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ABSTRACT 

iii 

Mass and energy balance errors noted in a number of IBM-executed prob

lems are caus~d by the lack of precision in computing total mass and energy 

values for ~ domain. This problem is evident in domains constructed with 

highly variable mesh sizes during the early time of simulation. The machine 

round-off was corrected by double-precisioning certain calculations for mass 

and energy balance. 

Small differences that exist between the improved INTERCOMP code oper

·ating on an IBM machine and the 11 old11 version on a CDC machine seem unimpor-

tanL The noted differences are greatest at an onset of physical system per-

turbation. These differences diminish rapidly with each succeeding time step. 

Comparisons with numerical and analytical solutions appear to prove 

authenticity of code results. Numerical comparisons with the CCC computer 

code on the Mobile experiment data demonstrate the advantage of using aquifer 

influence functions in place of an infinitely large mesh. The one-dimen~ional 

heat transfer in the overburden and underburden appears sufficiently accurate 

to describe aquifer heat losses. 
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INTRODUCTION 

The INTERCOMP Deep Well Disposal Model (riWDM) (INT~RCOMP, 1976} was 

set up at Washington State University (WSU} as part of an earlier feasibility 

study of an Aquifer Thermal Energy Storage (ATES) demonstration project at 

Bellingham, Washington, where initial plans called for the· use of the code as 

a design and ~anagement tool. A more recent request for proposals for ATES 

projects resulted in a number of proposed demonstration project plans calling 

for extensive use of the DWDM; however, because of changes in funding a number 

of these projects are being phased out. 

A preliminary study .of a test-case example documented in the DWDM man-

. ual (INTERCOMP, 1976} showed poor mass and energy balance output, suggesting 

that machine round-off is occurring in the code when it is run on an Interna

tional Business Machine (IBM) type computer. This problem was not found when 

the same input was submitted to a Control Data Corporation (CDC) machine. 

Similar perfect mass and energy balance were obtained when th~ test problem 

was submitted on an IBM with the code modified with fully double-precisioned 

real variables. Because of the proposed extensive use of the code, the apces

sibility of I~M-type machines, and the availability of funds, this project was 

allowed to continue. 

The INTERCOMP code was first released in 1976 for the purpose of simu

lating the beqavior of liquid wastes injected in deep saline aquifers (version 

one). Newer versions released by the former INTERCOMP subsidiary INTERA Envi-

ronmental Consultants, Inc~, are now available. Version two, released in 1977 

•• <! ~ .. ~ •·f" . 
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( INTERA, 1977), was designed to simulate migration of multiple components. of 

trace radionuclides from a breached geologic repository; this was in addition 

to the capabi~ities available version one. A third version, released in 1979 

(INTERA, 1979), is simila~ to version one with new options which include sin-

gle component contaminant decay and adsorption, a free surface option limited 

to the uppermQst grid blocks, and allowance for surface recharge. Additional 

revisions of the three codes are continuing at INTERA and newer, more effi-

cient version~ are expected in the near future. Version two is known to 

exhibit computational difficulties when run on a Sperry UNIVAC or similar 
~- .. 

machines for simulating radionuclide transport. 

The purpose of this report is to modify and correct the code for the 

above-mentioned problem and to verify code responses by comparing output 

results to known analytical and simple numerical solutions. In addition, 

results from the Mobile ATES research project and simulation by the Lawrence. 
\ 

Berkeley Laboratory CCC computer code (Tsang, Buscheck, and Doughty, 1981) are 

compared to results obtained by the INTERCOMP code using similar input da~a. 

Theory and code format are given for completeness. Emphasis is given 

to the heat tr~nsfer aspect and to areas that are unclear in the original doc-

ument. References to actual code variables are used to acquaint the user with 

some of the more important code variables. Dimensions are given in English 

units because the code uses English units. 

All IBM machine testing was performed on an AMDAHL 470V/8 machine 

using the IBM OS/VS2 (MVS) operating system and FORTRAN IV G1 Release 2.0 com-

piler. The AMDAHL machine uses the same data structure as the large mainframe 

IBM 370 series machines. 
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PART 1 

NOMENCLATURE 

The following table of nomenclature applies to the report in general. 

Local definit~ons of variables that apply only to given sections of text are 

defined as t9ey are encountered. English units are given for model parame

ters. 

Units 

Btu British Thermal Units 

oc degrees centigrade 

cp centipoise 

OF degrees Fahrenheit 

ft feet 

J Joules 

OK degrees Kelvin 

kg kilogram 

lbf pound force, also lb 

lbm pound mass 

m meters or mass unit 

md millidarcy 

psi pounds per square inch 

psia pounds per square inch absolute 

N Newtons 

4 
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W Watts 

Upper Case Roman Letters 

A an area--the portion of area is defined in the text (L2) 

ATES Aquifer Thermal Energy Storage 

C sol4te concentration, mass fraction 

[C] coefficient matrix--general 

C . heat capacity at constant pressure, Btu/(lbm °F) (L2t-2T-1) 
p 

C heat capacity at constant volume (L2t-2T-1) 
v 

0 Hydrodynamic dispersion, ft2fday (LZt-1) 

0 molecular diffusion, ft2jday (L2t-1) 
m 

E 11 totaP dispersivity--genera1ized (L2t-t) 

Ec 11 total 11 solute dispersivity, ft2/day (L2t-1) 

E~ 11 totaP thermal dispersivity, Btu/(ft-day °F) (mLt-3T-1) 

DOE U.S. Department of Energy 

DWDM deep well disposal model 

H. enthalpy, Btu/lbm (L2t-2) 

J conversion from pressure to equivalent e~ergy, 778.161 ft-lbf/Btu 
. . 

K hydt'aulic: conductivity, ft/day (Lt- 1) or thermal cqnductivity in gen-

KH heat transfer coefficient through wellbore casing, Btu/(ft2-day °F) 

(mL2t-3T-1) 

K thermal conductivity of matrix, Btu/(ft-day °F) (mLt-3T-1) 
m 

L generalized length 

LBL Lawrence Berkeley Laboratory 

M mobility, ft3J(psi day) (m-1L4t) 

NTIS National Technical Information Service 
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Nu Nusselt number 

P thermodynamic related pressure (mL-lt-2) • dimensionless pressure data from Van Everdingen and Hurst (1949). 

[PTD] 

Pr Prandlt number 

Q well volumetric flow rate (L3t-1) 

Q* quantity of substance--general 

Q quantity of energy, Btu (mL2t-2) 

Qw well mass flow rate, lbm/day (mt-1) 

{r} designates residual column vector--general 

Re Reynolds number 

S generalized storage term--defined in text 

T temperature 

TE total dispersivity transmission.coefficient solute 

TH total dispersivity transmission coefficient energy 

T transmission coefficient for pressure w 

U internal energy, B~u/lbm (L2t-2) 

V specific volume (L3m-1) in thermodynamic equations otherwise a volume 

(L3), o~ when used with a directional subscript, i,j,k, refers to a 

velocity 

W water influx, ft3 (L3) 

WSU Washington State University 

WI well index (ft2jday) (L2t-1) 



Lower Case Roman Letters 

= ap/ap p=p 
0 

= ap/ ap T=T 
0 

= ap/ac C=O 

b = reservoir thickness, ft (L) 

cR = co~pressibility of rock, 1/psi (m-1Lt2) 

cT = thermal expansion factor of water, 1/°F (r-t) 

ct = total compressibility of matrix (definition varies in the text) 

c = compressibility of water, 1/psi (m-1Lt2) w 

d - a characteristic distance, or a characteristic grain diameter (L) 

e =water influx rate, ft3jday (L3t-1) 
w 

f(.) = function defined by text 

fr = pipe friction factor 

g = acceleration of gravity, 32.2 ft/secZ (Lt-2) 

= copversion factor (32.2 (ft-lbm)/(secZ lbf)), for SI units g = 
c 

1.0 (kg m)/(N(s)Z) 

h = convection heat transfer coefficient or elevatiqn or hydraulic 

head, ft (L) 

k =permeability, millidarcy (LZ) 

1 = length increment in flow direction 

m = mass, general 

o(.) =order of (.) 

p = pressure--usually in lbf/inZ (mL-tt-2) 

q = specific discharge or general darcy velocity; ft/day (Lt-1) 

. q =energy flow rate, general, Btu/day (mLZt-3) . 

= aolute flow ratP. lbm/day (mt-1) 

7 
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qH = conduction source term, Btu/(ft3 day) or heat loss rate, Btu/day 

qL = conduction source term, Btu (mL2t-2) 

qr =pore velocity, ft/day (Lt-1) 

~ = fluid source term, lbm/(ft3 day) or mass flow rate, lbm/day 

r = radius in general, ft (L) 

r. 
1 

= inner radius of casing, ft (L) 

r 
0 

= outer radius of casing, ft (L) 

rb = raqius measured to a grid block boundary, ft (L) 

rc = radius measured to a grid block center, ft (L) 

r e = external grid block boundary radius or effective radius of reser-

voir, ft (L) 

r = Tadius measured to last grid.block center, ft 
n 

r = well radius, ft (L) w 

t = time, days (t) 

td = dimensionless time . 

u = general Darcy velocity or Darcy velocity x-direction, ft/day (Lt- 1) 

"' u 

v 

v. 
1 

w 

X 

.Y 

z 

or dimensionless temperature 

= ma~itude of Darcy velocity (Lt- 1 ) 

= Darcy velocity y-direction (Lt- 1 ) 

= an i-component of velocity - general term (Lt- 1 ) 

= Darcy velocity z-direction (Lt- 1 ) 

= direction related to x axis 

= direction related to y axis, x-y coordinates make up the areal 

plane 

= direction related to z axis or elevation 



Greek Letters 

a weight function for first-order differencing upwind or central dif-

ferepcing (dimensionless) or thermal diffusivity, ft 2/day (L2t-1) 

a~ Longitudinal dispersion coefficient, ft (L) 

at transverse dispersion coefficient, ft (L) 

6(.) change due to a time step 

A(.) differential operator d(.) 

n gener~l function defined in text 

e angl~ measured about areal plane 

~ angle measured from areal plane towards z-axis 

p viscosity, cp (mL-lt-1) 

v. aquifer influence function coefficient ~ = 1 for pot aquifer; i = 
~ 

.2 for steady state aquifer 

t general function defined in text 

p density, in general or for water, lbm/ft3, (mL-3) 

' porosity 

Functions 

f(x) 

erf(x) 

erfc(x) 

exp(x) 

ln(x) 

~ x-1 -t 
• f ~ e dt, g~mma function 

0 

-t2 = 2/IIT ~x e dt, error function 

= 1 ~ erfc(x) complimentary error function 

.x = e exponent 

= natural log of x 

Subscripts 

bh bottom-hole 

C concentration 

d dimensionless parameter 

9 



f 

g 

G 

H 

i 

i,j,k 

L 

m 

0, 0 

ob 

p 

r 

R 

t 

ub 

w 

wb 

X 

y 

z 

00 

measured at saturation 

grid point value 

a 11 guessed11 value or estimated value 

10 

refers to a heat transfer parameter of well casing, or heat transfer 

parameter in general 

injec;:ted 

subscripts referring to i-position, j-position and k-position in 

finite difference block arrangement 

loss term, heat loss 

medium, rock and water. 

base or initial value 

overburden value 

pore value 

reference or reservoir value 

rock value 

total value 

underburden value 

water value 

wellJ.?Qre 

refers to x-direction 

refers to y-direction 

refers to z-direction 

far away, infinity or initial value 

· Superscripts 

n time level 
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PART 2 

TECHNICAL INFORMATION ON INTERCOMP CODE 

. INTRODUCTION 

The I~rERCOMP code is a completely self-contained package designed to 

solve pressure, energy, and .single solute mass transport equations coupled 

with viscosity and density for laminar flow in porous media. The code allows 

a choice of one-, two-, or three-dimensional cartesian or two-dimensional 

radial coordinates and a variation in differencing techniques and boundary 

conditions. In addition,· provisions are made for various printer output 

options, program restart, wellbore heat and pressure loss calculations, where 

the latter are important in deep well disposal problems. 

This section consists of a summary of technical information about the 

simulator where listings of basic equations, assumptions; and outlines of the 

solution procedure are provided. References are made to original sources so 

that a user can further explore some of the assumptions involved. Rigorous 

mathematical perivation of the solution and all possible combinations are 

avoided to keep the explanation terse; hence, equations designated as forms 

may contain undefined coefficients as a result of grouping a series of vari

ables. Emphasis is given to sections that are unclear in the original docu

ment (INTERCOMP, 1976). 
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A variable designated by X and X are representations of first-order 

(vector) and second-order tensors, respectively. A statement (d(Lt- 1 )) refers 

to a dimensional statement. Most of the generalized equations are given in 

standard vector notation, however, a few are written· in standard indices or 

summation notation. The V refers to an equation in vector notation, whereas 

6 refers to ~n equation in finite-difference notation and 6 refers to 
X 

differencing in the x-direction in particular. Variables given in capital 

letters enclosed in square brackets refer directly to input or computer code 

variables; for example, [CPW] is the fluid heat capacity, (C ) at con
p w 

stant pressure as found in the simulator. Since the simulator is written in 

English units, references to variables are given in English units rather than 

SI units (Le Systeme International d'Units).' Quantities enclosed such as 

(pC ) (heat capacity per unit. volume) refer to a quantity with respect 
p w 

to water. If a quantity such as p is given alone, it refers to water; how~ 

ever, if it is pR' it refers to the rock material. Other similar sub

script referrals are given in the section on nomenclature. 

RESERVOIR MODEL 

The INTERCOMP DWDM was designed to simulate the injection of waste in 

a deep isolated aquifer (reservoir). The model cons.ists of two major parts: 

(a) a three-dimensional finite difference reservoir model and its associated 

boundary conditions, and (b) a wellbore model. The wellbore model relates 

surface conditions to downhole conditions or vice versa. 

The b~~ic capabilities of the reservoir simulator permit permit treat-

ment of: 

1. One-, two-, or three-dimensional transient laminar flow in a reser
voir (aquifer), where permeability is treated as a first-order ten
sot; 



2. Fluid density (p) as a function of pressure (p), temperature (T), 
and concentration (C); 

3. Miscibility of injected fluids ~ith reservoir fluids; 

4. Aquifer properties such as porosity (~). permeability (k), thick
ness (b),·and elevation (z) which vary with position and can be 
specified for each grid block (heterogeneity); 

5. Hydrodynamic dispersion (D) as a direct proportion of fluid velocity 
(u or q), and molecular diffusion phenomena (D or K) which is m m 
additive to hydrodynamic dispersion. Hydrodynamic dispersion is 
accounted for by assuming an isotropic media based on a two-dimen
sional ~odel described by Bear, 1961; and 

6. The e~ergy balance equation which is described as enthalpy (H) in -
enthalpy out = change in internal energy for unsteady heat energy 
transport in the reservoir. Total internal energy change is the sum 
of internal energy in fluid at a given pressure and temperature and 
internal energy in rock at a given temperature. 

RESERVOIR EQUATIONS 

The momentum equation is 

-k 
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u = -(vp 
J..l 

(2-1) 

where u = darcy velocity (ft/day), p =viscosity (cp), p =pressure 

(lbf/in2), p =density (lbm/ft3), g =acceleration of gravity, aud z ... ver-

tical dimension (ft), increasing downward. This equation is also called Dar-

cy 1 s equation of motion (Darcy, 1856; Davis and DeWeist, 1966, p. 156), and 

can be derived from the generalized momentum equation by using the assumption 

that inertial forces are negli9ible in compar~son to viscous forces which 

characterizes fluid flows having a low Reynolds number (R = (pud)/p) in 
e 

which d is grain diameter. The permeability (k) in its general form is shown 

to be a second-order tensor (Bear, 1972, p. 109); however, the nine components 

are reduced to three by aligning the base coordinates to the principal direc-
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tions (Bear, 1972, p. 139). 

The equation that describes the conservation of fluid mass is 

-'1• (pu) = a(~P> 
at 

(2-2) 

(Net Convection) (Net by Source) (Accumulation) 

This equation is nearly identical in form to the continuity equation in Bird, 

Stewart, and Lightfoot, 1960, p. 75, hereafter referred to as (B.S.L.). The 

differences include a source term~ (d(mL-3t-1)) and (~p) instead of just 

p in the accumulation term. The term (~p) is used because fluid occupies 

only the po~e space in the po:ous media, whereas B.S.L. assume fluid occupies 

the whole point volume. 

The energy equation is 

-'I• (puH) 

(Net Energy 
Convected) 

+ 'l·E •'IT 
H 

(Net Energy 
by Total 

Dispersion) 

qH 
(Net Heat 
Loss by 

Conduction) 

a 
= at(~pU + (1 - ~) (pCp)RT) 

(Accumulation) 

~H 

(Net Enthalpy 
by Source ~) 

(2-3) 

which describes enthalpy in - enthalpy out = change in internal energy. This 

equation is similar in form to equation 10.1-9 in B.S.L. (p. 313) where the 

energy balanc~ is written in terms of internal energy rather than enthalpy 

without source terms qH (d(mL-tt-3) and ~H. Equation (2-3) does not 

include (a) wc;>rk done by body forces, (b) work done by kinetic·energy, or (c) 

work done by viscous dissipation of en.ergy. These terms can be disregarded 

for fluid-dominated reservoirs, as shown by Garg and Prichett (1977). Local 
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thermal or thermodynamic equilibrium is also implied in eqtiation (2~3} because 

of the lumping of the accumulation terms containing both internal energy in 

the fluid (U(p,T}) and in the solid ((pCp)RT). This assumption is valid 

for laminar fluid flow in porous media because the period of transient heat 

flow between the fluid and solid matrix consisting of small grains is short in 

comparison tQ heat transfer in the reservoir (Bear, 1972, p. 646}. Additional 

details about the tensor quantity EH and the calculation of enthalpy and 

internal energy will be discussed later. 

The third equation, which accounts for single solute mass balance, is 

written as: 

-'iJ • (puC) 

(Net Concentration 
Convected) 

+ 'iJ•pE •'iJc c 
(Net Concentration 

by Total Dispersion) 

= 
a 
at <4>r>C> 

(Accumulation) 

~c 

(Net Concentration 
by Source ~) 

(2-4) 

This equation is similar in form to the one derived by B.S.L., p. 557, without 

the source term q c (d(mL~ 3 t-1)). The cis defined as the mass fraction 
w 

Pc/p. Equation (2-4} differs from.B.S.L. in its definition of Ec and 

its lack of ~ term that represents the 11 creation 11 of the .. substance due to a 

chemical conversion. Since the region occupied by the tracer is limited to 

the void space, the accumulation term is fpC rather than pC. 

Equation (2-1) is combined with equations (2-2), (2-3), and (2-4"} to. 

give; 

'iJ• (pk ('iJp - .e.9.. 'iJz)) 
ll gc 

(2-5) 



r 
k 'i/• {pH -('i/p 
~ 

~ 'i/z)) + 'il•E •'i/T ~ q - q H 
gc H H ~ 
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{2-6) 

and 

k 
'il• {pC -{'i/p 

~ 
e:l. 'i/z)) + 'i/•pE •'ilc- o c 
gc c ~ 

(2-7) 

These are the governing equations used in the simulator, where equation (2-5) 

is always solved, with options to solve both equations (2-6) and (2-7) in that 

order, or com.binations of equations (2-5) and (2-6); or (2-5) and (2-7) or 

(2-5) alone. 

Equations (2-6) and (2-7) contain terms of similar form. Two terms in 

particular are iH and Ec. The model defines 

(2-8) 

and 

(2-9) 

where K and D represent coefficients ·for molecular transport of energy 
m m 

(effective thermal conductivity of fluid and matrix) and molecular diffusio~ 

through the porous media. The term K is treated as a first-order tensor . m 

and is allowed directional variability, while D is treated as a constant in m 

all directions. The general mechanical dispersion coefficient~ is treated as 

a second-order tensor whose value is dependent upon a simple proportionality 

with the magnitude of the Darcy velocity (u). The summation of the mechanical 

dispersion and molecul~r diffusion coefficients acco4nts for the general total 
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dispersion coefficient E (Bear, 1972, p. 650). Physically, this term accounts 

for the spreading of a temperature or solute front in the porous media. Forms 

represented by equations (2-8) and (2-9) are a simplification of the most gen-

eral case where 

as described by Bear, 1972, p. 606. 

For an isotropic medium, Scheidegger (1961), has shown that there can 

be no more th~n two independent mechanical disperson factors. These are best 

described as the longitudinal and transverse mechanical dispersion coeffi-

. cients (d(L)) a~and at' respectively. Bear (1961) analyzed the 

mechanical spreading phenomena using a form 

v.v. 
-f>k 1 - a _3:__;}_ = De ~ 

" ijk~ "' u 

.where aijkl is a fourth-order tensor describing the medium dispersivity, u 

is the magnitude of Darcy velocity, and V. and V. are Darcy velocities in 
~ J 

the jth and jth directions. The components of DC are given in Bear 1 s (1961) 

paper for isotropic media in two dimensions, and when expanded to three dimen-

sions the results are 

= D xz 

D D 
yx xy 



022 = 0 = a cos2ljl sin2e + at(cos2e cos21jJ + sin2ljl) 
YY R, 20 

023 = 0 = yz (a R. - a ) t 
sinljl cosljl sine 

0 = 0 zx xz 

033 = 0 = at sin21jJ + at cos21jJ zz 

0 = 0 (2-10) 
zy yz 

where a is the angle of the fluid flow in the x-y plane and tP is the flow 

angle measured from the 
' 

x-y plane in the z-direction. The terms DH and DC 

in equations (2-8) and (2-9) are r~lated by 

where (pC ) is the heat capacity of water per unit volume. The terms 
p w 

listed in equation (2-10) are used in equation (2-7} in the following man~er: 

V•E •VC 
a ac> a ac> a ac> = -(E + -(E + -(E 

c ax XX ax ax xy ay ax xz az 

a ac> a ac> a ac> + -(E + -(E + -(E 
.aY yx ax ay YY ay ay yz az 

a ac> a ac> + .l._(E ac> + -(E + -(E az zx ax az zy ay az zz az 

where 

"' E ,.. 0 u + 0 .... ' 

XX XX m 



"' E = D u 
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xy . xy 

"' E = D u + D 
YY YY rn 

and likewise for equation (2-6) except that the thermal molecular transport 

term changes with direction. 

Equations (2-5), (2~6), and (2-7) are interconnected by density, vis-

cosity, and enthalpy models. Density is a function of temperature, pressure, 

and concentration; viscosity is a function of temperature and concentration; 

and enthalpy is a function of pressure and temperature in the model. In 

theory, the density and viscosity models are known as the equations of state. 

DENSITY MODEL 

The density model is best described as: 

<P - Po> + · · · > 

+ (~ aT (T- To) + ... ) + (~~ 
T=To C=O 

(C) + •.. ) (2-11) 

where pis given in pound-mass (lbm). This description comes from a three-

dimensional Taylor series expansion that deals with natural reservoir fluid 

properties at base pressure p , base temperature T , and zero concentra-o . 0 

tion of, injection fluid. In the model, equation (2-11) is written·as: 

(2-12) 

where constan~ii 



T=To 

and 

C=O. 

These constan~s are determined from the isothermal water compressibility 

c = 1 (~) 
w P() apT 

[CW] 

and the water thermal expansion factor 

[-CTW] 

where )p and )T signify constant pressure and temperature, respectively. 

Therefore, 

To;Co 

and 

-'- .:0 (p ; T , 1) - p (p , T , 0) 
r r r r 

C=O 

22 



where p(P , T , 1) and p(p , T , 0) are the injection fluid den-r r r r 

sity rswRI] and reservoir fluid density [BWRN] at reference pressure Pr 

[PBWR] and reference temperature T [TBWR), respectively. The simulator 
r 

computes the base density p by considering the initial reservoir pressure 
0 

p [PINIT] and base temperature T [TO] by 
0 0 

Po "" 

VISCOSITY MODEL 

The viscosity model is dependent upon the types of data that are 

23 

available. In summary, the changes in viscosity are a function of both temp-

erature and concentration. Since viscosity is usually a weak furiction of 

pressure, pressure effects are disregarded. 

where 

The ;ormulation of the viscosity model is 

).I (T I C) 
~ 

IJ(T,C) 1 1 = IJ(Tr,C) exp [B(C) (T- ~)] 
r 

= fluid viscosity at reference temperature (•r ) 
r 

given as an input data (NCV>O], or 

'IJ(T ,C) =).I. (T )C 'IJ (T ) (l-C) 
r ~ r r r 

[VISIR] [VISRR] 

( 2-13) 

(2-14) 
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when only pure component data are available [NCV=O]. The compositional factor 

B is determined as 

B(C). = CB. + (1 - C)B 
~ r 

(2-15) 

where· subscripts i and r refer to injection and reservoir, respectively, and 

B. and B are 11!>est constants 11 calculated from linear interpolation of 
~ r 

temperature data in the injection and reservoir fluids, respectively. ·, 

The model operates by first solving for B. and B and retaining 
~ ~ r 

these values as constants. Further viscosity calculations require only equa-

tion (2-14) or the data table on viscosity vs. concentration at reference 

temperature and equations (2-15) and (2-13). 

The level of accuracy of the ·model depends upon the types of viscosity 

data that are available.·. Data entry options. are as follows: 

(A) Input Quantity 

p(T ,C) - viscosity of fluid mixture as a function of composition 
r 

at reference temperature ([NCV]>O). 

pi(T) -viscosity of injection fluid as a function of temperature 

([NTVI)>O). 

p (T) - viscosity of resident (reservoir) fluid as a function of, 
r. 

temperature ([NTVR]>O). 

Model calculates: 

B. and B as a least square fit of p.(T) and p (T). The 
~ r ~ r 

p(Tr,C) is interpolated from input table, and p(T,C) is deter-

mined by equations (2-15) and (2-13). 
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(B) Input· Quantity 

~.(T), ~ (T)- viscosities of injected and resident fluids as 
1 r 

functions of temperature ([NTVI]>O, [NTVR]>O, and [NCV=O]). 

Model calculates: 

B. and B from least squares fit of~· and~·. The 
1 r 1 r 

~(T ,C) is det~rmined by equation (2-14), and ~(T,C) is calcu
r 

lated by equations (2-15) and (2-13). 

(C) Input Quantity 

11 (T ) 11 (T ) - viscosities of inJ'ected and reservoir .. i r ' .. r r 
fluids at a single temperature (T ). 

r 

Model calculates: 

B. and B are calculated from internal data from generalized vis-
~ r 

cosity from Lewis and Squire, 1934 and Perry, 1963. The ~(T ,C) 
r 

is determined from equation (2-14) and ~(T,C) from equations (2-15) 
and (2-13). 

Note: In all the above calculations, T is assumed to be the same for both . r 
resid~nt and injection fluid; however, the model has provisions to han
dle different reference temperatures for injection fluid [TIR] and res
ervoir fluid [TRR]. Best results are obtained when [TRR] = [TIR]. 

Baseq on the above discussion, one must specify reference viscosity 

and additional viscosity data in order to specify the independence of viscos-

ity from temperature and/or concentration because Lewis and Squire's chart is 

used when reference viscosities are the only data specified. 
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According to INTERCOMP, the expected accuracy of the viscosity 

model,at most, results in a 5 to 15% difference between the calculated and 

measured viscosities between 0° c (32° F) and 100° c (212° F) for pure water, 

with probable larger deviations when dealing with fluids other than pure 

water. Better accuracy is obtained when more data are available. The larger 

deviations are caused by poor correlation of the Lewis-Squire data with water 

·containing h~gher levels of contaminants. 
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ENTHALPY MODEL 

Energy balance is written in terms of enthalpy in - enthalpy out = 
change in internal energy. This section describes the method used by the sim-

ulator to account for enthalpy and its related components (p,T). The enthalpy 

of water [EH] is computed as 

H = Uo + C (T - To) + ~ (p) 
p p 

(2-16) 

where U
0 

is a base internal energy [UWO], Cp is a co~stant water heat 

capacity at constant pressure [CPW], and J is the pressure work conversion 

[CNV] = 144 in2/ft2/778.2 ft-lbf/Btu). The reference enthalpy U is detera 

mined by using data presented in Tables 2-1 and 2-2. The model calculations. 

are as follows: 

(2-17) 

where f 1 (T
0

) is the best value obtained by linear interpolation of the satu

rated enthalpy in Table 2~1. and f 2(T
0

, P
0

) is the deviation from satura

tion (H - Hf) obtained from two-dimenaional linP.Ar interpolation of Table 

2-2. Base values T , p , and p are the same as those defined in the 
0 0 0 . 

density model. Tables 2-1 and 2-2 are similar to more complete data tables 

found in Keenan and Keyes, (1964, pp. 27-39 and p. 89, respectively). The 

last term in equation (2-17) subtracts the effects of base pressure p so 
0 

that H at a new pressure, p is calculated by adding only the effects of the 

new pressure in equation (2-16). 
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Bottom-hole temperatures in the production wells are computed from the 

grid block enthalpy (H) and pressure (p). values by an iterative technique. 

The basic method starts by assigning a value of bottom-hole temperature (TG) 

and calculat~ng the enthalpy from 

and 

where subscripts H and L represent the high and low values from the previous 

iteration step. The low or high enthalpy and temperatures are updated with 

proper "guessed" values (HG and TG) until the following is satisfied: 

IHG HI ____ < 

H 
tol [EPS]. 

where HG refers to the present estimate of enthalpy; and tol refers to a 

prescribed tolerance. 

· ... 



Table 2-1. Enthalpy of Saturated Water 

Temperature 
[TSW](°F) 

32.0 
60.0 
90.0 

120.0 
150.0 
180.0 
212.0 
240.0 
281.0 
307.6 
327.8 
358.4 
381.8 
400.9 
417.3 
444.6 
467.0 
486.2 
503.1 
518.2 
531.9 
544.6 
567.2 
587.1 
604.9 
621.0 
635.8 
668.1 
705.31 

Enthalpy 
[EHW](Btu/lbm} 

0.0 
28.06 
57.99 
87.92 

117.89 
147.92 
180.1 
208.4 
250.1 
277.4 
298.1 
330.5 
355.4 
376.0 
393.9 
424.0 
449.4 
471.6 
491.5 
509.7 
526.6 
542.4 

. 571.7 
598.6 
623.9 
648.0 
671.7 
730.7 
910.3 
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I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I. 
I· 
I 
I 

Equation (2-16} is based on an equivalent thermodynamic identity given 

in B.S.L. (p. 315) where 

du = <au> d ·<au> d ap av T V + aT V T. = [-p + T(aT)V] dV + CVdT (2-18) 
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Table 2-2. Compressed Water Enthalpy 

Pressure 100 200 300 400 500 600 660 700 Temperature 
(psia) [PLW] (OF) [TLW] 

200 .54 • 41 .23 o . 0 • 0. o. o. 

600 1.67 1.31 . 97 .39 0. o. o. o. 

1000 2.70 2.21 1. 75 . 84 -.14 0. 0. o . 

1500 3.99 3.36 2.70 1.44 -.29 0. 0. o. 

2000 5.31 4.51 3.64 2.03 -.38 -2.5 0. 0. 

2500 6.58 5.63 4.55 2.66 -.41 -4.6 -3.1 o. 

3000 7.88 6.76 5.49 3.33 .- .41 -6.9 -11.8 o. 

3500 9.17 7.90 6.44 4.01 -3.40 -8.60 -17 ."8 -42.8 

4000 10.5 9.03 7.41 4. 70 -.16 -10.0. -22.5 -59.5 

4500 q.8 10.15 8.40 5.40 .02 -11.1 ·-26 .4 -69.8 

5000 13.1 11.3 9.36 6.08 .25 -12.0 -29.5 -76.9 

.5500 14.4 12.5 10.36 6.78 .52 -13.0 -31.8 -82.0 

where U is internal energy, V is specific volume, and C is heat capacity at 
v 

constant volume. Equation (2-18) is useful in simplifying the accumulation 

.term. of an energy equation written in terms of internal energy. The equiva-

lent term for ~n equation written for changes in enthalpy is (Abbott and Van 

Ness, p. 78): 

I 
I 
I 
I 
I 
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which can be approximated as 

dH = C dT + [V]dp (2-19) 
p 

where the expansion coefficient is considered negligible. Here, the variable 

V is specific volume, and the product (PV) has dimensions of energy per unit 

mass. Equation (2-16) can be derived from equation (2-19). 

The model allows for only one value of C for both the injection and 
p 

reservoir fl~ids. This assumption is best when the solute ·inje.cted is water-

based, and the contaminant in solution is dilute. 

The enthalpy of the rock component is given by 

HR = UR + (PV)R. 

The change in HR is 

(2-20) 

where for a solid, d(PV)R is approximately zero and is treated as such in 

the model, resulting in 

where T is the base temperature [TO] for the fluid enthalpy model selected a 

by .. the user. 

Energy in place is computed by assuming a variable pore volume 

vP = !floVt 

v 
w 
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where Vt = total volume, 'o =user-defined porosity, V =pore volume 
. p 

at initial pressure [PINIT], and cR is the rock compressibility. The energy 

in place·is 

(2-21) 

Note that the energy is computed by assuming a variable pore volume, V to . w 

compute the fraction of energy in the fluid; however, a constant volUme of 

rock is used to compute energy in the rock mass. In relation to equation 

(2-21) the mass of water in place is 

and the solute mass in place is 

Q' = pV 
w 

Q' = pV C c w 

(2-22) 

(2-23). 

Quantities derived from equations (2-21), (2-22), and (2-23) are evaluated on 

a block by block basis, and the summation of all quantities in each block. 

gives the total for the reservoir domain. 

FINITE DIFFERENCE SOLUTION METHOD 

This section is a summary of the method used to reduce the governing 

equations to a form that can be solved. A number of equations are designated 

as forms that contain undefined coefficients, which are the result of combin-

ing groups of yariables. 
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Equations (2-5) 4 (2-6), and (2-7) are written in finite difference 

form as follows: 

and· 

where 

6p = (6p - ~ 6z) 
gc 

v 
= 6t o(<!>P> 

6T 6p = 6 (T 6 p) + 6 (T 6~p) + 6 (T 6 p) 
W X W X · y W y- Z W Z 

· \'lith ~X (TH 6T) = 6xTH 6XT + 6xTH 6YT + 6xTH 
X XX xy XZ 

6 T z 

and a similar expansion for 6TE6C. The actual form used in the last 

(2-24) 

( 2-2 5) 

. (2-26) 

expansion depends upon the data entered; hence, a more detailed explanation 

will come later· in this discussion. The right-hand side of equation (2-24) is 

expanded as fqllows: 

(2=27) 



34 

in which the supe-rscript, n, represents a time level. Simi.lar expansipns are 

applied to equations (2-25) and (2-26). The transmission coefficients (tran-

smissibilities), without reference to direction, are defined as 

T = 
kAp 

[TXW, TY'W, TZW] 
w j.J£, 

TH 
EHA 

[TXH, TY'H, TZH] = £, 

T = 
ECAp 

[TXG, TY'G, TZG] (2-28) 
E £, 

where A represents the area on a grid block face, normal to the flux direc-

tion, and t is a length over which the gradient (6p, 6C, or 6T) is 

measured, in the direction of the flux. From the above discussion, equations 

(2-24), (2-25), and (2-26) are derived from equations (2-5), (2-6), and (2-7) 1 

which are multiplied through by a ~inite difference grid volume (6x, 6y, 

and 6z). The dimensions of equations (2-24), (2-25), and (2-26) are now 

lbm/day, (d(mt-1), Btu/day (d(mL2t-3)) and lbm/day (d(mt-1)), respectively. 

Further expansions of transmission coefficients in equation (2-28) are 

written as 

and 

26y .. 6zk 
T . = ----U-•7 _..:..::..._ __ (e._) 

wi-~,J',k (6x) (6x) lJ i-~,j,k 
k i + k i-1 

T· "" 
E. • k .k ?,,J, -a 

X X 

[TXW] (2-28-a) 

[TY'H] (2-28-b) 

[TZG] (2-28-c) 
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where the subscript locations are shown in Figure (2-1). For radial geometry, 

the above forms become 

and 

21r (rb) .k t:.zk 
. 'l, x. J..:: 

= 'l,- 2 (.e.) • 
((rc).- (rc). 

1
1 '1.1 'l--~,k 

. 'l, 'l,-

2n((rb)~ -
'l-+1 

(TXW] (2-28-d) 

[TZW] (2-28-e) 

where rb. = radius at grid block boundary, between two grid block centers 
1 ' 

rc. and rc. 
1

• The boundary radius rb. is determined by using equation 
1 i- 1 

13 in Settari and Aziz (1974), given as 

rb. = 
'l, 

rc. - rc. 
'l, 'l--1 

rc. 
R.n( 'l- ) 

rc. 
1 'l,-

this form is used because of desirable integral properties which give the best 

discretization accur~cy when logarithmic mean radius is used. 

One c~n show this by recalling the Laplacian in radial coordinates as 

or 

1 a oh r a; (2'1rKbr Clr) = * * 
(q..,. -k - q..,._+J..::;!] rc . ( t:.rc . ) ., ... • 

'l, 'l, 

1 
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Figure 2-1. Generalized reservoir finite difference molecule 



where 

-q* = 21TI<rb Clh. 21TKb Clh 
Clr = a (in r) 

and after dis~retizing 

* -q = 
i-~ 

21TK. , . b 
'Z.-"'2 

h. - h. -z. -z.-1 
rc . 

.tn(---z.-) 
rc. 

'Z.-1 

where b is the thickness of the section, and K is given in d(Lt-1) and h .in 

d(L). 

The convective terms in equations (2-25) and (2-26) are weighted, 

depending upon the type of differencing option selected by the user. For 
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example, the net convected concentration calculated at the old time level in 

the ith block is 

C • .k 0 - C .L 0 = tJ. [CT tJ. p) 
'Z-- 2 --w • .k i-r""2 --w • t X W X 

-z.-z 'Z-+"'2 
(2-28-f) 

where C and ~ are evaluated at the left and right boundaries of a grid 

·block (Figure 2-1-B). The grid block boundary concentration Cis evaluated by 

c. , = ac. + (1 - a)C. 
'Z.-"2 .-z.-1 -z. 

where a = .5 for central differencing, and a = 1 for upwind differencing 

if flow is from left to right (q . 1 ~ O) in Figure 2-1-B, ~nd a = 0 if w 1-;.z 

flow is from right to left (a . 1 < 0). For the ·energy equation, Cis -w 1-;.z 

replaced by H. 

