. 
C 
C INPUT PARMETERS -
C $ - The PirJleLer in UIi! LaPliIce space. 
C R - bcliill tli!.U!lCe. 
C LAil8DA -
C OHEG~ -
C 
C PROGRAM SUBROUTINES - KHBSKO , HHBSKl. ( T'~ Be~stl functions 
C ~O jfld Kt trot too un library, 
C 

FUHCTlOH lI'FDIS, R, lAJIBDA, DIIEGAI 

I~~.Im REALIS IA-HhIHl 
REAllS S, R, lAHBflA, DIiEG:t, LF'FD, KO, k'l, HliBSI\O, KllnSKl 
F~TERAAl KHBSKO, xaBSKl 

FS ' IDIIEDAIII. - ~1[CAlIS I lAJIBDAl I 111.-OHEr~IIS I IAHBr~1 

Xl • ZGRlISlfSl 
XO ' XlIR 

ICPT ' I 
KO = HHSSKO(IOPr, XC, IfR) 
t l ' HKBS,IIICPI, XI, IERl 

cm ' ,O/ISIXUW 

RnURH 
EHD 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

", - . 

IHr'UT PAAAIIETERS -
T • Tilt!. 
R ~ R;di~l clistiOC', 
LAMBM - ' 
OMEGA -

67 

LPFD - The b,lac, trMlstorl or VIP I'tl-Ssure ft.rdion. . 
OUTPUT PARAMETER -

PFO - nl~ prl!ssurt (unction. 

sur~OUTIHE LPIHVIT. I. lAMBDA. OHrGl. LPfD. PrD, 

IMPLICIT REAL.S IA-H,.IQ-Z) 
REAl;S T, R, LAMBDA, OHEGA, LrFD, PFU 
E:lTERHAI. '.I'm 

COHJiON/BIJICFIV120" HV 

XLlI:! • ~,O:lI2.00' 
pp :r Xl!f2lT 

prn • o. 
nnl·j.HV 

S ; fPU 
p~o • PFO ! VII,ILPFDIS. R. lAMBDA. OHEGA' 

EHD no 

F'F!I ;: f'FDtPP 

--
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C 
C PrD - Dilens.ionll:!ss. pr-tts,surp tOt U,t' dooLlt porosil, 'lJd~J. 
C 
C INPUT PARA~ETERS -
C T - Hu. 
e R - Radiol disl,IIICt. 
C LA"DO~ -
C O~[GA -
C 
C r!O~~A11 SUBROUTIHfS - LPI~J. 

C 
rUNCTION prO!T, R, LAnEM, OHf&.\l 

IN:' llClT REAllS IA-H),(O -Z) 
REAL'S T, R, LAlUlDA, OHEGA, PFfl, lFFn 
EXTERNAl lJ'fO 

CALL LPINVIT, R, lA,BDA, ~IEG~, lPro, pro) 

RETURN 
ElIO 
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