


DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, com­
pleteness,.or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 

PACIFIC NORTHWEST LABORATORY 
operated by 

BATIELLE 
for the 

UNITED STAlES DEPARTMENT OF ENERGY 
under Contract DE-AC06-76RLO 1830 

Printed in the Unoted States of America 
Available from 

National Technical Information Service 
United States Department of Commerce 

5285 Port Royal Road 
Springfield, Virginia 22161 

NTIS Price Codes 
Microfiche A01 

Printed Copy 

Pages 

001-025 
026-050 
051-075 
076-100 
101-125 
126-150 
151-175 
176-200 
201-225 
226-250 
251-275 
276-300 

Proce 
Codes 

A02 
A03 
A04 
AOS 
A06 
A07 
A06 
A09 

A010 
A011 
A012 
A013 



3 3679 00058 6711 

AN INITIAL STUDY OF THERMAL ENERGY 
STORAGE IN UNCONFINED AQUIFERS 

H. M. Haitjema 
0. D. l. Strack 

University of Minnesota 
Minneapolis, Minnesota 

April 1986 

Prepared by 
the University of Minnesota 
for Pacific Northwest Laboratory 
under Contract DE-AC06-76RLO 1830 
with the U.S. Department of Energy 
Subcontract No. 8-E1234-A-0 

Pacific Northwest Laboratory 
Richland, Washington 99352 

PNL-5818 
UC-94e 





FOREWORD 

Seasonal thermal energy storage (STES) involves storing thermal energy, 

such as winter chill, summer heat, and industrial waste heat for future use 

in heating and cooling buildings or for industrial processes. Widespread 

development and implementation of STES would significantly reduce the need to 

generate primary energy in the U.S. In fact, 1980 data indicate that STES is 

technically suitable for providing 5 to 10% of the nation's energy with major 

contributions in the commercial, industrial, and residential sectors. 

Aquifer thermal energy storage (ATES) is predicted to be the most cost­

effective technology for seasonal storage of low-grade thermal energy. 

Approximately 60% of the U.S. is underlain with aquifers potentially suitable 

for underground energy storage. Under sponsorship of the U.S. Department of 

Energy, Pacific Northwest laboratory (operated by Battelle Memorial Institute) 

has managed numerical modeling, laboratory studies, evaluation of environmental 

and institutional issues, and field testing of ATES at several sites. 

This report describes the computer program UCATES, developed by Dr. H. 

Haitejema as a first step toward developing a comprehensive screening tool 

for ATES systems in unconfined aquifers. The program is capable of predicting 

the relative effects of regional flow on the efficiency of ATES systems, as 

well as predicting the effects of water table variation due to ATES pumping 

and injection. The code can be applied in its present form to virtually any 

unconfined ATES analysis. The model described here uses a somewhat unrealistic 

treatment of heat loss to overburden and underlaying soil. Inclusion of a 

more realistic heat loss mechanism within UCATES would improve the code making 

more reliable predictions of absolute ATES efficiencies possible. However, 

the predictions of the code described in this document should be adequate for 

preliminary design, evaluation, and optimization of unconfined ATES systems. 

i i i 

Landis D. Kannberg, Manager 
Underground Energy Storage Program 





Convective heat transport in unconfined aquifers is modeled in a 
semi- analytic way. The transient groundwater flow is modeled by superposition 
of analytic fUJlCtions, whereby changes in the aquifer storage are represented 
by a network of triangles, each with a linearly varying sink distribution. This 
analytic formulation incorporates the nonlinearity of the differential equation 
for unconfined flow and eliminates nlDDerical dispersion in modeling heat 

convection. 
The thermal losses through the aquifer base and vadose zone are modeled 

rather crudely. Only vertical heat conduction is considered in these 
boundaries, whereby a linearly varying temperature is assumed at all times. The 
latter assumption appears reasonable for thin aquifer boundaries. However, 
asslDDing such thin aquifer boundaries may lead to an overestimation of the 
thermal losses when the aquifer base is regarded as infinitely thick in 
reality. 

The approach, indicated above, is ~lemented in the computer program UCATES, 

which serves as a first step toward the development of a comprehensive 
screening tool for Am5 systems in unconfined aquifers. In its present form, 

the program is capable of predicting the relative effects of regional flow on 
the efficiency of A'lES systems. However, only after a more realistic heatless 

mechanism is incorporated in UCAn:S will reliable predictions of absolute A'IES 
efficiencies be possible. 
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1.0 Iml<OJlUCITON 

Most studies on Aquifer Thermal Energy Storage 
chill storage in confined aquifers (Tsang et al. 

(A'mS) deal with heat or 
1980; Mercer et al. 1982) • 

Particularly for the case of deep confined aquifers, relatively high recovery 

rates of thermal energy seem possible. For such deep aquifers, the design of a 
thermal energy system may be based on a single well to be used for both 
injection and recovery of hot water. If existing groundwater flow velocities 
are small, it is often sufficient to study radial groundwater flow and heat 
transport in the vicinity of the injection/recovery well (Doughty et al. 1982; 
Santy et al. 1982) . Nonsyr~~~~etrical flow cases have been investigated by 

Gringarten and Santy ( 1975) among others, who studied a well doublet in a 
uniform regional flow field. One well was used for the production of geothermal 
energy and the other well for disposal of the heat- depleted water. The 
authors iuvestigated the effects of breakthrough on the prodnction temperatures 
by application of Lauwerier's solution for transient heat flow in aquifers with 
infinitely thick upper and lower boundaries. Multiple well systems have been 
modeled by Vail and Kincaid ( 1983) • who applied their computer progralll to a 
hypothetical 25 well A'IEi system. Vail and Kincaid solved heat convection in 
the horizontal plane by integrating analytical expressions for velocity. They 

solved heat conduction in the vertical plane by use of a finite- difference 
algorithm. All of the studies mentioned above dealt with confined aquifers and 
assmned steady groundwater flow, Indeed, even under transient flow conditions 
in confined aquifers. solutions to steady groundwater flow are often acceptable 
because of the ~11 storage coefficient involved. 

The costs associated with installing an ATES system in deep confined aquifers 
form an incentive to study the use of shallow unconfined aquifers. where 
installment costs for wells are relatively low. There are some complicating 
factors. however, which may be summarized as follows: 

• The maximum possible injection and recovery rate of a single well in a 
shallow unconfined aquifer is usually significantly less than that of a 
well in a deep aquifer, 

• Unconfined aquifers often exhibit complex flow conditions, which are 
caused by such features as rainfall, creeks and canals. 

• Transient flow conditions cannot be ignored because of the relatively 
large storage coefficient for unconfined aquifers. 

In view of these factors, feasibility studies for thermal energy storage in 
shallow unconfined aquifers should not be limited to the case of radial heat 
transport near a single well. It may be anticipated that multiple well systems 

are needed and that the natural, transient flow conditions have a large impact 
on the performance of the system. Furthermore, ATES studies in unconfined 
aquifers require solutions to transient groundwater flow. 

1 



The present study focusses on the devel:r:aent of a model to simulate AlES 
systems in UD.Confi.ned aquifers UD.der regional flow conditions. As a first 
aPProximation, heat transport in the aquifer is modeled as purely convective. 
Horizontal heat conduction is disregarded and heat loss through the aquife:~ 

base and vadose zone is treated in a highly stmplified manner. The heat loss ii 

based solely on vertical heat conduction through the aquifer boUD.daries, 
whereby a linear temperature distribution is ass11111ed at all times. Ignoring tbt~ 

transient effects of the heat conduction in these aquifer boundaries seem~• 

acceptable, provided they are relatively thin. To solve the heat transport 
equation, a solution to the nonlinear transient groundwater flow problem i!; 

sought by superposition of analytic functions. The latter aPProach has beer. 
aPPlied earlier in modeling steady flow in a double aquifer system (Strack anC. 
Baitjema 1981) • The groundwater flow problem, in this study. is uncoupled fr~ 
the heat flow problem. ignoring such effects as buoyancy and varying 
permeabilities. As presented in this study, the solution procedure fo~ 

transient groundwater flow involves an aPProach, suggested by Strack, whereby 

newly developed areal source distributions are used to model changes in the 
aquifer storage. The analytic formulation of the groundwater flow problem makes 
it possible to solve the heat transport equation along its characteristics, 
avoiding the numerical dispersion problems frequently associated with numerical 
models, as reported for instance by HellstrOm and Chesson ( 1978) . 

The computer model DCATES. developed during this initial study, is intended 

as a first step toward a comprehensive screening tool for projected ATES 
systems in unconfined aquifers. Tho present version of UCATES may be improved 
upon by including a more sophisticated heat loss mechanism that should 
incorporate the effects of transient heat conduction in the aquifer base and 
vadose zone. Another improvement may be obtained by incorporating infiltration 
due to rainfall, which may significantly affect the thermal efficiency of an 
AlES system. 

The following sections are included in this report. In Section 2 the beat 
balance equation is presented for the case of heat transport in unconfined 
aquifers, whereby the Dupuit- Forchheimer assumption is adopted. In Section 3 
a simp! ified beat loss mechanism is developed and compared to more 
sophisticated solutions for the case of steady confined groundwater flow. In 
Section 4 a simple ATFS siamlation is discussed for the case of radial flow. 
The sUaulation is based on heat convection only and incorporates the simplified 
heat loss mechanism developed in Section 3. In Section 5, the solution 

procednres for the heat transport equation and for the transient groundwater 
flow problem are outlined. The implementation of these procedures in program 
UCA'IES is briefly discussed in Section 6. Program validation is carried out in 
Section 7 followed by two examples of AlES sUaulations in Section g. 

It is noted that throughout this report, reference is made to heat flow and 
heat storage, but the results of this study aPPlY equally well to AlES systems 
for chill storage. 
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2 .o !l!lAT iWANCE F.QUATION fOR CONVEcriVll !l!lAT 11!.\NSPORT IN !JNCONFINEJ) AQUIFERS 

In this section the differential equation for heat flow in unconfined 
aquifers will be derived by intesrating the three- dimensional heat flow 
equation over the saturated thickness of the aquifer. 

2 .1 lliRE!l- DIIIENSIQNAL BFAT fL!)W EQUATION 

The differential equation for the temperature, T, in a porous medium is given 
by (Santy et al. 1982) 

). 17 'T aT aT ""cq.-+c-" 1ax. at • 
(2.1) 

where A is the thermal conductivity of the aquifer and where qi are the 
components of the specific discharge vector. In writing (2.1) it is assumed 
that the groundwater is incompressible, so that aqi/axi = 0. Throughout this 
report the Einstein summation convention is used. The coefficients c, and C are 
the heat capacities of the groundwater and the saturated soil in the aquifer, 
respectively. The parameters A, c, and C are defined as follows: 

where .. 
'• 
•• •• •w 
c, 
n 

A=nA.+ (1-n)).
5 

C:nC..,+(l-n)C
5 

thermal conductivity of water 
thermal conductivity of 
(aquifer formati01l) 
density of water 
density of solids 
specific beat of water 
specific heat of solids 
porosity of the aquifer 

sol ids 

The d~ensiOJts, in SI units, of the various parameters are: 

3 

(2 .2) 

(2 .3) 

(2.4) 

(2.5) 



). [~] 

• [;n 
• [ .~;. J (2 .6 I 

c [~] 
n [ 1 

Note that in this analysis no distinction is made between the effective 
porosity and the total porosity. For sandy aquifers, the effective porosity may 
be assm~~.ed equal to the total porosity n of the formation (Olsthoorn, 1977). 