(2-28-g) 
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The net total dispersive flux calculated at the old time level in a 

grid block is 

TE· 1 (Ci-1 - Ci) - TE. (Ci - Ci+1) == 6x(TE6XC) (2-28-h) 

1--"2 1-+~ 

where TE . 1 and TE .+1 are defined earlier as the harmonic average of the 
~--a ~ "2 

total dispersivity between two grid block centers where 

"' Ap TE. = [(an u) • 1. + 0 ) (I)) . 1 
~<. -z--"2 m ~<. 1--"2 

'!--~ 
. (2-28-i) 

for one-dimensional flow in the x-direction. When the flow rate is zero, the. 

means of transport become diffusion, defined by coefficient 0 . As a result m 

of the above discussion, the 11 temporary 11 residual evaluated for a block with..: 

out a source becomes 

C. 1 o - C. 1 o + T (C. - C.) 
-z--"2 '"'w. 1 1-+'2 -w. 1 E. 1 1--1 1-

1--"2 1-+·2 1--"2 

- T ( C . - C . ) = RC . 
E. 1-: 1- 1-+~ 1-

1-+ 2 

[RC] (2-28-j) 

In a generalized three-dimensional problem with minimum outer itera-

tions in the solving algorithm [MINITN] set as greater than one, the disper-

sive flux is calculated as 

6[TE6C] = 6 [TE 6 C] + 6 [T 6 C]JI.-
1 

X X X E y 
XX XY 

Jl.-1 
+ 6 [TE 6 C] + 6 [TE 6 C] + 6 [TE 6 C] 

y yx x y . YY y z zz z 
(2-28-k) 

where 2,-l indicates the use of the value from the previous iteration where 

"' Ap 
TE. = [0 u + 0 ) 

XX m Jl. 
XX '• 

[0 "' Ap 
TE = TE = u) xy Jl. yx xy 



39 

(D "' + D ) ~ TE = u yy rn i 
yy 

"' ~ 
TE = [ (D + D + D ) u + D ) 

zz xz yz rn R, 
zz 

where 

depends upon the direction in which 6C is being evaluated. If the minimum 

number of iterations [MINITN] is set as one, the dispersive flux is estimated 

as 

= 6x(TE 6 C) + 6 [TE 6 C) + 6 [T 6 C) 
XX X y yy y z EZZ Z 

(2-28-1) 

where 

[ (D "' D ) ~ TE = + D ) u + 
XX xy. rn R, 

XX 

[ (D "' Ap 
= + D ) u + D ) 

TE yy xy m i 

Y'i 

T = ( (D + D + D ) ~ + D ) Ap 
E zz xz yz rn R. . zz 

Similar forms ~re used in calculating the net dispersive energy flux with 

allowance for directional changes in molecular transport of energy (f ). 
m 

The simulator treats water as a slightly compressible fluid. · A simi-

lar.allowance is applied to the matrix; hence, in general the right hand sides 

of equations (2-24), (2-25), and (2-26) are expanded as follows: 

· n+l n n+l n+l n+l n 
6(ab) = (ab) - (ab) =a b -a b n+lbn nbn + a + a 
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or 

Applying the above specifically to equation {2-24), the following is obtained: 

in which 

al = !e. 
ap 

To,co 

ap 
a2 =-aT 

Po,co 

Po ,"To 
were defined earlier in the density model and ~ = user-defined base 

0 

(2-29) 

porosity. The last term in equation (2-29) represents the effect of compres-

sibility of the rock matrix. The similar expansion for equation {2-25) is 

+ .~.n+l (pn·t·lc ) ~T + n+l0n.~. ~ 
'I' p Wu p '1'0CRup 

(2-30) 
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and for equation {2-26) 

v 
At o(cppC) = 

n+l n ~ + Pn+l~n+l~c)· + p C 4»ocRvp 'I' v (2-31) 

The flowing source terms are written as 

d~. d~ 
-q * = ( q n + __ '7- op) 

-w ""w. dp 
'7, 

n o - <a + -- op> -w dp 
0 

(2-32) 

where subscripts i and o refer to flow in and out, respectively. The source 

{or sink) are broken into two parts for greater solution accuracy and stabil-

ity. The qni and qn
0 

are the explicit p~rt, or flow rate at the old 

time level, and {dq./dp)op and {dq /dp)op are the additional flow 
~ 0 

rates due to change in pressure over a time step {implicit part). 

After moving the right side to left, and left side to right in equa-

tions (2-24), (2-25) and (2-26), and regrouping variables, the following forms 

are obtained: 

(2-33) 

c 21 oc + c 22 oT + C23°P = * (AHT Ap) + R2 (2-34) w 

and 

c 316c + c3 26T + c336T (AT Ap) * = -+: R3 . (2-35) w 

respectively. The 11 C11 terms on the left side are coefficients associated with 

unknowns BC, 6T, and 6p, which are part of the accumulation terms, and 
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terms on the right sides are designated as residuals. One should note that at 

this stage, the residuals still contain implicit terms. After combining equa-

tions (2-33), (2-34), and (2-35), and using Gaussian elimination, the resul-

tant equations have a form of 

oc 1 0 0 

0 = 0 

0 0 op 

or 

[C]{x} = (G]{H} + {R*} 

6 [HTwt!.p) 

6[Tw6p] 

+ 

This form allows one to .solve for 6p, followed by 6T and 6C, respec-

tively. For example, the pressure equation has the form 

(2-36) 

(2-36-,.a) 

(2-37) 

where each component on the right side contains implicit and explicit parts. 

An example of an expansion on the right side is 

6T 6p n + 6T 6 (op) - t!.T pn .!L f!.z 
w w w g 

c 

n+l n where p = p + 6p. The items with superscript, n, are known and are 

kept on the right side of equation (2-37). After separating implicit and 

explicit components, equation (2-37) has a form of 

[C) {op} = {R} (2-38) 

which is ·.solve~ symbolically by 

. -1 
{op} = [C) {R} (2-39) 
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A similar· method is used to solve for {6T}, followed by {6C}. One com-

plete outer iteration [ITNN] in the solution requires one complete pass of 

solving for {6p}, {6T}, and {6C}. The minimum and maximum number of 

iterations are set by [MINITN] and [MAXITN]. 

The solving process, designated by equation (2-39), is accomplished by 

one of three methods. For a one-dimensional problem, the coefficient matrix C 

is tridiagonal and is solved directly by the Thomas algorithm (Thomas, 1949; 

Bennett, 1976). For two- and three-dimensional problems, an option of an 

iterative two-line successive overrelaxation, or reordered Gaussian elimina-

tion method (Price and Coats, 1973) is provided, where the latter is most 

reliable. 

Since the pressure, temperature, and solute equations are coupled by 

density, large changes in density due to changes in temperature and/or concen-

tration in a grid block may render earlier calculations of pressure, which 

determines velocities, as inaccurate. Therefore, densities are updated, and 

the pressure equation is resolved to give new velocities which are inserted in 

the convective terms in energy and solule equations. A similar process is 

repeated until the change in density over an iteration is within tolera~~~ 
. 

limits. For a 11 difficult 11 problem, convergence is usually obtained in less 

· than three iterations. 

The value of At in equations (2-24), (2-25), and (2-26) is either 

entered or determined automatically. Small user-specified time steps should 

accompany changes in well flow rates. For sustained runs where no source 

cha.nges occur, the time· step can be determined by the· program by using user-
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specified maximum allowable changes in pressure, temperature and .concentration 

over a given time step. n+l A new value of time step (6t ) is then calcu-

lated based on the previous time step data. Three values of the time step are 

calculated by using maximum changes in grid block pressure, tempe~ature, and 

concentration at the previous time step. The following is used for making a 

pressure estimate of (6tn+l). Let 

and 

6p = user-specified absolute maximum pressure change per time 
s 

step [DPMX), 

6pc = absolute maximum pressure change in all grid blocks at the 

previous time step [DPMAX], 

6tn =old time step [DTC], 

n+l . d. . 6t = est~mate new t~me step. 

The time step estimation for pressure is predicted by the following: 

6tn+l (2-40) 

f:J.tn+l (2-41). 

with add~tional constraints such that 

and 
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r 
and 

Atn+l > A 
u ut . [DTMIN). 

m~n 

The damping factor of .8 in equation (2-41) is used to account for nonli~ 

nearities in the linear extrapolation. 

INITIAL AND BOUNDARY CONDITIONS 

Initial values of temperature and concentration are user specified, 

either block by block or regionally in the reservoir. The initial pressure is 

calculated from user specified data of initial pressure [PINIT] at depth 

[HINIT], density (p(p,T,C)), elevation, and initial flow field in the reser-

voir. Temperature can also be specified as a function of depth in the over-

burden, underburden and aquifer. This option allows one to initialize a 

geothermal gradient. Regional input of .initial temperature is not permitted 

in the over.b~rden and underburden layers. An example of a common initial con-

dition is 

p = Po(z) 

T = To 

c0 = o 

and 

n <·> + o<·>. 



where p (O) is a constant pressure evaluated at the upper-most grid-block 
0 

in a level reservoir, and T and C equal zero are constant initial temp-
. 0 0 

er~ture, and concentration in all the grid blocks. 
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The assigned locations of the initial pressure, temperature, and con-

centrations are located at the top center of each grid block (see Figure 

2-1-B); however, the calculated 6(.) values are calculated at the grid 

block· centers. This discrepancy becomes small when 6zk becomes small. 

Similarly, the 11 best point" location of a source is located at the top center 

of a cell. Therefore, the new values of pressure, temperature, and concentra-

tion are located at the top of the cell as indicated by the update formula of 

( • ) n+ 1 = ( • ) n + 15 ( • ) • 

The program has a number of exterior boundary conditions designated as 

aquifer influence functions. Each aquifer influence option attempts to model 

an infinite aquifer (reservoir) without using an infinite or very large grid 

field. These extensf'ons to an infinite aquifer are necessary because_ the 
3p n n+l 

storativity ap ~ + p ~ocR due to fluid and rock matrix 
T,C 

compression are small, hence the pressure effects travel quickly throughout a 

solution doma:in. 

The best representation of an infinite aquifer is the Carter-Tracy 

method (Van Bverdingen and Hurst, 1949; Carter and Tracy~ 1960). The steady 

state.method (Schilthuis, 1936) is best when a natural flow field is main-

tained in the reservoir. The "pot aquifer 11 option, which is the simplest, 

appears to be least accurate. Details about each of the aquifer influence 

functions are provided for the user in Appendix B. 

The best mathematical representation of these boundary conditions is 

lim 
x-+oo 

P = Po (2-42) 
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where p is initial pressure and x is some distance far away from the region a 
0 

of interest. 

Temperature and solute fronts travel at a slow rate and are repre-

sented by boundary conditions at the edge of the finite difference mesh at 

x=L_, where L is sufficiently large and written as 

aT at x = L, T = To or - = 0 and 

at X = L, C 

. ax , 

ac 
= c0 or-= o ax 

where T =initial temperature [TWI], and C =initial concentratiqn 
0 0 

[SWI], each evaluated at the boundary. 

(2-43) 

(2-44) 

The conditions used depend upon the flow direction. If the fluid mass 

flow rate (~) is out of the finite difference boundary block, the energy . 
(q) and solute (qc) loss rates are written as 

-q = -H~ 

and 

where H and C are the enthalpy and concentration at the boundary block~ 

respectively; however, if the fluid mass flow rate (~) is entering the 

boundary block from the exterior, the energy and solute in are evaluated as 

q = Ho~ 

and 
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where H and C are the initial enthalpy and concentration, respectively. 
0 0 

Therefore, the finite difference domain should be sufficiently large to con-

tain all the injected fluid if any type of recovery simulation is attempted. 

The contribution of energy and solute transport by dispersion and diffusion 

across the boundary is assumed to be zero or negligible in comparison to con-

vection transport. 

Wells are either sources or sinks where fluid is allocated on a layer 

by layer basis. If x is defined as a spatial coordinate measured from the 

well, the source and sink boundary conditions are best described as 

a Ql. . .u. 
lim X p 

ax = 21Tk b.z x-+0 s 

lim (up C) i upc - pEe 
ac = 

x-+0 ax 

and 

lim (upC T) . = upC T _ E aT 

x-+0 .1? 'l- p H ax 

where x = 0 is the location of the source (or sink), uc and upC T repre
p 

sent convective transport in x-direction at velocity u, and pEe ac/ax, 

EH aT;ax.represents the "total" dispersive flux in the same direc-

(2-45) 

(2-46) 

(2-47) 

tion. The variable k is the effective permeability (d(L2)) immediately. s 

· atound the borehole, /lZ is the vertical length of the well opening, and Q. 
1 

is the volumetric flow rate (d(L3t-1)). Equations (2-46) and (2-47) basically 

indicate that net flux in by source (i) equals net convective flux out plus 

net "total" d~spersive flux out. 
' . 

·,, 
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Conduction heat losses are allowed through the overburden and under-

burden blocks. These blocks are treated as semi-infinite rock strata in the 

z-direction which are devoid of fluid movement; hence, heat is transferred via 

molecular process. The model assumes one dimensional unsteady heat tra.nsfer 

by conduction normal to the upper and lower reservoir boundaries described by 

(2-48) 

where K
0
b [KO~] is· the effective thermal conductivity and (pCp}ob 

[CPOB] is th~ effective specific heat of the overburden.· The same equation 

with different input data ([KUB), [CPUB)} is used for the underburden layer. 

Initial and boundary conditions for equation (2-48} are 

and 

T(x ,y ,z,O) = To(z) 
r r 

T(x ,y ,O,t) = T (x,y,O,t) 
r r r 

T(x ,y ,~,t> = To<~> r r 

(2-49) 

(2-50) 

(2-Sl) 

where xr,· yr are used to specify x andy based on reservoir plane coordi

nates.· In other words, equation (2-49) indicates that initial temperature is 

a function of depth, equation (2-50) indicates that the lower boundary temper

ature is the same as the last upper node of the reservoir, and equation (2-51) 

specifies that the uppermost temperature in the overburden remains constant. 

Identical boundary conditions also apply to the underburden layer. If the 

reservoir is only one block thick ([NZ] = 1), the total heat loss is calcu-

lated as twice the heat loss to the overburden. 
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The above method of handling·heat transfer is justified when the over-

all horizontal temperature gradient in the aquifer is small. This is gener-

ally true in most problems except near the thermal front; hence, the Peclet 

number (ratio of convective to conductive transport) is high, and heat conduc-. 

tion _in the longitudinal direction can be ignored (Chase and 0 1 Dell, 1973; 

Coats, George, and Marcum, 1974). This simplification allows a decrease in 

overall computer storage and computation time because equation (2-48) can be 

solved directly by the Thomas algorithm (Thomas, 1949). Therefore, heat loss 

rate through ~lock 6Xi 6Yj is 

Kob ' 
(Tu- To)t.x.t.z. 

t.zo ~ J 
(2-52) q = 

where nomenclature is given in Figure 2-2. 

When using the conduction heat loss option, one should consider Figure 

2-2 where the upper and lower reservoir boundaries are shaded. Since the 

temperature in the reservoir is calculated at the top-center of each grid 

block in the reservoir, the boundary condition designated by equation (2-50) 

for the overburden block is T = T (x,y,O,t). Such is not the case with 
u r . 

the underburden blocks where the equivalent of equation (2-50) is assigned 

TL, which is located a distance 6z3 away from the underburden boundary,.as 

shown in Figure 2-2. The accuracy of heat loss calculations to the underbur-

den blocks can be increased by making t.z 3 smaller, especially if free con-

vection causes the injection fluid plume to drop to the bottom of the reser-

voir. 
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Figure 2-2. Temperature assignments to overburden and underburden blocks 
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WELLBORE MODEL 

The wellbore model allows the user to specify surface conditions; 

hence, bottom-hole pressure and temperature can be unknown. For an injection 

well, the temperature of the injection fluid [TINJ] is always specified. Two 

general solution modes are allowed for an injection well and production well. · 

These include a specified injection flow rate, where the bottom-hole pressure 

is determined from reservoir grid block pressure and injection rate, and the 

unknown surface ·pressure at the well-head is obtained by an iterative solu-

tion. In the second mode, a limiting surface pressure is specified, and the 

rate is calculated from surface pressure and bottom-hole grid block pressure 

by an iterative method. For a production well with flow rates specified, the 

so~ution can be obtained directly since bottom-hole grid block pressure and 

temperature are known and the resultant wellbore solution proceeds from down~. 

hole conditions to the surface. In the second mode, limiting surface p.ressure 

is specified; hence, an iterative solution procedure is required to obtain the 

production flow rate. In actual use, when surface pressure is specified for 

both injection and production wells, an accompanying flow rate is specified. 

rhe program will select either specified flow rate or specified liMiting pres~ 

sure in such a way that one will not exceed the other. 

Assumptions used in the wellbore model are 

1. fluid flow is steady and incompressible with head losses determined 
by the flow rate and pipe friction factor and with viscous dissipa
tion neglected in heat transfer segment of the model; 

2. initia1 ground temperatures surrounding each well are known and ~r~ 
expressed as a function of depth T (z) ..., 

3. heat transfer calculations about the wellbore are transient. 
wellbore is treated as a constant line source in an infinite 
having thermal diffusivity, a=K /(pC ·) [TDIS] and K = · . m p m m 

The 
media 
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r_ • 7071 (K 2 + 
K 

conductivity 

[UKTY]; 

k 
K 2) 2 where K = x-direction thermal y K 
[UKTX] and K = y-direction thermal conductivity 

y 

4. fluid properties (viscosity (p), and density (p)) are allowed to 
vary with pressure and temperature in the wellbore. Fluid proper
ties and friction head losses are constant in a given solution 
increment (6z.) and 

l. 

5. enthalpy of injection fluid is the same as pure water at the same 
temperature and pressure. This assumption is good when injected 
fluid is a solution dominated by water. 

The s,pl~tion method utilizes user-defined depth increments (6z.) 
l. 

correspondin~ to user input of 6p [DELPW), where 

g 6p 
llz. = ......;;.c....,..._ = 

l. (pg) i 
[DELPW] 

(pg) i gc 

in which i represents an increment. For production and injection wells, 

increment count increase from bottom to top, and top to bottom, respectively 

(Figure 2-3)! 
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Pressure and temperature values are obtained at each end of an. incre-

ment (6zi) by solving a total energy equation simultaneously with an equa

tion of mechanical energy. Total energy balance over an·increment (6zi) 

for incompre~sible fluid flow is 

The 

6H. 
l. 

(Change in 
Enthalpy) 

heat loss to 

gt.z. 
l. 

g J 
c 

(Change in 
Potential Energy) 

surroynding media over 

• 2nr1~llzi 
-6Q. = 

l. ~ 

= 

a 

'Y 
(Ti 

. 
llQ .. 

l. 

(Change in 
Energy in Fluid) 

length (6z.) is 
1 

"' TR ) 
l. 

for early time (4at/(r~0 )<2) and for later time J.s 

2nr1KHKrn6zi "' 
= [Km + r1KHf(t))~ (Ti 

. 
-llQ. 

l. 

(2-53) 

(2-S4) 

(2-55) 
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Figure 2-3. Wellbore data definition. Part A shows input data 
definitions and solution increments, and Part B is 
a section of a generalized wellbore consisting of 
the inner tubing and outer casing. 
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where r 1 = inner radius of wellbore, KH = heat transfer coefficient through 

"' the casing, q = fluid mass flow rate through the well, T. =mean tempera-w l 

"' ture of fluid in increment, TR i = mean initial temperature of rocks around 

the wellbore, and 

ro 
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f(t) = -R.n(--) - .290 
2/crt" 

(2-56) 

in which a = ~hermal diffusivity of the rock surrounding the wellbore, t = 
time elapsed since the start of simulation, and r is the outermost radius 

0 

of the wellbore. At small t, equation (2-56} is negative and is taken as 

zero; hence, equation (2-55} reduces to equation (2-54}. 

Since enthalpy is a function of pressure and temperature, an equation 

of motion for fluid flow (equation of mechanical energy) is solved to compute 

pressure as a sum of gravity head and pipe frictional pressure drop as 

-{DELPW] = -t.p. = 
~ 

t.z.p.g 
l ~ 

gc 

(fr) . p. w2 
+ __ .;;;;.~__::..~_ (t.z.) 

4g r 1 ~ 
c 

(2-57) 

where 6z. is positive downward, w is the flow velocity in the wellbore and 
~ 

(fr)i is the pipe friction factor. 

the pipe Reyno~ds number (Re) 

The value of (fr). is ·determined from 
l 

2p. w. r 1 l ~ 
Re = ----

~i 

and ratio of pipe roughness to diameter 

where 

E 
(fr) . = f {Re. ,-

2 
-) 

~ ~ rl 
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r 
adapted from the pipe friction factor Moody diagram. 

The solution method for each 6z. (positive downward) uses an iter
l. 

ative technique which starts by estimating 6H and 6p by equations (2-53), 

(2-54) or ('2-55) and, 

R. R. llz.p.g 
llp. l. l. 

(R. 1) • = = 
l. gc 

The new enthalpy for the next increment (i) is 

R.+l 
H. = H AHR..+l. 

i-1 + Ll l. l. 

The average of the new estimated (H.~+l) 
l. 

and established old 
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enthalpy at the previous increment (Hi_1) is used to calculate the new temp

erature which is then used to update density and viscosity. A new downstream 

increment 6Z. R.+l is computed by equation (2-57) using updated fluid 
l. 

properties corresponding to user defined [DELPW]. Convergence is satisfied 

when 

llz~+l - llz~ S .5 
l. l. 

(ft) • 

Otherwise., 6H is recalculated with updated new 6Z.t+l corresponding 
l. 

to user-specified pressure increment [DELPW]. If convergence is satisfied, 

calculation proceeds to a new increment (6zi+l) located uphole or downhole 

from the previous .location in a production or injection well, r~spectively; 

The pressure and temperature at the end of the last increment is determined by 

linear interpolation of. the second and third to the last full increment of 

pressure and temperature calculations. 

·.··· 
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In a complex wellbore such as that shown in Figure 2-3-8, the coeffi-

cient KH [UCOEFF] is calculated by assuming a standard series resistance 

method, giving 

r 1 R.n (£3..) 
__ ....;r::...2.r....._ + 

K 
5 

K 
c 

(2-58) 

where h is the convective heat transfer coefficient between fluid and casing. 

The K and r represent thermal conductivities and radii of various parts of the 

wellbore. 

The convective heat transfer coefficient is determined by the Nusse1t 

number (Colburn, 1933; Karlekar and Desmond, 1977) as follows: 

Nu = hr1 = .8 1/3 .023 Re Pr 
K 

w 

where K = thermal conductivity 9f the fluid, Re = w 

Pr = Prand1t number defined as 

c lJ 
Pr = _E._ 

K 
w 

(2-59) 

pipe Reynolds number, and 

(2-60). 

Equation (2-59) is good for fully developed turbulent flow, which applies to · 

most problems. 

The use of the heat loss wellbore model is most accurate when the 

input fluid mass flow rate and temperature (production or injection) are con-

stant over a long period of time (see Ramey, 1962). The use of this wellbore 

model for both injection and production in a single simulation appears ques-

tionable because information about temperature changes in the rock matrix due 

to a previous simulation sequence are not considered in the calculation. This 

is clear in the derivation of equations (2-55) and (2-56) as shown in Appendix 

B. 
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PROGRAM STRUCTURE 

The INTERCOMP program is designed so that the redimensioning effort 

for different problems is kept to a minimum. All data are stored in a single 

common block. The common block has two regions: one where the length of the 

common block is fixed for almost every problem, and a second where the size 

varies from problem to problem. The variable length segment consists of the 

[G(.)] and [Gp(.)] arrays which are partitioned into segments and passed 

through as arguments in subroutines. The first part is passed as common 

statements to the subroutines. The [GD(.)] array carries the double-preci-

sioned array variables. 

For most problems, only the array length of the [G(.)) and [GD(.)) 

segments have to be changed, requiring recompilation of the MAIN program only. 

This method assumes that the remaining subroutines are compiled previously and 

retained as an object code. The MAIN program is recompiled after changing the 

size of [G(.)] and [GD(.)], linked with the remaining object code, and stored 

as a load module. This simplified data structure allows for easy dumping of 

restart files. 
' 

The program has internal ~rray length calculations, and since all data 

are stored as two segments in a common block, writing to an external file 

requires two write statements in addition to knowing the length of each seg-

ment. (Actually only one write. statement is required; however, INTERCOMP 

chose to use two). In the modified version, four write statements are used to 

create the restart files. 

Partitioned segments of the main array are called by knowing the loca-

tion of the first data position, and others follow in designated order. For 

example, the call statement has a form of 
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[CALL ITER(G(IJPS), G(IKPS), G(IAAQ, ... I G(IPWI), ..• )] 

and the sub~outine statement has a fo~m of 

[SUBROUTINE ITER(JPOS, KPOS, AAQ, ... I PWI, ... )] 

whe~e [JPOS] and [KPOS] a~e intege~ position coefficients, [AAQ] is a constant 

used to calculate explicit fluid influx ac~oss the exte~nal bounda~y, and 

[PWI] ~ep~esents the initial node p~essu~e values along the bounda~y. 

The position coefficients a~e calculated by 

[JPOS(J) ~ (J-1) * NX] 

[KPOS(K) = (K-1) * NXY] 

whe~e [NX] = numbe~ of x-di~ection nodes, and [NXY] = p~oduct o!'numhe~ of x· 

and y nodes. 

The a~~ay position is ~elated to the nod~ position by 

[M = JPOS(J) + KPOS(K) + 1] 

whe~e [I, J,] and [K] a~e counte~s fo~ x, y, and z node numbe~s and [M] is the 

a~~ay position. 

MAIN PROGRAM 

The MAIN p~og~am se~ves as the operating skeleton of the DWDM. The 

basic components of the MAIN prog~am are given in Figure 2-4. It sta~ts by 

~eading and using the M series of input (Appendix D) to compute individual 

array lengths in the va~iable common block to dete~mine the total co~e size 

~equi~ed in t~e p~ogram~ For an IBM machine, the last core block position 

.should be less than the allocated size .of co~e in the statement 
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GO 

[COMMON DUMMY, GD(2000), G(10000)]; 

thiit is, the length of the single-precisioned array [G] and the double-preci-

sioned array [GD] should be printed as less than 10000 and 2000, respectively. 

The size of the working array for [GAUS3D] is also approximated in the MAIN 

program. This value should be greater than the value determined later by sub• 

routine [ORDER] if [GAUS3D] is used in solving equation (2-38). 

Restarts of the program are initiated by indicating the time step num-

ber [!TIME] desired and having a restart record corresponding to [!TIME] on 

tape (disk) upit (4) and an output tape (disk) on unit {8). The program then 

checks to see when the next recurrent data are to be read [TMCHG]. If the 

time [TMCHG] is less than or equal to current time corresponding to [!TIME], 

then a new set of recurrent input data are read. Otherwise, execution contin-

ues without new recurrent data entry. 

In addition to the MAIN program flow path, there are two auxiliary 

paths for plotting previous run simulation results and mapping output tables 

from restart records. Data for plots o·f time vs. pressure, temperature, and 

concentration are written out to an external storage (tape or disk on unit 12) 

at every time step [!TIME] in [PRINT2]. The output file is in 

[FORMAT(2I3,5F10.2,F10.4)] 

and contains well number, type of well, time in days, bottom-hole pressure 

(psi), well head pressure (psi), bottom-hole temperature (°F), surface temper-

ature (°F), and solute concentration, in that order. The type of well is 

coded as 

!2 = 
!2 = 
I2 :;; 

!2 = 
!2 = 

1 
2 
3 
4 
5 

observation well 
injection well, bottom-hole conditions specified 
injection well, surface conditions specified 
production well, bottom-hole conditions specified 
production well, surface conditions specified. 
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Data from unit (12) are recalled for plots at the end of a simulation or at a 

later time. If plots are desired for a previous run, input data must be 

available on· unit 12. Similarly, observed data are also called for if compar-. 

ison plots are desired. Maps from restart data are handled in a similar man-

ner as restarting the program where restart records at a given time [ITIME] 

should be available on unit (4). Output to unit (8) is not required. Map 

format data are read in [READ2], and the contour maps are set-up in [PRINT2] 

by invoking [MAP2D]. In this mode, flags are set-up to bypass all steps in 

[READ2] and [?RINT2] that are not associated with restart file mapping. Con-

dition statements for Figure 2-4 are as follows: 

1. Are plots desired for a previous run? 

2. Is this a restart run? 

3. Call [ORDER] if it is not a one-dimensional grid system and if the 
method of solution is a reduced band width direct solution. 

4. Are we~lbore calculations to be performed? 

5. .Is the run to be terminated at this time step? 

6, Are wellbore calculations to be performed and is the well rate cal
culated semi-implicitly? 

7. Are any two-dimensional contour maps desired? 

8. ~re the recurr~nt data rea.d at this time step? 

9. Are anr plots desired for this run? 

10. Call [ORDER] if it is not a one-dimensional grid and if the method 
of solution is a reduced band width direction solution. 

11. Is the current time [TIME] corresponding to time step [ITIME] less 
than the time that the next recurrent data are entered [TMCHG]? 

12. Are maps desired from previous run restart records? 

13. Is the last map from restart records printed? 
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----~- Standard program path 

- ·- · - · - · - · Paths exclusive of plots from previous run 

- .. -··-··-···Paths exclusive of maps from .Previous nin 

(READ1l Read Initial 
and fixed data 

(INIT) Initialize the 
Independent variables 

(PRINT1) 

Print Initial conditions 

(REA02) 
Read recurrent data 

(COEFF) Calculate 
transmissibilities at old 
time level, n 

(PROD) 

Allocate well rates 

(ITEFO 
Pertonn numerlool 
SO""'Ion 

(PRINT2) Print simulation 
results Write plot data 
Write restart records 

(P~OT) Plot pressure, 
temperature, concentration 

(VISL1) 

(VISL) 

entry(VISMl 
calculate vlscoslt 

(ORDER) Evaluate 
optimum ordering 
scheme for 
direct solution 

(W~LLB) 

Wellbore model 
calculations 

(MAP20) Print · 
contour maps 

Figure 2-4. Operating structure of the INTERCOMP DWDM. MAIN program serves 
as the operating skeleton for the DWDM. (Modified from Figure 2 
in INTERCOMP, 1976) 
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SUBROUTINES 

This section is composed of a summary of subprograms in the INTERCOMP 

code. The basic program structure is given in Figure 2-4. Three major sub-

routines are called only once before the first time step in each simulation. 

These are described as follows: 

(READl) 

(!NIT) 

[PRINT!) 

Initial and fixed data are read in this subroutine. These data 
include all data containing READ Rl series input in Appendix D. 
Grid block size, pore volume, depth parameters, preliminary 
fluid flow, thermal conduction in overburden and underburden 
block transmissibilities, and aquifer influence function coef
ficients are produced in this subroutine. In addition, subrou
tines for setting-up viscosity parameters are invoked from this 
subroutine. Input data are checked for errors as data are 
entered. 

Initial conditions data are read in and checked for errors in 
this subroutine. Concentration and temperature are initialized 
according to user specifications for the reservoir. Tempera
tures in the overburden and underburden are only allowed to 
vary according to depth. Pressures are computed from the user 
specified base pressure and the density model using initial 
concentration and temperature data in the domain. Initial flow 
velocity in the x-direction is established by use of aquifer 
influence functions by initial pressure adjustment. 

This subroutine computes initial fluid in place, initial energy 
in place, a~d initial solute in place, and prints out initial 
grid block value tables. 

The next set of major subroutines is called periodically. These are 

. (READ2] This subroutine reads in recurrent data which include all data 
entered as READ R-2 series in Appendix D. Data entered in this 
subroutine can be altered at any subsequent time specified, 
thus permitting the user to change well flow rates, temperature 
and concentration, well specification, time step, differencing 
scheme, and method of solution. This subroutine also reads 
parameters to change the tables of output summary. Like 
[READ!), input data are checked for errors before proceeding. 
A complete set of data for all options used must be inserted 
when this routine is called for the first time. Subsequent 
passes require only changes to the original input. 



[COEFF) 

[PROD] 

[WELLB] 

[ITER] 
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Automatic time step is computed when the user specifies and 
when [!TIME] is greater than one. Overburden and underburden 
finite difference heat loss calculations assuming no tempera
ture change at the reservoir boundaries are computed, and the 
coefficient for additional heat loss due to a change in temper
ature (~T) is evaluated. Viscosities, densities, and enthal
pies at each grid block at the old time level (n) are computed. 
Flow velocities and convective terms (p~H and p~~) 

are weighted according to chosen differencing schemes (central 
or upwind) and are set up and stored in th.e residual terms [RW, 
RH, RC) based on the old time step. Total thermal dispersivity 
(hydrodynamic plus diffusion) and total solute dispersivity ate 
evaluated and added to proper residual terms [RW, RH, RC]. 
Tables of Darcy velocities and transmissibilities can be 
printed if the user wishes at the culmination of this subrou
tine. 

This subroutine calculates rates of injection (or production) 
into (or from) each layer for each well. The means of alloca
tion uses old time step (n) information. The details on 
options and means of allocation are given in Appendix C. For· 
the surface conditions specified [!SURF] = 1, the wellbore 
model [WELLB] is called. Residual terms representing convec
tion and total dispersivity (hydrodynamic dispersion and diffu
sion) at the old time level n are incremented or decremented by 
injection or production rates, respectively. 

This subroutine is involved when [!SURF= 1]. It relates sur
face pressure and temperature to bottom-hole pressure and temp
erature. Calculations in.this subroutine take place over a 
number of user-specified depth increments based on pressure 
[DELPW] ·, using an iterative procedure. Net pressure drop con
sists of a change in gravity head and viscous head loss where 
the latter is usually small for single phase flow. Enthalpy-in 
minus enthalpy-out equal to change in internal energy is 
applied to ~ach increment. Since the last increment may not 
correspond to a length computed by model, the final pressure 
and temperature are determined by linear interpolation based on 
the last two full length increments. For a production well, 
solution proceeds from bottom-hole to top-hole, and from top
hole to bottom-hole for an injection well. Details on the heat 
loss calculations in this model are given in the description of 
the wellbore model and in Appendix B. 

This subroutine begins by setting up the coefficients for the 
aquifer influence functions by expressing the rate of water 
influx (or efflux) across the boundary as 

n+l 
e = a + bop w (2-64) 

where a, [AAQ] is the influx based on no change in pressure 
over a time step (explicit), and b, [BAQ] is a constant which 
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relates change in pressure 6p to an additional influx (or 
efflux). Coefficient b is added to the proper diagonal element 
in [C] in equation (2-38}. 

The primary objective of the subprogram is to solve the vector 
equations in the following_order: 

[C3] {c5p} = {R3} (2-65} 

{oT} = (2-66} 

{eSc} = .( 2-67} 

and begins by setting up the coefficient matrix [C3 ] and column 
vector of residuals {R3 }. The "solving" process .in equation . 
(2-39} is accomplished in subroutines [GAUSlD], [GAUS3D], or 
[L2SOR]. A solution is said to have converged when the maximum 
change in density over all th.e grid blocks is below a tolerance 
limit. Included in the iteration process is a means of updat- · 
ing the explicit flow rate in equation (2-32) so that desired 
well rates are achieved regardless of the change in pressure in 
the grid block. This adjustment is invoked after the pressure 
equation is solved. If the new achieved rate after the pres
sure calculation is not within 5% of old allocated flow rate, 
the explicit part of the well flow rate to each layer is 
updated by a ratio of old allocated to new achieved rate (see 
Appendix C). After an update, the pressure equation is solved 
again with a maximum of three iterative [ITRN] passes through 
the pressure equation to adjust explicit flow rates. 

The operations flow chart in subroutine [ITER] is given in Figure 2-5. Fur-

ther operations with [ITER] are reviewed in discussions of subroutines 

involved in setting up the coefficient matrices and the column vectors for 

equations (2-65), (2-66), and (2-67): 

Condition statements for Figure 2-5 are as follows: 

1. Is this the first iteration? 
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2. Are the cross-derivative dispersion terms to be included? 

3. Is the grid block system one-dimensional? 

4. Is a direct solution desired? 

5. Has convergence been achieved? 

[WTFNC] Velocities may change sign because of a change in pressure. 

[SCOEF) 

[SRHA) 

[CRSS] 

INTERCOMP assumes that velocity will not change much over an 
iteration so [WTFNC] is called only twice during the first 
iteration. New velocity is evaluated as a sum of old velocity 
at the previous time. step plus velocity change due to 6P.• 
Values of [AX] are as follows: 

q ~ 0, upwind differencing [AX] = 0 
q < 0, upwind differencing [AX] = 1 

and [AX] = l!.x./(f!.x. + /!.X. 1) ~ 1/2 for central 
l. l. l.-

differencing. For y and z directions, weighting functions are 
[AY] and [AZ], respectively. The [AX], [AY], and [AZ] are used 
in the same capacity as a in equation (2-28-g), but instead 
of operating on grid block values, [AX],, [AY], and [AZ] apply 
to changes in grid block values as · 

<Sc. , = a*<Sc. 
1 

+ (1 - a*)oc. 
·1.-~ 1.- . :t. 

in subroutines [SRHA] and [SRHS] where a* represents a weight 
function [AX], [AY], or. [AZ]. 

Coeffir:.iP.nts for [C:lJ I I]. [Ca'l 1), and rcl6] in equation 
(2-36-a) are set up in this subroutine which is called once for 
each equation. When the pressure solution invokes [SCOEF], all 
coefficients from [C 11 ] to [C24 ] are solved as part of solving 
for [C33 

1 1
], [C3 4 '] ~ and [C3 5 ]. Therefore., after the pressure 

equation is· solved, this routine is called again to solve for 
intermediate components [C 22

1
], [C23

1
], and [C24 ] for tempera

ture solution and [C 11 ], [C 12 ], and [C 13 ] for contaminant· solu
tion. Each time the routine progresses only far enough to 
evRluate the needed right and left-hand members of [CJ and [G) 
in equation (2-36-a). 

This subroutine solves for the update component of the column · 
vector {H} in equation (2-36-a). Implicit components on the 
right side of equation (2-36-a) are updated and tabulated in 
this routine. 

Cross terms given in equation (2-28-k) are evaluated using the 
most current updated pressure, temperature, and solute concen
tration data from the previous iteration. 
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Entry ) 
--- ~clreRJ-1 r--- No Yes (WTFNC) 

I 
1 Calculate weighting 

I functions 
I 
I (SCOEF) 

I 8:;~1culate coefficients 
I 3 c34 C3s 
I (SRHA) Update 
I 
I 

right- hand column 
I 

vector- pressure equation 

. : No~ (CR~S) .Update residuals 
1 ~ by cro~s-derivative 

Pressure solutio d1spers1on terms 

: (SCOEF) Cal.l 
lN~ C22C23C24 /es(GAUS1Dl Obtain direct I 1 Yes TFN ) l ~~~ightfng functions solution or· 1-dlm. 

I (SRHS) Update right-hand 
I column vector-temp. 
I 
I equation 
I 
1 Temperature solution 
I 
I 

(SCOEF) Cal. I I 
I C11c12c 13 I 
I 

(SRHS) Update right-hand I 

I column vector-solute 
I equation 
I 
!Concentration solution 
I 

No 5 
I 
I 

es I 
I 

I 
I 
I 
1 Update pressures, : 
1 temperatures and 1 1 concentrations 

. 1 over the time step : . L--~~I:-;-J 

0 
systems 

es (GAUS30) Obtain direct 
4 solution for 2 and 

3 ·dim. systems 

No (L2SOR) Obtain two-line .....__ successive 
overrelaxatlon 
solution -2 and 3 dim. 

Figure 2-5. Solution scheme arrangement in subroutine [ITER]. (Modified 
from INTERCOMP, 1976) 

. 
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After this set of subroutines is called in [ITER], the coefficient 

matrix [C~] and residu.al column vector {R3 } in equation (2-65} are constructed 

in [ITER]. Implicit components on the right-hand side of equation (2-36-a) 

are moved to the left side to [C3 ] and the remaining column vector is {R3 }. 

[GAUS1D] 

[GAUS3D] 

[L2SOR] 
. [LSORX] 

[LSORY] 
[LSORZ] 

[SRHS] 

This is the direct solution solver of equations (2-65}, (2-66), 
or (2-67) if the problem is one-dimensional in x-direction. 
The Thomas Algorithm (Thomas, 1949) is used to obtain a direct 
solution for a one-dimensional problem because the diagonal 
band width in the coefficient matrix [C] is three. 

This subroutine contains a direct solution algorithm for equa
tions (2-65), (2-66), or (2-67) in two- or three-dimensional 
domains. The solution method uses an optimum ordering Gaussian 
elimination scheme (Price and Coats, 1973) that compares favor
ably with an iterative two-line successive overrelaxation 
method for large dimensioned problems. 

This is the calling subroutine for the iterative solution of 
two- or three-dimensional problems. The scheme used is like a 
single-line overrelaxation method. Five diagonal terms are 
present in a double-line solution rather than the usual two in 
single-line. One of the [LSORX], [LSORY], or [LSORZ] subrou
tines is called depending upon the orientation of the optimum 
line. 

This subroutine has a similar purpose to [SRHA]. It computes 
the updated right hand side components for equation (2-36-a) 
and sets up the implicit components for the coefficient matrix. 
This subroutine has two parts. One part is called when the 
temperature solution is activated, and the second part is 
called when the solute equation is being solved. 

As explained in the pressure equation solution, the coefficient matri-

ces for temperature and solute equations [C 2 ] and [C 1 ], respectively, are 

assembled in [ITER] immediately after subroutine [SRHS]. Similarly, {R.2 } and 

{.R 1 } are assel'flbled in the· same location for the temperature and contaminant .. 

equations, respectively. One count of an iteration [ITNN] refers to a passage 

through all solved equations. Grid block values are updated when convergence 

is satisfied. This constitutes the end of the solving process in subroutine 

[ITER]. 
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In the following section, the reader is referred back to Figure 2-4. 

After [ITER], [PRINT2] is called to update source terms and print simulation 

results. 

[PRINT2] 

[MAP2D] 

(PLOT] 
[TSHIFT] 
[YAVG] 

This subroutine updates the water influx (efflux), energy, and 
concentration via aquifer influence function blocks. It com
putes heat loss, water in place, energy in place, and solute 
mass in place. Tabulations and updates of source rates and 
wellbore model results are computed in this subroutine in prep
aration for output tables. Water mass, energy and solute mass 
balances are performed. Overburden and underburden temperature 
profiles are updated. Output tables of cumulative flow through 
wells and aquifer influence functions are printed according to 
user preference. Output tables of reservoir grid block results 
are printed for concentration, temperature, and pressure. Out
put tables of overburden and underburden temperature are also 
permitted. An output summary of well data is written to unit 
(12) at the culmin~tion of every time step. Printer maps are 
also invoked in this subroutine. 

This subroutine prepares printer-plotter maps having up to 
twenty contour intervals of pressure, temperature and solute 
concentration. A choice of rectangular cartesian (x,y,z), cyl
indrical (r,z), cartesian section (x,z), and areal (x,y) maps 
can be selected at a given time. Three-dimensional (x,y,z) 
maps are printed as a series of x,y maps for each z layer. 
Specific contour characters are defined by bilinear interpola
tion between the four nearest grid block points. The map 
domain dimensions are defined by the distance between the first 
and last grid points of the mapped domain rather than the dis
tance between outer-most grid blocks of a domain. Map scale is 
arbitrary and user specified and may be different in each of 
the two dimensions. This version of the [MAP2D] program 
assumes a printer with the capability of ten characters per 
horizontal inch, six characters per vertical inch, and a. mini
mum page width of 120 characters. Instructions for modifica
tion of the above are given in the comment statements in the 
code. Maps that extend laterally to more than one page length 
are continued on the next page. 

These subprograms are invoked by the MAIN program. Program 
[PLOT] calls two short subroutines [TSHIFT] and [YAVG] in the 
creation of plot files. It plots pressure, temperature, or 
concentration vs. time at any specified well and also plots 
comparative input data from observations with calculated values 
of the same variables as a function of time. Results are shown 
as an x-y plot where two dependent variables (observed and cal
culated) are plotted against the abscissa value of time. Two 
characters--x-calculated, 0-observed-~are used. An additional 
charact~r * is used for coincident results. The length of the 



ordinate (across the page) is set, and the length of the 
abscissa (down the page) is user-specified. 
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The above-paragraphs present a list of major subroutines. The remain-

ing group of supporting subprograms which were not discussed above are listed 

below. 

[INITL] 

[ERRPRT] 

[PRINTS] 

[INPUT] 

[VISL] . 

This subroutine loads user-specified initial temperature and 
solute concentration by the region to grid blocks. It is 
called by subroutine [!NIT] as part of the initializing pro
cess. 

This subroutine prints the output tables of probable input 
errors in subroutines [READ1], [READ2], and [PRINT1]. 

This subroutine prints the output tables of pressure, tempera
ture, and concentration at the top center of a grid block. The 
zero pore volume blocks are left as blanks. The entry point 
[PRINTO] is for printing output tables for overburden and 
underburden temperature. Tables of grid block parameters are 
also printed by this routine. The output tables of transmissi
bilities (2-28) require some clarification. In this regard, 
figure 2-6 is a simplified one-dimensional grid block problem. 
Because transmission coefficients are defined at the grid block 
boundaries, the output table will print 

0.0 

where T. refers to a transmissibility defined by Figure 2-6. l. 
In the model, for a pressure equation in radial coordinates, 
the pressure drop between the first node and well is actually 
determined by the well index evaluated at T1 (Appendix C). 
This subroutine is invoked by [READ1], [PRINT2], [COEFF], and 
[PRINT1]. 

This subroutine contains the library for Tables 2-1 and 2-2. 
It loads the data into proper arrays for future use. This sub-· 
routine is called by [READ!]. 

This subroutine sets up some of the initial parameters for the 
viscosity model. Constants B. and B in equation (2-15) l. r 
are computed. The values of B. or B are :calculated by l. r . 
input data tables or internal Lewis-Squire data._ If the l.n)ec
tion reference viscosity temperature [TIR] is not the _same as 
the reference temperature of the reservoir fluid [TRR], the 
injection temperature fluid reference viscosity is adjusted by 
equation (2-13). This routine is called once by [READl]. 



[VISM] 

[TRANS] 

[TCALC] 

[DDINT] 
.. 

[TODINIT] 

[AMOODY] 
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Once B. and B ai"e known, the viscosity model I"equii"es the 
~ I" . 

use of equation (2~14) OI" the data tables on viscosity vs. con
centi"ation at I"efei"ence tempei"atui"e to compute ~ (T , C) in I" 
equation (2-13). All of this occur's in entry point [VISM]. 
This routine is called by [READl], [INIT], [COEFF], [READ2], 
[WELLB], [PRINT2], and [PRINT!]. 

This subroutine takes a REAL*8 variable array and makes it a 
REAL*4 ari"ay. It is called by subi"outines [PRINT2] and 
[PRINT!]. 

This is a function subpi"ogram designed to compute fluid tempei"
ature fi"om gi"id block enthalpy and pi"essui"e using an iterative 
pi"ocedui"e. It is called by subi"outines [PRINT2], [PROD], and 
[WELLB]. 

This is a function subpi"ogram designated by f 1 (T
0

) in equa

. tion (2-17). It is a linear' intei"polation routine used to 
determine saturated enthalpy fi"om Table 2-1. 

This is a function subpi"ogi"am designated by f 2 (T 1 P ) in 
0 0 

(2-17). It is the two-dimensional linear' interpolation for 
deviation fi"om saturation in the enthalpy model. Both [TODINT] 
and [DDINT] occur" together' as in equation (2-17). They are 
called by subi"outines [READ1] 1 [PROD] 1 and [TCALC]. 

This function subprogi"am computes the friction factor for a 
given pipe Reynolds number and pipe roughness to diameter 
ratio. This is called by [WELLB]. 
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Figure 2-6. · Locations of transmissibility T relative to grid block 
transrnis~ibility tables printed by [PRINTS] • 
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SELECTION OF SOLUTION, GRID, AND TIME STEP SIZE 

This section is a summary of considerations in selecting the solution 

scheme (direct or iterative}, grid block, and time step size. More detailed 

information can be obtained from INTERCOMP (1976). 

For a one-dimensional problem, one direct solution scheme is offered. 

This solution scheme will be used whether the user specifies a direct or iter

ative solution (see Figure 2-5}. 

In mu~ti-dimensional problems, the user is offered a choice of an 

iterative solution by two-line successive overrelaxation [L2SOR] or a reord

ered Gaussian elimination direct solution [GAUS3D] (Price and Coats, 1973). 

Basic experiments by INTERCOMP comparing the two s.olvers suggest using [L2SOR] 

when the minimum product of the number of grid blocks in two dimensions is 

greater than 50 to 75. The iterative solver [L2SOR] has disadvantages because 

it is an iterative solution subjected to small convergence errors. An obvious 

sign of such an error in output is the drifting of temperature values outside 

the thermal front. For a problem having small number of mesh in two dimen

sions, [GAUS3D] would probably be faster than [L2SOR]; however, the direct 

!'\n1ut.ion [GAI.IS3D] requires; more core memory than [L2SOR], 

The rate of convergence in an [L2SOR] solution depends upon the choice 

of an acceleration parameter, w. The code evaluates w for the user at 

specified iteration intervals [IMPG] in the iterative solution. The accuracy 

of determining the "best 11 w increases as the number of iterations increase. 

The INTERCOMP recommended values of [IMPG] range from three to ten. For 

highly transient problems, [IMPG] should be set small but it should be larger 

.when domain conditions approach steady-state . 



In general, in order to restrict computing expenses one would desire 

large grid block sizes and large time steps. In general terms, a problem 

becomes more accur~te as 

6p/6t approaches ap/at 

6p/6x approaches ap/ax 
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or as 6x, 6t, and 6p become very small. Therefore, the size of the mesh 

should be finest when the gradient of a quantity (p, T, C) is greatest, and 

the time step size should be made small when some quantity changes rapidly. 

Since each equation behaves differently, ~n ideal mesh and time step for one 

may not be ideal for the other. A good example of this is a simultaneous 

solution of the pressure and temperature equations. If a high temperature 

fluid is being injected, the pressure equation starts by requiring very small 

time steps because ap/at is large at early time because of the small rock 

and water compressibilities. In contrast, the energy equation shows less 

rapid changes in temperature with time because of the larger magnitude of the 

energy storage coefficients between rock and water. The spatial derivatives 

for this type of problem require similar attention. A fine mesh is required 

throughout the expected region traversed by the thermal plume because 

aT/ax is la(ge at the thermal front and the thermal front is expected to 

expand in a given domain with .time. The mesh size outside the thermal plume 

region can be set with larger spacing because ·ap/ax approaches a small 

value away from the source of injection. Similar arguments also apply to the 

density, viscosity, and other derivatives in the governing equations. The 

DWDM uses the most restrictive time step in the automatic time step routine. 

Therefore, if pressure is changing most rapidly with time, the time step size 

will depend upon pressure changes. 
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The code offers implicit and central in time: and upwind and-central 

differencing in space options on the first derivative in the convective terms 

in equations (2-3) ·and (2-4). The pressure equation is unaffected by the 

above options and is always solved implicitly (~n time) and central in space. 

The advantages and disadvantages of each are discussed below. 

For large grid blocks, second-order (proportional to terms having sec-

and derivatives) space and time truncation errors originating in the convec-

tive and time terms (shown in the left side in equation (2-68}) contribute to 

physical dispersion. This is shown by writing a one-dimensional simplified 

version of equations (2-6) and (2-7) as follows; 

S t + M u t = E E; 
"t "x xx · (2-68) 

One can show the cause of this error from the simplified one-dimensional form 

of equations (2-6) and (2-7) where tt = at/at in which t can be C or 

T. Writing equation (2-68) using implicit and upwind differencing and a Tay-

lor series representation of the finite difference derivatives to return to a 

form of equation (2-68} gives 

M E u 26t + ~ u6x 1:'. 
E;t + 5 u E;x = 5 ;XX + ---2-- ~xx S 2 "xx (2-69) 

The additional terms 

(2-69-a) 

and 

M u6x ---
5 2 

(2-69-b) 

are second-order terms that contribute to the phyiical dispersion-diffusion 

level. The term designated by (2-69-a) is the result of implicit (time) dif-

ferencing, while the term designated by (2-69-b) is the result of upwind dif-



- ferencing on the convective term in equation (2-68). This means the total 

dispersivity in equation (2-69) is 

E u26t M u6x -+--+---s 2 s 2 
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rather than t~e physical dispersivity of E/S. To prevent numerical, diffusion 

from overcoming physical dispersion-diffusion, the following should hold: 

u26t M u~x E -- +- -- <<-
2 s 2 s 

or, when dropping the physical terms M/S, the following should hold1 

u2tit u6x E 
-.-2- + 2 << s (2-70) 

This error does not exist in central in space and central in time (Crank-Ni-

cholson) differencing because in both cases the truncation error is other than 

second-order. If the molecular diffusion (D or K ) is much smaller than m m 

hydrodynamic dispersion, the restriction for Crank-Nicholson and upwind in 

space is 

u6x "' · 
·-2- << a. R. u 

or 

(2-71) 

where a
1 

is the longitudinal dispersivity factor. The value of a
1 

usually ranges from 10m (30 ft) to 30m (100 ft); hence, equation (2-71} .can be 

a severe limitation. 

Centr~l difference space and time is theoretically stable; however, 

_solutions are sometimes plagued by the tendency of overshooting and under-

shooting the solution defined by input. For central in space and implicit 

differencing INTERCOMP recommends 

u6x ~ E 
2 c (2-72) 



and 

uflx 
-- < 

2 

EH 
pC 

p 
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(2-73) 

Similarly, the following are recommended for any Crank-Nicholson differenced 

problem: 

(2-74) 

The exact a~erence to equations (2-72}, (2-73}, and (2-74} is not necessary 

to achieve good results. These equations should be used as an estimate to 

reduce solution oscillation when they are noted. Problems subjected to small 

oscillation ~~y still yield good results when grid block values are averaged 

over several time steps.· A summary of this section is given in Table 2-3. 

The results of this section may be used to minimize solution error. 

Table 2-3· is good for most problems because most simulations have a dominant 

Darcy velocity, u in a direction parallel to a length increment 6X, flY, or 

Az. For a radial system, Ax and u can be estimated by: 

u = Q 
21T r flz 

(2-75) 

and 

Ax = flr = r fltn(r) . (2-76) 

·where r is a grid block boundary and A ln (r) is the natural logarithm'ic 

radius difference between two adjoining grid block centers. 

Discussions involving the explicit formulations are not included here 

because of the restrictions on problem stability, and explicit (ti~e) options 

are not offered by this code. Additional information and solution improve-

ments can be optained from Price, Cavendish and Varga (1968), and Lantz 

(1971), and Roache (1976). 



Table 2-3. Sum!nary of Numerical Diffusion and Stability 

Difference 
Spatial 

BIS 

(upstream) 

CIS 
(centered) 

BIS 
(upstream) 

CIS 
(centered} 

Form Numerical* 
Time Diffusivity 

BIT utJ.x/2 + u2tJ.t/2 

(implicit) 

BIT u26t/2 
(implicit) 

CIT utJ.x/2 
(Crank-Nicholson) 

CIT· None 
(Crank-Nicholson) 

CIS--Central in space 
SIS--Backward in space 

Stability Consideration 

None 

utJ.x/2 ~ E 

u6t/(2~bx) ~ 1 

Same as above. 

CIT--Central in time (Crank-Nicholson) 
SIS--Backward in time (implicit). . 

*These values reflect only the magnitude of the numerical 
diffusivity. The actual values have physical constants 
related to the numerical diffusivity magnitude. (Modified 
from INTERCOMP, 1976}. 

SUMMARY 

The simulator capabilities are best described by Figure 2-7. Finite 
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difference solutions of pressure, energy, and concentration make up the reser-

voir model wh~re each equation is dependent upon the other because of fluid 

viscosity and density. Aquifer influence funr.tions ~re a means of simulating 

infinitely large aquifers without infinite finite difference mesh extensions. 

Conduction heat losses (or gains) are allowed through the overburden and 
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underburden layers. The wellbore model predicts bottom-hole or surface. condi

tion~, dependinq upon flow direction. 
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This sect~on is composed of a demonstration ·.of code responses between 

International Business Machine (IBM) and Control Data Corporation (CDC) data 

mode machines. 

Most of the DWDM code development took place on a CDC data mode 

machine with the intention of operating the code on other machines having less 

accurate data management format like UNIVAC, IBM, and XEROX SIGMA. 

Initial results from several test runs on an IBM-type machine (Amdahl 

470V/8) following the code adjustment instructions fo.r IBM data mode ·gave 

results that showed significant mass and energy balance errors, whereas CDC 

results showed perfect mass and energy balance on a few test problems. This 

error occurs because an IBM data mode machine carries out arithmetic opera

tions to seven places, which is adequate for business transactions. In con

trast, CDC carries out similar operations to fifteen places (Table 3-1). 

Corrective measures for IBM-type machines required storage of a few 

single variables and arrays in double precision. The number of these double 

storage locations were kept to a minimum to minimize the increase in stor~g~ 

and computer time requirements. 
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Table 3-1. Computer Data Characteristics 

(Adapted from Hughes, Pfleeger and Rose, 1978) 

Computer Type Integer Precision Real Precision Characters 
(Digits) Real Range (Digits) per word 

CDC-6000-7000 18 10-2'33 - 10+322 15 10 
IBM 360-370 9 10-78 - 10+75 7 4 
UNIVAC 1108-1110 10 10-38 - 10+38 8 6 
XEROX SIGMA 5-7 9 10-78 - 10+75 7 4 

TEST RADIAL COORDINATE PROBLEM 

To demonstrate the problem, an example documented in the INTERCOMP 

DWDM is used to show differences in output (Figure 3-1). This problem uses 

the radial mesh option with a 10 x 1 x 5 (x,y,z or r,y,z) finite difference 

mesh at a depth of 1219 meters (4000 feet). This encloses an external radius 

of 1524 meters (5000 feet) with 5 layers of differing characteristics having a 

total·thickne~s of 30.48 meters (100 feet). The overburden and underburden 

consists of 3 grid blocks each in the z-direction. The data used are listed 

in Table 3-2. The wellbore model is set with a specified injection flow rate 

and surface temperature, ·but with unknown downhole temperature and pressure. 

The flow rate is allocated between layers based on mobilities and the implicit 

pressure drop between the w~llbore and the adjoining grid block. The pressure . 
and energy equation are solved for a two-day injection rate of 283.17 m3jday 

(10 4 ft3/day) followed by a rest period of three days. Viscosity is allowe9 
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to vary as a function of the dependent variables (p, T). Since only reference 

viscosities are supplied (see Table 3-2), the model uses the inter.nal Lewis 

Squire viscosity table. Because the aquifer is anisotropic and inhomogeneous, 

the nonlinear differential equations have no known analytical solution. 

Mesh generation is accomplished by an internal routine which satisfies 

= c 

. th 
where [RR], rci+1 =radius to center of i+1 block and [RR], rei= 

radius to center of ith block from the center of symmetry. For this demon-

stration problem, c is 2.27 and the radius to the first block boundary is .11 

m (.37 ft). 

Comparisons of mass and energy balances for the above problem run on 

CDC and IBM snoweq differences in balance results and minor differences at the 

individual nodes. The resultant node values compared well within three sig-

nificant digits for pressure, and within two for temperature. However, cumu-

lative terms ~ike total heat loss, total mass, and total energy balance did 

not match at all t_ime steps. An example of t.nis difference is shown in Figure 

3-2 where the energy balances are compared between CDC or fully-double preci-· 

sioried codes with unaltered and improved versions of the simulator. Perfect 

energy balance of 1.0 is obtained on a CDC run. Energy balance errors are 

obtained when the unimproved version of the code is operated on an IBM type 

machine for tl'}e same problem. The plot o( 11 IBM improved11 shows the energy 

balance after code improvement. The energy balance is defined as 

(3-l) 
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when total energy loss is greater than energy gained in the reservoir. Simi-

larly, when energy gain dominates over loss .. energy balance is evaluated as.-

. . . 
[MBQ] 

Q + QL - Q n 0 = . ( 3-2) 

Qg 

where Q
0 

= initial energy in place at the beginning of the simulation 
. . 

[IQIP], Qn =current energy in place [QIP], Qg.= total energy gain, and . 
QL = total energy loss. For a perfect energy balance [MBQ] is equal to one. 

The significance of equations (3-1) and (3-2) is clear when both are rear-

ranged as follows: 

(3-3) 

and 

(3-4) 

The computation for fluid and cont.aminant mass balance is performed in 

a manner similar to equations (3-1) and (3-2). 

The primary cause of what appeared to be a mass and energy balance 

error was errors in calculating the total values of mass and energy for the 

domain. 

For tije radial test problem, the calculations proceed as follows:·· 

pore volume at the Mth grid block is calculated by 

(3-5) 

and for the cartesian coordinates pore volume is calculated by 

• 
V = (6x.,6y.,6zk)cp .. k 
Pi,j,k ~ J ~,J, 

(3-6) 
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30.48m 

* 42.67m 
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.Figure 3-1. Schematic of test comparison problem. Aquifer zone is anisotropic and inhomogeneous 
10 x 1 x 5 (x1 y,z,) finite difference grid. 



Table 3-2. Radial Test Problem Physical Data 

Water Compressibility 
Rock Compressibility 
Water Thermal Expansion 
Water Heat Capacity 
Rock Specific Heat 

Reservoir Data 

Thermal Conductivity of Matrix 
Longitudinal Dispersivity 
Transverse Dispersivity 

4.35 X 10-1° 1/Nfm2 
5.80 X 10- 10 1/Nfm2 
3.60 x 10- 4 1/°C 
4.21 X 103 J/kg°K 
1.88 X 106 Jjm3°K 
1.87 W/m°K 
30.48m 
3.05m 

Fluid Density . 1.13 x 103 kgfm3 

Layer Description 

Thickness K (m/day) K r 

6.10m (20 ft) .110 m/day ( .360 ft/day) .037 m/day 
3.05 (10.0) .089 (.291) .030 
6.10 (20.0) .101 (. 330) .034 
6.10 (20.0) .146 ( .480) .049 
9.14 (30.0) .030 (.099) .010 

(3.0 x 10-6 1/psi) 
(4.0 x 10-6 1/psi) 
(2.0 X 10- 4 1/°F) 

(1.005 Btu/lbm °F} 
(28.00 Btu/ft3 °F} 

(26.00 Btu/(ft day°F}) 

z 

(100.0 ft) 
(10.0 ft) 

(70.51 lbm/ft3) 

(m/day) ~ 

(.120 ft/day) .099 
(.097) .097 
(.110) .107 
(.160} .107 
(.033) .096 

Inner Radius Grid Block Boundary 

Block Radius (m) 
-1- 0.116 m (0.38 ft) 

2 0.945. (3.10} 
3 2.146 (7'. 04) 
4 4.877 (16.00) 
5 11.079 (36.35) 
6 25.173 (82.59) 
7 57.196 (187.65) 
8 129.948 (426.34) 
9 295.235 (968.62) 

10 670.767 (2200.68) 

Heterogeneity Region - Aquifei· Modification 

Blocks 1 to 3 in x-direction 

Blocks 1 to 5 in z-direction 

Hydrauli~ Conductivity ~ r-direction = 1/2K 
r 
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Hydraulic Conductivity - z-direction = l/2K z 

Input 

6.10 m 
12.19 
24.38 

Time = 0.0 to 2.0 Days 
Injection Rate = 283.17 m3/day (10000 ft3/day) 
Surface fluid temperature = 23.9 °C (75.0 °F} 

Fluid Viscosity= 1.04 x lo-a N-dayfm2 (.900 cp) 

at temperature = 59.9 °C (139.£ °F} 

Geothermal Gradient: 

0.0 m 
1829 

flz 

20.0 
40.0 
80.0 

ft 

Depth 

(0.0 ft) 
( 6000.) 

Temperature 

23.9 °C 
78.1 

Overburden - Underburden Data 

Actual Node Spacing 

12.19 m 40.0 ft 
18.29 60.0 
18.29 60.0 

(75.00 °F) 
(172.5} 

Specific Heat = 1.88 X 106 J/m3 OK (28.0 Btu/ft3-°F) 
Thermal Conductivity = 1.87 W/m .oK (26.0 Btu/ft-day-°F} 
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Since rock is assumed to be slightly compressible, the true pore volume after 

dropping all reference subscripts becomes 

(3-7) 

The density Pw at the Mth block is calculated by equation (2-12) so that 

th the mass of the fluid· in place at the M block is 

and the energy in place ~s 

. 

Q' = p v w w 

Q' = pV (Uo + C (T - To)) + V (pC ) (T T ) ~ w p R p R - 0 



• 
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where VR = the constant volume of rock in matrix (Vt - Vp). The contam

inant in place is computed by 

pV C. 
w 

Equation (2-21) assumes that energy in the fluid is just a function of temper-

ature above a base internal energy which, in turn, is a function of both pres-

sure and temperature (U (p ,T )) given as 
. 0 0 0 

. 
Qw' = (pV) (Uo + (C) (T- To)) w p 

Additional energy stored in rock then is 

where energy stored in the rock is zero at reference temperature T [TO]. 
0 

The total mass of fluid, energy, and mass of component is solved for by sum~ 

ming equations (2-22}, (2-21}, and (2-23) for all grid blocks. 

In taking the radial grid problem (see Table 3-2) into consideration 

with Az 2 as 3.05 meters (10ft), and 

rc. 
1-+1 

rc. 
1, 

= 2.27 

it is immediately seen that the pore volume in the innermost block is of an 

·order of .85 ~3 (30 ft3) whereas it is 3.30 x 10s m3 (1.20 x 10' ft3) in the 

outermost block when assuming a porosity of .10. Fluid mass, energy, and con-

taminant mass are multiples of the pore volume so the reason for the calcula-
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tion error becomes evident in that summing takes place from M equals one to M 

equals the number of blocks. For the above problem, 

1 ~ M ~ 10 

sums from the inner to outer block, along the top row, and 

11 ~ M ~ 20 

sums in the same direction along the second row. Consequently, information ·, 

about inner cell changes is lost when solving equations (2-22), (2-21), and 

(2-23) for [~QIP] or [QIP] and related components. 

This problem is corrected by doubling the precision of calculations 

rather than changing the summation order, be~ause a different order of· summa-

tion might be required for certain linear grid problems. 
c' 

The test problem described above solves only pressure and energy ·equa-

tions: hence, no contaminant solution comparisons are available. Balance cor-

rections to the energy equation also are applied to the solute balance because 

much of the contaminant balance is handled in the same manner. 

The responses in Figure 3-2 need additional explanation. In the above 

problem, cool surface water of 23.89° c (75° F) is injected into a deep forma-

tion having ap initial average temperature of 6~° C (140° F)~ At a dimension

less time of .21 (1.06 days), the quantity of heat injected is 4;19 x 10 10 

Joules (J) (3.97 x 10' Btu). However, the quantity of heat loss through con-

vection transport· of water leaving the finite difference reservoir is 9.67 x 

109 J (9.17 x 10s Btu) and heat gain via overburden and underburden conduction 

is 1.45 x 1010 J (1.37 x 10' Btu). Therefore, heat gain dominates so [MBQ) is 

calculated by equation (3-i) giving [MBQ] = 1.0295 and [MBQ] will remain equal 

to one in the program output because of an overriding factor used in the cqde 

for IBM machi~es. The energy balance will continue to have a value of one. 



8 
• -

i 
• c 

UJ~ uc 
z a: 
....J a: 
al 

c >-:P 
(.!)Q 
a: 
UJ z 
UJ 

c 
N 

. 
- -- ,_- --- -

I 

~-·-·--···L-~. 

--

I .-..- - 1-. - --• • .....,.._;;; - _.., - - - -

\ 
_ ............ ·- ---·---·--- ·--· 

·~ ., 
~ .... 

1!1- CDC 

·- IBM 
C!)- IBM IMPROVED • c 

; 

l 8 
• 

9l.oo 0.20 o.~o o.so 0.80 
DIMENSI~NLESS TIME 

Figure 3-2. Energy balance on variable grid size problem 

91 

iC 

-. 
1.00 



• 
92 

until the quantity of energy gain or loss reaches a certain fraction (FR) of 

the total energy initially in place [IQIP]. For this problem, when data 

obtained from the modified version of the code are used, the following outputs 

are observed at t = 1.06 days: 

Q = 6.207704 X 1012 Btu 
0 

Q = 6.207758 X 1012 Btu 
n 

Q = 9.169420 X 10 5 Btu 
L 

Q = 5.334253 X 107 Btu 
g 

where the br.~a}tdown of the latter two are 

(QL) - total heat gain= 3.97 x 107 + 1.37 x 107 = 5.33 x 107 Btu and 

(QG) - total heat loss = 9.17 x 103 Btu caused by fluid efflux. 

By equation 3-2, 

[MBQ] = 1. 0295 

rather than 1.000 as suggested by the program output. The value of one is 

given because INTERCOMP anticipated mass and energy balance errors when QL 

or QG is small compared to initial total ener9Y in place [IQIP]. For the 

above calculation 

FR = 6.21 x 10 7 = IQIP * (coriection factor) 

and because QL dominates and 

QL < 6.21 x 107 = FR 

[MBQ] is assigned a value of one. However, at the next time step at time= 

.32 (1.56 days) 

QL = 7.81 X 107 > 6.21 X 107 = FR 

so the true [MBQ] value is assigned. Therefore, it is possible for problems 

having very large domains to have perfect output mass and .energy balance for a 

long period o~ time, or until QL or QG becomes 'greater than FR. 
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INTERCOMP assigns co~rection facto~s (CR) as follows: 

CDC- 1.0 x lo-a, 

UNIVAC - 1.0 x 10-6, and 

IBM-SIGMA - 1.0 x lo-s. 

where FR = CR * IQIP. 

In general, mass and energy balances get bette~ as the quantity of 

mass or energy injected or produced gets larger as a function of time .. 

This type of error will probably occur in large domain, low grid den-
' 

sity, axisymmetric problems using variable grid sizes defined by 

rci+l/rci = C. 

To prevent this problem, the mesh size should be entered manually using 

smaller increases of ~r. as r increases. 
1 

Dependent variable arrays for the reservoir are stored in double pre-

c.ision. Thi~ change forces a number of calculations to take place using 

double-word accuracy, which increases the accuracy of pressure calculations at 

near equilibrium conditions in deep aquifers. Another reason for this change 

is to allow higher precision of calculations of parameters (e.g., density) 

based on a difference between present values of dependent variables and ini-

tial or base v~lues. 

For example, if T-T is small, and f(T-T ) represents some func-o 0 

tion which is a multiple of pore volume at the outer edge boundary block of 

the previously explained problem, a small error in T-T can lead to signifi
O· 

cant errors in property calculations relative to a small iriner block. 

For the previous problem, the effect of removing the double-preci-

sioned dependept variable ar~ays is shown in Figure 3-3. In Figure 3-3, the 

abbreviation D.P. refers to double precision, and the 11 IBM improved version 11 



94 

contains all corrections including double precisioned dependent variable 

arrays.· The "IBM no D.P. array" contains the previous corrections with single 

precisioned dependent variable arrays. The effect of.removing all double-pre

cisioned arrays.results in energy balance errors of lesser magnitude than the 

results obtained from the unimproved code. This shows that only part of the 

error comes from calculating [IQIP] and [QIP], which require only double-pre

cision calculations around single variables. 

If the grid is of uniform size, the mass and energy balance is usually 

fairly accurafe. This is shown in Figure 3-4, where the results are given for 

a similar problem using· cartesian coordinates with uniform mesh size. In Fig

ure 3-4, the abbreviation D.P. refers to double precision, and since the two 

lines overlie in space, the differences between the two modes are shown·numer

ically, in the left corner. The "IBM improved" and "IBM-improved with no 

double-precisioned dependent variable arrays" yield similar energy balances. 

Similar calculations using the unimproved version of the code also yield. 

near-perfect energy balances. 

Another cause of poor substance balance is due to the differences in 

physical responses of each equation. Pressure changes which ·accompany system 

changes occur very rapidly after the onset of a change in the source flow 

rate. These pressure changes are the result of small values of cR and a 1 in 

equation (2-2~) and require very small time-steps for solution accuracy at the 

onset of a so4rce start-up or shut-down. For example, a problem with a,high 

permeability flo~ domain can be simulated using large spacing because 

ap/ax is smal~; however, the temperature or the concentration calculation 

is usually inaccurate at early time because the effects of enthalpy and con

centration of fluid injected have yet to pass or affect the large first grid 
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block containing the source. If the grid block is sufficiently·large, it may 

take a number of time steps to see a change in temperature and concentration. 

In other words, the movement of the concentration front and thermal front are 

much slower than the movement of the pressure front. This situation may lead 

to poor balan9e of energy and solute mass at early time when relatively large 

grid blocks are used. 

The pressure equation approaches steady-state quickly; thus, the 

required size of the time steps increases to retain the same accuracy for the 

pressure equation, and the size of the time steps becomes dependent upon 

changes in solute concentration or temperature in the automatic time step 

mode. If the magnitude of ac/ax or aT/ax remains small, the domain of 

large grid blocks may be sufficient for an accurat~ solution; hence, the 

resultant substance balance gets better with time. 

In general, substance balance should approach 1.00 rapidly after code 

start-up or perturbation. If a substance balance gets progressively worse 

with additional time steps, something is probably incorrect about the computa

tion. 

CODE COMPARISON RESULTS 

This study compares responses of three IBM run versions of the code. 

· A fourth output from the radionuclide transport version (version 2) of DWDM 

run on CDC was also used in the comparison. The problem simulated was dis

cussed in the previous section. The CDC output was obtained from a more 

advanced version of the code; consequently, some of the.basic algorithms in 

the code may ~ave been slightly altered. The IBM run versions include (a) 

code without alterations, (b) code with partial alterations discussed in the 
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pr:evious section, and (c) code with fully double-precisioned real variables. 

Code responses documented in this section are the results of using an 11 older 11 

version of the altered code. This version contained a number of errors 

involving the use of the geothermal gradient and heat loss calculations. 

· These errors are likewise contained in the other versions compared in this 

section. For example, the final altered version included with.this report 

predicts a small net heat gain by conduction from overburden and underburden; 

hence, it canpot reproduce Figure 3-7. Results shown on Figures 3-8 and 3-9 

can be closely duplicated by the final altered version. 

In general, node point results of all IBM·output are nearly identical 

to CDC results. ·Pressure values are usually accurate to within the nearest 

1 .. 38 x 104 Newtons/m2 (N/m2) (2.0 lb/in2) and .56 °C (1.0 °F). The results 

tend to differ most when a sudden perturbation, such as a change in flow rate 

or a change in the temperature of the injection fluid is introduced to the 

simulation. Comparison plots of CDC and partially altered IBM version results 

show that maximum 6p and 6T differences approach zero as time proceeds 

past the initial perturbation_(Figures 3-5 and 3-6). The relative magnitude 

of di'fferences are small, having maximum values 2% of 6p and 6T at all 

node points. 

In •igure 3-5, time equal to 1.0 corresponds to .426 days after ini

tial perturbation, and dimensionless pressure equal to 1.0 corresponds to .1.04 

x 106 N/m2 (150. lb/in2). The dp equal to 1.0 corresponds to 1.72 x 104 N/m2 

(2.5 lb/in2). The squares are IBM results, and the circles·are CDC results. 

The maximum changes occurred at the same node points, with the exception of 

the second ti~e step (t = .0469 days). The maximum change occurred at node 

1, l,.S for IBM and 3,1, 5 for CDC. The comparison shown is for node 1,1, 5. 
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In Figure 3-6, dimensionless temperature equal to 1.0 corresponds to 

3.53° C (6.35° F), and dimensionless time equal to 1.0 corresponds to .426 

days. All maximum temperature changes occurred at identical node locations in 

CDC and IBM calculations. 

The largest discrepancy in cumulative numerical values between the 

partially altered code and CDC occur in the tabulation of cumulative heat loss 

to the confining rocks followed by cumulative heat loss due to convection out 

through the periphery of the reservoir (Figures 3-7, 3-8, and 3-9). Figure 

3-7 shows the comparisons between improved IBM and CDC predicted heat loss via 

overburden and underburden conduction. The heat loss calculation by IBM lags 

behind the CDC results. In Figure 3-7, maximum time is 5.0 days, and maximum 

heat loss corresponds to 3.09 X 10 10 J (2.93 X 107 Btu). This value is orders 

of magnitude smaller· than total energy in the aquifer of 6.55 x 10 15 J (6.21 x 

1012 Btu). Figures 3-8 and 3-9 are comparisons of fluid and energy efflux at 

the periphery of the simulated field. In Figure 3-8, the IBM results are 

squares and CDC results are circles. Results are nearly identical, and maxi

mum time corresponds to five days and maximum fluid efflux to 2.05 x 10- 1 mil

lion kg (4.53 x 10-1 million lbm). Cumulative fluid efflux differs slightly 

f~r IBM and cpc computations where cumulative energy efflux for IBM is .some~ 

what less than the CDC computation. In Figure 3-9 response for IBM is delayed 

slightly, and then displays parallel response; again the quantity of energy 

efflux is ver~ small compared to the total system because 1.0 in Figure 3-9 

corresponds to 5.38 X 10 10 J (5.10 x 107 Btu). For Figure 3-9, the CDC 

results are c~rcles, and IBM results are squares, with maximum time corre

sponding to five days. The partially altered IBM version yields results that 

are nearly identical to the fully double-precisioned version. However, the 
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unaltered code shows ±5% difference in heat loss calculation when compared to 

altered versions during the 5-day simulation. 

The effect of the above-mentioned differences contributes to overall 

mass and energy balances because the magnitude of differences noted are com

par'ed to differences of total substance in place at present and total sub

stance in place initially. In general, these discrepancies in the worst case 

cause [MBQ] to range between 1.10 or .90. These will occur at the beginning 

of simulation and should quickly approach 1.0 with additional time ~teps. 
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MISCELLANEOUS CHANGES 

Most of the changes listed in this section have little or no effect on 

most final results. A number of these corrections are necessary when calling 

a certain group of options, for without these corrections, the code will fail. 

A number of modifications involved insertion of a checking statement to bypass 

a set of calculations that are unnecessary for a particular mode, and a number 

of other modifications check for divide check errors (division by zero) and 

underflow. 

Some of the more important.corrections and changes are listed a~ fol-

lows: 

1. Overburden and underburden temperature are updated immediately after 
a time step, and options allow for printing of overburden and under
burden temperature. 

2. Manual entry of grid block size is allowed in radial coordinate 
mode. 

3. Regional temperature modification is allowed in the aquifer as an 
initial condition in addition to temperature as function of depth. 

4. Two dimensional x-z printer plotter maps are allowed. 

5. Verticai radial coordinate flow transmissibility is changed to make 
calculations compatible with harmonic mean weighting used in carte
sian coordinates. 

6. Previous initial temperatures were assigned incorrect depths when 
calculating the initial geothermal profile in both reservoir and 
underburden and overburden. Corrections were applied so initial 
temperatures are assigned correct depth corresponding to the top 
grid block center in the reservoir. Similar corrections were 
applied to overburden and underburden blocks. 