The left- hand term in (2.1) represents heat conduction in the aquifer, the 
first term on the right-hand side of (2.1) represents heat convection and the 

remaining term accounts for heat storage. In this analysis the heat conduction 
in the horizontal direction will be disregarded with respect to the heat 
convection. This assumption has been validated for the case of steady heat 
transport by Verruijt ( 1969) • 

2 .2 T\l!) - DI!!ENSION.\L BEAT FLOW EQUATION FOR !JNCO!!FINFll AQUIFEl!S 

82qnation (2.1) may be applied to unconfined aquifers, whereby the 
Dnpui t- Forchheimer assumption is adopted; the piezca.etric head is constant 

over the aquifer height. If the head, +• is lbeasured with respect to the 
aquifer base, which is assUIIled horizontal, the saturated thickness of the 

aquifer equals +· Integrating expression (2.1) over the aquifer thickness 
yields 

+ + + 
J I. a'T dx J ar J c:; <lx, (i=1o2oJ) (2.7) : c q.-dz. + 

ax2 1 w 1axi , 
' • • • 

or 

+ + + 
I. ar I -•arl J ar + Cw J q, .:!, dx, + C J:; dx, : 

Cw flo.axadxJ 
fjzl X =+ •• ' x, •• 

' • • • 

The vector flo. is the specific discharge vector for horizontal two- dimensional 
groundwater flow; a=1.2. The left-hand side of (2.8) represents the heat 
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flues ac:ross the bottom and top of the aquifer and may be :represented by the 
~ols ~and t, :respectively, whereby 

t- _,E I a. 
I X :D • 

' 
= -tE I a. 

I X = D • (2 .9) 

The superscripts 1 and 2 in (2 .9) refer to the lower and upper boundaries, 
respectively. Tho first integral on the right- hand side of (2 .8) may be 

written as 

(2.10) 

' ' 
whe:re use has been made of Leibnitz' s Rule and whe:re 'Ia is considered 
independent of x , a consequence of the Dupuit- Forcbheime:r asstllllption. The - . 
temperature T is the average temperature ove:r the aquifer height. 
The second integral on the right- hand side of (2.8) may be written as 

I• =+ 
~T J -

X ;O • 

+ 

f 
a., 

T­ax, 

' 

dx, (2 .11) 

The vertical component of flow q
1

, in a grOldldwate:r flow model based on the 
Dupuit- Forchhei.mer asstllllption, may be found from continni ty considerations as 
(see Strack 1983) 

(2 .12) 

so that 

(2 .13) 

With (2.12) and (2.13) the integral (2.11) becomes 

(2.14) 

where use has been made of q
1 

""0 for x
1 
:0. The last integral of (2.8) becomes 

with Leibnitz's Rule, 

5 



+ 
- i_ JTdx -T~ I 

at J at x = • 
• 

= i.[t'i'] -T~ I 
at at .x = • 

• • • 
Combining (2.9), (2.10), (2.14) and (2.15} yields for (2.8) 

~+t =c..[ q,+a~} + lt.­"'-a T •• 

(2.15) 

(2.16: 

The temperature at the top of the aquifer will be assumed equal to the average 
temperature in the aquifer, so that 

(2.17) 

With (2,17), and writing T forT, eXpression (2.16) rednces to 

(2 .18) 

whore va is the average horizontal groundwater velocity, which is obtained from "' .. 
v = "' a n 

(2.19) 

Equation (2.18) is the heat balance equation for convective heat transport in 
unconfiued aquifers, whereby the Dupuit- Forchheilller &SS1JIIlPtiOD is adopted. It 
is noted that, for this case of convective heat transport only. the temperature 
gradient coincides with the direction of flow. The te!IIPerature T is assumed 
constant over the saturated aquifer thickness and the terms P and P represent 
the heat flux through the aquifer base and the upper aquifer botJD.dary, the 
vadose zone, respectively. In general. the coefficients 4 and v are functions 
of position :z.a and time t. The heat fln:z.es t and t are generaliy functions of 
:z.a,t and the temperature T in the aquifer. 
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3 .0 ANALYSIS OF BEAT LOSS 'IBROUGH 1BE 1JPPFll AND LOWER AQOlft'Ol( BOUNDARY 

The differential equation (2.18) for heat transport in an unconfined aquifer 

contains the terms 9 and I, which represent hut conduction through the aquifer 
base and aquifer top, respectively. In general, these heat fluxes are functions 

of both location and time. Based on a number of simplifying assumptions, 
however, the heat fluxes P and 9 may be expressed nclusively in terms of the 
average temperature in the aquifer. The assumptions made are: 

• The aquifer boundary, vadose zone or aquifer base, is of 
constant thickness and has constant thermal properties. 

• The temperature at the outside of the aquifer boundaries is 

constant. 
• Boat convection and horizontal heat conduction in the aquifer 

boundary is neglected. 
• The temperature distribution in the aquifer boundary is 

linear. 

In this report the phrase 'aquifer boundary' refers to the aquifer base and 
vadose zone, tm.less specified otherwise. The fourth assumption, listed above, 

is clearly in violation with reality. A linear temperature distribution in the 
aquifer boundary will be approached only if the temperature in the aquifer has 
remained constant for some time. To verify the importance of the fourth 
assumption, the temperature distribution in the aquifer, obtained with the 

above assumptions, will be compared with a distribution that is obtained with 
transient heat conduction through the aquifer boundary. The latter solution 
will be referred to as an exact one, although it is still based on the first 
three assumptions. Furthermore, it will be demonstrated that the approximate 
heat loss mechanism may be improved by incorporating ( instantaneous) heat 
storage in the aquifer boundaries. 

Finally, the first assu.ption, an aquifer base of finite thickness. is 
investigated. The temperature distribution in a confined aquifer with both a 
thin aquifer top and a thin aquifer base is compared with a solution for the 
case of a thin aquifer top and an infinitely thick aquifer base. Similar to the 
previous comparison, steady groundwater flow is assumed. 

It is remarked that the phrase 'aquifer boundary' in this report refers to 
the aquifer base and vadose zone, unless specified otherwise. 

3 .1 APPROXIMA11l HEAT LOSS MECHANISM 

As indicated in Fig. 3 .1, the vadose zone and aquifer base are of constant 
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thickness a and t respectively. The thermal properties of the vadose z.one 
1 and ~. The thermal properties of the aquifer base are t and ~. 

art: 

temperature on the ontside of the aquifer boundaries is assmaed constant and 

x, 
2 

ld ~. c 
===~;::::=::t-s:::~;:::::::========• 

I 

H 
' ' T >-. C 

1 

Fig. 3 .1. Linear Temperature Distribution in the Aquifer 
Boundaries 

taken to be zero. The heat fluxes t and~ become, with (2.9), 

>T 
: - ).-

~ 

The differential equation (2.18) becomes, with (3.1), 

(3 .1: 

(3.2: 

where T is measured with respect to the temperature outside the aquifer, 
Ezpression (3.2) may be further evaluated by introducing the velocity v: as 

The velocity v~ is termed the thermal velocity (HellstrOm and Claesson, 
1978) , and may be interpreted as the velocity with which a temperaturE 
discontinnity (thermal front) travels through the aquifer, With (3.3) tht 
differential equation (3.2) becomes 

• OT aT v -+­
aaz:a at [" "] = - l.d+l.d T 

1:4~.! 
(3 .4 I 

The first term in (3 .4) may be expressed in terms of the residence time t • of 
a thermal front, so that 
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aT +aT = 
at• at 

(3.5) 

For the case of coufined flow, the head ~ in (3.4) may be replaced by the 
aquifer thickness B, so that p is coustant, 

n .H 
P=l.d+Ml (3.6) 

csM 
The solution to {3.5) is found to be (using standard Laplace txansform pairs) 

• T=T e-Pt O(t-t*) 
• (3. 7) 

where T
0 

is the temperature at the point of injection, where t • is the 
residence time of a thermal front since injection and where O(t-t*) is 
Beaviside's unit step function and defined as 

(t>t*) 
(3. 8) 

U(t-t*)=O 

It is noted that the flow path of a thermal front, in general, does not 
coincide with the flow path of a water particle. However, for the case of 
steady flow and for some special cases of transient flow (e.g., radial flow) 
a thermal front does travel along the flow path of a water particle. The 
velocity of a thermal front is a constant fraction of the water velocity [ see 
(3 .3) ] so that, for the case of coinciding flow paths of thermal front and 
water, the temperature may be expressed as 

c [ ] - --,: c T=T e Pnc 0 t--< o w nC, (3 .9) 

where -,: is the residence time of a water particle; the time that elapsed since 
the water particle was injected. This result conforms with the findings of 
Dietz; and Lehner ( 1969) and Verruijt ( 1969) . 

3 .2 'IRANSIENT BEAT lDSS 'IHROUGB A 111IN AQUIFFR 'IUP 

With the heat loss mechanism expressed by (3.1), the proper transient effects 
in the heat conduction through the aquifer boundary are disregarded. To 
estimate the error that results from this approxi.ma_tion, a comparison will be 
made between the temperature distribution given by (3.7) and a temperature 
distribution obtained by incorporating transient heat loss through the aquifer 
boundaries. This comparison will be carried out by solving a non- steady heat 
flow problem for steady radial groundwater flow in a confined aquifer (see 
Fig. 3.2) . The aquifer has a thickness 8 and has an upper aquifer boundary of 



t> -C 
T- T, 

z 

r 

r 

H C. Tlr.ll 

Fig. 3.2. Steady Radial Flow with Heat Injection for r=O at 
t ~ 0. 

constant thickness a. For simplicity, the aquifer base will be considered a 
thermal insulator. The temperature T in the aquifer is assumed constant over 

the aquifer height, but depends on the radial distance r from the heat source 
(and water source) and on the timet that has elapsed since heat injection; 

T=T(r,t) (3.10) 

The temperature f in the aquifer boundary depends not only on r and t, but also 
on the vertical coordinate z; 

f-f< r,r,t) (3.11) 

The temperature T in the aquifer satisfies the following differential equation 
[see (2.18) ] 

c.. ' ' ~vaT_ !_aT I +~ "' 0 
C rar CD az z, B at 

(3 .12) 

where the groundwater velocity vr is independent of time. The temperature f in 
the aquifer boundary satisfies 

ta•t • r_at 
az2 at (3.13) 

The differential equations (3.12) and (3.13) are similar to those presented by 
LalDt'erier { 1955) for the case of linear flow. Lauwerier, however, solved the 
problem assuming an infinitely thick aquifer boundary. The analysis may be 
pursued in terms of the residence time 't' of the injected water, as suggested by 

Dietz and Lehner (1969), rather than the radial coordinate r, so that (3.12) 

becomes 

nCwaT - i at I +aT "" 0 
c a't' rn az z = 8 at 

The following dimensionless parameters are introduced: 