7. Dispersion tensor·calculations were incorrect. The old equations 
useq were 
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The corrected equati~ns are 

Dxx ~=~[(at cos2~ cos 29) + at(sin2~ + sin2e cos2~)] 

D ~ = ~[(a 0 cos2~ sin29) +a (sin2~ + cos2e cos2~)] 
~ ~- t 

where the latter ·set are found in equation (2-10) .. 

8. All transmission coefficient output tables have dimensions associ
ated with a printout option. Darcy velocity is calculated and 
printed as an option. 

9. Overburden and underburden heat loss due to 6(T) had incorrect 
outer poundary conditions. The outer boundary condition was unde
fined: Correction was made by defining the outer boundary condition 
as zero. 

10. The mapping routine uses variables that have the same names as those. 
used in the iterative two-line successive overrelaxation routines. 
If a map is required, and solution is by two-line successive overre
laxation, the code will fail. Correction was made by changing vari
able names in the iterative solver. 

11. A new option allowing manual core allocatiori entry for reordered 
Gaussian elimination solver was added. The code normally estimates 
the size of the [A] or [G(IAA)] array in the MAIN program. This is 
the working array in [SUBROUTINE GAUS3D). The size allocated in the 
MAIN program must be larger than the quantity calculated in 
[SUBROUTINE ORDER]. If the core size allocated by the MAIN program 
is smaller than the amount needed as calculated by [ORDER], the core 
size for the [A] array in [GAUS3D) should be entered manually. 

A few of the above changes were adapted from versions two and three of t~e 

code. All additional input option commands were designed in such a way that 

old input data require no modification in order to operate the simulator. 

Underflow errors that originate in the solvers were left intact. 

These errors occur occasionally, are dependent upon problem parameters, and 

are hundled by "FORTRAN Standard Fix-Up" which leaves ·a zero in the affected 

register. Experience has shown that these errors do not contribute to final 

results . 
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PART 4 

SOLUTION COMPARISONS 

INTRODUCTION 

This section consists of a number of solution comparisons of INTERCOMP 

and solutions derived by other means, either numerical or analytical. Compar-

isons are based on similar physical input data. Emphasis is given to test 

problems dealing with the energy equation. 

Most test solutions used assume constant fluid density (p ) and w 

viscosity. In all of the probl~ms, except where noted, changes in viscosity 

were kept at zero by defining constant viscosity in the viscosity tables. The 

density was allowed to vary; however, pressure and temperature were kept very 

close to base pressure and temperature (see equation 2-12) to minimize· changes 

in density in the simulator. The a 3 ·term in equation (2-12) was zero to elim-

inate change~ in density as a function of concentration. Likewise, a 2 was 

made small if free convection was noted in preliminary runs.· In problem~ 

where only temperature and solute concentr.ation are considered, pressure 

boundary inpu~ parameters are arbitrary except. for one constraint. These 

parameters were designed to keep only the pressure in the aquifer near the. 

base pressure (p ). 0 . 

A number of the solution comparisons are found in the INTERCOMP docu-

ment (1976). A few of these solutions were run using different input parame-
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ters from.those used in the INTERCOMP code verification., Most input data were 

kept as 11 real" as possible to check for the possibility of truncation errors. 

The results displayed in this section are the code output_after trying 

a number of mE!sh and time .s~ep sizes. This· procedure was used to eliminate 

the possibility of solution dependence on mesh and time step magnitude. 

THEIS SOLUTION 

The. flQw equation and its corresponding mass balance was not a serious 
'? 

problem when cqmpared to energy balance for the energy equation. However, for 

the sake of tporoughness, a check on fluid mass transport results from the. 

DWDM was compared to the Theis solution (Theis, 1935, and Davis and DeWiest, 

1966, p. 214). This problem simulates a single line source and unsteady fluid 

flow in a homogeneous isotropic confined aquifer of radially infinite extent. 

It is best described by 

IJ(C + cj>c ) 
R w ap 

.k at. 

with initial conditions 

p(r,O) = Po 

and boundary conditions 

lim p = Po 
~-

lim (r ap) = ar 
r:+O 

_2L 
21Tkb 

for t>O 

for t>O 

(4-1) 
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where b repr~sents the total thickness of the reservoir and Q is the volumet-

ric .flow rate (d(L3t-1)). The solution is 

where 

-x 
('Ill r"" e P = Po - ~ ---- dx 41Tkb y X 

r2(c + (jlc )JJ 
y = ____ R w 

4kt 

(4-2) 

The data for this problem are given in Table 4-1, and solution compar-

isons are giy,en in Figure 4-1. The pressure variation shown in Figure 4-1 is 

based on an observation point 16.25 meters (53. 3 feet) ·away from the line 

source, and the solution is based on ari injection schedule of 25 days at 566.3 

m3 /day (2.00 x 104 ft3fday) followed by 0.0 m3/day for 25 days. In Figure 

4-1, dimensionless pressure is defined as (P - P . )/(P - P ) m1n max min ' 

where P is 1.55 x 106 Nfm2 (225 psi) and P . is. 1.48 x 106 Nfm2 (215 max m1n 

psi), and dimensionless time= 1.0 is 50 days. The analytical solution based 

on the expansion of equation (4-2) is written as follows: 

-~ y2· 
P = PO 41Tkb [- • 5772 - R.n (y) + y -272! - ... ] (4-3) 

where y is defined in equation (4-2). The analytical solution after 25 days 

was obtained by superpositional techniques described in Davis and De Weist 

( 196'6). In summary, solution after 25 days is a summation of a solution 

involving injection, (negative Q) with time beginning at zero, and a solution 

involving prqduction, (positive Q) which begins at time = 25 days. 
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Table 4-1. Physical Data for Theis Solution Comparison 

c = 5.80 .X 10-10 1/Njm2 (.000004 1/ lbf/ in2) 
c R = 4~35 X 10-10 l/NJm2 (.000003 1/lbf/in2) w 

•lJ = 1.16 x 1p-e N-dayjm2 (1.00 cp) 
K = K = kp~/llg = 2.04 m/day (6.68 ft/day) 

X z . c 

~ = .18 
b = 61.0m (200 ft) 
p ;; 999.6 kg/m3 (62.4 lbm/ft3) 

Q = 566.3 m3jday (20000. ft3 /day) 
r = 1524m (5000.0 ft) e 

SHAPE TEST PROBLEM 

Thh exercise is designed to test the· aquifer modification facility 

and·zero pore volume flag of the INTERCOMP code. The zero pore·volume flag is 

a means of by-passing blocks that have zero pore volume in the finite differ-

ence reservoir calculations in the INTERCOMP code. 

The basic equation solved is 

(4-4) 

where 

K = ~ydraulic conductivity and 

.... ' 
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Since the INTERCOMP code is transient, the code was allowed to run until 6p 

equals 0 for a given pair of source strengths. The actual flow domain used is 

given in Figure 4-2. Because the reservoir is "closed," the source strength 

calculations have to be exact; otherwise, pressure decline or increase is 

expected with time. Best results were obtained by using an explicit source 

where fluid flow is allocated by mobilities only. 

The above was compared to a finite element solution of equation (4-4). 

Since the prop~em solved is steady state, the boundary conditions require a 

pressure and ~ source strength specification in the finite element formula-

tion. Press4re was specified at the lower left-hand side of the flow field, 

and source strength was specified on the lower half of the right side of the 

flow field. 

The Galerkin weighted function method was used to formulate the finite 

element problem. The Galerkin method requires 

I 'V• ...!S... 'VIjl N. dO = 0 
D pg -z,. 

where N. is a suitable interpolation function defined by 
1 

ljJ (e) = LN(e) J {ljl} (e) 

(4-5) 

e in which {~} are nodal values. For this problem, 8-node quadratic ele-

ments of the $erendipity family are used. Each reservoir element is ma~~ed on 

a standard par~nt element by 

...... 

f; = 
X - X c --------- = ±1 or 0 a 

2 

y - y 
c n = ---,...--~ = ±1 or o 

b 
2 

(4-6) 



where a and b are horizontal and vertical element dimensions, and x and c 
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y are coordinates of the center of the element (see Figure 4-3). The soluc 

tion is obtained by expanding equation (4-5), applying the Gauss theorem, and 

substituting equation (4-6) transformations to obtain the form 

where 

and 

k"l. 
1.-J 

b 
).<X 

1 
oN • oN • K (.)N . oN • 

f ! 1 { 1.. __;_} a y 1 1 1 1 { 1.. J} 
= a pg -1 -1 af" ac; dE;dn + b pg -1 -1 an an dE;dn 

(4-7) 

The qx and ~ are specific discharges at the flux boundary condition, and 

the interpolation functions used are 

N.i = ~(1 - 11 2) (1 + ;;i), E; = ±1, n = 0, nodes 8 and 4 

and 

N. :s ~(1 + ;~.) (1 + nn.) (;;.- nn.- 1), ; = ±1, n = ±1, corner nodes 
1.. 1.. 1.. 1.. 1.. 
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RESERVOIR 

Figure 4-2. Reservoir schematic for shape test problem. Reduced permea
bility region is shown shaded. 
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where (. and n· refer to node values. Equation (4-7} for each element 
~ ~ . 

is combined to form a global equation of similar form for the domain. This 

equation was solved by the IBM scientific program package subroutine for a 

banded matrix GELB (IBM, 1970}. The solution method used is similar to one 

found in p. 170-171 and p. 246-252 in Huebner, (1975}. The physical data used 

are given in Table 4-2. 

Since the actual equations and boundary conditions of the two compared 

problems diff~red, results are compared by relative pressure defined by 

P - Pmin 

Pmax - Pmin 

where p = maximum pressure and p· . = minimum pressure in the reser-max m~n 

voir, respectively. For isotropic flow domains, the results comp~red well 

(Figure 4-4}; however, discrepancies appear near the source and sink in aniso-

tropic flow domains (Figure 4-5}. 

The differences noted are partly attributed to differences in source 

location and slight domain differences. The INTERCOMP source is located half 

a block to the left and right of the inlet and outlet, respectively, and the 

means of allocation is by mobilities. The finite element uses flux strength 

at outleL aml spet:ifleu pi·e~~ui·e aL luleL fu1 buundary conditions. 
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F;igure 4-5. Dimensionless pressure distribution comparisons for an anistropic 
flow field. 



Table 4-2. Physical Data for Shape Test 

Fluid Density p = 999.6 kg/ft3 
w 

Hydraulic Conductivity for 
K = K = 859.5 m/day 

X Z 

Y-direction thickness = .305m 

Source Strength (Q) = 48.9 m3/day 

~ ~ 1.16 x lo-s N-dayfm2 

1/> = .20 

HOOPES AND HARLEMAN PROBLEM 

(62.4 lbm/ft3) 

(2820 ft/day) 

(1.0 feet) 

( 1728 ft3 /day) 

(1.0 cp) 
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An approximate solution for the dispersion-diffusion equation in 

radial coordinates is given·by Hoopes and Harleman (1967). This solution is 

used as an approximate verification of the code. For axisymmetric flow, the 

solute transport as given by Hoopes and Harleman is 

ac ac a2c 
-- + qr -- = anqr --- + 
at ar ~ ar2 

D I 

m 
r 

a (r ac) 
ar ar (4-8) 

where the hydrodynamic dispersivity factor is ai, source flow rate is Q at 

r = 0, and velocities are defined as 

qr = __ Q __ = 
27rbrcj> 

The .Hoopes and Harleman solution assumes that at some distance away from the 

centralized line source the immediate effect of dispersion and diffusion on 

concentration is small in comparison to total dispersion and diffusion that 
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has already taken place. This approximation is applied to the right side of 

equation (4-8) by the substitution of 

ll:.l. = - l:_ ll:.l. 
ar q at 

r 

which, when used twice on equation (4-8) gives the result 

ac ac -+ q -= 
at r ar 

1 1 a2c 
[a - + D 1 

] g, q m q-T a?" 
r r 

(4-9) 

The solution for equation (4-9) when a substance is injected at a steady rate 

at r=O and a concentration of C. is 
l. 

·r2 
C (2 - qrrt) 

- - ~ erfc [ 
0 1 ) • (4-10) 

C. 4 3 m 1: 
~ (-a r + -- r3) 2 

3 g, q 
r 

This solution is an approximation to equation (4-8) with initial and boundary 

conditions 

at t = 0 r ~ 0 c = 0.0, 

t > 0 r = 0 . c; = 1.0, 
~ 

at 

and at t > 0 lim c. = 0.0. 
r-MD 

Equation (4-8) is like the INTERCOMP solute equation in radial coordinates 

with the following basic assumptions: 

1. 

2. 

Fluid density and porosity are constant and equal to p~, and 

The dispersive flux coefficients ((a ) q ) and diffusion coef
ficie~ts (Dm1 = Dm/~) are constants. ~ r 

In the INTERCOMP code, the former assumption in (2) is not satisfied. 

For heat transfer, the energy equation (2-6) written in the form of 

equation (4-8) is 

au (pCp)w au 
at + q s ar = (4-11) 
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where 

S = heat capacity of matrix plus water, or 

and 

u = T - To for dimensionless temperature . 
Ti - To 

Equation (4-10) is an approximate solution to equation (4-11) with the follow-

ing initial and boundary conditions: 

at t = 0 r ;;::. 0 u = 0.0, 

at t > 0 r = 0 u = 1.0, 

and at t > 0 lim u = 0.0. 

r-+<x> 

The res~lts of this analysis are given in Fig~res 4-6 and 4-7. In Figure 4-6, 

maximum dimensionless radius is 30.48m (100ft), maximum dimensionless temper-

ature (u) is equal to 37.78° c (100° F), and minimum u is equal to 21.11° C 

(70° F). In Figure 4-7, maximum dimensionless radius is 60.96m (200ft}. The 

physical data are given in Table 4-3. 

The results from the INTERCOMP test problem tend to lag behind the 

analytical results. from equation .(4-10) with the greatest deviations at dimen-

sionless units of 0.00 and 1.00. This characteristic pattern is also seen in 

the paper by Hoopes and Harleman who show better solution matches as time pro-

ceeds. Part of the difference comes from the fact .that equation (4-10) pre-

diets a finite qua~tity of substance at t=O, unlike no substance specified by 
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the original initial condition. ·This error comes from substituting a first-

order space derivative with the time derivative where 

at t=O. This assumption is not true at early time near the source (Hoopes and 

Harleman, 1967). 

I 
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Figure 4-6. Hoopes and Harleman solution comparison. 
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Table 4-3. Physical Data for Hoopes and Harleman Solution 

a2. = .30m (1.0 ft) 

D = .11 m2/day 
m 

(pCp)R = 2.01 x 10s J/(m3 oK) 

(C ) = 4.19 X 103 J/(kg °K) 
p w 

K = 8.37 W/(m °K) 
m 

Q = 49.70'm3jday 

p = 1.00 x 10a kg/ma 
w 

1/! = .10 

p = 2.31 x lo-a N-d~yfm2 

(1.16 ft2jday) 

{30 Btu/(ft3 °F)) 

(1.0 Btu/(lbm °F)) 

(116. Btu/(ft-day °F)) 

(1755 ft3jday) 

(62.4 lbm/ft3) 

(2.0 cp) 

k pg/g ~ = 120.1 m/day (hydraulic conductivity) 
X C 

(394. ft/day) 

T = 21.11 °C 
0 

T. = 37.78 °C 
1 

b = 9.14 m 

r = ~1.44 m (external radius) e 

ONE DIMENSION TEST 

{70 OF) 

(100 OF) 

(30.0 ft) 

(300 ft) 

The linear one-dimensional DWDM solution is compared to a solution 

given by Brenner (1962) and Coats and Smith (1964). The equation solved in 

these papers is 
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( 4-12) :· 



, 

where 

E* = c 

with initial and boundary bonditions 

C(x,O) = 0.0 

X= 0.0 (t > 0) qC. 
'/, 

ac 
= qC - EC ax 

X -+ 00 (t > 0) C(x,t) = 0.0 

where q = average pore velocity. The solution is 
r 

c 
-= c. 

'/, 

hy Y - I yy h Y + I 
l2[erfc (- ) - e erfc <2 ) ] 

2 II II 

h (- l(y-I) 2)· 
-} (y + I) eyy erfci!.f- y;. 1

> +-jii- e 
41 

. 

(C. = 1.0) 
1-
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(4_-13). 

Assuming constant dispersive flux, density, porosity and thermal properties, 

the DWDM equa~ions in one dimension can be written as 

and 

where 

~(pCp)w aiq~ + Km 

s 

(4-14) 

(4-15) 
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and 

S = (~(pC) + (1- ~)(pC )R). p w p 

The parameters for equation (4-13) 

and qr ~(pC ) L p w 
y = 

(a 0 qr ~(pC ) + K ) ._ p w m 

X 
y = L 

qr ~{pC ) t 
p w 

I :;;; 
SL 

are qr 
y = 

{aiqr 

X 
y = 

L 

q t 
I 

r = L 
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cpL 

$ + D ) 
m 

for the solute (4-14), and energy (4-15) equations, respectively. Comparison 

results are shown in Figures 4-8 and 4-9, and physical data are listed in 

Table 4-4. Analytical results compare very well with the INTERCOMP numerical 

results. This is expected because equation (4-12) can be derived directly 

from simplification of the INTERCOMP generalized equations .. The use of con-

stant total dispersivity fits well with a one dimensional linear problem 

because q remains constant throughout the solution domain; hence, Ec is a 

co.nstant. 
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Table 4-4. Physical Data for One-dimensional Linear Solution 

(pCp)R = 2.01 x 106 Jfm3 °K 

(C ) = 4.19 X 103 J/kg °K 
p w 

p = 1.00 x 103 kgjm3 
w 

K = 2.16 W/m °K 
m 

Q = 2.83 x 10-3 m3jday 

b = .30m 

T = 21.11 °C 
0 

T. = 37.78 °C 
~ 

(30.00 Btu/ft3 °F} 

(1.0 Btu/lbm °F) 

( 62.40 lbm/ ft3) 

(30.00 Btu/ft day °F) 

hydraulic conductivity= kpg/gc~ = 61.0 m/day 

D = 0.0 m2/day 
m 

(.10 ft3/day) 

(1.00 ft) 

(1.00 cp} 

(70.00 °F) 

(100.00 °F) 

(200. ft/day) 

all. = 15.85 m (52.00 ft) 
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AVDONIN PROBLEM 

In a realistic heat storage problem, the confining overburden and 

underburden rocks conduct thermal energy away from the aquifer. The DWDM 

estimates this heat loss by simulating one-dimensional transient heat conduc-

tion in the overlying and underlying rocks. Avdonin (1964) presented an ana-

lytical solution to heat transfer in the aquifer by convection and heat loss 

by conduction in radial and one-dimensional flow patterns. His problem is 

best described by the dimensionless equation for the aquifer (storage reser-

voir) 

(4-16) 

where zd = 0 signifies aquifer base depth, and subscript d indicates a 

dimensionless variable. The initial and boundary conditions for equation 

(4-16) are 

t = 0 
d 

t > 0 
d 

u = 0.0 

u = 1.0 

u = 0.0 

for all rd and zd 

for r + z = «> . d d • 

Heat transfer in the overburden and· underburden is represented by the dimen~ 

sionless equation 

a2u au 
-·--=a~. 

az 2 d 
d 

The undefined coefficients in equations (4-16) and (4-17) are 

\1 = Q(pCp)w 
41TbK 

m 

(4-17) 



(l = 

and 

a = 

and dimensio~less variables defined by subscript d are 

and 

4 Km 

td = b2 (pC ) 
p m 

t. 

The solution to this problem is given as 

r 2 1 
1 (~) \1 f 

r (v) 4td 0 

-r 2 
d 

(exp (4tdx' • erfc 
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(4-lB) 

Equat~ons (4-16) and (4-17) can be derived directly from the DWDM 

radial flow equations after dropping the total disper~ivity term. The follow-

ing are used to substitute for space, time, and temperature variables: 

rdb 
r = -2-

z :;; 

t = 

zdb 

2 

(PC ) b2 . 
. P m _ t 
K 4 d 

m 



and 

where 

T - To u = -
T. - To 

t. 

The DWDM solution used a 20 x 1 x 2 node mesh to simulate the above 

problem. This selection was chosen in.order to use both direct solution 
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(Price and Coats, 1964) and two-line successive overrelaxation solvers. The 

resutts obtained from both solvers were identical and are given in Figure 

4-10. The effect of free convection was sufficiently small, so results com-

pared well with the analytical one-dimensional radial flow solution by Avdo-

nin .. 

A second comparison in Figure 4-11 shows the result of DWDM using a 

linear 20 x 20 x 1 grid with the well located at node 1, 1, 1 (lower left cor-

ner), and simulation results are measured in the upper right-hand quadrant of 

an infinite circular aquifer. The physical data for this problem are listed 

in Table 4-5. 

Avdonin also solved the linear one dimensional version of equation 

(4-16). The resultant dimensionless aquifer equation becomes 

z :;Q 
d 

= au 
atd 

l4-19) 



where 

y = 

and 

Q*(pC ) · (1) 
p w 

4K 
m 
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Q* = qb, 

This equation ,as explained earlier, is the same as the linear energy equation 

used by INTERCOMP after it was made dimensionless 'by proper substitutions. 

The transient heat loss by conduction is the same as equation (4-17}, and ini-

tial and boundary conditions are 

td = 0 u = 0.0 for all xd and zd 

td > 0 u = 1.0 for xd = zd 0 

td > 0 u = 0.0 for xd + zd = 00 

The solution given by Avdonin is 
X 

u(xd,td) = _d_ Jl {exp [ - (sy~ - _x_)2] 

lrrtd 0 2s~ 

. erfc [ala It ~]_!._}~s 
2 h-s2 s2 

(4-20) 

The comparisons of the linear one-dimensional solution are given in 

Figures 4-12 and 4-13. The differences in Figure 4-12 are partly due to dis-

parities in boundary conditions at the source, the finite thickness of the 

overburden an9 numerical diffusion. Approximate calculations presented in 

Karlekar and Desmond (1977, p. 133-139} show that the conduction thermal front 

1 The corrected formula is given by Faust and Mercer (1979}. 
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reaches the outer overburden node at z = 10.97m (36 ft) where temperature is 

held at T = T ; hence, the expected thermal conduction gradient is slightly 
0 

greater in the DWDM than in the Avdonin solution with T = T at z = •. 
0 

This was also verified by overburden temperature print-out. Since the problem 

was run using Crank-Nicholson and upwind in space the numerical diffusion 

defined by u~x/2, for upwind differencing, gets larger at the outerblocks 

because ~x is larger, while u (Darcy velocity) remains constant. This is 

unlike radial coordinate problems because u decreases by a factor of 1/r. 

Better comparisons are obtained when the thickness of the overburden is 

, increased to z = 18.29m (60ft), and the number of finite difference reservoir 

blocks are increased (Figure 4-13). 
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Table 4-5. Physical Data for Avdonin Solution 

Data for Radial Solution: 

Data 

(pCp)R - 2.84 x 106 J/(m3 °K) 

(C ) = 4.19 X 103 J/(kg °K) 
p w 

(pCp)ob = 2.43 x 106 J/(m3 °K) 

p = 1.00 x 103 kgjm3 
w 

Km = K
0
b = 2.42 W/(m °K) 

Q = 3.78 m3/day 
w 

b = 3.05m 

~ = .20 

~ = 1.16 x 10-8 (N-day)fm2 

T = 21.11 °C 
0 

T. = 37.78 °C 
~ 

hydraulic conductivity = kpg/~gc = 60.96 m/day 

for Linear Solution: 
(pCp)R- 2.01 X 106 J/(1113 "K) 

(C ) ·= 4.19 X 103 (J/kg °K) p w . 

(pCp)ob = ·2.01 x 10~ J/(m3 °K) 

pw = 1.00 x 103 kgfm3 

(42.45 Btu/(ft3 °F)) 

(1.00 Btu/(lbm °F)) 

(36.3 Btu/(ft3 °F)) 

(62.4 lbm/ft3) 

(33.6 Btu/(ft-day °F)) 

(133.60 ft3fday) 

(10.00 ft) 

(1.00 cp) 

(70.00 °F). 

(100. 00 °F) 

(200.00 ft/day). 

(30.00 Btu/(ft3 °F)) 

(1.00 Btu/(lbm °F)) 

(30.00 Btu/(ft3 °F)) 

(62.4 lbm/ft3) 

K = K b. = 2.16 W/(m °K) m o (30.00 Btu/(ft-day °F)) 

Q = 1.13 m3jday 
w. 

b = 3.05Jll 

~ = .10 

~ = 1.16 X 10-8 

T = 21.11 oc 
0 

T. = 37.38 oc 
~ 

(N-day)fm2 

hydraulic conductivity = kpg/lAgc - 60.96 m/day 

(40.00 ft3fday) 

(10.00 ft) 

(1.00 cp) 

(70.00 OF) 

(100 .00 OF) 

(200.00 ft/day) 
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GRINGARTEN AND SAUTY SOLUTION 

This problem consists of an infinite uniform reservoir of thickness b, 

tapped by a fully penetrating source and sink of equal strength separated by a 

distance, d. The overburden and underburden are infinite in the vertical 

direction. The initial temperature is T , and injection temperature is 
0 

T .. Thermal conductiyity is neglected in the aquifer (reservoir) in the 
l. 

horizontal direction (high Peclet ·number), .and temperature is assumed uniform 

in the vertical direction in the aquifer. Heat conduction in the overburden· 

and underburden take place only in the vertical direction, and all thermal and 

fluid properties are assumed constant. This problem is like the Avdonin prob-

lem except the domain contains a source and a sink. 

The basic equation that satisfies the criteria expressed above for the. 

aquifer operating along an infinitesimal stream channel ~+~$ (Figure 4-14) 

is 

.where 

b ( C ) dT 
2 Ppmat 

(Accumulation) 

+ 

T 

T· 
ob 

(pC )m p 

(Net Convection) 

TI/J(A, b t) = 2' 

= 1/J Tob(A, z, t) 

= 
.b 

z=2 
(Heat Loss via 

Overburden) 

z 2:: b 
2 

= (cfl(pC) + (1 - cfl) (pC ) ) ·pw p R 

(4-21) 
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The variable A equals the cumulative surface area (dimensionless) 

between the source and point of interest in the flow field, z = b/2 designates 

the location of the overburden and underburden contact boundary, and q is the 

Darcy velocity. 

The overburden temperature is governed by 

= 
(pC ) b ()T b 

p o _o_ 
at 

> b z -
2 

(4-22) 

where .the subscript ob designates overburden. Since the temperature in the 

aquifer is uniform in the vertical, total heat loss is twice the heat loss to 

the overburden. Equations (4-21) and (4-22) are bounded by the following con-

ditions: 

T = T = To ob 

T(O,t) = To 

T(O,t) = T. 
1-

lim T To. 
z~ 

qt < ~bA (ahead of hydrodynamic front) 

t s 0 

t > 0, and 

The temperature distribution in a given stream channel adapted from the Lau-

werier (1955) solution is 

To - T = 
To - Ti 

erfc 
(pC ) 2 

[ p w 
K b(pC ) b 

0 . p 0 

(4-23) 

The temperature of the fluid at the production well--that is, at the end of 

the stream .charmel--is determined by substituting A for At = total "area" of 
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the stream channel. In most cases, At has to be deter.mined numerically. 

Temperature in the production well at time t is therefore the summation of 

contributions from all the stream channels that have reached the production 

well at time t. 
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This solution has no nice.closed form equation which gives the resul-

tant temperature at the production well; hence, comparisons were made to Fig-

ure .6 in the paper by Gringarten and Sauty (1975}. The results are given in 

Figure 4-15, and physical data are given in Table 4~6: The range of tempera-

ture used in this problem goes from a maximum of 26.67° c (80° F) to a minimum 

of 15.56° C (60°-F). The last point response from the INTERCOMP code corre-

sponds to 500 days. An areal map using the second set of data (A = 6.00) is 

given in Figure 4-16. 

The INTERCOMP code is simulated by assuming symmetry along the axis 

connecting the injection and production well using a 48 x 18 x 1 grid for 5.00 

days. The outer periphery is assumed as infinite, and is estimated by the 

Carter-Tracy aquifer influence functions. Figure 6 in Gringarten and Sauty's 

paper assumes Q0 = Q/(bd u
0

} > 10 4 where d is the distance between injec

tion and production wells, u. is the natural between the sink and the source 
0 

Darcy velocity, and Q is the total injection rate which is equal to the pro-

duction rate. This condition is satisfied by setting u = 0 in the 
0 

INTERCOMP input. 

The qimensionless parameters for Figure 4-15, as defined by Gringarten 

and Sauty, are 

u = To - T(t) (dimensionless temperature) 
To - Ti 
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and 
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Figure 4-14. Nomenclature for an arbitrary stream channel. The variable 
A is a dimensionless area. 
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Table 4-6. Physical Data for Gringarten and Sauty Problem 

(pCp)R = 2.01 x 106 J/(m3 °K) 

. (C ) = 4.19 X 103 J/(kg °K) 
p w 

p = 1.00 x 103 kgfm3 
w 

(pCp)ob 2.01 x 106 J/(m3 °K) 

~ = .20 

(pC ) = 2.44 x 106 kg/(m3 °K) 
p m 

b = 1.00 m 

d = 15.00 m 

Q = 54.00 m3/day 

K
0
b = 2.35 W/(m °K) 

Graphical Parameters: 

). = 6.00 
td = .410 t for t in days. 

(pCp)R = 2.01 x 106 J/(m3 °K) 

(C ) = 4.19 X 103 J/(kg °K) . p w 

Pw = 1.00 ~ 103 k~/m3 

(pCp)ob = 2.01 x 106 J/(m3 °K) 

~ = .20 

(pC ) = 2.44 x 106 J/(m3 °K) · 
p m 

b = 10.00 m 

d = 15.00 m 

Q = 540 m3/day 

K
0
b = 8.36 x 10·2 W/(m °K) 

(30.00 Btu/(ft3 °F)) 

(1.00 Btu/(lbm °F)) 

(62.4 lbmjft3) 

(30.00 Btu/(ft3 °F)) 

(36.48 Btu/(ft3 °F)) 

(3.28 ft) 

(49·.21 ft) 

(1906.80 ft3jday) 

(32.6 Btu/(ft-day °F)) 

(30.00 Btu/(ft3 °F)) 

( 1. 00 Btu/ ( lbm °F)) 

(62.4 lbm/ft3) 

(30.00 Btu/(ft3 °F)) 

(36.48 Btu/(ft3 °F)) 

(32.81 ft) 

(49.21 ft) 

(19068.0 ft3/day) 

(1.16 Btu/(ft-day 0 ~)) 
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Graphical Parameters: 

). = 1. 68 X 10 4 

td = .410 t for t in days. 

Listing of Nonessential Hydraulic Parameters 

K = K = 244 ft/day 
X y 

~-= 1.16 X lQ-B (N-day)jm2 

I 

(800 ft/day) 

(1.0 cp) 
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PART 5 

AUBURN UNIVERSITY FIELD EXPERIMENT 

INTRODUCTION 

This section compares simulated results with field experiment results 

from an ATES research project carried out by Auburn University near Mobile, 

Alabama. Results of the INTERCOMP simulation response are also compared to 

those derived from the Lawrence Berkeley Laboratory CCC code (Tsang, Buscheck, 

and ·Doughty, 1981). 

The application described in this section requires solution of the· 

energy and pressure equations using the nonlinear solution capabilities of the 

code. The reader should note that the solution used for this simulation is a 

gross approximation based on known data about the aquifer. For instance, a 

truly "correct" simulation should not be based on an axisymmetrical aquifer. 

EXPERIMENt AND SIMULATlON 

The final test problem is a comparison between the DWDM and an on-go

ing research program of the ATES concept sponsored by the DOE and administered 

by the Water Resources Research Institute of Auburn University. The project 

site is located near the Barry Steam Plant of the Alabama Power Company, about 

32.2 km (20 miles) north of Mobile, Alabama (Moltz, Warman, and Jones, 1978). 
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Data used in this simulation are the result of several earlier studies 

and simulations. In 1976, Auburn University completed the first set of field 

experiments storing 35° C (95° F) treated (filtered and chlorinated) condenser 

cooling water obtained from a drainage canal of the power plant. Analysis of 

the data and a numerical simulation using the INTERCOMP code (version one) 

were performed by Papadopulos and Larson (1978). Experimental problems caused 

by clogging of the storage aquifer and breaching the confining layer appear to 

be the primary causes of differences between the predicted (by simulation) 

recovery ratio of 0.75 and the observed recovery ratio of 0.69. Discussion 

about experimental problems a!e given in Moltz et al. (1978). 

The series of experiments being simulated in this section were con

ducted between March 18, 1978, and January 27, 1979, and covered two injec~ 

tion, storage, and recovery cycles separated by 20 days. The first cycle con

sisted of injecting 54,800 m3 (1.94 x 106 ft3) of water at an average 

temperature of 55 °C for a period of 79 days, followed by a 50.5-day storage 

period and a production volume of 55,300 m3 (1.95 x 106 ft3) over a period_of 

41 days. The second cycle, begun on September 23, 1978, consisted of inject

ing 58,010 m3 (2.05 x 106 ft3) of water over a period of 64 days, followed by 

storage of 63 days, and further production of a volume of 100,100 m3 (3.53 x 

106 ft3) over a period of 84 days. Technical problems with the latest series 

of experiments are discussed in Moltz, Parr, and Anderson (1980). 

The basic experimental configuration is shown in Figures 5-1 and 5-2. 

The well field consists of a group of instrumented observation wells and an 

injection or production well tapping into an aquifer located between 39.~ m 

(130 ft) and 61 m (200 ft) beneath the surface. Unlike the first experiment, 

sediment-free ground water is obtained from a supply aquifer located between 
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25m (82 ft) and.34 m (112 ft) beneath the surface. Twenty degree centigrade 

{68.00° F) water obtained from the supply aquifer is heated to about 55° C 

(131.00° F) and injected into the storage aquifer at injection well #2 through 

a well screen extending from a depth of 42.4 m (139ft), to 51.5 m (169ft). 

The storage formation is composed of sand with 15% silt and clay by 

weight. The aquifer is capped by 9.0 m (30 ft) ·of impermeable clay and is 

bounded below by another impermeable formation -of clay of undetermined thick-

ness. The supply aquifer overlies the upper clay layer. The sequence of 

materials is part of a buried river channel which has one relat~vely long 

dimension. 

Aquifer physical data were obtained from earlier research by Papadopu-

los and Larson (1978). In this study, well pumping tests show transmissivity 

and storage coefficient to be 940m2/day (10,000 ft2jday) and 5.0 x 10-4, 

respectively as obtained by Theis type curve analysis (Davis and DeWeist, 

1966, p. 215). Also noted in this study were two departures from the Theis 

curve, which signify at least two hydraulic boundaries. Graphical methods 

using image wells (Ferris, Knowles, Browne and Stallman, 1962) failed to place 

these hydraulic boundaries; however, a. more recent study at LBL using a code 

ANALYZE to study multiwell pressure data (Doughty, McEdwards, and Tsang, 1979) 

has placed hydraulic parameters as 

or, 

Transmissivity= kb = .109 x 107 - .118 x 107 md - m 
1.1 cp 

(md = rnillidarcy unit) 

assuming b = 21.3m (70ft), pg = 62.3 lb/ft3 
gc 

K = 3000m/day (9800ft/day) - 3230m/day (10600ft/day) 

Storativity = .464 X 10-
3 

- .484 X 10-3 
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with the nearest boundary at the northwest side of the well field at a dis-

tance between 305m (1000 ft) to 337m (1100 ft). The program ANALYZE uses 

transmissivity, storage coefficient, angle of boundary, and distance to bound-

ary to compute pressures by assuming fully penetrating line sources or sinks 

in an aquifer of constant thickness. The program arrives at an optimum set of 

hydraulic parameters by a least squares minimization of computed pressures and 

observed pressures. Other general trends noted in this study were that 

hydraulic conductivity decreases from south to north and storativity and 

porosity decrease from southeast to northwest. Such trends are consistent with 

the general theory that the boundary at the northwest of the well field is one 

edge of a buried river channel. 

Natural hydraulic gradients are suggestive of approximate natural 

Darcy flow velocity of .05 m/day (.17 ft/day) from northerly to southerly 

direction; hence, the expected fluid movement during a 70 day span is 3.5 m 

(11.5 ft) {Moltz, et al., 1980). 

The best representative ratio of horizontal to vertical permeability 

{K /K ) is 10. This ratio has been confirmed by simulation by Papadopulos r z 

and Larson {1978) Moltz et al. {1978), and more recently by LBL {Tsang, Bus-

check, and Doughty, 1980). Thermal properties were obtained from laboratory 

studies completed for the earlier simulation by Papadopulos and Larson. 

Like earlier work completed by Papadopulos and Larson {1978) and simu-

lation by LBL, it is impractical to simulate the exp~riments using thr~e 

dimensions. This is because of l~ck of a precise hydraulic boundary and 

hydrologic data and high machine time costs. The choice of conceptual model 

is a homogeneous anisotropic confined aquifer of infinite extent in the hori-

zontal direction with one-dimensional thermal conduction losses through the 
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confining layers. Since the expected movement of the thermal plume is about 

0.05 m/day~(0.17 ft/day), the conceptual model is best assumed to be axisymme

tric about the injection-production well. In general, all physical data are 

taken to be the same as those used by Papadopulos and Larson (1978) except 

that longitudinal hydrodynamic dispersivity is taken as zero instead of 5.0 ft 

(1:.52m). 

Table 5-1 summarizes the input data used in simulating the Mobile experiment. 

The density tables compare model responses to actual measurements with pure 

water. The viscosity table is a listing of viscosities at various tempera

tures that are used as input for the model. 

The chosen radial mesh size is given in Figure 5-3. The cross marks 

are locations of grid block centers for the reservoir, and horizontal lines in 

the overburden and underburden blocks designate input mesh rather than the 

actual mesh dimensions (see Appendix B). This is the finer of two mesh sizes 

used in the simulation. The grid block size in the region occupied by the 

thermal plume at its maximum extent is roughly the same density as the LBL 

medium mesh (Tsang, et al., 1981). Two-dimensional transient radial flow is 

assumed in the storage formation, and one-dimensional transient heat conduc

tion is assumed in the overburden and underburden. An infinite aquifer influ

ence function is attached to the outer periphery boundary. 

The pumping and recovery cycle input data for cycles one and two are 

given in Figures 5-4, 5-5 and 5-6. These recurrent injection and production 

data are the same as those used in the CCC code simulation provided by LBL~. 

In Figure 5-4, the heavy lines are data used for the simulation by LBL and 

INTERCOMP. Short increments of very high flows are truncated at 1500 m3jday 

(5.30 x 10 4 ft3jday) i~ order to provide for a reasonable graph ordinate. 
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Likewise in Figures 5-5 and 5-6, the heavy lines are data used for the simula

tion, provided by LBL. 
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Figure 5-3. Finite difference radial mesh for the Mobile experiment simulation. 
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Table 5-l. Physical Data for the Mobile Experiment 

Aquifer Properties: 

(pCp)R = 1~81. x 106 J/(m3 °K) 

(C ) = 4.19 X 103 J/(kg °K) 
p w . 

(pCp)ob = 1.81 x 106 J/(m3 °K) 

(pCp)ub = (pCp)ob 

K = 2.29 W/(m °K) 
m 

K
0
b = 2.56 W/(m °K) 

Kob = Kub 

c = 4.44 X l0-10 l/(10/m2 ) 
w 

c = R 
2.28 X 10- 9 l/(N/m2 ) 

CT = 2.16 X 10-4 l/°C 

K = {krpg)/(llgc) = 43.9 m/day 
r 

K = (k~pg)/(llgc) = 4.39 m/day z 

~ = .25 

Fluid Density Model: 

Temperature 

oc OF kg/m~ 

10.0 50.0 1000.0 
12.8 55.0 999.6 
15.6 60.0 998.9 
18.3 65.0 998.3 
20.0 68.0 998.0 
21.1 70.0 997.8 
23.9 75.0 997.1 
26.7 80.0 996.5 
29.4 85.0 995.9 
32.2 90.0 995.4 
35.0 95.0 994.7 
37.8 100.0 994.1 
40.6 105.0 993.5 
43.3 110.0 993.0 
46.1 115.0 992.3 

Density 

lbm/ft3 

62.43 
62.40 
62.36 
62.32 
62.30 
62.~Y 

62.25 
62.21 
62.17 
62.14 
62.10 
62.06 
62.02 
61.99 
61.95 

(27.00 Btu/ft3 °F) 

(1.00 Btu/lbm °F) 

(27.00 Btu/ft3 °F) 

(31.8Q Btu/ft-day °F) 

(35.5 Btu/ft~day °F) 

(3.06 x 10-6 1/(lbf/inZ)) 

(1.57 x lo-s 1/(lbf/inZ)) 

(144 ft/day) 

(14.4 ft/day) 

Actual Density 

kg/m3 lbm/ ft3 

999.7 62.41 

999.1 62.37 

998.1 62.31 
998.0 l!l2.30 

996.7 62.22 

995.1 62.12 

994.1 62 .06· 

9.91.1 61.87 

165 

.,_ 



48.9 120.0 991.7 61.91 988.5 '61. 71 
51.7 125.0 991.1 61.87 
54.4 130.0 990.6 61..84 985.9 61.55 
57.2 135.0 989.9 61.80 
60.0 140.0 989.3 61.76 983.2 61.38 
62.8 145.0 988.7 61.72 
65.6 150.0 988.2 61.69 980.3 61.20 

Actual density is obtained from J. Hilsenrath, et al., Tables of 
thermal properties of gas, NBS Circular 564, 1955, International 
critical tables. (New York, McGraw-Hill, Inc.) reprinted in John 
and Haberman, 1971. 

Viscosity Model (Injection and Re%ervior Fluid) 

Temperature 

20.0 
21.1 
26.7 
32.2 
37.8 
43.3 
48.9 
54.4 
60.0 
65.6 
'71.1 

68.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160.0 

[TRR] = [TIR] = 68.0 °F and 
temperature, and viscosity. 
by the model to compute 
Streeter, 1971~ 

Viscosity 

((N-day)/m2)x 10-9 

11.7 
11.4 
9.96 
8.83 
7.88 
7.10 
6.47 
5.91 
5.43 
5.01 
4.64 

_9?_ 

1.014 
.981 
.861 
.763 
.681 
.614 
.559 
.511 
.469 
.433 
.401 

[VISRR] = [VISIR] = 1.014 for reference 
l 

This table is the viscosity table used 
viscosity. Data were obtained from 
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The differencing procedure is implicit in time and upwind in space on 

the convective term of the energy equation. Fluid allocation at the produc-

tion-injection well was based on mobilities. 

There are several basic differences between the CCC and INTERCOMP code 

parameters and domain. These are as follows: 

1. One-dimensional thermal conduction transport is assumed in the over
burden and underburden, while CCC uses two-dimensional aquitard 
properties similar to storage formation except with lower porosity 
and permeability. The distance from the aquifer boundary to the 
last boundary node in the confining layers of constant temperature 
is 15m for CCC and lOrn for INTERCOMP. 

2. Variable fluid thermal properties are allowed in the CCC code where 
c = c (T) instead of CP = constant in the INTERCOMP code. 

v v 

3. Infinite mesh extension with large node spacing is used outside the 
zone of thermal influence to simulate an infinite aquifer in CCC. 

The formulation of the basic algorithms for the CCC code is given in papers by 

Sorey (1978) and Lippman, Tsang, and Witherspoon (1977). 

The conceptual model will not perform well in a pressure simulation 

because of the axisymmetric domain assumption. The hypothetical hydraulic 

boundaries probably allow inflow on two sides of the aquifer if the domain is 

extended far enough away from the injection-production well; hence, the 

expected hydraulic head losses in the aquifer will be much larger than those 

predicted by the simulator. The relative magnitude of the press~re arqund the 

injection-production well is assumed to be the same as that found in the 

experiment. In addition, accurate 1pressure simulation requires the exact 

rates of injection and production rates used in the experiments which leads to 

using small tjme steps in the simulator. Therefore, no comparisons are made 

to pressure data obtained during the second cycle of the experiment. 

Temperature results from the simulator are compared to results 

obtained from instrumented observation wells containing uniformly spaced ther-



misters in the vertical direction (Figure 5-2). 
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These wells were backfilled 

with sand after initial observations indicated that free convection in the 

wellbore caused an unnatural uniform temperature read-out with depth which was 

. not representative of temperature in the aquifer. Figures 5-7 to 5-11 are 

plots of temperature vs. time in an observation weli sampling of thermistor B 

at a depth of 4.82m (15.8 ft) beneath the top of the formation. Comparisons 

with (smoothed) observed, LBL simulated, and INTERCOMP simulated results are 

shown for well numbers 3, 2, 1, 5, 8 and 4. In Figure 5-11, asymmetric ther

mal response q£ field data is caused by a hydraulic bound~ry on the northwest. 

Well a is on the north side of the well field, and well 4 is on the south. In 

general, the INTERCOMP-derived results predict more diffusion than the LBL 

results, and the time of arrival of peak temperature is underpredicted by both 

.simulations. Discrepancies between observed and simulated responses are prob

ably due to local inhomogeneities in the storage aquifer. The effect of the 

hydraulic boundary in the northwest is seen by the suppressed thermal response 

in well 8 on the north side of the flow field when compared to well 4 on the 

south. 

Figures 5-12 and 5-13 compare production temperatures for the first 

and second cycles of the experiment. In general, results from the INTERCOMP 

code tend to overp~edict the observed temperature in both cycles. 

Figures 5-14 to 5-17 show isotherms at the end of storage and after 

recovery for the first and second cycles. In general, as in the LBL simula

tion, there is a tendency to predict higher temperatures at the top and lower 

temperatures at the bottom when compared to field results. This suggests a 

higher hydraulic conductivity at the top and a lower value at the bottom. 
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Table 5-2 is a list of pertinent information about the energy balance. 

The efficiency of a recovery cycle is defined as the ratio of energy produced 

over the temperature of 20° C (68° F) to energy injected over the temperature 

of 20° c (68° F). For the first cycle, the simulated efficiency is 0.68 and 

the observed efficiency is 0.66. In the second cycle, the simulation predicts 

efficiency of 0.78 ·and observed efficiency was 0.76. 

Differences in .cumulative energy injected and produced were noted 

between LBL ~nd INTERCOMP tabulations. Part of the reason for this difference 

appears to be caused by the variable thermal properties used by LBL and con

stant thermal properties by INTERCOMP. Another reason for this difference is 

due to the use of different base energy values used to evaluate the cumulative 

energy tables. For example, Tsang et al. (1980) show 0.721 x 1013 J and 0.486 

x 10 13 J injected and produced, respectively,. during the first injection 

cycle. INTERCOMP results show 0.809 x 1013 J and 0.547 x 1013 J for the same 

respective parameters. The efficiency ratios predicted by Tsang et al. (1981) 

are 0.67 and 0.77 for the first and second cycles, ·respectively. Other possi

ble causes of this discrepancy are discussed in the discussion section. 



Table 5-2. Energy Budget 

Initial total water in place ~ 2.071 x 108 kg 
(G) Initial total energy in place= 1.754 x 1013 J 

First Cycle: 

End of first cycle - Cumulative time = 170.83 days 

Cumulative water injected= 5.425 x 107 kg 
Cumulative energy injected= 1.262 x 1013 J 

Cumulative water produced= 5.498 x 107 kg 
Cumulative energy produced= 1.007 x 1013 J 

Base temperature T = 20.0° C 
0 Base pressure p = 3.751 x 10s N/mZ 

0 

Enthalpy of fluid at (T ,P ) = 8.509 x 104 J/kg 
0 0 
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(4.5648 x 108 lbm) 
(1.6625 X 1010 Btu) 

(1.196 x 108 lbm) 
(1.196 X 1010 Btu) 

(1.212 x 108 lbm) 
(9.543 X lOg Btu) 

(68° F) 
(54.4 psi) 

(36.58 Btu/lbm) 

C6mulative energy injected at base enthalpy = 4.616 x 1012 J 
(4.375 x lOg Btu) 

Cumulative energy produced at base enthalpy = 4.677 x 1012 J 
(4.433 X lOg Btu) 

(A) Cumulative energy injected above base enthalpy = 8.003 x 1012 J 
(7.585 X lOg Btu) 

(B) Cumulative energy produced above base enthalpy = 5.391 x 1012 J 
(5.110 X lOg Btu) 

Efficiency= 5.110 x 109/7.585 x 10~ = 
Efficiency observed = .66 

(D) Cumulative energy loss to confining layers = 
1.019 X 1012 J 

(F) Total energy in place = 1.912 x 1013 J 
Total water in place = 2.070 x 108 kg 

.67 

(9.655 x.l08 Btu) 
(1.812 X 1010 Btu) 
(4.564 x 108 lbm) 

Total energy in place at base enthalpy= 1.762 x 1013 J (1.~70.x 1010 Btu) 
Total energy in place above base enthalpy= 1.503 x 1012 (1.425 x 109 Btu) 

(A) - (B) = (C) = 
Unrecovered energy at end of 1st cycle = 2.611 x 1012 J (2.475 x lOg Btu) 

(C) - (D) = (E) = 
Unrecovered energy in reservoir at end of 1st cycle = 
1.593 X 101 2 J (1.510 X 109 Btu) 

(F) ~ (G) = (~) 
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Energy in place (above base enthalpy) at end of 1st cycle = 
1.577 X 1012 J (1.495 X 109 Btu) 
Energy Balance = (H)/(E) = .99 (Energy is balanced) 

Second Cycle: 

(I) 

(J) 

(L) 

Second Cycle begins at cumulative time = 191.0 days 
Energy balance evaluated at cumulative time = 372.3 days 
Time since beginning of second cycle = 181.3 days 

Cumulative water injected= 1.117 x 109 kg 
Cumulative energy injected = 2.603 x 1013 J 

Cumulative water produced= 1.214 x lOB kg 
Cumulative heat produced= 2.240 x 1013 J 

Total water injected- second cycle= 5.747 x 10 7 kg 
Total energy injected- second cycle = 1.341 x 1013 J 

Total energy injected at base enthalpy - second cycle 
4.890 X 1012 J 

= 

Total energy produced at base enthalpy - second cycle ,= 
5.650 X 1012 J 

Total energy injected above base enthalpy - second cycle 
8.520 X 1012 J 
Total energy produced above base enthalpy - second cycle 
6.684 X 1012 J 

Effil:i~ncy = G.335 X 109/8.075 X 10 9 ;:;; . 78 
Efficiency observed = .76 

Cumulative heat loss by conduction at 191 days = 
1.008 X 1012 J 
Cumulative heat loss by conduction at 372.3 days = 
2.192 X 1012 J 

Cumulative heat injected above base enthalpy = 
1.652 X 1013 J 
Cumulative heat produced above base enthalpy = 
1.207 X 1013 J 

Average efficiency= 1.144 x 1010/1.566 x 1010 = .73 

(2.463 X lOB lbm) 
(2.467 X 1010 Btu) 

(2.676 g lOB lbm) 
(2.123 X 1010 Btu) 

(1.267 X lOB lbm) 
(1.271 X 1010 Btu)· 

(4.635 X 109 Btu) 

(5.335 X 109 Btu) 

= 
(8.075 X 109 Btu) 
-
(6.335 X 109 Btu) 

(9.558 X lOB Btu) 

(2.078 X 109 Btu) 

(1.566 X 1010 Btu) 

(1.144 x 1010 Btu) 

(N) Total energy in place= 1.979 x 1013 J (1.876 x 1010 Btu) 

Total water in place = 2.070 x lOB kg (4.564 x lOB lbm) 

Total energy in place at base enthalpy= 1.761 x 1013 J (1.670 x 1010 Btu) 
Total energy in place above base enthalpy = 2.179 x 1012 (2.065 x 109 Btu) 

( I ) - ( J) + . (-E) 111 I< = 
Unrecovered energy at end of 2nd cycle = 3.429 ·x 1012 J (3.250 x 109 Btu) 
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(K) - (L) + (D) = M = 
Unrecovered energy in reservoir at end of 2nd cycle = 
2.256 X 1012 J (2.138 X 109 Btu) 

(N} - (G) = (0) = 
Energy in place (above base enthalpy) at end of 2nd cycle = 

) 
2.258 X 1012 J (2.140 X 109 Btu) 

Energy balance = (0)/(M) = 1.001 (Energy is balanced) 
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Results of code response to the analytical solution appear to prove 

the accuracy· of the code. Some of the comparisons between CDC and IBM results 

seem to prove otherwise when looking at a single parameter like heat loss. 

However one should remember that the CDC simulation was conducted using 

another almost identical code and that the simulation comparisons took place 

over a very small time span involving very small quantities of energy loss 

compared to total energy in the reservoir. Comparisons with independent ana-· 

lytical and m1merical solutions over longer time periods with l~rger relative 

mass and energy interchange appear to verify code accuracy. The major cause 

of output differences were machine dependent errors in the balance algorithms. 

A number of minor errors were found in the code that have negligible 

effects on to the test problems and were never detected in earlier code veri

fication studies. A number of changes were made to make parameter computa

.tions consistent with others found in the code. New convenience options were 

adapted to the code. from the INTERA (1979) version. One such option is the 

manual radial grid generator which allows the user to insert nodes at exact 

locations of field observation wells. This is a difficult task in the unmodi

fied code because a radial mesh configuration assumed mesh boundary values 

(rb) that are allocated by 
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rb. 1/rb. = C 
1+ 1 

where C is a constant. 

The version of the code released by INTERCOMP through the National 

Technical Information Service (NTIS) does not appear to be identical to the 
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code used to demonstrate code capability in the original document released in 

1976, because the example printout is not possible with the version received 

from NTIS. Corrections to the output have been implemented on the updated 

version of the code. 

CODE PHYSICAL INPUT PARAMETERS 

Overall, the INTERCOMP DWDM is written very well with much computer 

and numerical insight for solving solute waste disposal in deeply buried for-

mations. Hydraulic porous media parameters have the most input flexibility. 

F9r example, porosity (¢) and hydraulic conductivity (K) can be entered on a 

regional basis. In contrast. thermal properties are less flexible. For an 

illustration, the present code allows treatment of thermal conductivity of the 

medium as a constant, with only directional variation, and makes no input pro-

visions for thermal conductivity changes due to changes in rock t~pe or poros-

ity; however, the code stores individual thermal conductivity data for each 

block for the x-, y-, and z-directions. With very minor.input modifications, 

·the thermal conductivity of the rocks can be entered like hydraulic conductiv-

ity and can be computed by one of three models listed below: 

1. arithmetic mean model (parallel conduction): 

K = ~K + (1 m w 
(6-1) 
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2. geometric mean model: 

• K (1-$) 
R 

3. harmonic mean model (series conduction): 

1 -= 
K 

m 
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(6-2) 

(6-3) 

where K is the effective thermal conductivity of the porous medium and K m r 

and K are thermal conductivities of the rock and water (Bear, 1972; 
w 

Reffstrup, 1979). Reffstrap shows that the best representative thermal con-

ductivity is the geometric mean model for porous media. 

Like the thermal conductivity, the heat capacity of water at constant 

pressure (C ) is entered as a constant. Rock heat capacity per unit volume . p 

(pCp)R is entered as a constant, implying incompressible rock. The con-

stant .heat capacity of water is a good assumption provided that the tempera-

ture of the fluid remains less than 99° C at 1 atmosphere or greater pr~'sure 

(Dorsey, 1940, p. 259). Density of the rock is not always treated as a con-

stant. This discrepancy is shown in equation (2-29) where ~ocR6p rep-. 

resents the change 1n rock frd~Lion of porocity cau~Prl by a chanqe in pres-

sure. Slightly compressible rock is also assumed in calculating the pore 

volume in equation (3-7) for computing fluid mass in place. The assumption.of 

constant (pCp)R is ideal, because, like thermal conductivity, heat 

capacity per unit volume of rock for a fluid reservoir is generally.unknown. 

The above assumption is expected to be valid because the compressibility of 

rock is small, usually ranging from 10-6 to 10-11 m2fN (Freeze and Cherry,. 

1979, p. 55). 
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If the wellbore model is being used and the energy equation is being 

solved, horizontal aquifer thermal conductivity is used in the line source 

heat loss calculation in the wellbore. Wellbore thermal conductivity is 

related to aquifer thermal conductivity by 

~b = /:2 f(K )2 + (K )2 
X y 

(6-4) 

where K and K are reservoir thermal conductivity in the x and y direc-x y 

tions, respectively. The heat capacity of the matrix that surrounds the well-

bore is set independent of previous input by a separate entry for thermal dif-

fusivity, (K b/(pC) b). w p w 

The operations of the wellbore heat loss model use an approximate 

solution of the thermal diffusivity equation. The model does not keep track 

of temperature influences from aquifer and overburden layers. It assumes a 

constant heat flux in or out of the wellbore and bases its solution on a time 

function which begins at the start of simulation with an initial temperature 

profile assigned by the vertical temperature table. Therefore, the model is 

most accurate when a fluid of constant temperature is injected or produced for 

long periods of time in a long wellbore. 

The INTERCOMP simulator is designed to handle fully saturated aqui-

fers. The output pressure tables are given in absolute values. For simula-

tions without the use of the wellbore model, the aquifer pressure may be at 

gage pre?sure by establishing a zero pressure at the surface and measuring the 

initial pressure [PINIT] with respect to the zero surface pressure. However, 

when the wellbore model is i~ effect, the atmospheric pressure entry into the 

wellbore model is in effect. The atmospheric pressure entry into the wellbore 

model is [PBASE], which is used to establish a base pressure for the wellbore. 



model. Therefore, the value of [PINIT] should be based on one atmospheric 

pressure or dependent upon wha~ is used in [PBASE] . 
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In general, the user should base [PINIT] and [PBASE] on absolute pres

sure at the surface especially when solving the energy equation because the 

base internal energy and enthalpy calculations use Tables 2-1 and 2-2 which 

~re dependent upon absoiute pressure input. For the purpose of simulations 

attempted in this study where pressures were gage pressure for all problems 

except the radial test problem in Part 3, the expected errors are in the order 

of a few tent~s of a percent because enthalpy is a weak function of pressure 

in a low pressure liquid dominated problem. 

The newer version of the INTERCOMP code released in 1979 has options 

for free water surface (restricted to uppermost finite difference block 

layer) in the aquifer, with vertical recharge, solute adsorption, and single 

component radioactive decay. When a free surface .option is chosen, the model 

will not solve the energy equation. As a result, this newer version adds very 

little additional user flexibility for ATES simulations. The energy equation 

is not solved because the heat storage and transport in partially saturated 

blocks must be separated into dry and wet parts. 

MODEL. CONSTRUCTION AND OPTION DATA 

Part~ of the code were constructed from existing software; hence, the 

code contains a number of independent steps and internal labels which have no 

meaning. A few of these redundant steps and labels were removed when updating 

Ute code. 

An option which appears to set the· bottom-hole pressure constant is 

found in the wellbore source allocation option. This option can be accessed 
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by setting [IINDW1] = -4 and specifying bottom-hole pressure through [BHP]. 

No instructions for its use were found in the original document, and initial 

tests of this option proved it to be unreliable. Therefore, its use requires 

some caution. This option was left in the code and is still accessible by 

specifying[IINDWU= -4. The accompanying error message for ~INDWY is extended 

to ±4 instead of ±3 as specified in error #30 (~!NOW~ is out of range) so the 

above option is functional in the modified version. Since the use of this 

option was unreliable, no notation of its existence is given in the user input 

and error messages in Appendix D. This option sets the bottom-hole pressure 

as [BHP] and computes a flow rate to achieve [BHP]; hence, the value of the 

volumetric source rate has no meaning. 

The use of the various well specification options [IINDW1] require 

some explanation. The INTERCOMP code tends to allocate flow rates that are 

not the same flow rates the user has specified. The magnitude of the discre-

pancy depends upon which [IINDW1] option is specified. These errors occur 

partially because of iteration errors that occur during the flow allocation 

calculations used to preserve solution stability around the source. 

The following is an example based on the solution of the one-dimen-

sional flow problem by Brenner (1962) and Coats and Smith (1964}. Injection 

fluid density in 62.3 lbm/ft3 and injection rate is 0.1 ft3/day, or 6.23 lbm/ 

day through a .305 x .305m cross-section 11 tube. 11 The allocated flow rates by 

the model are given as a function of time in Table 6-1 when the simulator is 

assigned a constant injection rate specified by the user before the first time 

step. Table 6-1 was the result of using high hydraulic conductivities (2000 

ft/day} and low flow rates to force the bottom-hole (pbh) and grid block 

pressure (p } difference to be a small and inaccurate difference between two 
g 



.. large numbers; hence, flow allocation by pressure drop (pbh- pg) between 

the wellbore and the grid blocks is inaccurate. When the well index and 

hydraulic conductivities are decreased, the allocation calculations become 

more precise because pbh- pg increases in magnitude. 
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Another cause of allocation.error comes from the 11 drifting11 of the 

flow allocation rate in the explicit' term of the semi-implicit source alloca

tion. This is caused by tolerance errors in the flow r~te adju~tment for the 

explicit flow rate t6 achieve desired rates in [ITER]. 

In general, the INTERCOMP flow rates tends to be slightly less than 

user specified flow rates when using [IINDW1]=1 for flow allocation by mobili

ties by 1 to 2% for both production and injection wells. Allocation by pres

sure drop and mobilities, and semi-implicit allocation tend to· follow similar 

but less rigorous rules with larger differences between the allocated and user 

specified flow rates. Therefore the user should check the a~location rates in 

the output table, especially when using the allocation by pressure drop and 

mobilities option, and moreso when using the semi-implicit option .. 

In a number of test problems, the few percentage errors in the alloca

tion show up as small and minor contributions to actual node pressure, temper

ature, and concentration output. For the example problem (see Table 6-1) 

addressed earlier, where the temperature of the injection fluid was at 100° F 

and initial· r~servoir temperature was 70° F, with K=2000 ft/day, the maximum 

node temperature difference between allocation option of [IINDW1]=1 (alloca

tion by mobilities) and -2 (allocation by pressure drop and mobilities and 

semi-implicit source option), problems at time=700 days was ,3° F. A discus

sion on the source allocation technique is given in Appendix c. 
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The [EPS] option for tolerance on calculating temperature from given 

values of enthalpy and pressure does not work. The value of [EPS] is set at 

0.001 in the code and has been adequate. If the user desires the above 

option, the read statement still contains a position to read [EPS]; however, 

the user would have to modify the fix common·block to transfer [EPS] to where 

it is needed . 

. The present version of the code contains both double precisioned vari-

ables (REAL*8) and single precisioned variables (REAL*4). The means of data 

storage is not as efficient as the original code because of the existence of a 

REAL*8 or double precisioned array, followed by REAL*4 arrays in the variable 

common blocks. Optimal storage efficiency can be obtained by knowing the 

length of the REAL*8 array before compiling the main program, as follows: 

[IDLAST] = 3*[NB] + 2*[NABLMX] + 1 

where [IDLAST) is the size of the REAL*8 arrays required, NB = number of 

x-blocks times number of y-blocks times number ~f z-blocks, and [NABLMX] is 

the maximum number of aquifer influence blocks. Additional information about 

redimensioning of the code is given in appendix D. 
I 

\ 



Table 6-1. Flow Allocation Comparisons 

Time (Days) Well Specification [ IINDW1] 

K=2000. ft/day 

.10 days 

.20 
10.0 
50.0 

100.0 

K=500. ft/day 

.10 

.20 
10.0 
50.0 

100.0 

[ IINDW1] 
[IINDW1] 

[IINDW1] 

= 
= 

= 

1 
2 

-2 

1 -

6.053 
6.053 
6.053 
6.053 
6.053 

6.053 
6.053 
6.053 
6.053 
6.053 

Flow 
Flow 

lbm/day 

2 
-

6.053 
5.039 
5.058 
5.282 
5.321 

6.053 
5.908 
5.879 
5.903 
5.911 

lbm/day 

allocation by mobilities 
allocation by mobilities 

and explicit source. 
Flow allocation by mobilities 
and semi-implicit source. 

-2 

6.053 
6.023 
5.858 
5.575 
5.477 

6.053 
6.060 
6.052 
6.038 
6.022 

lbm/day 

only and explicit 
and pressure drop 

and pressure drop 
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Parts of the model .were not studied in detail. The least amount of 

time was spent in le~rning the details of the solvers [GAUS3D) and [L2SOR] and 

the associated subprograms [ORDER], [LSORX], [LSORY), and [LSORZ]. These sub

programs are also used in a number of related petroleum reservoir and environ

mental simulators produced by INTERCOMP and INTERA. 

The wellbore heat loss model was not tested except for running a test 

problem documented by INTERCOMP. Options such as specified surface pressure 

and specified rate ([IINDWl = ±3]) were not tested and are assumed to be 90r

rect. A summary about the operations of the wellbore model and its related 

input are given in Appendix C. 

The DWDM is not well suited for computing only the pressure equation. 

There are other more efficient and more manageable codes to do just that, 

because the INTERCOMP code prepares arrays and makes decisions for energy and 

solute equations regardless of the code use. 

CONCLUSION 

Code comparisons with simplified numerical and analytical solutions. 

appear to confirm the authenticity of code results. Discrepancies noted in 

fluid mass and energy balance were primarily caused by machine limitations. A 

number of minor errors were found in the code. These probably were not 

detected earlier because these errors are either small or are parts of options 

not used in earlier test problems. 

Simulated results from INTERCOMP were compared with the Lawrence 

Berkeley Laboratory CCC code. Node temperature r~~ults compar~ fairly well 

with CCC results; however, computations of cumulative energy in and energy out 

are different. These differences were partially attributed to the use of a 
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less accurate means of computing energy by the INTERCOMP code. The aquifer. 

influence function infinite aquifer option has proven to be a very useful tool 

to save on storage and machine time. Results from the use of one-dimensional 

heat conduction heat loss computation to two-dimensional heat conduction in 

CCC is inconclusive because the length of the last block where temperature is 

held constant is 10m for the INTERCOMP simulator and 15m for the LBL. 

Energy recovery ratios 'and prediction of recovery temperatures com-

pared well with CCC and observed results. In general, both recovery ratios 

for first and second cycles and recovery temperature were slightly overpred-

icted. 
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APPENDIX A 

TAPE DOCUMENTATION 

The magnetic tape library consists of three sets of data. The first 

data set is INTER. This contains the source. listing of the modified version 

of the INTERCOMP code enclosed in card format of 80 characters in length. 

This data set can be read by using the enclosed read~write FORTRAN program. 

The second set of data are input card decks of 80 characters in length (LRECL 

= 80) for the various test problems. This data set consists of copies of 

input to simulations of Parts 3, 4 and 5. A number of input files may contain 

slightly different data than those used in Part 4; hence output obtained may 

not duplicate output given in Part 4. In general nodal re~ults obtained are 

very close to responses observed in Part 4. A number of the test problems 

involved several simulations. Only one of each test is enclosed in the tape 

library. The third set of data are the output obtained using the above men-

tion~d input cards having 132 characters per printed line. The tape liqrary 

is given in Table A-1. 

Table A-1--TAPE LIBRARY. 

File Number Data Set Name Description 

1 INTER Modified program 
2 ZTEST INTERCOMP test problem input 
3 ZTHEIS Theis test problem input 
4 ZSEST 'Shape test problem input 
5 ZHOPS Hoopes and Harleman input 
6 ZONED Coats and Smith input 
7 ZAVDR Avdonin radial input 
6 ZAVDRL Avdonin radial-linear input 
9 ZAVDL · Avdonin linear 1-0 input 



- 10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

GRING! 
GRING2 
GRING3 
LMOBl 
LMOB2 
LMOB3 
LMOB4 
LMOB5 
ZTESO 
ZTHE;IO 
ZSESO 
ZHOPO 
ZONEO 
ZAVDRO 
ZAVDRLO 
ZAVDLlO 
GRING! 
GRING2 
GRING3 
LMOBlO 
LM0820 
LM0830 
LMOB40 
LMOB50 

J 

Gringarten and Sauty input (0-.2d) 
Gringarten and Sauty input (.2-30d) 
Gringarten and Sauty input (30-500d) 
Mobile experiment (0-13.79d) 
Mobile experiment (13.79-129.73d) 
M·obile experiment ( 129.73-170. 83d) 
Mobile experiment (170.83-254.38d) 
Mobile experiment (254.38-400d) 
INTERCOMP test problem output 
Theis test problem output 
Shape test problem output 
Hoopes and Harleman output 
Coats and Smith output 
Avdonin radial output 
Avdonin radial-linear grid output 
Avdonin linear 1-D output 
Gringarten and Sauty output (0-2d) 
Gringarten and Sauty output (.2-30d) 
Gringarten and Sauty output (30-500d) 
Mobile experiment (0-13.79d) 
Mobile experiment (13.79-129.73d) 
Mobile experiment (129.73-170.83d) 
Mobile experiment (170.83-254.38d) 
Mobile experiment (254.38-400.d) 
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File numbers 2 to 17 are input files, and files 18 to 33 are output files. 

The above list of the modified version of the INTERCOMP program, input 

data cards, and output files was written to tape by PROGRAM 1 and can be 

recovered from tape by PROGRAM 2. The listing of these programs is given 

below. 

Most of the items in the code output are self-explanatory. A large 

part of the initial code otitput is ~ confirmation of ~nput rl~ta. A number of 

the output summary data are abbreviated and require clarification. These are 

listed below. 

[!TIME] = 

[ITNS] = 
(MBW] = 

[MBCOMP] = 

Number of time steps 

Number of outer iterations in [ITER] at [!TIME] 

Mass balance on aquifer fluid evaluated like equations 
(3-1) and (3-2) or fluid mass in aquifer at current time 
+ Fluid produced + Initial fluid in aquifer (divided by) 
Fluid injected + Fluid influx the across aquifer bounda
ries 

Mass balance on solute, like equations (3-1) and (3-2) 



• 
(HEATBL) = 

(TOTWP) = 

[TOTCP) = 

[TOTHP] = 

[MM] = 

[TOTWI) = 

(TOTCI] = 

(TOTHI) = 

(TWIP] = 

[TCIP] = 
(THIP) = 
[PAVG) = 

Energy balance, like equations (3-1) and (3-2) 

Total water produced up to current time [TIME] 

Total component produced up to current time '[TIME] 

Total heat produced up to current time [TIME] 

Million, or [MMBTU] = million BTU 

Total water injected up·to current time 

Total c9mponent injected 'up to current time 

Total heat injected up to current time 

Current total water in place 

Current total component in place 

Current total heat in place 

Pore volume weighted average pressure calculated, at 
datum by correcting with - p gh/g , where p 

0 c 0 

is resident fluid density at [PINIT] and TO, and h is 
positive downward, measured from datum to top grid 
blocks. 

[HEAT LOSS] = Cumulative heat loss to overburden and unde.rburden. 

[DPMAX] = Maximum grid block pressure change over a time step, 
6p Locations are given in parenthesis as positions ~. 
J, K block location 

[DCMAX] = I1aximum concentration change, 6C 

[DTEMPMAXj = Maximum temperature change, ~T 
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[CUM WATER INFLUX] = Cumulative component influx through the external bounda
ries govern by aquifer influence functions. Negative 
influx indicate water efflux. ' 

[CUM COMP. INFLUX] = Cumulative component influx 

[CUM HEAT INF~UX] = Cumulative heat influx 

[GRID BLOCK PRESS] = Grid block pressure, psi. The pressure in the grid 
block in the uppermost layer open.to well, p . 

g 

[FLWG BHP] = Flowing well bottom-hole pressure, [FWP], psi 

[FLWG WHOP] = Flowing well head pressure, [WHP], psi 



II 

[BH TEMP) = 

[WH TEMP) = 

Bottom-hole temperature, °F 

Wellhead temperature, °F 
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Pressure output are given in psia in the listing; however, the values printed 

in all cases with the exception of the listing in ZTESO are actually in psi. 

The datum pressure was adjusted so that zero gauge pressure existed at the 

surface. 

All input data decks for the test problems assume the existence of an 

output file on unit 12, and all problems were executed from an existing load 

module. Both the Gringarten and Sauty and Mobile experiment test problems 

were run using a series of restarts, and th~refore requiie the existence of 

restart tapes on unit 8 for output and unit 4 for input. 

The technology transfer tape is written in EBCDIC, with a logical 

record of 80, a block size 1600 for source, and input data decks (files 1 to 

17). Output files have logical record length of 132 and block size of 2640. 

The tape density is 1600 bytes per inch. 
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l. II J081, 18 I,' NAME', M SGLE VEL=Il, 11 ,MSGCLASS =~, 
2. II NOTtFY=VTIGQ,TI~E=C,9l,CLASS=S 
~. II EXEC FORG1CLG,REt;IOt.I=220K 
4. f/FORT.SYStN 00 * 
'i. c 
b. c 
7. C THIS PROGRA"4 COPIES FPO!Il ()( SK T('' TAPE. 
8. c 
Q, c 
l~. Dt!'4-:~lS(IJ1'1 AIBI 
1l. DATA Oll"'TI 1 f$$$ 1 1 
t 2. c 
13. C FOR PRINTED OUTPUT, SET t0UT=1t OTHERWISE SET IOUT•O. 
l4. C FOR OUTPUT LISTIN~ TRAN~FER, SET tTYPE•1 1 OTHERWISE tTYP~=~. 
t 5 • C INPUT UN fTu t 2. 
lb. C OUTOUT lN IT•l3. 
l7. C· THE LAST CARD CONTAI'~S OEUMtlER CF '!US•. 
1~. C THIS CARD INDICATES ;Nn OF DATA SET. 
1~. C · ~OTE THIS ORQGRAM ASSU~ES ~OUR CHARACTERS P~R WQRO DATA STRUCTURE. 
2"1. c 
21. QEWINn 12 
22. f!J UT=O 
23. tTYP E= 0 
24. IL•20 
2'i. fFttTYPE.EQ.11fL:33 
2b. tl IN E• 0 
27. ~ 10 (:o1,42000 
zq. REAOI12o81 (A(J),J=1,Ill 
2Q. 8 FORMATI3JA4) 
30. lFCAClJ.EQ.OllMTJ~O TO 11 
31. WRlTEC13,9)(A(JJ,J=1,tll , 
32. IFCIOUT.EQ.liWRlT:I6 1 7) IAIJJ ,J•ltlll 
3 3 • 1 Ffl R"l A T1 lH , 3 3A 4 I 
34. q FOR)4AT(33A41 
!1S. ILIIIIE=lLINE+1 
~"- • 10 CONTl'WE 
·n. lt WRtTECn,9JU(J),Jal,lll 
JR. ',o1R(TEI6,121 ILINr: 
H. 12 FORitATCtH0, 1 !'.JUM~E~ OF LTNES COPIED • 1 1 l5J 
41'). c: 
41. C FQR SOURCE LISTING\~~ CARD INPUT LET LRECLs80. 
42. C FOR OUTPIJT l IST[NG LET LRECL,.l3Z. 
4'\. C SET BLKStZE ~S SOME 14UL TIPLE ~ lRECL. 
4'!. c 
45. 5TOP 
46. END 
47. //Gn.FT12F001 1')0 OSN=US:il.Y7P5l.P.UN2,UNIT,.CDISK,OISP•OLO 
48. IIFTt3F001 DO DSNsLM064,UNIT=TAPE,VCLaSER•Cl3259, 
4'~. II LABEL :of 17 1 EXPOT=993651, 
5~. II OISP•I~EW,C~TLGJ,DCB=IRECF~•FB,LRECL•~O,BLKSIZE=l600) 
'51. I• 
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• 

1. II JCr:H,q),'~II\"1E't~S:>LEVcl•fl 1 l),MSGCLtiSS•A, 
?.. II NOTIFY=VTTGO,Tl"'':=l,8l,CLASS•5 
~. //CREATE E)(EC "GM=lEFBR14 
4. //DOl DO OS~=USER.Y785l,PROG,UNIT=COISK, 
.;. II ~HS~',.I'HWoCtiTLGitDCa=lRECFihFihlRECL•BQ,SI.KSIZE=l~OO), 
6. II SPACEa(TqK,I5,lll 
'• II E)(EC Ft:IRGlCLG.~EGION=VOK 
'l. 1/FIJRT.SYSIN flf'l • 
n. C 

10. c 
11. C THIS PROGRA"! COPIES FPOM TAPE TO Dl SK. 
17.. c 
l3. c 
14. r:'IIMF.NSIO"J 1\.(331 
15. Dtl TA Oltlll T/' UU 'I 
l !', • r: 
17, C FOR DR(~TEO DUTPYT, SET IOUT•l, ~THER~ISF SET IOUT~O. 
t"• C FOR OUTPUT liSTING T~A"JSFER, SET ITYPE=l, OTHERWISE !TYPE•'), 
l <l , C INPUT liN I T• 12. 
2!1, C OUT 0 UT UN IT= 13. 
2 l • r: T HE l AS T C A~ D CON '!' ~ I Ill ') 0 E Ll M I TE R OF ' Sf U ' • 
2:>. C THIS CAP.D (IIIOICHES ':1110 OF OHA SET. 
~3. C THI~ P~OGRAM ASSUMES FOUR CHARACTERS PEP. WORD DATA STRUCTURE. 
24. c 
25. !OUT=O 
21'>. ITYP E=O 
21. REWIND 12 
:?.q. !l=20 
29. IF I ITYPE. EQ.ll IL,.33 
1·:) • IL IN E:o D 
31. 0010 1=1.20000 
~?. READI12,81 IAIJI,J=l,ILI 
33, FOR14AT(J3A41 
14. IF(Atli.EIJ.DliMT):;I') TO ll 
3<\, WRITE(l3,q)(A!Jl,J=ldll 
36. IFlfOUT.E~.liWRtT!:(6,7) IAIJI,J•ltlll 
31. r FORfi4ATilH tB\4) 
1~. q FnRMATI33A4l 
~o. II.INE=IUNE+l 
40. 10 CONT l'JIJE 
4\, ll WRtTF.Il3,q)(A(JJ,J=ltiU 
4?, WIUTEI"t121 ILINF 
4~. 12 FOR"'tiTilHO, 1 NUMAER QF LINES COPIED • 1 oT5l 
44. c 
45. r: FOR SOUR.CE L !STING AIIIO CARD tNRCT LET LRECL•AO. 
4f->. C FOR OUTPUT LlSTIIIIG LET LI\ECL,.U2. 
47, C SET RLKSIZF. ~S SOME ~ULTIPLE CF LP.ECL. 
48. c 
49, STOP 
50~ END 
c::1~ //t;O,FT13FOOl Dfl IJS~:US;II.Y7~5t,P~OG,UNIT•CDISK,OI~P=CLO, 
52~ II DC~:IRECFM~FB,LR~CL=AO,~LKSll~•l6001 
5~. //FTt2J:001 00 DSN=I~TFR,lJNIT•TAPE,VOL•SEA•C1211l ,LABEL=o;, 
54, II rlTSP=OLO,flCI3.,1RECF"'•FA,LAECL•80,PLKSIZE,.l6001 
5". ,. 
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APPENDIX B 

EQUATION DERIVATION DETAILS 

This section provides details to support some of the relationships 

used in the code. Items provided here are unimportant to a casual user of the 

code. Details about overburden and underburden conduction and the wellbore 

heat loss model are provided in this section. Insufficient details in the 

original document warrant further explanation about these areas of the code, 

especially for a user who is interested in a heat transfer problem. 