- T T=-
T, 

l 0 

(3.14) 

(3.15) 



z 
Z"'-

H 

I .---· .C,.H' 

- t t=-t 
CH' 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

With czpressions (3 .15) through (3 .19), the differential equations (3 .13) and 
(3.14) become 

and 

if~ aT~ aTl 
---+-=0 
a;" a'i ai 

respectively, where use has been made of 

and where 8 is defined as 

( z =B) 

e 
9=­c 

ci=1> 

The boundary conditions and initial conditions for (3.20) and (3.21) are 

'f = o 
' 

(i=o, ~ > o, i=I> 

(3 .20) 

(3.21) 

(3.22) 

(3 .23) 

(3.24) 

(3.25) 

(3.26) 

The solution to (3.20) with (3.21) and (3.24) through (3.26) is obtained by use 
of the same double Laplace transform as employed by Lauwerier ( 1955 ) : 

vci,,,p> = J .-•tJ (1-'i',>•-p~ •<•< (3.27) 

• • 
Using (3.27), the differential equations (3.20) and (3.21) become 
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a:av 9 
- -9sv+- • 0 
ai:a P 

av 1 (s+p)v---- "'0 
ai P 

The general solution to (3.28) is given by 

v = 

(3.28) 

(3.29) 

(3.30) 

The constants A and B are found from the boundary conditions Z"' 1 and 
i=l+!/B. It follows from (3.26) with (3.27) that, for Z""1+3/B, 

1 ··­•• 
so that 8 may be expressed in terms of A as [see (3.30) 

(3.31) 

(3 .32) 

Applying the boUDdary condition (3 .29} and using (3 .32) yields, after some 
elaborate but straightforward algebra • 

v = 
.!_ _! dnh{(~-1-.liB) (;9') 
'P ' ( H p) •inh I- .liB) (;9' ) - (;9' co•h {(.liB) (;9' ) 

(3.33) 

A solution for v is sought at the upper aquifer boUDdary ( i'"' 1) , so that 
(3.33) reduces to 

v = .!. - ! -----:::--"1--,----,..,.-­
sp 5 (s+p) + {';&'coth{(A/R) {;&'} 

The iuverse transformation of v, with respect to p, becomes 

L-'{v) = !_! ,-!•+ .r,&'cothl<.liB) (;9' JJ< 
p ' ' 

The iuverse transformation with respect to s may be written in the form 

T = L- 1 [e-s~ f(s)] 

' 
where f ( s ) is defined as 

f ( , ) = ! e- {9.' coth {(.liB) {9.' ) < 
' 

(3.34) 

(3.35) 

(3 .36) 

(3.37) 

It is noted that, because the solution is valid at Z = 1. the temperature 

11 



paraaeter T has been replaced by T, the temperature parameter for the aquifer. 
- J If F ( t) is the inverse of f ( s ) , 

(3.38) 

then (3.36) becomes 

(3.39) 

where the 'function' U is defined as [see (3 .8) 1 

(3.40) 

It aay be observed from (3 .37) that, for saall values of s (i.e., large values 
of the time t) , the function f ( s ) can be approximated by 

(s<<l) (3.41) 

The inverse of (3 .41) is 

<'i>>l) (3.42) 

It appears that (3.39), with (3.42), (3.18) and (3.19) equals the approximate 
solution (3.9) with (3.6), if beat loss through the aquifer base is ignored: 

T • T e- { {; ( nC,.ol ) h U [t -..£. 't J ( t > > 1 ) 
o nC w 

(3.43) 

where 't is the residence time of the water. That (3 .43) is indeed the same as 
(3.9) aay be seen by replacing ~ in (3 .9) by 

! 
~ .. - (3.44) 

rna 

Numerical Inversion of the Laplace Transform 

A solution to (3 .38) must be obtained for those (relatively larger) values 
of s where the approximation (3 .41) fails. This solution is obtained by 
DDBerically inverting (3.38) for ten different values of s, yielding a solution 
for ten different values of t. The inversion is carried out using a standard 
procednre described by Bellman ( 1966) , and is not further discussed here. As 
appears fro. (3 .39) and (3 .40), a solution is needed only for values of t 
larger than ~. which may be accomplished as follows (see also Bellman 1966) . 
The solution (3.36) is written in the form 

13 



(3.4S) 

where 1 ( s ) is given by 

-
I ( s ) = e - S't' f ( s ) (3.46) 

A solution is sought for T ( ~ + t) , where t ~ 0. The function T ( ~ + t) has the 
Laplace transform a• ( s) , 

0 0 

so that [see (3.4S) and (3.46) 1 

-a• ( s ) • eS't' 1 ( s ) '"' f ( S ) ( 3 .48) 

Thus, the inverse of f ( s) will give T for times ~ + t, 

(3.49) 

3.3 COMPARISON OF THE EXACI' AND APPRQXIMAIE SOLUI'ION 

The temperature distribution in the aquifer, based on the approximate 
solution (3.43), may be expressed in terms of the dimensionless parameters T, t 
and~ [see (3.1S), (3.18), (3.19), (3.42), (3.43) and (3.44) ] • 

T = e-<Bici)~ U(t-~) (3.SO) 

Both the solutions (3 .49) and (3 .SO) are plotted in Fig. 3.3 for B/cl = 10 and 
for various values of t. The dashed lines in Fig. 3.3 are obtained with (3.49) 
and the solid Hue is obtained with (3 .SO) . To interpret the results of 
Fig. 3.3 in terms of real times , the following data may be used as an example: 
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so that it follows , for t 

c ... 4 .t • to• , 

c = 2 .s • to• 

[~] 

[~] 
~ • 2 • to• [ _g_ J ms:a(o 

i-t [~] 
B•tO [a] 

!-t (m] 

n• 0.3 [-] 

and :t. 

t = O.Ot t = 1 IIOilth 

-'t' = 0.021 't' = 1 IIOilth 

(3.5t) 

(3.52) 

Therefore, in Fig. 3 .3, the time since heat injection extends to almost two 
years. 

Improved Approxi!ate Beat Loss Hecb•ni$1 

It may be observed from Fig. 3.3 that the exact solution indeed converges 
toward the approxUiate solution, provided some time has elapsed after the heat 
front has passed. However, in terms of total heat loss, the approximate 
solution systematically underestimates the heat loss throuah the aquifer 
boundary. This underestimation of the total heat loss is due partly to the 
negligence of heat storage in the aquifer boundaries . The heat loss mechanism, 
therefore, may be improved by incorporating heat storage in the aquifer 
boundary in some approximate fashion. The rate of heat storage in the upper 
aquifer boundary is denoted by S and is given by 

(3 .53) 

If a linear temperature distribution in the aquifer boundary is assumed, from 
t :aT at z = 8 and f = 0 at z = 8 +A. expression (3 .53) yields 

(3.54) 

15 



0 8 

0 6 

0 4 

0 2 

0 0 020 0-10 060 08 

' ' ' 
0 16 

app-oJ< 1 maLe 

eJ<axL 

t o 2-1 

Fig. 3.3. Temperature Distribution in the Aquifer for 
B/cl=lO, with Both the Exact and the Approximate 
Beat Loss Mechanisms 

Adding this storage term to the differential equation (3.2) yields 

( i = 1,2) (3.SS) 

where heat loss through the aquifer base is disregarded. The solution to (3.SS) 
may be obtained from the solution to (3.2) by replacing C with C', where 

&\ c· = c+-24 (3.S6) 

It is noted that C' contains the saturated aquifer thickness 4, so that C', in 
general, is a function of x ,x and t. For the case of confined flow, the 

1 2 
parameter C' is constant; 

22 

C' = C + Cd 
28 

16 

(3.S7) 



Tho introduction of C' in tho approximate solution affects tho time parameter 
t. which will bo replaced by t'; 

(3 .58) 

Tho same calculations as performed for Fig. 3 .3 are repeated, but DOW with tho 
Uaproved approximate solution, 

(3 . 59) 

The results are presented in Fig. 3 . 4. It .. Y be observed that the approximate 
solution (3.59) still discretizes the curved heat front by a temperature 
discontiDJLity, but the syste.atic underestimation of the total heat loss has 
been reduced. In Fig. 3 .5. the results of_Fig . 3.4 are plotted in the form ofT 
versus the d!.ensionless radial distance r, 

(3.60) 

where Q is the discharge of the injection well. That r equals ~ .. y bo seen 
by calculatina the residence time of water by use of (3 .3) . Equation (3 .59) 
becomes, with (3 .60), 

(3.61) 

In Fig . 3 .6 and Fig. 3. 7 the same comparison as presented in Fig. 3 .5 is 
carried out. but DOW for values of HI a = s and B/ a-20' respectively . 

It is seen froa Fig. 3.4 through Fig. 3.7 that, in case soae t~e has elapsed 
since the heat front has passed, the temperature distribution in the aquifer 
becomes stationary, a result from the boundary condition at r"" 0 and tho 
steady groundwater flow. Under these circUIIlstances, and if horizontal heat 
conduction in tho aquifer is disregarded, a linear t0111porature distribution 
will occur in the aquifer boundary ( Verruijt 1969) • The approxUI&te solution 
(3 .59) is based on such a linear temperature distribution, which explains why 
the exact and approximate solutions in Fig. 3 .4 through Fig. 3 . 7 coincide at 
some distance behind tho heat front . For transient flow, in general, no 
stationary temperature distribution in tho aquifer will be obtained, so that 
tho exact and approximate solutions do not become the same . 
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3.4 BEAT LOSS 111RQUGB AN INFINITELY TBICB: AQUIFER BASE AND A JlJTN AQUIFER TOP 

It seeas feasible to treat heat loss throup a thin aquifer boundary assmaina 
a linear teB~perature distribution in that boundary at all tiaes. The vadose 
zone of an unconfined aquifer aay be an example of such a thin aquifer 
boundary. However, treatina the aquifer base in the s&JIIe aanner [see (3 .1 ) 
throuah (3 . 7) 1 may result in a lesser approxiaation. 

In the followina analysis, an approxiaate .solution will be presented for heat 
loss throup a thin aquifer top and an infinitely thick aquifer base . The 
solution is the prodllct solution of Lauwerier' s equation and the approxiaate 
solution (3 .61) for heat loss throuah a thin layer . The results obtained with 
this solution are compared with the results obtained frOID (3 .7), where both 
aquifer boundaries are assumed to be thin layers . 