HEAT LOSS TO OVERBURDEN AND UNDERBURDEN 

The basic discussion here is restricted to the overburden problem 

because both the underburden and overburden are treated identically. The gen-

eralized problem is best described by: 

Cl(pC T) 
p 

at 

For !-dimension homogeneous space, the problem simplifies to 

with initial and boundary conditions of 

t = 0 

z = 0 

z = co 

T(z,O) = To (z) 

T(O,t) = T (t) 
a 

T(co,t) = To (z) 

(B-1) 

(B-2) 

(B-3) 



I 

I 

where z = 0 is the top of the aquifer surface and T refers to the tempera
a 
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ture of the aquifer contact surface. The overburden is treated like a semi-

infinite medium, which is closed to heat flow in the lateral direction. 

This problem is solved using a central difference in space and 

implicit (in time) finite difference approximation in a finite thickness over-

burden, so equation (B-2) is written as 

where 
K ob. 

A * ' uZk 

(B-4) · 

The definition of the discrete variables are given in Figure B-1. The number-

ing scheme used is identical to the program, so the variable array coeffi-

cients are identical to those in the code. In Figure B-1 the user specified 

block size, defined ds [OZOB(K)) is represanted by AZk. The code node 

spacing is t:J.Zk*· Variable K*k is equivalent to [TZOB(K)], and Tk is 
I 

[TOB(M,K)]. The value for the K* 5 dummy term is equated to K* 4 • The value 

[TOBI] is the constant temperature value at the boundary. 

Equation (B-4) can be rewritten as 

T
n+l (PCP) ob]·Tn+l n+l 

-Kk k-1 + [Kk + Kk-1 + l:J.zk- l:J.t k-2 - Kk-1 T = _
1 

k-3 

(13-5) 
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Fibure B-1. Finite difference block .schematic for overburden layers. 
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so that all the unknown T~+l terms are on the left-hand side. This 

equation can be solved using the Thomas Algorithm. The basic form after drop-

ping the (n+l) superscript for unknowns is 

A T + B T + C T = D 
k-2 k-1 k-2 k-2 k-2 k-3 k-2 (B-6) 

The problem is solved by assuming the following relationships 

(B-7) 

·and 

(B-7-a) 

After substitution of equation (B-7) in equation (B-6) and simplifying and 

writing the result in the form of equation (B-7-a), the resultant recursion 

formulas are obtained 

(pC ) b 
K* + K.* + p 

0 
E K* 

k -~~~ ~zk ~t - k-1 k-1 
-I 

(B-8) 

(B-8-a) 

which are equivalent to the [F(K)] and [E(K)] variables found in heat loss 

calculations. The [UOB(K)] variable is equivalent to the denominator of equa-

tions (B-8) and (B-8-a) in the heat loss calculations in the [PRINT2] and 

* [COEFF] subroutines. The thermal transmissibility Kk and storage term 
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pCP/6zk6t are equivalent to [TZOB(K)] and [CPOB(K)], respectively. 

Equations (B-8) and (B-8-a) relate knowns E
1 

and Fk 1 to the unknowns 
{-1 -

Ek and Fk. 

The overburden temperature is obtained by solving for Fk and Ek 

from k = 3 to the number of overburden blocks, and Tk is obtained from equa

tion (B-7-a) with k = number of overburden blocks minus one to k equals one. 

Heat loss is calculated in two phases in subroutine [COEFF]. The 

first componen~ of the heat loss calculation assumes no change. in the boundary 

. n n+l temperature at z = 0 over the period between the t1me steps (t to t ) 

so the boundary conditions are 

TI(z,t) = T1(0,t) =constant 

T 1 (h,t) =To (B-9) 

with the initial condition as the previous temperature profile from the tn 

time and h is a finite length value corresponding to the position of the last 

temperature node where the temperature is held constant at [TOBI]. The second 

component is determined using the following boundary conditions 

0 
T2 ( o, t) = 1. o F 

(B-10) 

The initial condition for this case assumes a zero degree temperature profile 

because oT = 0 initially. Boundary conditions equation (B-10) is applied to 

equation (B-2) to caleulate the additiunal heat loss per· degree change in 

temperature at the aquifer boundary. Therefore, the total heat loss over a 

time step is 

(B 11) 



211 

n where qL is the heat loss with no change in boundary temperature plus 

the heat loss due to a change in temperature aoT6t. The constant tempera-

n ture component (qL) is determined by Fourier Is la.w I written in finite 

difference form as 

(B-12) 

where T and T1 (1) are the aquifer and first overburden node temperatures, 
a 

and A is the area perpendicular ~o the heat flux path. The additional heat 

loss due to the change in temperature oT is approximated by 

K (pC ) b(6z1)A 
= [~ (1. 0 - T2 (1)) A + p 

0 
] oT6t 

6z* 6t 
2 

(B-13) 

The first set of variabies on the left-hand side represe~ts Fourier's law 

based on the gradient determined by boundary conditions from equation (B-10}, 

and the second set of variables represents the rate of change of storage at 

the boundary overburden block (shaded region in Figure B-1). 

n+1 After the time-step (at t = t ), when oTis known, the tempera-

ture profile is updated by assuming boundary conditions of 

T3(0,t) =aT 

T3(h,t) = 0.0 (B-14) 

operating on equation (B-2) and summing the temperature results to the old 

temperature profile. This' is conducted in subprogram [PRINT2] before the 

printout of overburden temperat~res. 
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WELLBORE HEAT TRANSMISSION 

The derivation presented in this section is based on Ramey (1962) and 

Carslaw and Jaeger (1959, p. 261). The solution permits the estimation of the 

temperature of fluids in a wellbore tubing as a function of depth and time. 

Basic assumptions are (a) ·radial energy flows by conduction, (b) heat flow in 

the wellbore is rapid compared to heat flow in the formation (heat losses 

taken as steady state leaving the wellbore and unsteady state in the surround-

ing rock) and (c) thermal and fluid properties are constant over the increment 

6Z shown in Figure B-2. The variables q and T are the mass flow rate 
w 0 

and fluid temperature entering the well. The wellbore model calculations pro-

ceed over a series of user specified depth increments involving a simultaneous 

solution of the mechanical and total energy equations. After a series of 

increments (6z. in length), the average temperature of the fluid is T1 , 
1 

and the temperature ou~side the casing is T2 • The initial temperature of the 

rock is T . 
00 

A steady state.energy balance across the increment dz (z positive 

downward) is described by the total energy equation of the form 

dH gdz = dQH (B-15) 
g J 

c 
(Change in (Change in (Change in 
Enthalpy) Potential Energi) Energy in Fluid) 

where incompressible flow is assumed. Change in enthalpy in the increment 

downward is 

dH .., dU + d(PV) 
J 

- C dT + Vdp 
p J 

(B-16) 
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where V is given as specific volume {d{ft3 /lbm)). If flowing friction losses 

are ignored over the increment dz, the increase in enthalpy in the flow down-

hole ~ loss in potential energy. For ·flow uphole, the loss in enthalpy due 

to decrease in pressure ~ increase in potential energy, hence the total 

energy equation becomes 

(B-17) 

Assuming no ph~se change, the steady state heat loss by the fluid is repre-

sented by 

. (B-18) 

where KH represents the overall heat transfer coefficient through the well

bore casing. 

Heat transfer in the surrounding rocks is envisioned as a problem 

where unsteady heat transfer from a continuous line source takes place in the 

radial direction in an infinite media. The governing equation and initial and 

boundary conditions are 

T = T t = 0 
00 

T-+ T r -+ oo 
00 

lim (r aT> qH 
= 

r-+0 ar 21TK b 
m 
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// 

Figure B-2. Diagram of a wellbore. 



- where b =thickness of increment 6z, and K is given by equation (6-4). 
m 

The solution by Carslaw and Jaeger (1959) is 

-qH co 

T2 -Too= 4TIK b 1r 2 (pC ) 

or when approximated 

where 

m p m 
4K bt 

m 

This means 

2TIKm(T2 - T
00

)dz 

f(t) 

-x 
~dx 

X 

f(t) = [-.29- ~n(_El_)]. 
2v'<rt 

Equation (8-19) is most ar:r:urnt.P. whPn tis largf?, 

Equation (B-18} is rearranged to give 

dT1 
dz + 
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(B-19) 

(B-20) 

Substituting the right hand side of equation (B-18} into the left side of 

equation (B-19} gives 

(B-21) 

Substituting equation (B-20) into equation (B-21) results in equation 17 in 

Ramey (1962): 

dT1 
dz + - 0 
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or 

(B-22) 

The heat loss out of the wellbore as defined by the energy balance given by 

equation (B-17) becomes 

-dQ = 
H (K - rlf(t)KH) 

m ] 
21TqK K 

H m 

(B-23) 

In the wellbore model, f(t) is evaluated based on cumulative time since the 

beginning of simulation. Therefore, the best estimate of wellbore heat loss 

is obtained when the flow rate and temperature in the wellbore are constant 

for long periods of time. Verification of this heat loss model is given by 

Ramey (1962). 



217 

APPENDIX C 

BOUNDARY CONDITIONS RELATED PARAMETERS 

INTRODUCTION 

This section consists of a detailed explanation of hydraulic boundary 

. 'r conditions. A number of input parameters need further explanation to a reader 

who is not familiar with some of the boundary condition developments in the 

petroleum reservoir engineering field. Much of this section is a duplication 

and elaboration of Appendix B of part one of the INTERCOM? documentation 

(1976). 

The first section deals with the input parameters in the source allo-

cation subprogram, [PROD]. A number of the inputs to the code require further 

attention. In reading this section, one should remember that allocations 

based on grid block pressure data from the previous time step are used to com-

pute bottom-hole pressure. Therefore, fluid allocation between the layers 

during the first time step is always based on mobilities (defined·later in 

this discussion). The final pressure after computing 6p at the end of the 

present time step is updated by adding 6p to the value computed in the pre-

vious time step. For ~xample, 

[WHP]n+l = [WHP]n + nP 

for wellhead pressure (pwh = [WHP]). 
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WELLBORE DATA 

The ~ressure gradient near the source is generally large; hence, the 

nearest grid block pressure is usually not representative of the wellbore 

pressure. This phenomenon is shown diagramatically in Figure C-1 for a pro-

duction well. The large pressure gradient makes it difficult to determine the 

pressure in the wellbore without refining the grid size to a sufficiently 

small size so that the additional pressure drop between the first node and the 

wellbore becomes negligible. The additional pressure drop is computed by 

assuming steady flow between the first node and the wellbore with 

(C-1) 

for radial flow where WI* is the well index used by the program. The input 

data re9uire a well index value which is related to WI* by 

where 

WI = 

WI* 
~gc 

=WI (-) 
pg 

2'1TKEtlzk 

rl 
R.n (-) 

r w 

(C-2) 

(C-3) 

in which K is the effective hydraulic conductivity in ft/day. The value of K 

is representative of the hydraulic conductivity for the entire length of the 

well screen (tzk)' including the effects of reservoir damage around the 

well (skin effects). If the value of K is variable from layer to layer, one 

may evaluate the K tzk term by tKk6zk, where Kk is the hydraulic 

cond~ctivity for each layer of thickness 6zk. 
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For example, using the following data, 

lJ = .46 cp 

r = .375 ft w 

r 1 = 2.00 ft 

K = .0179 ft/day (3.00 millidarcy (3.0 md)) 

l:Zk = 100 ft 

p = 62.4 lbm/ft3 

WI* = 2n(3.0md) (100ft) * 
R.n (~) 

.375 

WI* = 7.12 f~ 3cp . 
psJ.-day 

.00632ft2cp 
,esi-day 

md 
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Therefore, if Q = 600 ftljday, the additional pressure drop between the first 

block and the wellbore is 

~P = 600 ft 3 .46cp ,esi-day = 
day ·7.12 ft3cp 

39 psi 

or the pressure at the edge of the wellbore is 39 psi lower than the first 

grid block pressure. The input well index is not the same as WI*. The input 

well index is 

WI= 2n(.Ol79ft/day)(l00ft) • 6 _72 ft2/day. 
2.0 

R.n <. 375) 

Similarly, for cartesian coordinates, INTERCOMP recommends 

where 

r - i: 
WI = 2nKE~zk ( r w) [----..;;;1;__~_::--] · 

w 
1 

r 
r w 

r (1- R.n(-)) 
r 

w 

(C-4) 
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Here, tne well index estimates the additional pressure drop between the grid 

block pressure and bottom-hole pressure of the same grid block. If the well 

is used for observation only, the value of WI is irrelevant, because there is 

no additional pressure drop between the grid block and the well. 

WELLBORE MODEL SPECIFICATION OPTIONS 

The well model consists of two generalized modes of operation. One 

group of well options fall under the category of specification of bottom-hole 

conditions [!SURF= 0) and specification of surface conditions [!SURF= 1]. 

In the former'specification, hydraulic pressure losses in the wellbore and 

heat energy losses to the rocks surrounding the wellbore are not calculated. 

Under each of the two modes, there are a number of options. The following 

options are available if the bottom-hole specifications apply [!SURF= 0]. 

1. Injection (o~ production) rate is specified and allocated between 
different layers based on layer mobilities alone [IINDW1 = 1]. This 
means of allocation is always called by default on the first time 
step [!TIME= 1]. The model computes a bottom-hole pressure [FPW] 
in order to achieve the specified flow rate (lbm/day). Enthalpy of 
the injection fluid is computed from the specified injection temper
ature (TINJ] and bottom-hole pressure [FPW). In a production well, 
the grid block enthalpy [EH] is U5ed to determine rate of energy 
produced. The ~oncentration of solute injected is [CINJ], and the 
rate of solute produced is computed from grid block concentration 
[SW]. For a production well, the values of specified [TINJ) and 
[CINJ] for injection are ignored; instead, new values are substi
tuted into [TINJ] and [CINJ] based on grid block values. The pro~ 
duction fluid temperature [TINJ] is computed from production 
enthalpy [HINJ] which is computed as follows: 

H •• = ?,,J 

E (Q H. . k) 
k w. • k 'Z.. ,J' 

'Z.. ,J' 
EQ 

w •• k 
k 'Z.. ,J' 

(C-5) 
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Similarly the production solute concentration is 

E (Q ) 

c .. 
t.,J 

_ k wi,j,k ci,j,k 
EQ 

(C-6) 

w •. k 
k t.,J, 

where H .. k = [EH] and C .. k = (SW] are grid block enthalpy 
. 1, J 1 1, J I 

and concentration, respectively. The Q .. k = [QW] is the allo-w l,J, 
cated mass flow rate. The temperature is evaluated from enthalpy in 
equation (C-5} assuming bottom-hole pressure [FPW]. The value of 
[FPW] or bottom-hole pressure is determined by th.e method described 
in the next section; however, if the user decides to use [WI] = 0.0, 
[FPW] well be assigned zero, or the previous value of well pressure. 
The user should use an estimate of (WI] if a heat transfer problem 
is being solved. 

The definition of layer mobility is 

M •• k 
t. ,J' 

k£, 
= (-) •. k WI~ • 

~ t.,J' t.,J 
(C-7) 

where K£ = [KHL] is a user-defined fractional allocation factor 

usually proportional to the layer hydraulic conductivity times the 
layer thickness. Therefore, the flow rate per layer is 

M •• k 
t. ,J' 

EM •• k 
k t. ,J' 

(C-8) 

where Q .. = [Q] is the total flow rate (d(ft3fday)) at well (i,j) 
1,) . 

and Q. . k is the flow rate in the given layer. In actual prac-
1, J 1 

tice, the program uses mass flux [QW] = d(lbm/day) which is deter
mined by 

Q 
w •• k 

t. ,J, 
= 

M~ • k 
.,.........;;..t..:..:,J"-..:-, ...;.._ Q 
EM~ • k w •. 
k t.,J, t.,J 

where Q w i,j,k = (QW], and Qw i,k = [QWT], and mobilities are 

evaluated by 

[MOBT] = M'lf • k 
t. ,J, 

k.tpg 
= (---) . . k WI.'If •• 

~g t.,J, t.,J 
c . 

(C-9) 

(C-10) 



If flow is allocated by mobilities only, th~ value of [WI] is irrel
evant since the value of WI cancels in the computation in equation 
(C-9). . 

2. Injection (or production) rate is specified and allocated between 
different layers by l~yer mobility times pressure drop between the 
calculated bottom-hole pressure and grid block pressure [IINDWl] = 
2 . The injection rate into each layer is 
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Q 
w •. k 

1, ,J' 
= [pbh- P· . k + (E.2.) (h .. k- h •. l)]M~ • k ?,,J, gc w ?,,J, ?,,J, ?,,J, 

(C-11) 

where h is the elevation, and k = 1 refers to the top grid block 
elevation open to the well screen. Equation (C-11) is summed over 
each layer (k) to evaluate the bottom-hole pressure, pbh' The 

resultant equation is 

Q E { [p. . k -
wi,j k ?,J, 

-::--~-"--- + 
EM~ . k 
k 1, ,J' 

E.2. ( )(h •. k-
g w ?,,J, 

c 
EM~ . k 
k ?,,J' 

h •. l)]M~ • k} ?,,J, ?,,J, 

The bottom-hole pressure pbh is evaluated at the top of the well 

(C-12) 

screen opening; hence, the 
tion h. ~ 1 The value Q 

~,), w 

layer pressures are corrected to eleva
. . is the mass flow t·ate COillpuL~d 
~,) 

from specified volumetric flow rate Q. . by 
l.,J 

Q •• p 
?,,J = Q 

w •• 
?,,J 

(C-13) 

Injection enthalpy is calculated from the injection temperature 
[TINJ] and the bottom-hole pressure from equation (C-12). Injection 
solute concentration is [CINJ]. Production enthalpy and concentra
tion are computed by equations (C-5) and (C-6). 

Equation (C-12) is used with option [IINDW1] = 1 for estimating bot
tom-hole pressure when the well index is not entered as zero. Bot
tom-hole pressure is used in computing injection enthalpy and not in 
allocating fluid in option (1). 

The flow rate per layer is 

(C=l4) 



where Q = [QW] in d(lbm/day). 
w 
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3. Specified rate is allocated like option (2), except that the rate is 
adjusted by a semi-implicit formulation to improve the computational 
stability when [IINDWl] = -2. The rate in each layer is computed by 

Qn+l 
w •. k 

'1- u] I 

n dQw 
= Q + -d op .. k 

w. 'k p ?.,,J, 
'1- ,J' 

n where Q . . k is the explicit rate of injection determined w 1,), 

by equ~tion (C-14) at the previous time step and 6p .. k' [DP] 
11] 1 

(C-15) 

is the change in pressure in the adjoining grid block (radial coor
dinates) over a time step. The implicit term of change of flow rate 
with r~spect to p is determined as 

[QWP] 
dQ 

w 
= dp = Mi_,j ,k (C-16) 

which is included as part of the diagonals in the coefficient matrix 
([C]) in equation (2-38) .. 

For an injection well, the grid block pressure may increase during a 
time step, and the total rate of injection may drop. To prevent 
this problem, an iterative procedure has been set up in subprogram 
[ITER] to increase the explicit allocation so the specified rate is 
achieved implicitly. The flow rates are updated after solving for 
6p in subprogram [PRINTZ] and are tabulated in the recurrent 
printouts of flow rates. 

Injection and produ~tion enthalpy and concentration are computed 
like option 2. 

4. Both injection (or production) rate [Q] and bottom-hole pressure. ' . 
[BHP] are specified. This option chooses the limiting condition in 
such a way that the specified rate or pressure will be the governing 
factor dependent upon not exceeding the other specified value. The 
flow allocation between different layers is on the basis of mobili
ties and pressure drop between the wellbore and grid block, [IINDWl] 
= 3, like option (2). The bottom-hole pressure necessary to obtain 
the specified flow rate (injection or production) is computed and 
compared to specified bottom-hole pressure. For an injection well, 
if the calculated bo~tom-hole pressure is greater than specified, 
then tpe flow rate achieved is less than the specified flow rate. 
If the reverse is true, then the specified flow rate is achieved. 
If the calculated bottom-hole pressure is less than the specified in 
a production well, the flow r~te achieved by the model is le~~ than 
specified. 



5. Both injection (or production) rate [Q] and bottom-hole pressure 
[BHP] are specified, like option (4), except the flow allocation 
between different layers is like option (3) using the semi-implicit 
formulation, [IINDW1] = -3. 
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When surface conditions are specified, [!SURF] = 1, the wellbore model 

must be solved along with the reservoir model. This may require an iterative 

procedure between the wellbore and reservoir model results from the previous 

time step. Tne wellbore and well flow allocation options include (a) a speci-

fied flow rate [IINDWl] = 1, 2, or -2, or (b) a specification of flow rate and 

surface pressure where the governing factor is chosen so as not to exceed the 

other specified value [IINDW1] = 3 or -3. Fluid allocation in the individual 

layers are conducted in the same manner as options (1) to (5). Each surface 

option specified is discussed in the following section. 

6. Injection (or production) rate is specified, [IINDW1] = 1, 2 or -2. 
For an injection well, the surface temperature [TINJ] is specified. 
Surface pressure cannot be specified because the bottom-hole pres
sure, pbh = [FWP], is determined from specified flow rate and grid 

block pr-essure Pg = [P], by equation (C-12). Wellbore calcula

tions of heat loss and hydraulic head loss proceed from the surface 
to the aquifer by first assuming a value of surface pressure and 
calculating bottom-hole pressure, P 

1 
= [PBOT], by the wellbore ca 

model. This procedure is repeated with a new surface pressure until 
the bottom-hole pressure by the wellbore model is within toleration 
limits of Lh~ reservoir-determined bottom-hole pressure, Pbh = 
(FWP], to inject the specified flow rate, and the final surface 

pressure is assigned [WHP], or well-head pressure. 

Toleration limits are related to the input data as follows: 

[ERRDP = ABS(PBOT-FWP)] 

[IF(ERRDP.LE.TOLDP)] iteration tolerance is satisfied. 

The variables [PBOT] and [FWP] are calculated bottom-hole pressure by 
wellbore model, and bottom-hole pressure based on grid block pressure 
calculated from specified flow rate, respectively. The variable 

· [TOLDP] is the input tolerance for pressure d(psi). Well index should 
be specified for all allocation options to make use of equation (c~12) 
to accurately compute bottom-hole pressure from grid block pressure. 

For a production well, the bottom-hole pressure necessary to produce 
the specified rate is calculated directly from reservoir grid block 
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pressure,. and wellbore model calculations proceed from the well bottom 
to the top of the production well so there is no need for iteration to 
compute surface pressure [WHP] from bottom-hole pressure. 

Specified flow rates and specified surface pressure are handled together 

in one option: [!SURF] = 1 and [IINDW1] = 3 or -3. 

7. This option considers the case where both surface pressure [THP], and 
injection or production rates are specified by the user ([!SURF] = 1 
and [IINDW1] = 3 or -3). The solution method takes the lower value of 
the flow rate calculated from the surface pressure or a specified rate. 
The solution begins with the specified rate information, and calculates 
the corresponding surface pressure. For an injection well, if this 
surface pressure is higher than the specified pressure [THP], a new 
flow rate is calculated based on the limitation of a specified top-hole 
press4re [THP]. The specified flow rate is allocated when the ·calcu
lated surface pressure is lower than the specified surface pressure. 

For an injection well the solution begins by using equation (C-13) and 
(C-12) to obtain a calculated bottom-hole pressure [FWP]. The esti-

. mated flow rate per layer is obtained by equation (C-14). The program 
estimates a top-hole pressure (PREF] by subtracting the static pressure 
head based on the length of the wellbore from [FWP]. The wellbore 
model uses the estimated top-hole pressure [PREF], injection tempera
ture [TINJ] and flow rate to obtain a second bottom-hole pressure 
[PBOT]. The two bottom-hole pressures are compared for tolerance as 
shown in option (6). If the tolerance is not satisfied, [PREF] is 
updated by summing [FWP - PBOT] to [PREF] to obtain a new estimated 
top-.hole pressure. This procedure continues until the difference [FWP 
- PBOT] is within a given tolerance as shown in option 6. When the 
tolerance is satisfied the estimated top-hole pressure [PREF] is com
pared to the specified top-hole pressure (THP], and if [PREF] is less 
than or equal to [THP], solution has converged, and the specified flow 
rate is used in injection allocation. Otherwise an iterative procedure 
is set-up to determine the new flow rates based on [THP]. 

The basic procedure for calculating the flow rates controlled by the 
specified top-hole pressure [THP] begins as follows. The estimated 
bottom-hole pressure is [BHPS] = [THP] + pg[X]/g where [X] is the c . 
length of the wellbore. The solution procedure updates the bottom-hole 
pressure by setting [FWP] = [BHPS] and solves equation (C-14} to.deter
mine allocated flow rate. An estimated top-hole pressure (PREF] is 
determined by subtracting the static hydraulic head from (FWP] , and the 
estimated top-hole pressure [PREF], injection·temperature [TINJ] and 
flow rate are used in the wellbore model to dete·rmine a new bottom-hole 
pressure [PBOT]. The bottom-hole pressures are checked for convergence 
by· the method given in option (6}. If convergence is satisfied, solu
tion is completed, otherwise the change in flow rate over an iteration 
is chec;:.ked by 

( ERRl = ABS (QWDEL - QWT) ] 



[IF (ERR1 .LT. TOLX)] toleration is satisfied for injection 
rates. 
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The above terms are defined as follows: [QWDEL] = calculated injection rate 
for a well at the previous iteration, [QWT] = the calculated injection rate at 
the present iteration, and [TOLX] is the user-specified tolerance factor. In 
addition if tolerance has not been satisfied the following is checked 

[ERR ; ABS (PBOT - FWP)/FWP] 
[IF(ERR .LE. TOLX)] tolerance is satisfied. 

If none of the above tolerance conditions are satisfied, and [PBOT] is greater 
than or equal to th~ grid-block pressure, the following is used to estimate a 
new bottom-hole pressure ([BHPS]): 

(BHPS = (FWP + DAMPX PBOT)/(l + DAMPX)] 

where [DAMPX] is a user-specified damping factor used to estimate a new bot
tom-hole pressure. If [PBOT] is less than the grid-block pressure the new 
bottom-hole pressure is 

(BHPS = O.S*(FWP + PFW)] 

where [PFW] is the grid-block pressure, determined at the previous time step. 
The m~ximum number of iterations are limited by a user specified maximum, 
[NITQ]. Iterations continue until one of the above tolerances is satisfied, 
or the number of iterations exceed the user-specified maximum of [NITQ]. The 
above is one example of each us;age of user specified [DAMPX] , [TOLX] and 
[TOLDP] ~n the subprogram [PROD]. 

A similar procedure is used for a production well. The program assumes a bot
tom-hole pressure computed by equations (C-13) and (C-12). An allocated flow 
rate is computed by equation (C-14) based on grid-block pressure, and assumes 
bottom-hole pressure. The wellbore model proceeds from the bottom-hole using 
the computed flow rate, bottom-hole pressure and temperature to compute a sur
face pressure. The calculated surface pressure is compared with the specified 
surface pressure. If the calculated pressure [PTOP] is greater than or equal 
to the specified surface pressure [THP], convergence is achieved and specified 
flow rates are used. If convergence is not achieved, the program begins an 
iterative procedure to compute a bottom-hole pressure [BHPS] such that the 
calculated flow rates and the bottom-hole pressure combination result in a 
corresponding calculated top-hole pressure [PTOP] that is within tolerance of 
the specified top-hole pressure [THP] like that shown in option (6). If pres
sure tolerance is not satisfied the program checks whether flow rates have 
changed significantly over an iteration. If flow rates have not changed by 
much, the solution has converged. If convergence has not been achieved rela
tive pressure tolerance is checked, and if tolerance is not satisfied a new 
value of [BHPS] = [FWP] is computed and the iteration repeats until either 
convergence is satisfied or the maximum number of iterations, [NITQ] has been 
exceeded. 



228 

A summary listing of well options are listed in Table C-1. One should 

note that the use of the wellbore model assumes no interference from other · 

sources of thermal energy. This assump~ion is not true near the base of the 

wellbore because of overburden conduction and energy transfer in the reser

voir. If the length of the wellbore is short compared to the region of reser

voir thermal influence penetrated by the wellbore, the prediction of heat loss 

or gain by the wellbore model is expecte~ to be in~ccurate (see Figure C-1). 



..._.. 
Table C-1. Sununary of Well Specification Options 1 

Option Quantities Allocation Limiting 
No. Specification Specified Basis Rate Criterion 

1 Bott;om-hole Rate Mobilities Explicit None 

2 Bottom-hole Rate Mobilities and Explicit None 
pressure drop 

3 Bottom-hole Rate Mobilities and Semi-implicit None 
pressure drop 

4 Bottom-hole Rate and bottom- Mobilities and Explicit Calculated 
hole pressure pressure drop or specified 

bottom-hole 
5 Bottom-hole Rate and bottom- Mobilities and Semi-implicit pressure, 

hole pressure pressure drop whichever is 
limiting 

6 Surface Rate Mobilities Explicit None 

7 Surface Rate Mobilities and Explicit None 
pressure drop 

8 Surface Rate Mobilities and Semi-implicit None 
pressure drop 

9 Surface Rate and surface Mobilities and Explicit Calculated 
·pressure pressure drop . or specified 

surface 
10 Surface Rate and surface Mobilities and Semi-implicit pressure, 

pressure pressure· drop whichever is 
limiting 

1Adapted from INTERCOMP, 1976, Table B-1, Part I) 
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AQUIFER INFLUENCE FUNCTIONS 

Aquifer influence functions are options of hydraulic boundary condi-

tions that allow the user to simulate an infinite or finitely large aquifer 

without the expense of a large numerical finite difference grid. Aqui~er 

influence functions are not needed when the numerical grid system is not sub

jected to ch~nges in pressure, temperature, and concentration along the 

exterior boundaries during the time of interest. No aquifer influence func-

tions at the grid block boundary translates to no fluid influx or efflux or to 

an impermeable boundary. For most _problems, the compressibility of the fluid 

and matrix are small; therefore, the pressure rapidly effects travel. Over a 

large enough period aquifer influence (fluid influx or efflux) calculations 

are required to adequately simulate a large or infinite aquifer. 

The INTERCOMP code offers three aquifer influence options. The Car-

ter-Tracy method (Carter and Tracy, 1960) gives the best results for an infi-

nite aquifer representation. The pot aquifer representation is the simplest 

and is useful for history matching; the steady state method is the best choice 

when pressure is maintained along the external boundary for natural flow in 

the aquifer. ·Each of these meihods and input data ~ie discussed in the fol-

lowing section. 

An estimate of the numerical mesh siie required to avoid using aquifer 

influence functions is 

r = 21kt*/(39~~c ) 
e t (C-17) 

where 

r - radius. (ft) e . . 
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k =permeability, (md) (1 md ~ 2.7 x 10-3 ft/day for water 70°C) 

1/J = porosity. 

ct = total compressibility 

~=viscosity, (cp} and t* =time span of interest, (days}. 

A grid that has an effective radius of r , given by equation (C-17), acts as 
e 

an infinit~ aquifer for t* days. 

Carter-Tracy 

This influx boundary condition assumes a scenario given in Figure C-1, 

where the numerical grid ends at external radius r . The method assumes 
e 

that the aquifer is homogeneous. This condition may not always exist, so a 

representative aquifer parameter may be used. The isotropic assumption does 

not enter because influx or efflux is assumed to be in one direction only; 

hence, in summary, the Carter-Tracy (1960) method allows a homogeneous infi-

nite aquifer to be simulated through the use of a finite region based on an 

approximation to the superposition method of Van Everdingen and Hurst (1949). 

The development and tables of solutions are given in the latter and the 

approximation is given in the former reference. 

According to Carter and Tracy (1960, equation 8) the cumulative influx 

through a circular aquifer of radius r is e 

n+l w 

Therefore, the quantity of water influx over time tn to tn+1 is 

n+l = · (dW) n+l 
ew dt = 

(C-18) 



where 

where 

d(ft 3/day) 

B = 2nb~ct(~e) 2 s 

n+l 
e 

w 

i n n+l n · n 'n+l 
B (p - p ) - B (p - .P ) - W P d 

= kt 

s = fraction of circle covered by circular aquifer [VAB] 

b = thickness of aquifer (ft) 

i p = initial pressure in grid block (psi) 

pn = grid block pressure at tn (psi) 

Wn = cumulative water influx at time tn (ft3) 

Pd' = dPd/dtd (dimensionless) 

kt = td/t = kK~~ct re2) (1/day) 

td = (kt)/(~~ct re 2) =dimensionless time 

k = effective permeability at the periphery 

232 

(C-19) 

Pd = Pd(td) = dimensionless pressure from "terminal rate case 11 from 

Van Everdingen and Hurst. 

The basic form of equation (C-19) is 

a c 

b 

e = a - bop 
w 

B(pi n wn P'n+l - p ) - d 
Pn+l - tn P'n+l 

d d d 

Bkt 
= n+l n ,n+l 

pd - t pd d 

(C-20) 

kt [AAQ) 

[BAQ] 
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r and 

n+l n op = P + P 

evaluated at the periphery grid block. The model includes the data for 

P(td) = Pd vs. td for an infinite aquifer~ For a finite aquifer, the 

values of P(td) vs. td have to be read in from Table C-2. Ratios of 

r
1
/re refer to ratios of true aquifer boundary, r

1
, to the boundary used 

by the model and r in Table C-2. e 

In the above discussion, equations (C-19). and (C-20) refer to efflux 

rates (or influx) to the entire aquifer; however, pressures are determined at 

the individual grid blocks, which may be arranged in Cartesian coordinates 

rather than radial coordinates. The following section discusses the use of 

the Carter-Tracy method with Cartesian coordinate block arrangement. 

Consider a gene~al case where an infinite aquifer is to be simulated 

with N x N grid blocks in the x andy direction, respectively, and with uni-

form grid sp~cing ~x = 6Y = constant. The equivalent radius is 

The rectangular grid boundary is replaced by an equivalent circle. The water 

efflux at each boundary block (i,j) column of [NZ] blocks is a site specific 

form of equation (C-20): 

e = a .. - b .. op .. 
. w • • 1.-:J 1.-J 1,J 

?,,J 
(C-21) 

where a .. and b .. are made site specific by specifying 
lJ lJ 

B •• cs 2'1Tb~c r :!!s , • 
1-J t e ?,J (C-22) 



where s .. is the fraction of a circle edge assigned to the edge grid block 
l) 
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column consisting of [NZ] blocks at areal position (i,j). For this problem, 

the total perimeter is 

L = 4(N- l)Llx (C-23) 

and s .. is Ax./L for all the grid blocks with the exception of the cor-
l) l 

ner blocks where s .. is _f!.x./L. 
l) l 

In more general cases, the equivalent radius is 

r :::: IL L /lf 
e x y 

(C-24) 

where L and L are lengths along the x-direction and y-direction of the 
X y 

rectangular grid. The grid should be kept as square as possible in order to 

estimate the circular reservoir influence functions. The total perimeter is 

Ny 
L = 2 E ·ay. + 2 

j=l J 

where N and N are the number of grid blocks in x andy-directions, and 
X y 

AXi and AYj are the grid increments. The value of s .. in (C-22) is 
1) 

now Ax./L and Ay./L for the x- andy-direction edges, respectively, 
l J 

and (Axi + AYj)/L for the four corner blocks. Smaller and larger val-

ues of s .. [VAB] may be used for certain edge blocks to represent aquifer 
l,J 

heterogeniety along the periphery. The physical meaning of this variation is 

not clear and should be used with caution. The variable s .. in its most 
l,J 

general form is s .. k where the latter represents the fraction of the aqui
l, J, 

fer perimeter and depth open to the aquifer influence functions. 



Table C-2. Carter-Tracy Functions for Limited Reservoirs 1 

r /r = ·L e 2 r /r = L e 
3 r /r = L e 

5 r /r = L e 
10 

Dimensionless Pressure Dimensionless Pressure Dimensionless Pressure Dimensionless Pressure 
Time Change Time Change Time Change Time Change 
(td) (P d) (td) (P d) (td) (P d) (t· ) 

d (P d) 

0.22 0.443 0.50 0.627 . 3. 0 1.167 12.0 l. 732 
0.24 0.459 0.54 0.636 3.2 1.192 13.0 1.768 
0.26 0.476 0.56 0.645 3.4 1.215 14.0 1.801 
0.28 0.492 0.60 0.662 3.6 1.238 15-.0 1.832 
0.30 0. 507. 0.65 0.683 3.8 1.259 16.0 1.862 
0.32 0.522 0.70 0.703 4.0 1.281 17.0 1.890 
0.34 0.536 0.75 0. 721 4.2 1. 301 18.0 1.917 
0.36 0.551 0.80 0.740 4.4 1.321 19.0 1.943 
0.38 0.565 0.85 0.758 4.6 1. 340 20.0 1.968 
0.40 0.575 0.90 0. 776 4.8 1.360 22~0 2.017 
0.42 0.593 0.95 0.791 5.0 1.378 24.0 2.063 
0.44 0.607 1.00 0.8oJ6 5.5 1.424 26.0 2.108 
0.46 0.621 1.20 0.865 6.0 1.469 28.0 2.151 
0.48 0.634 1.40 0.920 6.5 1.513 30.0 2.194 
0.50 0.648 1.60 0.973 7.0 1. 556 32.0 2.236 
0.60 0.715 2.JO 1.076 7.5 1.598 34.0 2.278 
o. 70 0.782 3.00 1.328 8.0 1.641 36.0 2.319 
0.80 0.849 ·4.00 1. 578 9.0 1. 725 38.0 2. 360 . 
0.90 0.915 5.00 1.828 10.0 1.808 40.0 2.401 
1.00 0.982 11.0 1.892 50.0 2.604 

.2.00 1.649 12.0 1.975 60.0 2.806 
3.00 2.316 13.0 2.059 70.0 3.008 
5.00 3.649 14.0 2.142 

15.0 2.225 

1Adapted from INTERA,. 1979. Additional tabulations of rL/re ratios can be obtained directly from 
Table III in Van Everdingen and Hurst (1949). 

N 
w 
U1 
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Pot Aquifer 

Influx rate is a function of the change in pressure in any peripheral 

grid block, the compressibility of the aquifer, and the total pore volume of 

the selected grid block mesh. Similar to the Carter-Tracy method, influx rate 

· n+l n 
during a time step between t and t can be expressed as 

n+l 
e 

w 

wn+l _ wn 

n+l n 
t . - t 

where ~ 1 is the aquifer influx coefficient in ft3jpsi. 

d (ft 3 /day) (C-26) 

To illustrate how the method works, envision an injectioh well where 

the pressure in the aquifer increases with time if all the aquifer peripheral 

boundaries are impermeable. All the fluid injected during a time step n to 

n+l is retained in the aquifer so 

.or the increase in pressure is 

where 

-n+l -n 
(p - p ) 

(1/psi) 

V = total pore volume of aquifer (ft3) 
p 

Q = injection rate (ft3jday) 

t = time (days) 

n = time level 

pn = average pressure in the aquifer at beginning of time = tn. 

(C-27) 

(C-28) 
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When the efflux rate is equal to the injection rate, the pressure gradient in 

the aquifer does not change significantly with time, and the increase in pres-

sure in the periph~ral grid blocks is nearly the same as the increase in the 

Letting Q = -e n+l in equation (C-26) and combining it average pressure. 
.W 

with equation (C-27}, the result is 

\)1 = v c pt 
(C-29) 

The pressure distribution in a pot aquifer is known as semi-steady state pres-

sure distribution and implies that the .periphery pressure may increase gradu-

ally without bounds. 

Block influx is expressed in a similar manner as the Carter-Tracy 

boundary efflux method because equation (C-26} represents efflux (or influx) 

to the entire aquifer. The influx representation for a single block is 

e w .• 
'-J 

(pn _ Pn+1) 
= o.iJ.v 1 n+ 1 n 

(t - t ) 
(C-30) 

where a .. reflects the fraction of the field perimeter represented by the 
~J 

edge grid block coiumn. Like the Carter-Tracy method, a .. can be modified 
~J 

· to adjust flow rate £or aquifer heterogeneity at the boundary. The value of 

~ 1 can be adjusted to deviate from the definition given in equation (C-29) 

to better match pressure history if the data are available. Input data 

require 

[VAB) = 

over a region. 
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Steady-State Aquifer 

Schilthuis (1936), ·proposed the following expression for calculating 

. cumulative water influx into an aquifer: 

t "l- -
= v2 J (p - p)dt 

0 
(C-31) 

where ~2 is the aquifer influx coefficient in ft 3 /day2 /psi, p is the average 

i pressure at the aquifer boundary at time t, and p is the initial pressure. 

The rate of influx between time tn and tn+1 for the aquifer is 

n+l 
e ·w 

= (dW)n+l 
dt 

(C-32) 

When the rate of efflux becomes equal to rate of injection, the pressure ·dis-

tribution in the aquifer represents a steady state condition. The exterior 

i . d n+1 boundary pressure is set equal to initial pressure p an p is the 

average pressure in the edge boundary blocks at the n+1 time level. The coef-

ficient ~2 can be computed by applying Darcy•s law at the periphery. For 

example, consider a circular aquifer with model external radius r and 
e 

radius to the edge block center, r (see Figure C-1). 
. n 

and since 

Q = - e w 

At steady-state 

(C-33) 

(C-34) 
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the coefficient ~2 is obtained by substituting equation (C-33) into equation 

(C-32) to get 

-21Tkb 
r 

e 
IJ R.n (-) 

r 
n 

The efflux at an individual block is 

e . w •• 
t.J 

d(ft 3/(psi-day)) 

where a .. is the fraction of the exterior perimeter represented by edge 
1) 

(C-35) 

(C-36) 

block column (ij). Since efflux rate will never exceed the rate of injection, 

the pressure in the edge block has an upper bound which can be evaluated by 

equation (C-33). The input data require 

defined for a region. 

[VAB] = a· .v2 
t.J 

Test responses of the aquifer influence functions are shown in Figure 

C-2. Comparisons are made of various aquifer influence options using the same 

aquifer properties and flow rates. The aquifer influence functions model used 

an external radius of r = 337 ft. One model run was tested using r = e . e 

2000 ft with impermeable boundaries for comparison. The variability of the 

pot aquifer for history matching is demonstrated by ~sing the formula in equa-

tion \C-29) and an arbitrary value of ~ 1 = 10s. Note that the pressure in 

the pot aquifer formulation increases without bounds as suggested in its for-

mulation. The analytical solution is the same as the Theis solution. 
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APPENDIX D 

USERS INSTRUCTIONS 

CHANGES IN THE NOMENCLATURE 

The blocking of computer variable VAR denoted by [VAR] is now denoted 
by VAR. This change is in effect for all text in Appendix D because of the 
large number of referrals to computer variables. 

REDIMENSIONING THE PROGRAM 

The use of variables stored in a REAL*B data format requires a slight 
change in redimensioning instructions. The fixed common block consists of a 
section containing REAL*B variables containing members from BWO to UWN. Fixed 
common block members in REAL*4 begin with EHF and end with IDLAST. The parti
tioned common block begins with GD and ends with G. The GD common contains 
the REAL*B arrays, G contains the REAL*4 arrays, and the DUMMY variable 
assures that GD begins on an even REAL*4 word. The individual member arrays 
are determined from input data in the MAIN program. ·The starting position of 
each member array is stored in IDLX to IDLAST, and GD and G members are passed 
through as subroutine arguments. 

This data storage design was used because the number of arguments 
passed through any given subroutine is limited to 63 in a Control Data 
machine. Therefore, some of the variables need to be passed through the 
fixed size common block. '!'his limitation applies to the following: 

Maximum number of welts 

Number of overburden and 
underburden layers 

Number of Carter-Tracy aquifer 
influence functions,PTD,TTD 

Number of entries in each of the 
viscosity and temperature tables 

20 

7 

50 

10 
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For problems that exceed the above limitations the following fixed 
common block arrays should be redimensioned as follows: 

Array 
Names 

sc,vcc 

TR,VISR 

TI,VISI 

ZT,TD 

PTD,TTD 

CCOB,COB,DZOB, 
UOB,UUOB 
CCUB,CUB,DZUB, 
UUB,UUUB 
TZOB 

TZUB 

EE 

BHP through WI 

Number of 
Arrays 

2 

2 

2 

2 

2 

5 

5 

1 

1 

1 

31 

Dimension as 

Number of entries in the concentration-viscosity 
table. 

Number of entries in the temperature-viscosity 
table for the resident (reservoir) fluid. 

Number of entries in the temperature-viscosity 
table for the injection fluid. 

Number of entries in the depth-temperature 
table. \ 

Number of aquifer influence functions. 

Number of overburden layers. 

Number of underburden layers. 

Number of overburden layers + 1. 

Number of underburden layers + 1. 

Larger of the number of overburden and underbur
den layers+ 1. 

Number of wells. 

When increasing the number of overburden or underburden blocks or the 
number of wells, the followin~ changes must be made in the MAIN program: 

Change: 

NOBMX = 7 to number of overburden blocks or layers 

NUBMX = 7 to number of underburden blocks or layers. 

NWMAX = 20 to number of wells or layers. 

Since the above changes apply to all the subroutines that address .the 
fix common block, nearly every subroutine has to be recompiled. 

The storage location of IDLAST 
the storage location is an odd number, 
the statement COMMON DUMMY,GD(.),G(.). 
and G needs to be changed; hence, only 

should be determined. If the number of 
the variable DUMMY is not required in 
For most problems only the size of GD 

the MAIN program requires recompiling. 
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This economical method of reallocating storage assumes that all other 
subprogram parts have been compiled and stored separately as an object deck. 
The MAIN program is compiled and linked to the other subprograms and stored as 
a load module for execution. Therefore, in practice, the only limitation on 
the problem size is the core size of the machine used. 

INPUT DATA CARDS 

READ Ml (20A4/20A4}. 

LIST: TITLE 

TITLE Two cards of alphanumeric data to serve as a title for this run. 
Any title up to 160 characters (80 per card) in length may be used. 

READ M-2 (8!5) 

LIST: NCALL,RSTRT,ISURF,IPDIM,IIPRT,NPLP,NPLT,NPLC 

NCALL Control parameter for solving the basic partial differential equa
tions. If you desire to simulate a solution of all three equations, 
enter zero (0). The pressure equation is always solved. The solu
tions of the temperature and concentration equations may be 
bypassed, if desired. 

0 - All three equations will be solved. 

-2 - The concentration equation will not be solved. The simulated 
solution will consist of solving~set of two coupled equa
tions of pressure and temperature. 

1 ~ The pressure equation will be solved. The model is simplified 
to solving one independent partial differential equation. 

2 - The temperature equation will not be solved. The model solves 
two coupled partial differential equations for pressure and 
solute transport. 

RSTRT The number of the time step at which calculations are to resume for 
a restart run (!TIME in the program output). A restart record from 
a previous simulation run corresponding to the specified time step 
must exist on the restart tape mounted on tape unit number 4. An 
output tape should be available on unit 8. 

For a nonrestart run, i.e., a run from i~itial conditions, enter 
RSTRT as zero (0). 
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!SURF Control parameter for wellbore calculations. 

0 - No wellbore calculations will be performed. This means only 
well flow rates or bottom-hole pressures may be specified. 

1 - Wellbore calculations will be performed. 

IPDIM Blank common printing key. The total length of the blank common may 
be printed. This is useful in writing restart records. The length 
of the blank common is the storage space required on the tape every 
time a restart record is written. 

0 - Blank common length is not printed. 

1 - Blank common length is printed. 

IIPRT Transmissibilities printing key. The printing of Darcy velocities, 
fluid properties, and transmissibilities calculated from conditions 
in the aquifer at the previous time step are activated by this print 
key. Print key entered here is effective from the firs~ time step 
until it is changed in the recurrent data READ R2-11. Print tables 
activated by this print key are only printed at TCHG (READ R2-10). 
If this is a restart run, this transmissibility printing key has no 
meaning. 

0 - No transmissibility, Darcy velocity •. and fluid property output 
are activated. 

' 
1 - All transmissibilities, .Darcy velocitif~· and fluid properties 

calculated at the old t1me level are pt1nted. 

2 - Only Darcy velocities calculated at the old time level are • printed~ 

NPLP Con~rol.parameter for plotting pressures in wells. 

1 - Bottom-hole and surface pressures are plott~d if wellbore cal
culations are performed. Only the bottom-hole pressures are 
plotted if no wellbore calculation ar~ performed. For an · 
observation well, the bottom-hole pressure is the grid block 
pressure. 

0 - If no pressure plots are desired. 

-1 - If pressure plots are desired for a previous run, skip READ 
M-3 through R2-15, and proceed to READ P-1. 

NPLT Control parameter for plotting temperatures in the well. 

1 For an observation well, the grid block temperature is plot
ted. For an injection well, the bottom-hole temperature is 
plotted if wellbore calculations are performed. For a produc
tion well, the bottom-hole temperature is always plotted. In 
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addition, the surface temperature is plotted if the wellbore 
calculations are performed. 

0 - If no temperature plots are desired. 

-1 - If temperature plots are desired for a previous run, skip READ 
M-3 through R2-15, and proceed to READ P-1. 

NPLC Control parameter for plotting concentration in the well. 

1 - The concentration in the well is plotted for observation and 
production wells only. 

0 - If no concentration plots are desired. 

-1 - If concentration plots are desired for a previous run, skip 
READ M-3, through R2-15 and proceed to READ P-1. 

NOTE: Proceed to READ P-1 if any of the NPL's are negative. If any NPL's are 
negative, input data from a previous run must be available on (tape) 
unit number 12. 

READ M-3 (lOIS} 

These data will be used to dimension the arrays needed in the code. 
The program is designed to calculate its internal array size. This allows for 
minimal redimensioning effort throughout remainder of the program. 

LIST: NX, NY, NZ, HTG, KOUT, PRT, NABLMX, METHOD, ISZE, NAR 

NX Number of grid cells in the x-direction (greater than or equal to 
2). 

NY Number of grid cells in the y-direct-ion (greater than or equal to 
1) . 

NZ Numper of grid cells in the z-direction (greater than or equal to 
1). 

HTG Control parameter for input of reservoir description data. If you 
desire to specify a heterogeneous aquifer, you may enter either HTG 
= 2 and enter data for·each block or series of blocks, or specify a 
homogeneous linear or radial geometry aquifer and modify the blocks 
or regions in which heterogeneity is desired. 

1 - Homogeneous aquifer, of linear geometry. 

2 - Heterogeneous aquifer, where data are read for each grid block 
or series of blocks. The aquifer configuration is a linear 
geometry. 

3 - Radial geometry aquifer. The aquifer may be heterogeneous in 
the vertical direction in the form of layers . 
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Output control parameter. 

0 - All program output are activated. 

1 - All program output except for initial arrays (concentrations, 
pressures, etc.) are activated; 

3 - No program output are activated. KOUT is read again in the 
recurrent data entry READ R2-11. A value of KOUT here of 3 
can be used to omit printing of all initialization data as is 
sometimes desirable in making a sequence of many history 
matching runs. 

PRT Output array orientation control parameter. 

-1 -Print output maps as areal layers (x-y). Block numbers in the 
x-direction increase from left to right and decrease down the 
computer page in the y-direction. 

+1 - Print out is similar to the above except the J-block numbers 
(y-direction) increase down the computer page. 

2 -Print output maps as vertical sections (x-z). 

NABLX This is the maximum number ·of aquifer influence function blocks. 
This value is used for dimensioning the aquifer influence function 
arrays. This number is usually equal to the number of peripheral 
blocks. 

METHOD The control parameter that determines the method of solution used 
for the current run. The method of solution ente~ed here will be 
used to dimension the working arrays in the numerical solution sub
routines (direct solution or L2SOR). The method to be used is read 
again in the recurrent data entry READ R2-2. Since the amount of 
storage for direct solution is always greater than for L2SOR, you 
may specify direct solution on the card and may actually use L2SOR, 
but you may not specify L2SOR on this card and use direct solution 
later. 

0,~1 Allocate storage for direct solution. You may specify either 
direct solution or L2SOR in READ R2-2. The dimension of a 
working array "A" is printed out at this point. If you spec
ify direct solution again in READ R2-2, the minimum length 
required for the "A" array will be printed. This length must 
be smaller than the dimension of array "A". If it is not-,-you 
must use the L2SOR method or, enter a ne_w "A" array dimension 
by NAR. 

±2 - Allocate storage for L2SOR method. You may not specify direct 
solution in READ R2-2. 

ISZE Control parameter used to stop program after computing the size of 
the eore required for the run. 
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0 - Program will continue after printing common block size. 

1 - Program will halt after printing common block size. The input 
data ends at READ M-3. 

NAR Storage allocation for working array "A" in direct solution routine 
GAUS3D. ) 

0 - Dimension of "A" array is to be approximated internally. The 
program will calculate the exact length of "A" later. If the 
approximate length is less than the exact length, the size of 
"A" should be entered via NAR if direct solution is desired. 

>0 - Storage dimension for "A" array. If direct solution is 
desired this number must be greater than or equal to the m1n1-
mum length required which is printed later in the program. 

READ M-4 (FlO.O) 

NOTE: This card is read only if the run is a restart, i.e. only if the value 
for RSTRT is non-zero. 

LIST: TMCHG 

TMCHG · Time in days at which the next set of recurrent data is to be read. 
If.TMCHG.is less than or equal to the time corresponding to the 
restart time step number, a set of recurrent data will be read imme
diately to resume the previous simulation. 

NOTE: Proceed to READ R2-1 (recurrent data entry) if RSTRT is non-zero. 

READ R1-1 (SE10.0) 

LIST: CW, CR, CTW, CPW, CPR 

CW Compressibility of the aquifer fluid, (psi) -1. 

CR Compressibli ty of rock, (psi)- 1.. 

CTW Coefficient of thermal expansion of the aquifer fluid, (°F)- 1 • 

CPW Fluid heat capacity, (Btu/(lbm-°F)). 

CPR Rock heat capacity per unit volume, (Btu/(ft3-°F}). 

READ Rl-2 (7El0.0) 

LIST: UKTX, UKTY, UKTZ, CONV, ALPHL, ALPHT, DMEFF 

UKTX Thermal· conductivity of the porous medium in the x-direction (Btu/ 
ft-°F day - s~e CONV). The value entered here is a thet·mal conduc
tivity of the fluid and the solid in the porous medium. 
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UKTY Thermal conductivity of the porous medium in the y-direction. 

UKTZ Thermal conductivity of the porous medium in the z-direction. 

CONV Conversion factor for the thermal conductivities. The entered val
ues of the thermal conductivities are multiplied by CONV to obtain 
Btu/(ft-day-°F) units.· If CONV is entered as zero, thermal conduc
tivities should be read in Btu/(ft-day-°F). 

ALPHL Longitudinal dispersivity factor, ft. 

ALPHT Transverse dispersivity factor, ft. 

DMEFF Molecular diffusivity in the porous media, ft 2 /day. 

READ R1-3 (4E10.0) 

The fluid densities are entered here at concentration = 0 (natural 
aquifer fluid) and concentration= 1 (injection fluid). Both the densities 
should be entered at the same reference temperature and pressure. This infor
mation is used to relate ~oncentration to mass of fluid injected or produced. 

LIST: PBWR, TBWR, BWRN, BWRI 

PBWR Reference pressure at which the densities are to be entered, psi. 

TBWR Reference temperature at which the densities are to entered, °F. 

BWRN The density of the natural aquifer fluid (concentration = 0) at PBWR 
and TBWR, lbm/ft3. Note that densities are entered in pound mass/ 
unit volume. 

BWRI The density df the injection fluid (concentration = 1) at PBWR and 
TBWR, lbm/ft3, 

READ R1-4 (IS) 

NOTE~ If ISURF = 0, omit READ R1-4 and R1-5 and proceed to R1-6. 

LIST: NOUT 

NOUT Output control parameter for wellbore calculations. 

0 · - No output is activated. 

1 - Iteration summary (number of outer iterations, flow rate, and 
the bottom-hole pressure) is printed for each well. 

2 -·The well pressure and temperatute (at the surface for an 
injection well and at the bottom-hole for a production well) 
and the flow rate are printed every time subroutine WELLB is 
called. 
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3 The pressure and temperature in the well are printed over each 
increment (see DELPW in READ R1-5). 

READ R1-5 (3E10.0) 

LIST: PBASE, DELPW, TDIS 

PBASE Atmospheric or reference pressure at the wellheads, psi. This is 
used to convert absolute pressure to gauge pressure. 

DELPW Incremental value of pressure (psi) over which wellbore calculations 
are to be performed. The pressure and temperature calculations in 
the wellbores proceed in increments. The length increment corre
sponding to DELPW is calculated, and the temperature change over 
each increment is evaluated. 

TDIS Thermal diffusivity of the rock surface surrounding the wellbores, 
ft2fhr. 

READ R1-6 (4I5) 

The number of entries in the viscosity and temperature tables are 
entered here. You should enter as many viscosity data as are available. You 
are required to enter at least one viscosity point for the resident fluid 
(cone. = 0) and one for the injection fluid (cone. = 1). These reference vis
cosity points should preferably be at the middle of the expected temperature 
range, and, if possible, both reference viscosities should be entered at the 
same temperature. If only one viscosity point is available, the program 
obtains additional viscosity at other temperatures according to Lewis and 
Squires generalized chart. If you desire to enter a constant viscosity for 
any of the two fluids, you must enter one more viscosity point in addition to 
the reference viscosity. For example, if you desire to enter constant viscos
ity of 0.9 cp for the injection fluid, enter NTVI=1, the reference viscosity 
of the injection fluid VISIR=0.9 and VISI(1)=0.9. 

The temperature table describes the initial temperature existing in 
the aquifer. For example, this table allows entry of existing geothermal gra-
dients. · 

NOTE: Number of entries in the viscosity tables refers.to the viscosity val
ues to be entered in addition to the reference viscosities. 

LIST: NCV, NTVR, NTVI, NOT 

NCV Number of entries in the concentration-viscosity table. This table 
is for viscosities at the reference temperature TRR. The table 
should contain the viscosities of the fluid mixture at concentration 
other than 0 and 1, since these two values are entered as reference 
viscosities. If only the two pure fluid viscosities are available, 
enter zern.and read in the viscosities of the pure fluids as refer
ence viscosities. 
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NTVR Number of entries in the temperature-viscosity table for the aquifer 
resident fluid. This table is for viscosities other thah at refer
ence temperature TRR. 

NTVI Number of entries in the temperature-viscosity table for the injec
tion fluid. This table is for viscosities other than at the refer
ence temperature TIR. 

NOT Number of entries in the depth versus temperature table. 

READ R1-7 (4E10.0) 

LIST: TRR, VISRR, TIR, VISIR 

The reference viscosities 6f the injection and the resident fluids are to be 
entered here. 

TRR Reference temperature for the resident fluid viscosity, °F. 

VISRR Viscosity of the resident fluid at the reference temperature TRR, 
cp. 

TIR Reference temperature for the injection fluid viscosity, °F. If 
possible, this temperature should be taken to be equal to TRR. 

VISIR Viscosity of the injection fluid at TIR, cp. 

READ R1-8 (8F10.0} 

NOTE: If NCV=O, omit R1-8. 

LIST: SC(I}, VCC(I), I=1, NCV 

SC Concentration, fraction. 

vee Viscosity (cp) of a fluid mixture at concentration SC, and tempera
ture TRR. 

READ R1-9 {8F10.0} 

NOTE: If NTVR=O, skip R1-9 and proceed to READ R1-10. 

LIST: TR(I}, VISR(I), I=1, NTVR 

TR Temperature, °F. 

VISR Viscosity (cp} of the resident fluid at the temperature TR. Do not 
re-enter the reference viscosity at TRR. 

READ Rl-10 (8F10.0} 

NOTE: If NTVI=O, skip R1-10 and proceed to R1-11~ 

LIST: TI(I}, VISI(I), I=l, NTVI 
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TI Temperature, °F. 

VISI Viscosity (cp) of the injection fluid at the temperature TI. Do not 
re-enter the reference viscosity at TIR. 

READ R1-11 (2F10.0) 

Initial temperatures in the aquifer and the overburden-underburden blocks 
are to be entered here. The initial temperature is assumed to be a function 

.of depth only. One set of data is always required even when NOT is zero. 
Data should be entered in the order of increasing depth. 

Local horizontal and vertical variations in initial temperatures can be 
introduced in the aquifer in READ I-3. Initial temperature variations in the 
overburden and.underburden blocks are not permitted in READ I-3. Regions 
unaltered by READ I-3 will retain initial temperature values calculated from 
data introduced in the depth-temperature table. 

LIST: ZT (I) I TD (I) I I=1, NOT 

ZT Depth, ft. 

TD Temperature, °F. 

READ R1-12 (2I5) 

LIST: NZOB, NZUB 

NZOB Number of overburden blocks. If NZOB is greater than 2 the heat 
loss talculations are performed. 

NZUB Number of underburden blocks. If you desire the underburden heat 
loss calculations to be performed, a value of 3 or greater should be 
entered. If the number of aquifer blocks (NZ) is equal to one, the 
underburden heat loss is assumed.to be equal to the overburden heat 
loss. 

READ R1-13 (4il0.0) 

LIST: KOB, CPOB, KUB, CPUB 

KOB,KUB Vertical thermal conductivities of the overburden and the under
burden blocks, respectively. These thermal conductivities should 
be entered in the same units as in READ R1-2. 

CPOB,CPUB overburden and underburden heat capacities per unit volume, 
Btu/(ft3 -°F). 

READ R1-14 (7E10.0) 

These data are used to calculate the node spacing used in the overburden 
(underburden in READ R1-15) heat loss calculations. The calculated node spac

. ing is printed in til~ l.nuyram output. 
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NOTE: Skip this READ if NZOB=O 

LIST: DZOB(K), K=1, NZOB 

DZOB Thickness of each overburden block. The overburden block numbers 
increase as you go away from the aquifer. 

READ R1-15 (7E10.0) 

NOTE: Skip this read if NZUB=O. 

LIST: DZUB(K), K=1, NZUB 

DZUB Thickness of each underburden block. The block numbers increase 
~s you go away from the aquifer. 

READ R1-16 (4E10.0) 

LIST: TO, PINIT, HINIT, HDATUM 

TO A standard temperature (°F) for calculating fluid density. Fluid 
density at any other temperature is calculated as the sum of the 
density at TO and the deviation from it. 

PINIT Initial pressure at reference depth HINIT, psi. 

HINIT 

HDATUM 

Reference depth for setting up initial conditions, ft. HINIT can 
be any depth within the reservoir. 

A datum depth (ft) for printing the dynamic pressures (p -
pgh/g ) . The depth h is measured from the datum depth HDATmL 

c 

The information read here is used in conjunction with DEPTH in READS R1-20 
or R1-22 to establish the datum for printing pressure output. The DEPTH value 
(positive downward) locates the top of the grid block 1, 1, 1, with respect to 
a datum plane. HINIT is the reference depth measured from the datum plane at 
which the initial pressure is PINIT, and HDATUM is a depth relative to the 
datum at which the dynamic pressure is printed. For example, if DEPTH= 10.0 
ft, the depth to the top of grid block 1, 1, 1, relative to a datum plane is 
10ft below the datum plane (Figure D-1). For a linear grid with NZ =1, and 
SINX =-S"fNY = 0.0 (READ R1-20), and PINIT = 4.9 psi, HINIT = 11.25 ft, HDATUM 
= 0.0, DZ(1) = 2.5 ft, with fluid density of 62.4 lbm/ft3 , the INITIAL 
PRESSURE AT ELEVATION H is 4.3 psi. If the atmospheric pressure is specified 
as zero, and the fluid flow is static, PRESSURE AT ELEVATION H (PSIA) is 4.3 
psi, and PRESSURE AT DATUM (PSIA) is 0.0 psi. If the absolute pressure is to 
be included, PINIT should be calculated as the static pressure of the overly
ing fluid plus the atmospheric pressure. 

For NZ > 1, the static pressure of the nodes below the first node in the 
z-direction is calculated by adding a pressure increment based on the thick
ness and density of the next layer of fluid. 

Temperature and solute concentration results are printed at elevation H. 
Density, viscosity, and enthalpy are printed at elevation H. 
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-y-T - '- (PINITl•4.9 psi. 

Figure D-1. Diagram of initial parameters. 
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READ R1-17 (7E10.0) 

NOTE: If HTG = 3 (radial geometry), skip to READ R1-22. 

. LIST: DELX(I), I=1, NX 

DELX Length of each row of blocks in the x-direction, ft. 

READ R1-18 (7E10.0} 

LIST: DELY(J), J=1,NY 

DELY Length of each row of blocks in the y-direction, ft. 

READ R1-19 (7E10.0) 

LIST: DELZ(~), K=1, NZ 

DELZ Thickness of each vertical layer, ft. 

If you use the 11 homogenous 11 aquifer option (HTG = 1 in READ M-3) then the 
reservoir is treated as a rectangular parallelepiped. The grid defined by 
DELX, DELY, and DELZ values are the cell dimensions in the parallelepiped. 
The x-y plane of the grid is horizontal only if SINX and SINY of READ Rl-20 
are both zero. Similarly, the z-axis in this case points downward only if 
SINX and SINY are both zero. DELX and DELY are measured along the x-y plane 
and DELZ is perpendicular to the x-y plane. 

If you use the ''heterogenous 11 aquifer option (HTG = 2 in READ M-3), then 
the x-y plane is a horizontal plane placed over the aquifer structure. The 
x-axis should be aligned with the longer dimension of the aquifer and should 
be as 11parallel 11 as possible with this longer dimension. 

READ R1-20 (7E10.0) 

NOTE: These data are read only if HTG = 1, and by themselves describe a 
homogenous reservoir. Heterogenity may be introduced by using either 
READ Rl-21 instead of R1-20 or by regional modifications in READ R1-27. 

LIST: KX, KY, K~, PHI, SINX, SINY, DEPTH 

KX Hydraulic conductivity in the x-direction, ft/day. This quantity 
represents the fluid velocity obtained by a potential gradient of 
unity (ft. of w~ter/ft.) of aquifer fluid of concentration zero and 
temperature TO. In terms of permeability, this quantity is 
(kp g)/(g ~ ). The parameters p and~ are the 

0 c 0 0. 0 

density and the viscosity of the aquifer fluid at concentration zero 
and temperature, TO (and PO=. PINIT for density). 

KY Hydraulic conductivity in the y-direction, ft/day. 

KZ Hydraulic conductivity in the z~direction, ft/day. 
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PHI Porosity in terms of a fraction. Porosity is the volume of voids 
over the total volume. 

SINX Sine of the reservoir dip angle along the x-axis. 

SINY Sine of the reservoir dip angle along the y-axis. 

DEPTH Depth from arbitrary reference plane (e.g. sea level) to the top of 
grid block (1,1,1}, feet, measured positive downward. 

READ R1-21 (3I3,1X,7E10.0) or (LIST 1-6I5,LIST 2-6E10.0) 

NOTE: These data are read only if HTG = 2. Two input formats are permissible. 
The first allows for aquifer modification on a single block, and the 
second allows modification over a series of grid blocks. The first 
formai is accessed by default. If the second format is desired, enter 
-1 in place of I in the first format and proceed to enter data in the 
form of the second format. 

LIST: I, J, K, KX, KY, KZ, PHI, UH, UTH, UCPR 

I,J,K Grid block indices. If I is -1, proceed to the second format. 

KX x-direction hydraulic conductivity for flow, ft/day.· 

KY y-direction hydraulic conductivity for flow, ft/day. 

KZ z-direction hydraulic conductivity for flow, ft/day. 

PHI Porosity; in terms of a fraction. 

UH Depth (feet) measured positively downward from the reference plane 
to top of the cell. This has the same definition as READS R1-20 and 
R1-22. 

·uTH Grid block thickness in the vertical direction, ft. If the layer 
thickness is equal to DELZ(K) read in under R1-19, UTH may be 
entered as zero. 

UCPR Heat capacity of rock per unit volume, Btu/(ft3-°F). If the rock 
heat capacity is equal to CPR (READ R1-1}, UCPR may be entered as 
zero. 

You must read one card for each non-zero pore volume block. Cards need not 
be included for zero pore volume blocks within the grid. If you desire a 
change in the input format from a single data entry after a series of single 
block data entries, enter - 1 in the I position and enter data using the sec
ond format on the next series of cards. Follow the last card with a blank 
card and proceed to READ R1-26. 

NOTE: This section offers a means of entering data on a large number of 
blocks. This section is activated by first entering I as -1 in READ 
Rl-21, foJ l nwP.d by the data in the second input funnat. Data for 
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regions of zero pore volume blocks need not be included. Enter as many 
of these data as necessary, and follow the last set by a blank card. 

LIST: !1, !2, J1, J2, K1, K2, 

KX, KY, KZ, PHI, UH, UTH, UCPR 

I1, !2 Lower and upper limits inclusive, on the !-coordinate of the region. 

J1,J2 Lower and upper limits inclusive, on the J-coordinate of the region. 

K1,K2 Lower and upper limits inclusive, on the K-coordinate of the region. 

KX,KY,KZ Hydraulic conductivities in K, y, and z-directions, respectively, 
ft/day. 

PHI Porosity, fractional. 

UH Depth to top of region. If entered as zero, it is not modified. · 
This has a similar definition as DEPTH in READS R1-20 and R1-22. 

UTH Grid block thickness in the vertical direction, ft. If the layer 
thickness is equal to DELZ(K) read in under R1-19, UTH may be 
entered as zero. 

UCPR Heat capacity of rock per unit volume, Btu/(ft3-°F). If the rock 
heat capacity is equal to CPR (READ Rl-1}, UCPR may be entered as 
zero. 

READ ~~:.?.~ (4E10 .0} 

NOTE: Skip ~o READ Rl-26 if HTG is not equal to 3. 

These data are read for radial geometry aquifer with only one inj~ction or 
production well. The well is located at the center of the numerical block 
system. The grid blo~k~ are divided on the equal A log(r) basis, i.e., 
r./r. 1 is constant or, by entering individual grid block center radii in 

1 1-

READ R1-26. If you desire to use regions of equal 6 log(r) instead of a 
constant value of 6 log(r) throughout the aquifer, you should specify the 
number of blocks in each region (READ Rl-24) and the external boundaries 
between the regions (READ R1-25). If you desire to enter grid block centers, 
set Rl=O. 

LIST: RWW, R1, RE, DEPTH 

RWW Well radius, ft. 

R1 Grid block entry selection and distance from the edge of the grid 
system to first grid block center, ft. 

>0 - Distance to first grid block, ft. Grid block sizes will be 
allocated on an equal log(r./r. 1 ) basis. 

1 1-

0 - Grid block center values will be read in READ R1-26. 
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RE External radius of the aquifer, ft. 

DEPTH Depth from a reference plane to the top of the aquifer, ft . 

READ R1~23 (SE10.0) 

LIST: DELZ(K), KYY(K), KZZ(K), POROS(K), CPRl(K), K=1, NZ 

DELZ Layer thickness in the vertical direction, ft. 

KYY Horizontal hydraulic conductivity, ft/day. 

KZZ Vertical hydraulic conductivity, ft/day. 

POROS Porosity, in terms of a fraction. 

CPRl Rock heat capacity, Btu/(ft3-°F). If the rock heat capacity in the 
lay~r is equal to CPR (READ R1-1), CPR1 may be entered as zero. 

You must enter one card for each vertical layer. 

Note:, If R1 = 0, skip READS R1-24 and R1-2S, and proceed directly to READ 
Rl-26. 

READ R1-24 (SIS) 

NOTE: These data are read for obtaining regions of equal 6log(r). If you 
desire a constant value of 6log(r) throughout the aquifer, insert a 
blank card and proce~d to READ Rl-27. 

LIST: NXR(I), I=l, 5 

NXR Number of grid blocks in each 6log(r) region. You may specify as 
many as five regions. The total number of grid blocks in all the 
regions cannot exceed NX. The number of blocks in the outer most 
region need not be specified. For example, if you desire a total of 
2S radial grid blocks and three regions of 5, 10 and 10 grid blocks, 
then enter NX = 2S (READ M-3) and NXR's may be entered as 5, 10, 0, 
0, 0 or as S, 10, 10, 0, 0. 

READ R1-25 (5E10.0) 

NOTE: If NXR(1) > 0, this card is required. 

LIST: RER(I), I=1, S 

RER Radii of the external boundaries between different regions, ft. As 
an example, if the external radius of the aquifer is 5,000 feet and 
you require five grid blocks in the first 1,000 feet, 10 grid blocks 
from 1,000 to 2,500 feet, and 10 grid blocks from 2,SOO to 5,000 
feet and if you entered NXR's as S and 10 (and the rest as zeros), 
you should enter RER's as 1,000 and 2,SOO feet only (th~ rest as 
zeros), Alternatively, if NXR's were specified as S, 10 and 10, 
then RER's should be entered as 1,000, 2,500 and S,OOO. 
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NOTE: If R1 > 0, proceed to READ R1-27. 

READ R1-26 (7E10.0) 

LIST: RR{I), I=1,NX 

RR Grid block center radius, feet. 

READ R1-27 {LIST 1 - 615, LIST 2 - 6E10.0) 

NOTE: Read as many of these data as necessary to describe all the reservoir 
description modifications desired. Follow the last set with a blank 
card, which the program recognizes as the end of this data set. Even 
~o regional modifications are desired, the blank card must neverth
less be included. 

LIST 1: 11, 12, J1, J2, K1, K2 

LIST 2: FTX, FTY, FTZ, FPV, HADD, THADD 

Il, 12 Lower and upper limits inclusive, on the !-coordinate of the region 
to be modified. 

J1,J2 Lower and upper limits inclusive, on the J-coordinate of the region 
to be modified. 

K1,K2 Lower and upper .limits inclusive, on the K-coordinate of the region 
to be modified. 

FTX If positive or zero, this is the factor by which the x-direction 
transmissibilities within the defined region are to be multiplied. 
If negative, the absolute value of FTX will be used for the x-direc
tion transmissibilities within the region to be modified, replacing 
the values read in earlier or determined from the permeablity data 
read in earlier. 

FTY This has the same function of FTX, but applies to the y-direction 
transmissibilities. 

FTZ This has the same function of FTX, but applies to the vertical 
direction transmissibilities. 

FPV This has the same func~ion as FTX, but applies to the pore volumes. 

HADD This is an increment that will be added to the depths within the 
defined region. A positive value repositions the cell deeper, and a 
negative value brings it closer to the surface. 

THADD This is an increment added to the thickness values within the 
defined region. A positive value makes the cell thicker and a neg
ative value makes it thinner. 
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This data modification procedure provides the user with an easy way to 
build in reservoir heterogeneities or modify the reservoir description data 
during history matching. These modifications are applicable regardless 
whether the data were read according to READ R1-20, R1-21, or R1-23. 
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The modifiers in LIST 2 above are independent in a way that a change 
effected by any one of them does not affect any other properties. For exam
ple, an FPV of 1.4 will increase the pore volume by 40%, but will not result 
in any changes in transmissivities, depth, or thickness. 

The data modifications will occur over rectangular regions areally as 
defined by I1, I2, J1, and J2.limits. The vertical extent of the region is 
defined by K1 and K2. All six of these limits must be within the·calculation 
grid. Successive regions may be partially or entirely overlap other regions. 

In regions in which one or more modifications have been m~de to a parameter 
is subjected to additive modifications, and the order of modifications has. no 
effect and the final net adjustment is simply the algebraic sum of all the 
additive factors that apply to the region. For the transmissibility and pore 
volume modifications, the order multiple changes does not affect the final 
result if all the modifiers are multiplicative (positive). However, if some 
or all of the modifications are replacement values, (negative entry) the order 
of the input may effect the final result. For example, consider the following 

·two situations in which the same modification data are applied in different 
orders to an original value and the final result is different. 

TYPE CASE 1 CASE 2 
Original value 100 100 
Modification ~d Result .50(50) -70.(70.) 
Modification and Result -70.(70.) .50(35.) 
Modif~cation and Result .20(14.) .20(7.) 

The program will accept a zero modifier as a valid parameter. Therefore, 
if no changes are desired to data that are affected by multiplicative factors 
(FTX, FTY, FTZ and FPV) read the corresponding as 1.0, not zero. Zero addi
tive factors (HADD and THADD) result in no changes to the depth and thickness 
values. 

A modification to the transmissibilities over the region (I1-I2, J1-J2, and 
Kl-K2) will not affect the transmissibilities between columns I2 and I2+1, 
between the rows J2 and J2+1 or between layers K2 and K2+1. 

READ R1-28 (2I5) 

NOTE: If the aquifer influence functions are zero, insert a blank card and 
proceed to READ I-1. 

LIST: IAQ, PRTAB 

IAQ Control parameter for selecting the type of aquifer block represen
·tation. 

0 No aquifer influence blocks are to be used. Skip to READ I-1. 
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1 A pot aquifer representation will be used. 

2 A steady-state aquifer representation will be used. 

3 Use the Carter-Tracy representation. 

PRTAB Print control key for the aq~ifer influx coefficient. 

0 No printing of aquifer influx coefficients will be activated. 

1 The locations and values of the aquifer influx coefficients 
will be printed. 

NOTE: Aquifer influence blocks are defined as those cells in the model that 
communicate directly with an aquifer that is not modeled as part of the 
calculation grid, but.whose effects are introduced through the aquifer 
terms read here. This feature can be used to .introduce water influx 
(or efflux) from an edge or bottom water drive without the expense that 
would be required to model the aquifer as part of the grid system. For 
example, an infinite aquifer can be modeled without using an infinitely 
large grid network. The chosen aquifer influence function is attached . 
to the periphery of the grid network, outside the the region of inter
est. 