Consider the confined aquifer shown in Fia. 3 . 8 with an infi nitely thick 
aquifer base and an insulated aquifer top . The teaperature distribution in the 
aquifer for the case of hot water injection dnrina steady flow is aiven by 
Lauwerier' s equation ( t.uwerier 1955 ) : 

u [ t- £..'t] (3 .62) 
new 

where 't is the residence tiae of the injected water and where t is the time 
that elapsed since the onset of heat injection. The paraaeters in (3.62) have 
the saae aeanina as those defined previously in this section, where ~ and l are 
the heat capacity and conductivity of the aquifer base, respectively, and where 
C' incorporates the heat capacity of the aquifer top [see (3 .57) ] : 
Ezpression (3.62) may be written in terms oft' and; by use of (3 .15) , (3 .18) , 
(3 . 58) and (3 . 60) as 

(3 . 63 ) 

where y is defined as 

IF y• , (3 .64) 
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2 
d 

c H 

1 1 

C. A 
Fia. 3 . 8 . Confined Aquifer with an Infinitely Thick Aquifer 

Base and Insulated Aquifer Top 

In Fia . 3 .9 an aquifer is depicted with an insulated aquifer base and a thin 
upper boundary of constant thickness !. An approximate solution for the 
te.perature distribution in the aquifer of Fia. 3 .9 is aiven by (3.61) 

c H 

-- --- - ---- -- ---- -------------------------

Fia. 3 .9 . Confined Aquifer lith a Thin Upper Boundary and 
Insulated Base 

(3.65) 

The solution to the temperature distribution in a confined aquifer with both 
the infinitely thick base of Fig . 3 . 8 and the thin aquifer top of Fig. 3 .9 i s 
obtained as the product of the solutions (3 .63) and (3 .65) ( see also Carslaw 
and Jaeger 1959. p. 33) : 

T = e- <HI a > ;
2 

erfc [ 1;
2 

, ] u < t, - ; 2 > 

2 ~ t ' - ; 2 

(3.66) 
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The solution (3. 7), based on both a thin aquifer top and a thin aquifer base , 
uy be written in terms of the same dimensionless parameters 

- - -~ [- c•- J T • e ar U t ' - F r~ (3.67 ) 

where c• includes heat storage in both aquifer boundaries and is defined as 

and where a is defined as , 

c• =C+ M + M 
28 2H 

(3 . 68) 

(3 .69) 

The temperature distributions as obtained froaa (3 .66) and (3.67) have been 
coaapared by use of the data in (3 .51) and with .~-e and t.,. t . 

In Fig. 3.10 the temperature parameter T, obtained from both (3.66) and 
(3 .67), is plotted as a function of; for BJA · B/~=10. The values for a, y 
and c• ;c• for Fig. 3.10 are a=20, y=0.8771 and c• ;c• •1.03846. 

In Fig . 3 .11 the plot is repeated for a somewhat thicker aquifer base in 
(3 .67), B/~ • 5, which results in values for a, y and c* / C' of a • 15, y:a0.8771 
and c• / C' • 1 . 076923. 

The solid lines in Fig. 3.10 and Fig. 3 .11 are obtained from (3 .66), while 
the dashed lines represent the solution obtained from (3 . 67) It appears from 
Fig . 3 .10 and Fig. 3 .11 that, for the case of a thin aquifer base , the 
temperatures in the aquifer are below those for an infinitely thick aquif er 
base, except for small values of ( t' - ;~ ) . 
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4 • 0 111ERMAL ENERGY STORAGE FOR THE CASE OF RADIAL FLOW 

In this section some simple cases of the~l energy storage will be 
discussed, based on the heat transport equation derived in Section 2 and by use 
of the approx~te heat loss mechanism discussed in Section 3, whereby both the 
aquifer top and aquifer base are assumed to be relatively thin. Thermal energy 
will be injected and recovered by a single well in both a confined and an 
unconfined aquifer. The groundwater flow conditions in the confined aquifer 
will be taken steady during injection and recovery, i.e., no elastic storage. 
In the unconfined aquifer, transient flow conditions will be taken into 
account. The analysis for a confined aquifer is included here for comparison. 

The temperature distribution in the aquifer will be calculated for some key 
times: at the end of injection, at the end of storage, and at the end of 
recovery. Doring the recovery phase, the temperature in the well will be 
calculated as a function of the time since the start of the recovery. Finally, 
the thermal efficiency of the system will be determined. 

4.1 CONFINED FLOW CONDmONS 

The temperature distribution for the case of confined flow, with heat loss 
through both aquifer boundaries, is given by (3.7) as 

• T = T e -pt U ( t - t *) 
0 

where p is defined by (3.6) after replacing c by c•. 

(4.1) 

(4 .2) 

The parameter c• is obtained from the analysis of (3 .53) through (3 .56) by 
including heat storage in the lower aquifer boundary, and is defined by (3.68) 
as 

( 4.3) 

The time t* in (4.1) is the residence time of a thermal front. 

A complete thermal energy storage cycle will consist of three phases: the 
inject ion phase of duration ( lit ) i, the storage phase of duration ( lit ) s and 
the recovery phase of duration (lit) r· In this section, the duration of all 
three phases will be taken the same, 
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( At ) . = (At ) ~ (At ) • At 
1 s r (4.4) 

The elastic storage in the aquifer is assumed to be sufficiently small so that 
during each of the phases the flow may be treated as steady. The water velocity 
vr in the aquifer, during injection, follows from 

(4 .5) 

where Q is the injection rate and where H is the aquifer thickness. The thermal 
velocity v; is obtained from (3.3) with (4.5) as 

(4.6) 

where c is replaced by c*. 
The residence time t* of a thermal front is found from 

r 

t* = J~ = 
ne*a J 

CQr 
w 

(4.7) 

0 

The following dimensionless parameters are introduced: 

T=T/T 
0 

(4 .8) 

(4.9) 

(4 .10) 

where ~ is defined by (4.2). With (4.1) and (4.7) through (4.10), the 
temperature in the confined aquifer becomes 

(4.11) 

End of Injection 

The temperature distribution in the aquifer at the end of the injection 
period At follows from (4.11) as 

(4.12) 

-Tho temperature parameter T is plotted in Fig. 4.1 versus the radial distance 
parameter r for various values of ~At . 
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Fig. 4.1. Temperature Distribution in a Confined Aquifer at 
the End of Injection 

End of Storage 

The injection phase is followed by a storage phase of duration ~t. At the end 
of the storage phase, the residence t~e of any thermal front has increased by 
~t. The temperature distribution at the end of the storage phase, therefore, 
may be found from (4.1) and (4.12) as 

(4.13) 

The argument of U in (4.13) remains the same as in (4.12), because it is 
assumed that the thermal velocity during the storage phase is zero. In Fig. 4.2 
the temperature distribution (4.13) is plotted for various values of ~~t . 

End of Recovery 

If the rate of recovery is the same as the rate of injection, all infiltrated 
water will be pumped back. With the simplified heat transport mechanism applied 
in this study, no thermal energy remains stored in the aquifer at the end of 
recovery. 
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Fig. 4.2. Temperature Distribution in a Confined Aquifer at 

the End of Storage 

Temperature Distribution in the Well 

Durina injection the temperature in the well is kept constant, 

0 < t < ~t (4 .14) 

Durina recovery, the temperature in the well depends on the residence time of 
the thermal front that just enters the well. At the end of the recovery period, 
for instance, the thermal front that was injected at the start of the injection 
will be recovered: its residence time is 3~t. At the beginning of the recovery 
phase, a thermal front that was injected at the end of the injection cycle is 
recovered: its residence time is ~t. Therefore, the temperature distribution in 
the well is found from 

T = e -JJ { 2 t. + ~t } (4.15) 

where t' is the tU.e since the start of recovery, so that 

0 < t' < ~t (4 .16) 

In Fig. 4.3 the temperature in the well is plotted as a function of t he 
dimensionless tU.e JJt' for various values of JJAt. 
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Fig. 4.3. Temperature Distribution in the Well During 
Recovery of Thermal Energy from a Confined Aquifer 

Thermal Efficiency 

The thermal efficiency, or recovery factor 11• of the injection, storage and 
recovery system is defined as (Doughty et al. 1982 ) 

t
0 

+ 1At 

J C, T ( t ) Q ( t ) dt 

t
0 
+~At 

t
0 

+At 

J c, T
0 

( t ) Q
0 

( t ) dt 

t 
0 

( r = 0) (4.17) 

where the denominator represents the total amount of injected energy and the 
numerator represents the total amount of recovered energy. Injection starts at 
t

0 
and the temperatures are measured in the source or sink. If the injection 

rate Q
0 

( t ) is constant and equal to the recovery rate Q ( t ) and if 

T ( t ) = T , 11 becomes 
0 0 

2') 



t
0 

+ aAt 

1 

J T < t > dt ( r• 0) (4.18) 1l ... 
At 

t
0 

+ aAt 

which represents the average dimensionless temperature durina recovery. 
lith expression (4.15), for the temperature par .. eter T in the well during 
recovery, 1l becoaes 

-PAt 
11 • !..__ [ 1 -e-aPAt] 

2PAt 

The thermal efficiency 1l is plotted in Fia. 4.4 as a function of PAt. 

0 0 .2 0 .4 0 .6 0 .8 

Fia. 4.4. Thermal Efficiency for a Storage Systea in a 
Confined Aquifer 

4 .2 tJNCOt:f'INfD FLOW CON>mONS 

(4.19) 

The differential equation for radial transient flow in an unconfined aquifer 
is, in te~s of the discharge potential •· 

(4.20) 
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The discharge potential 4 is defined as 

(4.21) 

where k is the aquifer permeability and where 4 is the head in the aquifer, 
JBOasured with respect to the aquifer base. For relatively small changes in +• 
the ript- hand side of (4.20) uy be linearized, so that 

as4 + ! H • _!_ H 
ar3 r ar k+' at (4.22) 

where +' represents some average head in the aquifer. 
The solution to (4 .22) is obtained throup a Laplace 
(Carslaw and Jaeger 1959, p. 263; Theis 1935); 

transformation technique 

4 = 4 + 4Q E ( u 3
) 

o n 1 
(4.23) 

where Q is the discharge of the well during injection and where 4
0 

is the 
initial potential in the aquifer. The para.eter u 3 is a function of r and t and 
is defined as 

Tho exponential integral E
1 

( u 3 ) is defined as 

The radial velocity vr follows from 

V a r 

CD 

Q -us 
• --e 

2nrn4 

(4.24) 

(4.25) 

(4.26) 

where it is noted that vr contains the head 4, which is a function of both r 
and t, 

+ = 

A thermal front in the aquifer travels with a velocity 
[see also (3 .3) 

• vr 
n CW 

= --v 
c• r 

where c• follows from (4.3) by replacing B with +• 
ld1 Cdll 

c• = c + ~+ + 24 
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• v r• 

(4.27) 

which is given by 

( 4 .28) 

(4.29) 



Combining (4.26) with (4.28) and (4.29) yields 

• v -r 
Q Cw e 

-u~ 

2n c• 4 r 
The temperature T in the aquifer is siven by (3.5) as 

where fl follows from (3.4) as 

err aT 
-+-=-flT 
at• at 

The followins dtmensionless parameters are introduced: 

a • 
o C(1+y) 

0 

M+M 
Yo = 2C4. 