If HTG =3, aquifer influence blocks are assigned to the last areal 
plane K=1,2,3, ... NZ, by default. 

READ R1-29 (LIST 1 - 615, LIST 2 - E10.0) 

NOTE: These data are read only if IAQ is 1 or 2, meaning the pot or steady
state aquifer haG been Gclcctcd. If IAQ is 3, omit this READ and pro
ceed to READ R1-30. 

LIST 1: I1, I2, J1, J2, K1, K2 

LIST 2: VAB 

I1,I2 Lower and upper limits, inclusive, on the i-coordinate of the aqui
fer influx region. 

J1,J2 Lower and upper limits, inclusive, on the J-coordinate of the aqui
fer influx region. 

K1,K2 Lower and upper limits, inclusive, on the K-coordinate of the aqui
fer influx region. 

VAB Aquifer influence coefficient for each block within the region 
defined by I1, I2, etc. The units of VAB are ft3jpsi for a pot 
aquifer representation, and ft3jpsi-day for a steady-state represen
tation. 

NOTE.: Follow the last VAB card of this data group by a blank card. 
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The READ group consists of two cards, each set defining a rectangu
lar region and the value of VAB to be assigned to that region. Over
lapping of regions is permissible. The order of the sets is immaterial 
except that any overlapping will result in the VAB of the last set read 
to be assigned to the overlapped subregion. If these data are read, 
i.e. IAQ=1 or 2, then skip READ Rf-30 through R1-33 and proceed to READ 
R1-34. 

READ R1-30 (3IS) 

NOTE: If IAQ is not equal to 3, omit these data and proceed to READ R1-34. 
This section is used to enter data for the Carter-Tracy method of cal
culating aquifer influence functions. 

If HTG = 3, the program assigns VAB=1.0 to each edge perimeter block by 
default. If you desire to change this, enter NCALC = 0, and read in 
new locations and VAB in READ R1-31, and modify the default VAB to zero 
using ~EAD R1-34. If HTG = 3, and NCALC = 2, the program will ignore 
NCALC = 2, and assign VAB to each perimeter block. 

LIST: NCALC, NPT, PRTIF 

NCALC Control parameter for selecting how the Carter-Tracy aquifer coeffi
cients are to be assigned. 

0 The Carter-Tracy aquifer coefficients (VAB) will be read in as 
input data. 

1 The VAB will be calculated by the program and assigned to each 
edge (perimeter) block in each areal plane, K = 1, 2, .. 
NZ. 

2 The VAB will be calculated by the program and assigned to each 
grid block in the lower-most areal plane K = NZ only. 

NPT Number of points in the influence function vs. dimensionless time 
table, (Pd(td) vs. td). If NPT is zero, the program will 

select the Hurst-Van Everdingen infinite aquifer solution inter
nally. 

PRTIF Print control key for the influence function table. 

0 Suppress printing. 

1 Print the table of Pd(td) vs. td. 

READ R1-31 (LIST 1 - 6IS, LIST 2 - ElO.O) 

NOTE: Enter these data if NCALC is zero; otherwise, skip this READ and pro
ceed to READ R1-32. 

LIST 1: I1, I2, J1, J2, K1, K2 

LIST 2: VAB 
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Il,I2 Lower and upper limits, inclusive, on the I-coordinate of the aqui
fer influence region. 

Jl,J2 Lower and upper limits, inclusive, on the J-coordinate of the aqui
fer influence region. 

Kl,K2 Lower and upper limits, inclusive, on the K-coordinate of the aqui
fer influence region. 

VAB Aquifer influence coefficient for each block within the region 
defined by Il, I2, etc. The aquifer influence coefficient VAB for 
the Carter-Tracy method is actually the fraction of the total aqui
fer-reservoir boundary that is represented by the length of any 
given grid block. For this reason, it is possible to calculate the 
VAB from the input data previously read in, and.the VAB does not 
have to be calculated externally. 

NOTE: Follow the last VAB card of this data group by a blank card. 

The read group consists of two cards or any number of sets of two cards, 
each set defining a rectangular region .. Overlapping of regions is permissi~ 
ble. The. order of the sets is immaterial except that any overlapping will 
result in the VAB of the last set read to be assigned to the overlapping 
subregion. 

READ Rl-32 (4E10.0) 

LIST: KH, PHIH, RAQ, THETA 

KH Conductivity-thickness for aquifer, ft2jday. An average value of 
transmissivity should be used. 

PHIH Porosity-thickness for the aquifer, ft. 

RAQ Equivalent aquifer radius, ft. The approximate method of Carter and 
Tracy is valid for circular aquifers. To retain the validity of 
usage of circular reservoir influence functions, the numerical grid 
system should be chosen as square as possible. 

THETA Angle of influence, degrees. This angle should indicate the portion 
of the aquifer covered by the aquifer influence boundary. If mass 
flow is permitted across all external boundaries, enter 360°. 

READ Rl-33 (2F10.0) 

NOTE: This data is entered if NPT is not equal to. zero. If NPT is zero, the 
program will select the aquifer influence functions for an infinite 
aquifer, and you do not have to read in the influence function data. 
Omit this READ and proceed to READ Rl-34. 

LIST: TD(I), PTD(I), I=l, NPT 
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PTD Terminal rate case influence function as given by Van Everdingen and 
Hurst. 

READ R1-34 (LIST 1 - 6!5, LIST 2 - ElO.O) 

LIST 1: Il, !2, J1, J2, K1, K2 

LIST 2: FAB 

NOTE: These data allow the user to modify the aquifer influx coefficient VAB 
by the relation 

VAB(I,J,K) = VAB(I,J,K) x FAB. 

This is useful when a reservoir may experience no or limited water 
influx across one boundary. In this case, in the region where the 
influx is limited, the FAB may be set to zero or a small number to 
reduce the VAB along the boundary. 

!1,!2 Lower and upper limits, inclusive, on the !-coordinate of the VAB to 
be modified. 

J1,J2 Lower and upper limits, inclusive, on the J-coordinate of the VAB to 
be modified. 

K1,K2 Lower and upper limits, inclusive, on the K-coordinate of the VAB to 
be modified. 

FAB Factor by which the VAB will be modified in the region I = Il, !2, J 
= Jl, J2, and K = K1, K2.· 

NOTE: Follow these data with one blank card. If no modifications are 
desired, one blank card is still required. 

READ I-1 (3!5) 

NOTE: These data are.read for initializing concentrations, natural flow, and· 
temperatuie in the aquifer. If the initial concentrations are zero 
everywhere in the aquifer, if there is no natural flow, and if tempera
ture is to be initialized by the temperature table in READ R1-11, 
insert a blank card and proceed to READ R2-1. 

LIST: ICOMP, !NAT, !TEMP 

ICOMP Control parameter for initializing the concentrations. 

0 Initial concentrations in all the grid blocks are zero. If 
you enter zero, skip READ I-2. 

1 The initial concentrations are not zero everywhere. Non-zero 
concentrations will be entered in READ I-2. 

INAT Control parameter for entering natural fluid velocity. 
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0 The aquifer· fluid is static initially. If you enter zero skip 
READ I-4. 

1 The resident fluid velocity will be entered in READ I-4. 

!TEMP Control parameter for initial temperatures in the aquifer assigned 
by regional basis. 

0 - Initial temperatures in all grid blocks are assigned by a ver
tical temperature prof1le entered in READ Rl-11. 

1 - Temperature variations in the temperature profile will be 
introduced by the user in READ I-3. 

READ I-2 (GIS, F10.0) 

NOTE: Skip tpis READ if ICOMP is zero. 

LIST: !1, I2, J1, J2, Kl, K2, CINIT 

11,12 Lower and upper limits, inclusive, on the !-coordinate of the non
zero concentration region. 

J1,J2 Lower and upper limits, inclusive, on the J-coordinate of the non
zero concentration region. 

Kl,K2 Lower and upper limits, inclusive, on the K-coordinate of the non
zero concentration region. 

CINIT Initial concentration in each of the of the blocks within the region 
defined by 11, 12, and etc., dimensionless. 

NOTE: Read as many of the~e cards as necessary to describe the concentrations 
everywhere in the aquifer. You need to specify only the non-zero con
centrations. Follow the last card with a blank card. 

READ I-3 (GIS, F10.0) 

NOTE: Skip this READ if !TEMP is zero. 

LIST: Il, 12, J1, J2, Kl, K2, TINIT 

Il,I2 Lower and upper limits, inclusive, on the !-coordinate of the region 
of temperature initialization. 

Jl,J2 Lower and upper limits, inclusive, on the J-coordinate of the region 
of temperature initialization. 

K1,K2 Lower and upper limits, inclusive, on the K-coordinate of the region 
of temperature initialization. 

TINIT Initial temperature in each of the of the blocks within the region 
defined by Il, I2, and etc., °F. 
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NOTE: Read as many of these cards as necessary to describe the temperatures 
everywhere in the aquifer. Regions not modified will retain initial 
temperature assigned in READ R1-11. Follow the last card with a blank 
card. 

READ I-4 (F10.0) 

NOTE: If !NAT= 0, skip this card. 

LIST: VEL 

VEL Initial velocity of the resident aquifer fluid in the x-direction, 
ft/day (Darcy velocity)! The initial velocities in they- and z-di
rections are assumed to be zero. 

RECURRENT DATA 

The data described previously are required to describe the aquifer and 
fluid properties and to establish initial conditions. The recurrent data are 
read before the first time step and at subsequent time steps when you desire 
to change the well conditions, time step data, or mapping specifications. 
Note that any of the d~ta entered up to this point cannot be changed. The 
overburden and underburden blocks specifications or aquifer influence func
tions cannot be changed in any manner once they have been specified at the 
beginning. 

READ R2-1 (7!5) 

LIST: INDQ, IWELL, IMETH, ITHRU, IPROD, !OPT, INDT 

INbQ Control parameter for reading well rates. 

0 Do not read well rates. 

1 Read well rates on one card (READ R2-5). The user must enter 
all well rates under this option. 

2 Read one card for each well rate (READ R2-6). 

!WELL Control parameter for reading well definition data. 

0 Do not read well data. 

1 Read new or altered well data. 

IMETH Control parameter for reading melltod uf solution. 

0 Do not read method of solution. If you are entering data the 
first time run (new run) ·and you enter IMETH=O, the program 
selects direct solution backward with time and space finite 
difference approximations. The solution under these condi
tions is unconditionally stable. 
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1 Read new or altered method of solution. 

ITHRU Run termination control. 

0 Run is to continue. 

1 Run is to terminate at this point. No more recurrent data 
will be read after this card. If you do not desire any plots, 
i.e. NPLP, NPLT and NPLC are all zero, this should be your 
last card in your data deck. 

IPROD Control parameter for reading wellbore data. 

0 Do not read wellhead data. 

1 Read new or altered wellhead data. 

IOPT Control parameter for reading wellbore iteration data. 

0 Do not read wellbore iteration data. If it is a new run and 
you desire the wellbore calculations to be performed, default 
values of iteration parameters will be used for wellbore cal
culations. 

1 Read new or altered wellbore iteration data. 

INDT . Control parameter for reading reservoir solution iteration data. 

0 Do not read iteration data. If you are entering data before 
the first time step, default values of iteration parameters 
will be used. 

1 Read new or altered iteration data. 

READ R2-2 (I5,F10.0) 

NOTEs This data is enter~d if IMETH is not equal to zero. If it is a new run 
and IMETH is equal to zero, the program selects METHOD=l and WTFAC=l.O 
(direct solution with backward space and time approximations). 

LIST: METHOD, WTFAC 

METHOD Method of solution. if you enter ~ero, the program selects 
METHOD=!. You may select direct solution only if iou specified 
direct solution in READ M-3. 

1 Reduced band width direct solution with backwards finite-cliff
renee approximation in time. 

2 Two-line successive overrelaxation (L2SOR) solution with back-. 
ward finite-difference approximation in time. 
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-1 - Reduced width direct solution with Crank-Nicholson approxima
tion in time. 

-2 - Two-line successive overrelaxation solution with Crank-Nichol
son approximation in time. 

WTFAC Weight factor for finite-difference approximation in space. 

1.0 Backward difference. 

O.S - Central difference. 

If you enter WTFAC S 0, the program selects WTFAC = 1.0. 

READ R2-3 (IS, 4F10.0} 

NOTE: This data is entered if !OPT is greater than zero. If you intend to 
use the default values, insert a blank card and proceed to READ R2-4. 
The default values of the parameters are discussed below. 

LIST: NITQ, TOLX, TOLDP, DAMPX, EPS 

NITQ Maximum number of outer iterations in the wellbore calculations. 
For example, if the injection rate for a well is specified, the 
wellhead pressure is calculated iteratively to obtain the bottom
hole pressure necessary to inject the specified rate. If entered as 
zero or negative number, the program selects the default value of 
20. 

TOLX The tolerance on the fractional change in pressure over an itera
tion. If entered as zero or a negative number, the default value of 
0.001 is selected. 

TOLDP The tolerance on p~essure, psi. The default value is 1.0 psi. 

DAMPX Damping factor in estimating the next value of the pressure (surface 
for an injection well and bottom-hole for a production well). If 
the frictional pressure ~rop in the well is high, a linear extrapo
lation may lead to oscillations around the right value. The default 
value is 2.0. 

EPS The tolerance on calculating temperature from given values of 
enthalpy and pressure. The fluid temperatures in the wellbore are 
calculated over each pressure increment as specified in READ R1-3. 
The default value is 0.001. 

READ R2-4 (IS) 

NOTE: If INDQ is equal to zero, skip READ R2-4 through R2-6 and proceed to 
R2-7. This data is required if INDQ is not zero. 

LIST: NWT 

NWT Tot~l number of wells. 
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READ R2-5 (7E10.0) 

NOTE: Enter this data only if INDQ is equal to one. 

LIST: 

Q 

READ 

Q(I), !=1, NWT 

Production 
value as a 
rates even 

R2-6 (IS, E10.0) 

rate, ft3jday. If it is an injection well, enter the 
negative pro~uction rate. You must enter all the well 
if all of them have not changed. 

NOTE: Enter this data only if INDQ is equal to two. Read as many cards as 
necessary to describe all the inje~tion and production well rates. 
Follow the last card with a blank card. 

LIST: I, QWELL 

I Well number. 

QWELL Production rate, ft3jday. Enter negative values for injection 
rates. You need to enter only the altered well rates. 
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READ R2-7 (LIST 1 6!5, LIST 2 - 4E10.0; LIST 3 - 8E10.0 and LIST 4 - 7E10.0) 

NOTE: This data is entered for !WELL equal to one. Read one set of' data for 
each·well and follow the last card with a blank card. 

LIST 1: I, IIW, IJW, IIC1, IIC2, IINDW1 

I 

IIW 

IJW 

IIC1 

II·c2 

IINDW1 

Well number. 

!-coordinate of grid cell containing the well. 

J-coordinate of grid cell containing the well. 

Uppermost layer in which the well is completed. 

Lowermost layer in which the well is completed. 

Well specification option. 

1 Specified rate is allocated between layers.on the basis of 
mobilities alone. 

±2 - Specified rate is allocated between the layers on the basis of 
mobilities and the pressure drop between the wellbore and the 
grid block. 

±3 - An injection or production rate is calculated from the speci
fied bottom-hole or surface pressure. The lower of the speci
fied and the calculated rate is allocated between layer on the 
basis of mobilities and the pressure drop between the wellbore 
and the grid block. 
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tions. 

269 

-2,-3 - The rate is expressed in a semi-implicit manner in the aquifer 
model equations, e.g., 

n+l 
q 

LIST 2: WI, BHP, TINJ, CINJ 

WI Well index, ft 2/day. 

BHP Bottom-hole pressure, psi. This must be specified if IINDWl : ±3. 

TINJ Temperature of the injection fluid, °F. If surface conditions are 
being specified, it is the temperature at the surface. 

CINJ Contaminant concentration in the injection fluid, dimension-less. 

LIST 3: X, OW, ED, 00, TTOPW, TBOTW, UCOEF, THETA 

NOTE: Skip this list if !SURF: 0. 

X Pipe (wellbore) length to top of perforations, ft. 

DW Inside wellbore (pipe) diameter, ft. 

ED Pipe roughness (inside), ft. Enter zero if it is a smooth pipe. 

OD Outside wellbore (casing) diameter, ft. 

TTOPW Rock temperature surrounding the wellbore at the surface, °F. 

TBOTW Rock temperature surrounding the wellbore at the bottom-hole, °F. 

UCOEii Overa.ll heat trail~fer coefficient between the inner surface of the 
pipe and outer surface of the casing, Btu/ft2-°F-hr. 

THETA Angle of the wellbore with the vertical plane, degrees. 

LIST 4: KHL(K), K: ICl, IC2 

NOTE• Skip this READ if the well completed in only one layer, i.e. IICl : 
IIC2. 

KHL(K) Layer: allocation factors for Well I. These should be in proper;.. 
tional to total productivity of individual layers, taking into 
account layer kh (absolute transmissivity x thickness) and layer 
formation damage or improvement (skin). Only the relative values of 
these factors are important. For example, if layers 3 through 6 
(IC~:3, IC2:6) are completed, then KHL values of .5, 2, 2.5, .1 will 
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give the same result as values of 5, 20, 25, 1. The absolute 
productivity (injectivity) of completion layer K is computed as 

Rr=IC2-ICl+l 
WI x KHL(K+1-IC1)/~ KHL~ 

Rr=l 
READ R2-8 (7E10.0) 

NOTE: Skip this read if !PROD is zero. 

LIST: THP(I) I =1, NWT 
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THP Tubing hole or surface pressure for each well, psi. If !SURF is 
one, THP must be specified for the wells with well option IINDW1=±3. 
A production or injection rate is calculated from THP, and lower of 
the calculated and specified rate is used for allocation between 
layers. 

READ R2-9 (3!5) 

This data is entered if !NOT is not zero. If you desire to use the 
default values for the data entered on this card, enter !NOT as zero 
and skip this READ. However, if you desire to include the off-diagonal 
(or cross derivative) dispersion terms in the x-y plane (E and . xy 
Eyx>' MINITN must be entered greater than or equal to 2. If MINITN 

is entered as one, or if the default value is used, an approximation is 
used to include the effect of the off-diagonal terms by enhancing the 
diagonal terms. 

LIST: MINITN, MAXITN, IMPG 

MINI TN Minimum number of outer iterations in the subroutine ITER. The 
default value has been programmed as one. 

MAXI TN Maximum number of outer iterations in the subroutine ITER. The 
default value is 5. 

IMPG Number of time steps after which the optimum parameters for the 
inner iterations are recalculated for the two line successive over
relaxation method. You do not have to enter this data if METHOD is 
not equal to ±2. The default value for IMPG is 5. 

READ R2-10 (7El0.0) 

LIST: TCHG, DT, DSMX, OPMX, DTPMX, DTMAX, DTMIN 

TCHG Time (days) at which next set of recurrent data will be read. The 
restart record can be written at TCHG only. Also, the mapping sub
routine can be activated at TCHG only. 

DT Time step ~pecification. If DT is po~itive it will be the time step 
(days) used from the current time to TCHG. If DT is zero, the pro
gram will select the time step automatically. DT must not be zero 
for the first time step of a run starting from zero time. 
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DSMX Maximum (over entire grid) concentration change desired per time 
step. 

DPMX Maximum (over entire grid) pressure change desired per time step, 
psi. 

271 

DTPMX Maximum (over entire grid) temperature change desired per time step, 
oF. 

DTMAX Maximum time step allowed (days). 

DTMIN Minimum time step required (days). 

If any of the five parameters above is entered as zero, default values are 
used. These values are listed as follows: 

DSMX = 0.25 

DPMX = 50.0 psi 

DTPMX = 10.0 OF 

DTMAX = 30.0 days 

DTMIN = 1.0 day 

These parameters are used only if DT equals zero. The time step DT must not 
be read as zero for the first time step. If DT is read as zero, the program 
will automatically increase or decrease the time step size ev~ry time step to 
seek a value such that the maximum changes in the concentration, pressure, and 
temperature are less than or equal to the specified values. 

READ R2-ll (lOIS) 

LIST: IOl,I02,I03,I04,I08,RSTWR,MAP,KOUT,MDAT,IIPRT 

The program prints four types of output at the end of each time step. The 
parameters IOl, I02, I03, and I04 control the frequency of the outputs. 

IOl Control parameter for frequency of the time step summary output. 
The time step summary (7 lines) gives cumulative field injections 
and productions, material and heat balances, average aquifer pres
sure, cumulative heat loss to the overburden and the underburden, 
cumulative water, contaminant and heat influxes across the periph
eral boundaries, and the maximum pressure, concentration, and temp
erature changes in any block during the time step .. 

I02 Control parameter for frequency of the well' summary output. This 
summary gives water, heat and contaminant fluid production and 
injection rates, cumulative production and injection, wellhead and 
bottom-hole pressures, wellhead and bottom-hole temperatures and the 
grid block pressure in which the well is located. This summary also 
gives the total production and injection rates and cumulative pro
duction and injection. 
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I03 Control parameter for listing of the grid block values of concentra
tion, temperature, and pressure. 

I04 Control parameter for injection/production rate in each layer for 
each well. 

The following apply to all four of the above parameters: 

-1 Omit printing for all time steps from the current time through to 
TCHG, inclusive. 

0 Print at the end of each time step through to the step ending at 
TCHG. 

1 Pript only at time TCHG. 

th n(>1) . Print at the end of every n time step and at the time TCHG. 

IOB Control para.meter for listing of the grid block values of the depen
dent variables. The listing is printed acccirding to the frequency 
specified (I03). This parameter gives you the option for not print
ing the tables you do not desire. The.parameter requires a three 
digit specification, and the first always refers to pressure, the 
second to temperature, and the third to concentration. 

'.RSTR 

0 - The grid block values will be printed. 

1 - The grid block values (pressure at datum or temperature or 
concentration) will not be printed. 

2 - Refers to the first digit only. Neither the absolute pressure 
nor the pressure at datum will be printed. 

2 - Refers to the second digit only. Print overburden and under
burden and reservoir grid block temperature values. 

e.g. If you desire only temperature grid block values, enter 201. 

Restart control parameter. 

0 - No re~tart record will be written. 

1 - Restart record will be written on tape 8 at time TCHG. 

MAP Parameter for printing contour maps at time TCHG. Only two-dimen
sional section maps are printed. The maps are printed for r-z coor
dinates in a radial system, x-z coodinates in a 2-dimensional pro
file problem, and x-y coordinates (areal maps) in a linear system. 
Three-dimensional maps are printed as a series of NZ two-dimensional 
section (areal) maps for each layer at elevation H. This parameter 
requires a three digit specification, the first digit referring to 
mapping pressures, the second for mapping temperatures, and the 
third for concentrations. 
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b - The variable will not be mapped. 

1 - The variable will be mapped at TCHG. 

e.g. If your desire the contour maps for pressure and temperature 
only, enter 110. 

KOUT Output control (same as M-3}. 

0 - All program output activated. 

1 - All program output except initial arrays (concentrations, 
pressures, etc.) are activated. 

3 - No program output is activated. 

MOAT Control parameter for enteting the mapping specifications. 

0 - The mapping specifications are not to be changed. 

1 - Read new mapping specifications. If you are activating the 
printing of contour maps for the first time during the current 
run, MOAT must be entered as one. 

IIP~T Transmissibilities, fluid properties, and Darcy velocities are acti
vated by this print key (see READ M-2). Print tables activated by 
this print key are only printed at TCHG (READ R2-11). 

0 - Print key output remains unchanged from its last entry through 
READ M-2 or R2-11 .. 

1 - All tra~smissibilities, Darcy velocities and fluid properties 
at the old time level are printed. 

2 - Only Darcy velocites calculated at the old time level are 
printed. 

3 - Stop all output activated by. IIPRT. 

READ R2-12 (IS, 2F10.0) 

NOTE: Enter this data if you desire contour maps (MAP is not equal to 000) 
and if MOAT is equal to one. 

LIST: NORIEN, XLGTH, YLGTH 

NORIEN Map orientation factor. 

0 - The map is oriented with x (refers to r for radial geometry) 
increasing from left to right and y (z for radial geometry) 
increasing up the computer page, i.e. the x=O, y=O point is at 
the lower left hand corner. 
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1 - The map is oriented with x increasing from left to right and y 
increasing down the computer page. The origin is the upper 
left hand corner. Maps in x-z (linear grid) profile view 
should be printed using this orientation factor. 

XLGTH The length, in inches, on the computer output which is desired in 
the x (or r) direction. 

YLGTH The length, in inches, on the computer output which is desired in 
the y (or z for radial geometry) direction. 

READ R2-13 (6!5, 2F10.0) 

NOTE: Enter this data only if pressure contour maps are desired and if MOAT 
equals one. These entries refers to pressure mapping only. 

LIST: IP1, IP2, JP1, JP2, KP1, KP2, AMAXP, AMINP 

IP1,IP2 

JP1,JP2 

KP1,KP2 

Lower and upper limits, inclusive, on the !-coordinate of the 
region to be mapped. If IP1 and IP2 are both zero, the region 
to be mapped will extend from the first to the last node in the 
x-direction. · 

Lower and upper limits, inclusive, on the J-coordinate of the 
region to be mapped. If JP1 and JP2 are both zero, the region 
to be mapped will extend from the first to the last node in the 
y-direction. 

Lower and upper limits, inclusive, on the K-coordinate of the 
region to be mapped. For a linear system, you will get (KP2 -
KP1 +1) ar@al maps. 

AMINP,AMAXP The minimum and maximum value of the pressure (psi) used to 
obtain 20 contour intervals. If the pressure in any grid block 
is higher than AMAXP, it will be indicated as AMAXP, and simi
larly a pressure lower than AMINP is printed as AMINP. If you 
enter AMAXP as zero or a negative value, the program will 
search for a maxima and use the value as AMAXP. If you ~nter 
AMINP as a large negative number (~-99.0), the program will 
search for the minima and use the value as AMINP. 

READ R2-14 (6!5, 2F10.0) 

NOTE: This READ refers to temperature contour maps. Enter this data only if 
temperature maps are desired, and if MOAT equals one. 

LIST: IT1, IT2, JTl, JT2, KTl, KT2, AMAXT, AMINT 

The user is referred to READ R2-13 for definition of these parameters. 
This card refers to temperature mapping only as opposed to pressure mapping 
for R2-13. 

READ R2-15 (GIS, 2F10.0) 



275 

NOTE: This READ refers to concentration contour maps. Enter this data only 
if concentration maps are desired and if MOAT equals one. 

LIST: IKl, IK2, JKl, JK2, KKl, KK2, AMAXK, AMINK 

See READ R2-13 for definition of these parameters. This card refers to 
concentra~ion mapping only as opposed to pressure mapping for READ RZ-13. 

NOTE: The data entered up to this point are sufficient to execute the program 
until time equal TCHG. The recurrent data are read again at that 
point. If you desire to terminate a run, enter ITHRU=l (READ R2-1) 
after R2-15. If you desire any plots (if NPLP or NPLT or NPLC equals 
one), you should enter the plotting data (READ P-2 through P-4). If 
you do not desire any plots, ITHRU=l will terminate execution at this 
point. 
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PLOTTING DATA 

The specifications for the plots and observed data are entered here. You 
may obtain plots even if you do not have any observed data available. Do not 
enter any plotting data if you do not desire any plots. Piots can be obtained 
for the values of the dependent variables in the well (at the wellhead and at 
the bottom-hole). The quantities plotted depend upon the 11 type 11 of the well. 
The quantities plotted for different wells are as follows: 

Type of Well 

Observation well 

Injection well, bottom-hole 
conditions specified (ISURF=O) 

Injection well, 
surface cpnditions 
specified (ISURF=l) 

Production well, 
bottom-hole 
conditions specified 

Production well, 
surface conditions 
specified 

Quantities Plotted 

Bottom-hole pressure, temperature, 
and concentration 

Bottom-hole pressure 

Bottom-hole pressure and 
temperature, surface pressure 

Bottom-hole pressure,temperature, 
and concentration 

Bottom-hole pressure, temperature, 
and concentration, surface pressure 
and temperature. 

You should enter READ P-1 only if you are obtaining plots for a previous 
run. The plotting data for one well consists of the data from READ P-2 
through P-4. Enter as many of these sets of these data as the wells for 
which you desire plots. If you desire plots for all the wells, enter NWT 
sets of these data. If you enter less than NWT sets, follow these cards 
with a blank card. 

READ P~l (IS) 

NOTE: Enter this data only if NPLP or NPLT or NPLC equals -1, i.e., the plots 
are desired for a previous run. 

LIST: NWT 

NWT Total number of wells. 

READ P-2 (IS, SX, 10A4) 

LIST: KW, ID 

KW The well number. 

ID A title for the plots for well number KW; 

READ Pa3 (7E10.0) 
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LIST: TMN, TMX, DT, PWMN, PWMX, PSMN, PSMX, TWMN, TWMX, TSMN, TSMX, CMN, CMX 

These variables define the ranges of the c9ordinate axes for plots. 

TMN Lower limit on time. 

TMX Upper limit on time. 

DT Time step for each row. For example, if TMN=S, TMX=15, · and DT 
=0.5, the time coordinate axis will be 20 rows long. 

PWMN,PSMN, 
TWMN,TSMN, 
CMN 

Lower limits on bottom-hole pressure, surface pressure, bottom
hole temperature, surface temperature and concentration, respec
tively. 

PWMX,PSMX, 
TWMX,TSMX, 
CMX 

Upper limits ·on bottom~hole pressure, surface_ pressure, bottom
hole temperature, surface temperature and concentration, respec
tively. 

READ P-4 (6F10.0) 

NOTE: Read as many cards as the observed data points (one card for each value 
of time at which the observed values are available). Follow the last 
card with a negative number in the first field specification (FlO.O). 

LIST: TOX, POW, POS, TOW, TOS, COS 

TOX Observation time. 

POW Bottom-hole pressure. 

POS Surface pressure. 

TOW Bottom-hole temperature 

!OS surface ~emperature. 

COS Concentration. 

NOTE: The caiculated data are read from tape unit 12. If 
for a previous run, tape unit 12 should be attached. 
less than NWT sets of the plotting data, follow the 
blank card. This is the end of your data set. 

you desire plots 
If you entered 

last card.with a 
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MAPS FROM RESTART RECORDS 

Restart records may be edited to obtain maps for the dependent variables. 
The following. set of data cards is required to obtain maps for a previous run. 
Restart records must_be available on tape unit 4. 

READ M-1 

READ M-2 

READ M-3 

READ M-4 

Two title cards. 

Control parameters. RSTRT must be non-zero. 

This card must be identical to the one used on the original 
run. 

Enter a negative value for TMCHG. 

NOTE: Insert as many sets of mapping data (M-5 and M-6) as you desire. Fol
low the last set with a blank card. The order of_times where maps are 
desired need not be in chronological order. 

READ M-5 (IS) 

LIST: IMPT 

IMPT The time step number at which the maps are desired. A restart 
record must exist corresponding to this time step (ITIME). 

READ M-6 (2I5} 
negative.) 

LIST: MAP, MOAT 

(Definition is like READ R1-11 except MAP values should be 

MAP Requires three digit specification as in READ R2-11, except that it 
should be negative. Parameter for printing contour maps at time 
TCHG. Only two-dimensional maps are printed. The maps are printed 
for r-z coordinates in a radial system and x-y coordinates (areal 
maps} in a linear system. This parameter requires a three digit 
specification, the first digit referting to mapping pressures, the 
second for mappi~g temperatures, and the third for concentrations. 

0 - The variable will not be mapped. 

1 - The variable will be mapped at TCHG. 

MOAT Control parameter for entering the mapping specifications (see READ 
R2-11). 

0 - The mapping specifications are not to be changed. 

1 - Read new mapping specifications. If you are activating the 
printing of contour maps for the first time d11ring the current 
run, MOAT must be ente~ed ~s one. 

NOTE: If MDAr has been entered as one, you should enter the mapping data 
R2-12 through R2-15 at this point. 
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ERROR DEFINITIONS: 

The prog~am checks the input data· for a number of possibl~ errors to pro
tect the user from running an entire problem with-an error. A detected error 
will prevent further execution, however the program will continue to read and 
check remaining data through the .last recurrent data. set. 

If the number of elements in a fixed dimensioned array exceed the dimen
sions allocated by the main program, you must redimension the array. This 
requires recompiling the pr.ogram. The user should refer to the beginning of 
Appendix D for instructions to redimension the program. 

The errors detected in the data input are printed in code numbers in a box. 
Positions with zeros in the box do not have errors. Errors are defined as 
follows. 

(1) This error refers to READ M-3. NX is ·less than or equal to one or NY 
is less than one or NZ is less than one. The minimum dimensions on 
the gr:id block system are 2x1x1. The maximum size is limited only by 
the available computer storage. 

(3) This error refers to 
ative. Physically, 
than zero. 

READ R~-1. One or more of CPW and CPR is neg
heat capacities are always· equal to or g·reater 

(4) This error refers to READ R1-2. One or more of UKTX, UKTY, ALPHL, 
ALPHT, and DMEFF is negative. 

(5) This error refers to READ R1-3. Either one or both the fluid densi-
ties (BWRN and BWRI) is zero or negative. 

(-6) This error refers to READ R1-7 through R1-10. One or more of the vis
cosity values is entered as zero or negative. 

Error numbers 7 through 9 refer to READ M-3. 

(7) HTG is not within the permissible range. 
gn:!att:!r· Llldll 3. 

HTG is less than 1 or 

(B) The entered value for KOUT is not permissible. 
0, 1, or 3. 

(9) PRT exceeded permissible range of -1 to 2. 

KOUT is not equal to 

(11) This error r~fers to READ R1-17 through R1-19. One or more grid block 
sizes (DELX, DELY, DELZ) is zero or negative. 

(12) This error refers to aquifer properties for a homogeneous aquifer 
(READ R1-20). One or more of the KX, KY, and KZ is negative or PHI is 
less than 0.001 or greater than 1.0 or SINX or SINY is less than -1 or 
greater than 1. 
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(13) This error refers to heterogeneous aquifer data, 
error applies to both input format options. 

READ R1-21. This 

I is greater than NX or J is less than 1 or greater than NY or K is 
less than 1 or greater than NZ or KX or KY or KZ is negative or PHI is 
less than 0.001 or greater than 1.0. 

One or m6re of Il, I2, J1, J2, Kl, K2 are out of permissible ranges of 
1-NX, 1-NY and 1-NZ respectively, or I1 is greater than I2 or J1 is 
greater than J2 or K1 is greater than K2. 

(14) This error refers to READ R1-22. The first grid block center (R1) is 
greater than or equal to the aquifer boundary radius (RE). 

(15) This error refers to READ R1-23. The layer thickness (DELZ) is less 
than or equal to zero or KYY or KZZ is negative or porosity (POROS) is 
less than 0.001 or greater than 1.0. 

(16) This error refers to READ R1-24 and R1-25. The sum of NXR's is 

(17) 

greater than NX or one or more RER's is greater than RE. 

This error ~efer~ to aquifer modifications, READ R1-27. One or mor~ 
of I1, !2, J1, J2, K1, K2, are out of permissible ranges 1-NX, 1-NY 
and 1-NZ respectively, or !1 is greater than !2 or J1 is greater than 
J2 or K1 is greater than K2. 

(18) This error refers to READ R1-28 and Rl-29. IAQ is greater than 3 or 
one or more of !1, I2, J1, J2, K1, K2 are out of permissible ranges 
1-NX, 1-NY and 1-NZ respectively, or !1 is greater than !2 or J1 is 
greater than J2 or Kl is greater than K2. 

(19) The number of aquifer influence blocks (NABL) are greater than NABLX 
specified in READ M-3. 

(21) This error refers to READ I-2. One or more of !1, I2, J1, J2, K1, K2 
are out of permissible ranges 1-NX, 1-NY and 1-NZ respectively, or !1 
is greater than I2 or J1 is greater than J2 or K1 is greater than K2. 

(22) This error refers to READ I-3. One or more of I1, I2, Jl, J2, K1, K2 
are out of permissible ranges 1-NX, 1-NY, 1-NZ respectively, or !1 is 
greater than I2 or J1 is greater than J2 or K1 is greater than K2. 

(23) Some of the grid block pore volume is non-zero, and sum of transmissi
bilities ((cu.ft-cp)/(day-psi)) is zero. 

(24) Some of the grid block pore volume is negative. 

(25) This error refers to READ R2-4. Total number of wells .(NWT) is less 
than 1 or exceeds dimension limit NWMAX. 

(26) This error refers to READ R2-6. 
greater than NWT. 

Well number I is less than 1 or 

Error numbers 27 tlu-ough 39 n~fer to READ .R2-7. 
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(27) Well location IIW, IJW is outside aquifer, i.e. IIW is less than 1 or 
greater than NX or IJW is less than 1 or greater than NY. 

(28) The well perforations are outside the aquif~r, i.e. IIC1 or IIC2 is 
out of the range 1-NZ or IIC1 is greater than IIC2 or the top block 
completion interval (K=IIC1) is a zero pore volume block. 

(30) The entered value of IINDW1 is not permissible. 
ues are +1, ±2, and ±3. 

The permissible val-

(32) A well index of zero is permissible only if IINDW1 is equal to one. 
This error occurs if IINDW1 is not equal to one and WI is zero or neg
ative. 

(33) IINDW1 is ±3 and BHP is 0. The specified value of the bottom-hole 
pressure is a limiting value of the well pressure if IINDW1 is ±3. 

(35) All completion layers of a well are in zero pore volume blocks. 

(37) One or more' of the KHL values are negative. 

(38) All KHL values are zero for some well. 
be non-zero. 

At least one KHL value must 

(39) A well number I is negative or exceeds NWT. 

(40) This error refers to READ R2-2. METHOD is less than -2 or greater 
than 2 or WTFAC is greater than 1.0. 

Error numbers 41 and 42 refer to READ R2-9. 

(41) Minimum number of outer iterations (MINitN) is less than 1 or MINITN 
is greater than maximum number of outer iterations (MAXITN). 

(42) Method of solution is.L2SOR (METHOD= ±2) and IMPG is less than or 
equal to zero. 

Error numbers 43 through 46 refer to READ R2-10 ~nd R2-ll. 

(43) The time at which next set of recurrent data is to be entered (TCHG) 
is less than or equal to current TIME. 

{44) DT is zero for the first time step. Automatic time step control may 
not be initiated until at least the second time step. 

(45} DTMAX is less than DTMIN. 

(46) The value entered for MAP is not permissible. 
be 0 or 1. 

All three digits must 

Error numbers 47, 48, and 49 refer to READ R2-13, R2-14, and R2-15 respec
tively. 
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(47) IP2 is greater than NX or KP2 is greater than NZ or HTG is not equal 
I to 3 and JP2 is greater than NY. 

I (48) IT2 is greater than NX or KT2 is greater than NZ or HTG is not equal 
to 3 and JT2 is greater than NY. 

(49) IK2 is greater than NX or KK2 is greater than NZ or HTG is not equal 
to 3 and JK2 is greater than NY. 