Q = Q 

nk4~ 
0 

+ ,. f. 
-t = tfl 

0 

- ~· r,. r --
ao~o 

(l+yo) 

<i+yo) 

T T 
= To 

where fl
0 

has the dimension of the iuverse of time and is defined as 

[~ J 
C4 < 1 + 1 > Aa 

0 0 

With (4.37) and (4.38) a dimensionless velocity ;; is obtained 
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( 4 .30) 

(4.31) 

(4.32) 

(4.33) 

(4.34) 

(4 .35) 

(4 .36) 

(4.37 ) 

(4.38) 

( 4 .3 9) 

(4.40) 

(4 .41) 



(4 .42) 

so that with (4.30), and with the dimensionless parameters defined above, it -· follows for vr that 

-· v -r (4.43) 

The para.eter u2 aay be expressed in terms of the dimensionless parameters as 
[see (4 .24) 1 

a (ks 
0 

where ~· is some constant dimensionless head of the aquifer, 

Selecting + for +' yields 
0 

so that u2 reduces to 

- A.• +' - 1... +. 

~· = 1 

(4 .44) 

(4.45) 

(4.46) 

(4.47) 

The dimensionless head ~ becomes, with (4.27) and the dimensionless parameters 
defined above , 

+ = (4.48) 

Care has to be taken in selecting values for Q. First , pumping rates should not 
become unrealistically high, so that the head in the well rises above the soil 
surface or sinks below the aquifer base . Furthermore, it should be kept i n mind 
that the differential equation (4 .22) has a linearized storage term, so that 
solutions are acceptable for only relatively small changes in the head +· In 
this study, a value for Q has been selected that is equal to 0 .08, 

Q = 0 .08 (4.49) 

The dimensionless temperature T follows from (4.31) after division by a T 
"'o o ' 
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(4.50) 

It is not possible to write T explicitly in terms of r, as has been done for 
the case of confined flow. For a given residence time t•, ; becomes 

- -. t
0 

+ t 

r .. r 
0 

+ J -. vr -dt (4.51) 

to 

where t
0 

is the start of injection and where r
0 

is the dimensionless radius of 
the injection well. 

Expression (4.51) may be integrated numerically, for instance, by use of the 
following recursion formula, 

-- ..... - --. ..... ..... r. = r . + A~ • v ( r . , t . ) 
1+1 1 r 1 1 

( i = 0 ,1,2, ••••• N- 1) (4.52) 

where 

t . = t . +~~ 
1 1- 1 

(4.53) 

Expression (4.52) represents an explicit integration scheme for (4.51), where 
A~ is the dimensionless time step, 

(4.54) 

-The temperature parameter T may also be obtained through numerical integration 
of (4.50) by keeping ~ constant during a small time step A~. which leads to 
[compare (3 . 7) ] 

(4.55) 

where U ( i- t•) is omitted, because thermal fronts are followed, so that t' 
will automatically satisfy 

End of lniection 

- > -. t=t (4.56) 

lith (4.52) and (4.55) the temperature distribution in the aquifer may be 
solved by tracing a number of thermal fronts dnring the injection phase. The 
thermal fronts to be traced will all start at the dimensionless well radius ; , 

0 
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-but at different tU.es t , 
jo 

-< t, ..... 
• 

-< ~t (4.57) 

-where ~t is the dU.ensionless dnration of the injection cycle, 

(4.58) 

The temperature distribution in the aquifer, at the end of injection, will be 
obtaiud if the DUilerical integration with (4.52) through (4.55), for the jth 
thermal front, is aborted after the Njth tU.e step, where 

- -t .. ~t 
j ( Nj) 

(4.59) 

and whereby Nj follows frOil 

N. • ( ~t - t ) I~'; 
J jo 

(4.60) 

In Fig. 4.5 the temperature distribution is plotted for various values of ~ ~t 
and for fixed values of Q, a

0 
and T 

0
: 

0 

End of Storage 

Q= 0.08 

a
0 
= 0.455 

y
0 
= 0.08 

(4.61) 

Ihe flow proble. during the storage phase may be described by superimposing a 
sink onto the source at the end of injection, taAt. The discharae of the sink 
equals that of the source. The head 4 takes the form 

where u 2 is defined as 
1 

-
1+

2
g[E (u2 )-E (u2 )) 

1 1 1 

a Q;~ 
0 

-· Siailarly, the velocity v r now becomes 
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Fig. 4.5. Temperature Distribution in an Unconfined Aquifer 
at the End of Injection 

-• A [ -u" v = ..t:... e 
r -2r 

(4.64) 

The integration with (4.52) through (4.55) for each thermal front is continued 
with (4.62) through (4.64) for M t~e steps, until the end of storage, so that 

- -~ ( M) = 2 At 
J 

(4.65) 

whereby M is given by 

(4.66) 

It is noted that, as for the case of confined flow, all three phases are chosen 
of equal length At [see (4 .4) ] • The temperature distribution in the aquifer 
is plotted in Fig. 4.6 for various values of pAt. 

0 

End of Recovery 

The approach adopted above can be extended to the recovery phase by once more 
adding a sink, now at the end of the storage period. The head i and thermal 
velocity ;; will now become 

36 



-
~~ 

0 .8 

o.s 

0 .4 

0 .2 
N .. co • 
0 0 0 0 

' ' I I 

a a ~ ~ 
0 0 .2 0.4 0 .6 0 . 8 

;:. 
Fig. 4.6. Temperature Distribution in an Unconfined Aquifer 

at the End of Storage 

-
1+9[E (u1 )-E (u1 )-E (u1

)] 2 1 1 1 1 J 
( t > 24t) 

and 

respectively, where u1 is defined as 
J 

a ik' 
0 

( t > 24t) 

( t > 24t) 

(4.67) 

(4.68) 

(4.69) 

Executing (4.S2) with (4.68) will result in the tracing of thermal fronts back 
to the well. The process for the jth heat front is aborted after the [jth time 
step, when it enters the well; hence, 

<­
~ ( [. ) ,. ro 
J J 

(4.70) 

It appears that, as for the case of confined flow, no thermal energy remains 
stored in the aquifer after recovery is completed. 
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Temperature Distribution in the Well 

The ~mperature in the well during recovery is obtained by recording all 
tilDes ~ ( 1: . ) at which a thermal front enters the recovery well and by 

J J 
recording the te.peratures T. of those thermal fronts. In Fig. 4 .7 this 
temperature distribution in theJwell is plotted versus the recovery timet' for 
various values of ~0At. 
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Fig. 4.7. Temperature Distribution in the Well Dnring 
Recovery of Thermal Energy from an Unconfined 
Aquifer 

Thermal Efficiency 

The thermal efficiency ~ has been calculated for the four different values of 
~ At used in the previous plots. The values of ~ are obtained by numerically • integrating (4.18). The results are given in Table 4.1 

TABLE 4 .1. Thermal efficiency for storage in an unconfined aquifer 

0.2 0 .4 0.6 0 .8 

0.67 0.47 0.34 0 .22 
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4 .3 RE!!ARKS 

Small differences exist between the results obtained for confined flow and 
unconfined flow. The temperature distribution penetrates slightly more into the 
confined aquifer than into the unconfined aquifer. The thermal efficiency of 
the injection, storage and recovery scheme, however, is approximately the same 
for both flow cases. 

In comparing the results in this section with those of other studies, it 
appears that the thermal efficiency 7J (4.19) is low, especially for larger 
values of 4t (Doughty et al. 1982} . A reason for this low efficiency may be 
the rather crude way in which heat loss through the aquifer boundaries is 
modeled. Especially the assumption of a thin aquifer base with a constant outer 
temperature, shown in Fig. 3.1, may lead to an overest~tion of the heat loss, 
as was found in Section 3. 
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5.0 !!JDFLING T!!FBI!AL J1NERGY S1lliWll! IN DNC!H1N!lll A!l!JIFE!!S 

In Section 4, the injection, storage and recovery of thermal energy has been 
discussed for the siJiple case of radial flow. In general, howover, the flow 
pattern loses its symaetry due to such features as uniform flow, creeks, canals 
and wells. As a result of this asymaetry, a significant portion of the injected 
hot or cold water may not be recovered. Bence, the flow conditions in the 
aquifer may have a significant impact on the thermal efficiency of an A'IES 
system. 

A COIIIptlter program UCATES ( lhtConfined Aquifer n.ermal Buergy Storage) has 
been written that solves the general problem of transient groundwater flow and 
heat transport in unconfined aquifers through the superposition of elementary 
analytic solutions. 

The program is intended to be a first step toward a COIIIP:rehensive screening 
tool for projected AIES systems in unconfined aquifers. In its present form, it 
treats the heat loss through tho aquifer base and vadose zone in a rather crude 
manner, but is designed to provide a detailed solution to the heat convection 
in the aquifer, including flow toward, for instance, canals or creeks. 

In this section the solution techniques employed by UCATES will be discussed 
and the main structure of the prograa will be outlined. At the end of this 
section some program validations and demonstrations will be presented, 

5 .1 SOLVING 11IE BEAT l!!ANSI'ORf PROBLEM 

The differeutial equation for heat transport in unconfined aquifers is given 
by (2.18} as 

"" nCw4va-a •• 
(a=1,2) (5 .1) 

The heat fluxes ~ and ~ through the aquifer base and vadose zone, respectively, 
will be approximated by [see (3.1) ] 

t 
- -T ; t - i 

- -T (5 .2) 

~ 3 

where i and ~ are the thermal conductivity and thickness of the aquifer base, 

respectively, and where t and ! are the same properties for tho vadose zone. It 
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has been shown in Section 3 that this heat loss mechanism may be improved upon 
by incorporating heat storage in the aquifer bo1111daries. In doing so, C IDUSt be 
replaced by c• [see also (3.68) ] : 

c• ,. c + (5.3) 

whereby it is noted that c• depends on the head ~. which is a f1111ction of both 
location and time. Expression (5.1) may be written in the fo%1D. 

• aT aT 
v -+-'""-JIT a. ax

4 
at 

whore the thermal velocity v~ is defined by [see also (3.3) ] 

and where p is defined by 

• .c.. v •-v 
a. c• a. 

1.2. .2.1 

P=l.d+l.4 

c•t!a 
Equation (5.4) may also be written as 

a-r aT -+-•-PT 
at • at 

(5 .4) 

(5.5) 

(5 .6) 

(5.7) 

where t • is the residence time of a thermal front. Expression (5. 7) is 
identical to (3.5), however P is dependent on ~ and therefore on xa and t. 
Equation (5. 7} therefore, in general, caDD.Ot be evaluated by use of standard 
Laplace transforms, as has been done in section 3 with p being constant, see 
(3 .6). However, if P is taken to be constant daring a small increment At • of 
the residence time t•, then (5.7) can be evaluated incrementally, leading to 

(5.8) 

where Pi is evaluated at time t 1 and kept constant between t i. and t i. + ~ see 
also (3.7}. If, in evaluating (5.8). thermal fronts are followed, then t may 
be replaced by the time t, leading to 

T. ==T. e-pi(ti+1-ti) 
1 + 1 1 

(5 .9) 

Temperature Distribution in the Aquifer 
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The location x• of a thermal front is found by integrating a 

• ••• 
dt = (a=1.2) 

'Whereby the temperature of the theraal front is obtained from (S .9): 

(5.10) 

(5.11) 

The differential equations (5.10) are solved in program UCAIES by the classical 

fourth order Runge- htta method (Forsyth et al. 1977) • 

Because ez:prossions (!5.10) and (!5.11) involve both the groundwater velocity 
v a and the head 4 [see also (S .3) and (5 .6) ] • the solution to the transient 
groandwater flow problem must either be known in advance or constructed 
simultaneously in solving (5.10) and (5.11). In program UCATES, the solution to 
the groundwater flow problem is solved and stored for one phase of the AlES 
cycle at a tbae: the injection. the storage. or the recovery phase. 

S .2 SOLVJNl 'IHE 'IllANSIENI' GROUNDWAlER FLO! PROm fM 

The differential equation for transient flow in an Dllconfined aquifer, based 

on the Dapuit- Forchheimer assumption, is 

(5.12) 

The discharge potential • is defined as 

(5.13) 

where k is the aquifer permeability and 4 is the head measured with respect to 
the aquifer base. Tho storage term on the right- hand side of (5.1) may be 
viewed as an areal sink distribution. the strength of which depends on both 
location and time; ... 

kctat = a(xa.t) (a=1.2) (5.14) 

The areal sink distribution strength a may be approximated by a network of 
triangles, each with a linear strength distribution. The solution in terms of ~ 
and velocity v a. for such a triangular areal sink was provided by Strack, who 
also suggested its use for solving transient flow. 

Tho potential at an arbitrary point xa and at a time t in the aquifer may be 
written in the farm 
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- + 
J tr 
'\ F.(x )a.(t) 
L J 11 J 

j=1 

c 
+ ~ (S .IS) 

The function G represents all known contributions to the potential ~ as 
generated, for instance, by uniform flow and discharge specified wells. The 

ls 
functions Fm represent the contributions of all M flow features with 1lllknown 

ls 
strength parameters ~ t). In this study Fm represents line sinks only, which 
may be used to model creeks, canals, or lake boundaries (Strack and Baitjema 

1981) • The 
distribution, 

c 

tr 
functions F j represent the contributions of the areal 
with 1 nodal strengths a} t), which are also unknown. 

sink 
The 

potential ~ is independent of the location and time. The M + 1 unknown strength 
c 

parameters and the constant ~ may be obtained as follows. At each element with 
unknown ~ t) the potential is given and asstaaed constant, which leads to the 
following M equations: 

(m,..1,2, ••••• M) 
( j = 1,2 ...... J) 

( i=1,2, ..•• M) (S.16) 

At the j th nodal point of the triangle network. the strength a j 111ay be 
e:z:pressed in terms of the potential ~ [see (5.14) ] 

[~:: J j "" aj (5.17) 

If a linear strength distribution is assumed over a time span At, (5.17) leads 
to the following J equations at the I nodal points of the triangle network: 

a~t)+a~t+At) 
J 

2 
( j •1,2 ..... ,J) (S.18) 

Finally a continuity condition is to be satisfied requiring that all discharge 
variations, at each time step, together are zero. This condition implies that 
water is obtained from storage and not from infinity. Consequently. when a well 
is switched on and left pumping for a long time its entire discharge is 
supplied by line sinks (creeks) in the domain; the strengths of the 
triangular surface distributions will have vanished. 

Before the above equations can be solved, a solution is required for t :Q. 

This steady state solution can be obtained from (5.15) by omitting the terms of 
the triangles. Like for the transient case potentials are specified at the line 

sink centers to solve for the strength's ~( 0
). The constant f is obtained by 

specifying the potential at a reference point outside the domain of interest. 
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This proceda.re is identical to the one applied by Strack and Baitjema [1981]. 
The approach outlined here was proposed by Strack and first tested by Debbarh 

( 1982 ) for the case of one- dimensional flow. Debbarh employed sink 
distribntiOD.s over a line element instead of triangles. Good agreement was 
obtained in comparison with e:u.ct solutiOD.s, except during the early time 
steps. Debbarh identified that problem as related to a poor estimate of the 

initial areal sink distribution. Tests condu.cted during this study for the 
two-dimensional now case confirmed his findings. However, after improving 
the initial areal strength distributiOD., by locally refining the network and 
using Slll&ll initial time stops, good agreement with an e:u.ct solution could be 
obtained. 

Alternative Solution Procedure 

When the transient flow conditions in the aquifer' are due mainly to discharge 
specified wells, as may be the case when dealing with injection and recovery 

systems for thermal energy, the efficiency of the above approach may be 
improved upon as follows. 

'Ihe potential ~ is written as the 511111. of N+ 1 potentials, 

• 
~ = ~ + 

With (5.19) the differential equation (5.12) may be written as 

17'~ 
• .a. 

= -- + k4 at 

N w 
'\ n at(i) 

.L k4 at 
>s• 

The second term on the right- hand side of (S.20) is written as 

N w 
\: nat(i) 

.Lk<i......--
1=1 

(S .19) 

(S.20) 

(S.21) 

where the head 'i ( i) is chosen independent of both location and time and is 
defined as 

(S.22) 

Expressions (5.20) and (S.21) are combined to form the following N + 1 
differential equations: 

• 17'~ 
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~ ( i) 

at (5.23) 



w 
n H ( i) 

- at 
k4 ( i) 

( i=1,2,3, ••••• ,N) (S.24) 

• If a solution is found for ~. which satisfies (5.23). and solutions are found 
w 

for ~ ( i) , which satisfy (5.24), then the SUIII of these solutions, • [see 
(S .19) 1 , will satisfy (5.20) and therefore (5 .12). It is noted that the 
equations (5.24) are linear, since f ( i) is a constant. The differential 
equations (5.24) are of the same fan:~ as (4.22) for the case of radial flow, 

w 
The potentials § ( i), therefore, uy be chosen as the solutions to (5.24) for 

w 
flow due to the injection and recovery wells. The potential •c i) is then 

generated by the ith well, located at ~a and pumping with a discharge Q ( i) 

' 
since time t ( i) : 

i 
where u:a is defined as 

i 
•' -

w 
to(i){xa,t) 

Q ( • ) i 
'"'----=-E(u~) 

4• ' 

·[~.-·.] [~.-·.] 
( i no s1m1 ) 

4k.(i) [t-t(i) l 

(S.25) 

(S.26) 

It is noted that the use of (5.25) requires finite injection or extraction 
periods, as (5.25) does not awroach a steady state solution when t becomes 
infinite. In the present case of seasonal thermal energy storage, however, 

• periodic injection and extraction is automatically implied. 'Ihe potential ol is 
now used to represent all remaining flow features in the aquifer, such as 
uniform flow. wells (that are not switched on or off} and creeks. The 

• potential ol also contains contributions from the transient wells. which are 
introduced by means of the areal sink or source distributions represented by 

the second term on the right- hand side of (5 .23}. This latter term accounts 
for the nonlinearity of the original differential equation (5.20). 

Equation (5.23) may be solved in the same way as was proposed for solving 
(5.12) [i.e. see (5.12) through (5.18) ] • However, instead of a single 
strength distribution a, the right-hand side of (5.23} is now replaced by two 

• w 
areal sink or source distributions, a and a, 

e e 
\/~ol = a(xa,t) - (5.27) 
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whore 

w 
• = 

• 
e n "" • = k4 at 

N 

2 
i"' 1 

(~.28) 

(~.29) 

Both strength distributions (5.28) and (5.29) may be approximated by the same 

network of triangles as was proposed for representing distribution (5.14). The 
strength distribution (5.29) is known, provided that .14 ( i) or, for that 

c • matter,+ is known. The unknown strengths aj• 
obtained from a continni ty equation and from 
also (5.16) through (5.18): 

Qm and the unknown constant • are 
the follawing 1 + M equations; see 

and 

whereby 

:
1
<t) , ;. 0 (t) + ; .. [!.<t>_:_<t>J 

.ua.-m 1J J J 

t<t+.it)_ •. (t) 
n 

-.. -'("t") At 

:.<t>+!.<t+.it) 

2 

(i"'1,2,3, •••• ,M) 

(m=1,2,3, •••• ,M) 
(j ""1,2,3 ..... ,1) 

(~ .30) 

(~.31) 

As indicated in (!5 .31), in solving for the unknowns at time t +.it, the head 4 

in (5.31) is obtained from the solution at time t. Tho potentials :i< t) at the 

line sink centers are obtained from the known and constant potentials §i at 
those points by 

whore 
(~.2~) 

~- -
' 

N 

2 [:wL 
j.' 

(isl,2, .. .,M) (~.32) 

[;c<JJ] are the potentials at the line sink centers obtained fram 
with (5.26), Because the most dominant transient effects are already 

w 
incorporated in the potentials§( i), a solution to (5.27) may be constructed 
with larger time stops than would be feasible when solving (5.12) with (!5.14). 

The sensitivity of the solution to the initial areal strength distribution, 
mentioned before, may also be avoided by making proper choices for the heads 

~ ( i) • At the onset of pumping, the derivative of the potential with respect 
w 

to time, H(i)/Ot, is zero everywhere except at the well. If ~(i) is 
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selected equal to the head at the well that occurs at the onset of pumping~ the 
corresponding term in (5.29) vanishes. Ezpression (5.29) vanishes altogether 
(initially) if this procednre is adopted for all transient wells. E%pression 
(5.28) is also zero initiallY~ since the remaining flow features in the aquifer 
do not cause transient effects until affected by the transient wells. 

The above solution procednre is implemented in program UCATES. Solutions to 
the groundwater flow problem are constructed and stored for a complete phase of 
the AlES cycle at a time: injection. storage • or recovery. The solution is 
stored by storing the following parameters for I time steps: 

where 

[:j-:j](ti) 

( j "'1.2.3 •••• ,1) 
(m=l.2.3, •••• M) 

( i,.l,2.3, •••• I) 

ls 

(S,33) 

The coefficient function F for the line sink is given below as the real part 
of a complex potential function. 

ls 
F ( xa) 

where 0 ( z) is given by ( see Strack and Baitj ema 1981 ) 

ls 
Q(z) = Q I •,- •, I 

2rr(z
2
-z

1
) • 

[ (z-z )ln(z-z )-(z-z )ln(z-z )+(z -z)] 
:a 2 1 1 1 1 

The argument z in (5.34) is the coaplex coordinate 

z=-x+ix 
' ' 

(S .34) 

(S.3S) 

(S ,36) 

and z
1 

and z
1 

in (5.35) are the complex endpoints of the line sink. The form of 
tr 

the coefficient function for the areal source distribution F is presented in 
Appendix A. 
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6.0 PROGRAM UCAJ'ES 

A DOW' prograa UCAn'.S ( Uu.Confined Aquifer 'n.ermal Bnergy Storage) has been 
designed to solve the heat transport problem in mconfined aquifers under 
transient flow conditions. The program is developed on a Perkin Elmer 3220 
computer and written in Fortran. Program UCA'IES is equipped with free format 
input routines, which allows the introdu.ction of data in random order by 
command words and parameters. Commands may be entered from a file or a terminal 

or froe both by a SWrrat command. Two types of binary data files can be 
created; one file contains all data stored in coamon, while the other file 
contains data for generating contour plots of heads, isotherms, or temperature 

distributions in the recovery wells. The data files make it possible to 
preserve intermediate results or to save complete A'IFS si.Jmlations for later 
interpretation. Error checking routines are included that protect the user 
against illeaal input and array overflow. Two debugging facilities are 
provided. First, most routines in the program check essential parameters prior 
to execution. Second, a DEBUG command is available, which lets the user inspect 
the contents of all common blocks and arrays through free format commands. In 
addition, each individual fmction in the program may also bo tested using the 

IEBOO c011111.and. A user manual is provided that may be accessed via a HB.P 
command. Typing HELP displays a summary of all available commands and 
parameters, while typing limP followed by a cosam•nd word displays an 
explanation of the use of that command. 

6.1 !fA1RIX E!!I!ATIONS 

'Ihe groundwater flow problem is solved with (5.30) and (5.31) at various 
times during a phase of the A'IES cycle. The equations (5.30) with (5.32) and 
{5.31) may be written in matrix form as 

A1jxj = Yi 

where the matrix coefficients Aij are defined as follows: 

For i=l,2, ••• ,J+M and j =1,2, ••. ,1: 

For i=1,2, ••. ,J+M and j=J+1,J+2, ••• ,J+M: 

Is 
Aij = Fij 

For i = 1,2, •• • 1 + M and j = J + M + 1: 

49 

(6.1) 
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(6.4) 

For i=J+M+l and j=l,2, ••• ,J 

(6 .s) 

For i,.. J + M + 1 and j = J + 1. ... ,J + M 

(6 .6) 

For i=J+M+l and j aJ+M+l 

Aij = 0 (6.7) 

where the right hand side of (6,S) represents the total area of tho triangles 
associated with the j th triangle node and where the rigth hand side of (6,6) 

represents the length of the j th line sink. The solution vector xj is defined 

as 

•; = 
0 (t+At) •; - 0 ( t ) 

"J (j=1,2 •••• J) (6.8) 

•; - Q~t+.:1t) - Q .< t ) (j=J+l, ••• ,J+M} 
J J 

(6.9) 

'J = :ct+At> - c(t) 
~ (j=J+M+l) (6.10) 

• The last equation ~lies that the constant • is recomputed at every tUDe step • 

• However, ~ does not vary with time, so (6.10) should yield zero. The recomputed 

• constant ~ is stored for every time step and may be used to verify the accuracy 
with which the differential equation is satisfied in the farfield. The known 
vector yi is defined as 

(i:l,2, .•• J) 

(6 .11) 

N 

2 
j=1 

[ ! (t+At)_! (t)J + 
~(j) ~(j) i 

- :§ t) J ( i=J+l, ••• ,J+M) (6.12) 
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~o.<t>~. <i=1+M+t> 
L J J 

(6.13) 

The potential •
1 

is given and follows from the heads specified at line sink 

centers. It is noted that tho strength 
4 Ut.it) [see (5,29) and (5.22) ] : 

w(t+At) 
aj involves the unknown head 

:.<t+A.t) 
J -

N - .a. (t+At)] '\ nl+q>-•<j) 
L •• (t+At>r 

"'T(j) T(i) i- 1 

The head ~ ( t +At) in UCATF.S is estimated by use of • ( t) and 

of which are known at time t, so that 

:(t+At) 
~ ( i) 

(6.14) 

both 

(6.15) 

The matrh: equations (6.1) are solved by use of LU decomposition and back 
substitution (Forsythe et al. 1977). Because some of the matrh: coefficients 
Aij depend on 4 [see (6.1) ] , the LU docOIIIpOsition has to be repeated for 
each time stop At. 

6 .2 'IBERMAL Mt\R!FRS 

The temperature distribution in the aquifer as a function of both location 
and t:illle is represented by sots of thermal markers, which are released at the 
injection well ( s) at certain time intervals and which are traveling through 
the aquifer with tho thermal velocity, {5.5). Tho position of each thermal 
marker is calculated with (5.10) and its temperature is fmmd from (5.11). 
Since p in (5.11) depends on both location and time, the equations (5.10) and 

{5.12) are evaluated siJmlltaneously under control of the routine '!RACE. The 
markers are released at tUDe intervals that are selected in such a way that the 
temperature intervals between markers are approximately the same. This is 
accomplished by e~timating the subsequent release times tr by using (5.11) with 
a constant value ~ for p, 

(6.16) 

The parameter AT is the desired temperature incremtnt and Tr is the temperature 
at time tr. The locations and release times of thermal markers are generated by 
the routine GENCBR. An isotherm of a given temperature is generated by a set of 
points in the aquifer. Each point is obtained by linear interpolation between 
markers released from the same location at the same well, but at different 
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times. 

Du.:ring recovery, thermal markers may enter a recovery well, influencing the 
temperature in that well. A recovery well is subdivided into a number of 
sectors. At the onset of recovery the temperature in each sector is the same 
and determined by the temperature distribution in the aquifer that occurs at 
the end of storage. The program requires the specification of this initial 
temperature as user- provided input. When a single marker enters a sector 
daring a time step,. the temperature in that sector is set equal to the 
temperature of that thermal marker. When more than one marker enters the same 
sector during the same time step,. the temperatures of the markers are averaged 
and assigned to that sector. At the end of each time step, the temperature in 
the well is defined as the average of the temperatures in the sectors. Each 
sector, however, maintains its own te.perature, unless new thermal markers 
enter that sector. lhen a thermal marker that was released at the onset of the 
injection cycle enters a sector, it is ass11111.ed that the temperature in that 
sector is zero (equals the initial temperature in tho aquifer) during all 
subsequent time steps. The temperature in a sector is also maintained at zero, 
if a 'zero marker' enters that sector. The latter markers, with a temperature 
zero, are distributed just outside the wa:m water daaain at the begiDD.ing of 
the recovery cycle. The bookkeeping discussed above is performed in routine 
WEL'lml. It is clear that a smooth temperature distribution in the well can be 
obtained only if the temperature in the aquifer is defined by a sufficient 
amotmt of thermal markers. 

Ihe thermal efficiency ~ of an AIES cycle is finally obtained by calculating 
the average temperature in all recovery wells for the recovery phase; see also 
(4.18). 
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1 .o vAI.mAIIQNs 

Iho ole.ontary functions used in proaraa UCAIES, such as those that aenerate 
tho potential duo to line sinb or triuplar area sinks, have been tested 
individually. Tho line sink fuction has been used before in aodelina steady 
now ( Strack and Bai tj eu. 1981 ) • Tho triuJUlar areal sinb were tested and 
validated as part of this study. Iho capability of proaru UCAIES to aodel 
transient flow in unconfiud aquifers is tested by use of two validation 
probleas. Tho first probl• deals with a well at tho center of a circular 
island, which starts pumpina at time t

0
• The solution obtaiud fr~ proaru 

UCAIES is ca.parod with a finite difference solution. The second probl• deals 
with a well near tho center of a lona, but finite, canal. Tho solution in tho 
vicinity of tho well and tho canal is co.pared with a solution obtaiud with 
UCAl'ES, whereby tho conditions alona tho canal are aodeled by use of u iaaae 
well. A third validation probl0111 deals with heat · trusport . In order to test 
tho use of thoraal urkers for solvina tho heat transport in tho aquifer, the 
results of u AlES siaulation presented in Section 4.2 are reproduced with 
proarm tJCAim. 

7 .1 mI. AT 1liE cyNIER OF A CIRCULAR I SIAN) 

Iho objective of this validation is to verify whether tho effects of the 
DDillinoar storaao tom in (5 .12) are properly incorporated in proaraa UCAIES. 
To indmco sianificant head variations in the aquifer, an unrealistically larae 
diaaetor r

0 
of tho well is used, so that a larae well discharge cu be 

obtained. In usina (5.25) to represent tho well in proaram UCAIES, the 
discharae at tho well is DOt constant in time, but is given by 

where u2 follows fr~ (5 . 26) as 
0 

(7.1) 

(7.2) 

The head +. is taken equal to tho initial head in the aquifer . The followina 
diaonsionless parameters are introduced: 
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X • x/+0 
y -y/+o r • r/+

0 

+ = i 
+o 

t - ~t 
+o 

(7.3 ) 

Q -
Q 

k4~ 

- ~ 
~ ,.. 

k4~ 
0 

In proaram UCA'IES a triangle network is used, as indicated in Fig. 7 .1. The 
side ;' of the square net is ;' = 20. The lower left corner of the network is 
located at i • y=O. The well with radius r •2 and discharge Q =1.5, is 

- - 0 0 
located at the center of the network: x = y•10. A reference point is selected 
at i • y • 21, where the head is maintained at 4 .. 1. Solutions to (5 .30) and 
(5.31) are generated at times t=0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1, 2, 3, 5, 7, 
10, 15, 20, 25, and 30. Heads are evaluated alona the dashed line in Fig. 7.1 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

Fig. 7 .1. Well at the Center of a Triangle Network 

for ca.parison with the results of a finite difference program. 
The finite difference program solves radial flow in a grid of constant 
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spaciq Ar. The potential tf t +b.t) at the ith arid point is f01111d frca 

t .< t + 4t ) - t ( t ) + k4 ( t ) 4t 
1 i n(Ar)~ • 

[ [ 
1 + Ar J t. ( t ) + [ 1 - ~ J t ( t ) - 2t ( t ) J 

2ri 1 + 1 2ri i- 1 i 
( i • 2 ,3, ••• ,N- 1 ) 

(7 ... ) 

The potential at the Nth arid point is kept constant and the potential at the 
first arid point ( i • 1) is obtained us ina equation (7 .1), fra~a 

- ~ 

t ( t + 4t ) - t ( t + 4t ) -
1 ~ 

ArQ e u 0 1 

Ar 
2n ( r

1 
+ T ) 

where u 2 is defined by 
1 

Ar n(r +- )~ 
1 2 

•k4 0 ( t + 4t - t 0 ) 

(7.5) 

(7.6) 

The finite difference proaraa has been validated by comparison with e%pression 
(5 .25) whereby + ( t) in (7 . .. ) was replaced by + • The latter ca-parison was • carried out for tt.es that were chosen sufficiently saall so that the effect of 
a constant potential at the last grid point ( i • N) can be neglected. 

In co.parina (7 ... ) and (7.5) with the results obtained froa UCAn:s, a arid 
spacina and tt.e step were used of 

~- 0.2 
(7.7) 

4t- 0.001 

The results are plotted in Fia. 7.2 . The solid lines in Fia. 7 .2 represent the 
head distributiODs alona the dashed 1 ine in Fia. 7 .1 for tt.es t = 1, 10, 20 
and 30 as obtained froa proaraa UCA'I'ES. The line for t • • has been obtained 
froa a steady- state solution and is added for co.parison, althouah the 
solution obtained fro. UCAIES will not converge to a steady state solution due 
to the use of (7 .1) . lines in Fig . 7 .2 are obtained fro. the finite difference 
proar .. with a nonlinear storage term. The dotted lines are also obtained frca 
the finite difference progr .. , but now with a linearized storage term, whereby 
+(t) in(7 ... )equa1s+

0
• 

It aay be observed froa Fig . 7 . 2 that the nonlinearity of the storaae term, 
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Fig. 7.2. Drawdowns Obtained with Program UCATF.S Compared 
with Finite Difference Solutions 

even for this case of large drawdowns, does not have a doainant effect . 

7.2 WFJI. NEAR A CANAL 

e w 
the areal sink distribution with strength (a- a) ( xa' t ) in general, not 

only represents the effects of the nonlinear storage terms in (~ .12), but also 
includes the transient effects due to line sinks in the dOilain. these line 
sinks are used in UCA'IES to maintain head- specified boundary conditions 
along, for example, creeks and canals, during the injection or recovery of 
thermal energy. To test the capabilitiy of program UCATF.S to satisfy these 
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boundary conditions under transient flow conditions, the followina probl• is 

solved. 

In Fia. 7.3, a finite canal is located in the upper section of a network of 
trianales. The sides of the network are a- 30 and b- 20. The lower left corner 

a 

Fia. 7.3. Well near a Finite Canal 

of the network is located at <i• -2.5, y=5). A well, with radius ; •0.02 
,.,. -- ,.,. 0 

and discharae Q•0.5, is located at (x•l2.5, y=17.5). The canal has its end 
points at ( i • 0, y • 21) aDd ( i • 25, y • 21) aDd is represented by means of 
seven line sinks as indicated in Fia. 7.3. At a reference point ( ;' • 12.5. 
y • 0 ) the head is specified as ~ • 1. Contour plots of heads are prodoced at 
times t • 2 and t • 10 since the onset of pu.pina and are represented in 
Fia. 7.4 and Fia. 7.5. respectively, by solid lines. A second run with UCATES 
is performed whereby the canal is eliminated and a well is located at 
( ;' • 12 .5, y =- 24.5 ) • The latter well has the sue discharae as the oriainal 
well, but of opposite sian ( Q .. - 0 .5 ) and f oms the iaaae of the well in 
Fia. 7.3 with respect to the canal. The well and its blase should prodoce the 
sue head distibution on the side of the canal where the well is located, 
provided the influence of the well and its iaaae do not extend too far beyond 
the ends of the canal in Fia. 7.3. The latter condition will be met for a 
limited time period after the onset of pumpina. Contour plots of piezcaetric 
heads are prodnced for time t • 2 and t • 10 in Fia. 7.4 and Fia. 7.5, 
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respectively. The dashed contour plots in Fia. 7.4 and Fia. 7 . 5 are obtained 
from UCAIES by use of the imase well instead of the canal. Solutions to (5 .30) 
aDd (5 . 31) have been aenerated at tiaes t=O .OS, 0.1, 0 . 2, 0.3, 0.5, 0.1, 1 , 
2 , 3, 5, 7 &Dd 10. It is noted, that at the centers of line sinks and at the 
reference point, the bo111ldary couditions are satisfied iDdentically at the 
above specified tiaes. At other tiaes the heads at these control points 
exhibited a maxu.am error of about 1 percent. 

... ....... ·· .. 
.· .·· .·· ........... 

Fig. 7 .4 . Contour Plot of Piezometric Beads fort • 2 
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Fia. 7.5 . Contour Plot of Piezoaetric Beads fort= 10 

7 .3 11PfRW. f?QGY STORAGE FOR 'IDE CASE <I' RAPIAL FLO! 

The eumple of thenaal energy storage in an llllConfiaed aquifer presented in 
Section 4.2 is repeated here by use of prograa UCA'IES. The coaparison is aimed 
at verifyiq the program loaic dealina with the thermal urbrs. The input data 
is the same as used in Section 4.2. whereby At as defiaed in Section 4.2 is 
chosen to be 

At"" 0.8 (7.8) 

Input in prograa UCA'IES may be given in terms of any coherent units system or 
in teras of diaensionless parameters by specifying 

(7 .9) 

+ =1 • 
the other input parameters then are of the following dimensionless form: 
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i. • x11+ 1 0 
(7.10 ) 

C= C/Cw 

The input in program UCA'IES, for the validation problem (7 .8), becomes in tems 
of the d~ensionless parameters (7.10), 

c- 0 . 609756 

C
1 
= c~ = o .487805 

):
1 
a):~ s 0.0002107 

- -d = d = 0.1 
1 ~ 

~0- 0.02 

I a I = o.251327 

~t •125 

Due to syaaetry, it would be sufficient to solve the heat transport problem 
along only one of the radial flow paths. In this simulation, however, four flow 
paths are traced and the well is subdivided into four sectors during the 
recovery phase. S~ilar to the radial flow case in Section 4.2, no nonlinearity 
of the storage tem is included in the modeling. 

The temperature distributions in the aquifer, at the end of injection and at 
the end of storage, are presented in Fig. 7.6 and Fig. 7 . 7, respectively. The 
solid lines represent the solution obtained with UCATES and the dashed lines 
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are obtained from Section 4.2. Iho discrepancies, visible in Fia. 7.7, are duo 
to the linear i nterpolations between thomal .arbrs, as carried out in UCAIES. 

Iho thomal officioncy predicted by tho proaram was approriJDately the saae 
( 1\ • 0.22) as in Section 4.2, Table 4 .1. 

Iho temperature distribution in tho well is presented in Fia. 7.8 . The 
temperature distribution in Fia. 7 .8, as produced by UCAIES, is aborted 
SOIIewhat earlier than tho one obtained in Section 4.2 due to a difference in 
proara. loaic . In Section 4.2 tho temperature in the well becomes zero if tho 
last thomal .arker arrives within tho well radius r • In UCA'lm, this boundary • has been set at 3 • r

0
, in order to avoid possible overshoot under conditions 

of hi&h aroundwater velocities. 

END OF 1 N..£CT 1 ON 

Fia. 7 . 6 . Isothoms at the End of Inj ection Obtained with 
UCATES for the Radial Flow Case 
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END OF STORAGE 

Fia. 7. 7. Isothenas at the End of Storaae Obtaiud with 
UCAIES for the Radial Flow Case 
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Fia . 7 . 8 . Teapera ture Distribution in the I ell Dorin& 
Recovery Obtained with UCAIES 
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8 .o EWIPLF.S 

TWo examples are presented of AlES simulations with proaraa UCAIES. The first 
uuple deals with a sinale well in a unifoaa flow field. The solution (5.25) 
is adopted for now froa or toward the well so that the nonlinear storaae tena 
in (5 .12) is disreaarded. The second example siaulates an AlES systea near 
creeb and a domestic well; the aroundwater flow solution incorporates the 
non1 inear storaae tera. 

8.1 A snr;u:; mi. An:S Sim:ll IN A UNIFgU( FLOW pmn 

Injection, storaae and recovery are first siaulated under cirClJIIlstances of 
zero unifora now rates. The sinale welf-flES ' systea is located at i•y•O and 
the d:iaenaionless well discharae is I Q • 0.5. The injection, storaae. and 
recovery periods are denoted by Ati' At

5
, and Atr• respectively, whereby 

(8.1) 

the thicknesses ! and A for the aquifer base and vadose zone, respectively. are 
selected as d

1 
•0.2 and d, •0.1. lith the permeability k•1.1574 10-4 m/s and 

an initital head + of + •10 •· the periods in (8.1) are 120 days and 60 
• 0 

days, respectively. In Fia. 8.1 isotheras in the aquifer are plotted at the end 
of injection, storaae. and recovery. The dashed lines indicate where the 
aquifer te.perature T becoaes zero. The taperature distribution in the well 
dnrina recovery is plotted in Fia. 8 .2. The dots in Fia. 8 .2 are aenera ted by 

the proaraa, the solid lines are hand- drawn. The syaDetrical isothera 
patterns aive the system a theraal efficiency of 'l • 0.45. In Fia. 8.3 the 
isotherm plots of Fis. 8.1 are repeated but now for the case of uniform flow 
with a discharae vector given by 

(8.2) 

The aarkinas on the isotherms in Fig. 8.3 indicate data points generated by the 
proaraa, the isotherms are hand- drawn. The thermal efficiency of the latter 
system is sianificantly lower: "•0.29. The temperature distribution in the 
well is plotted in Fig. 8 .4. The scatter in the data points in Fia. 8.4, and in 
subsequent temperature distributions in the recovery well, is a consequence of 
the poor definition of the temperature in the aquifer dne to a limited n11111ber 
of thermal lll&rkers. An increased nllllber of thermal markers will rednce the 
observed scatter. 
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Fig. 8.1. Predicted Isotherms at the End of the ATES Phases 
for the Case of a Zero Uniform Flow Rate 
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Fia . 8.2. Predicted Temperatures in the loll Doring 

Recovery for tho Case of a Zero Unifo~ Flow 

~ aay be observed fro. the iaothe~s at the end of storage and at the end of 
recovery, a sipificant portion of the injected hot water is flowi.q outside 
tho reach of the recovery well. Based on the results presented in Fia. 8 .3, a 
separate recovery well is silllul.ated, located at i=y• 2.2. The iaothe~s at 
the end of recovery and the te.perature distribution in the well are plotted in 
Fig. 8 .S. The theraal efficiency of the systea is now restored to tt • 0 . 44 . 

8.2 A SINGI..E WELL AlES SJS'IDI NEAR CRMS AND A DOMESTIC !f11. 

In Fig . 8 .6 tho predicted isotherms at the end of an injection phase are 
presented for a fictitious A1ES system surrounded by creeks and canals and near 
a do.ostic well which pu.ps contiJlliOusl1. at Q=O . l . The well used for 
injection of hot water has a discharge of I Q f • 0 . S. The transient flow in the 
daaain caused by the A1ES cycle is solved for 10 different times during each of 
the phases : injection, storage, and recovery. The doaain of Fig. 8.6 is covered 
by a rectangular grid of 72 trianales, which are not depicted in Fig. 8.6 . The 
trianale network extends nll beyond the domain depicted in Fia . 8 . 6 through 
Fia. 8 .8. For the exact input da t a for this example reference i s made t o 
appendix B. The dim ens ions of the domain shown in Fig. 8 .6 are, in terms of 
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Fig. 8.4. Predicted Temperatures in the Well Doring 
Recovery for the Case of Unifora Flow 

dimensionless lengths [see (7 .10) ] , 22 by 22. It may be observed from 
Fig. 8.6 that part of the injected themal energy is entering the domestic 
well. Another part of the injected hot water passes underneath a nearby creek. 
Because the creek is prodncing, i.e., adding water to the aquifer, mixing is 
assumed in program UCATES between the cold water infiltrated by the creek and 
the hot water passing underneath; the temperatures show a sharp decline across 
the creek. In Fig. 8.7 isotherms are plotted at the end of both the storage and 
the recovery phase. Similar to the previous example, a separate recovery well 
has been introdnced somewhat downstream of the injection well. Its location is 
chosen after inspection of the isotherm plot at the end of storage in Fig. 8.7. 
The temperature distribution in the recovery well is given in Fig. 8.8. The 
thermal efficiency ~ for this system was estimated by program UCAIES as 
~=0.4. 

8 .3 REMARKS 

Program UCATES, in its present form, is designed to handle the effect of heat 
convection in an unconfined aquifer. The heat losses through the vadose zone 
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and aquifer base, however, are not yet modeled realistically. The transient 
heat conduction through these aquifer boundaries, as occurs in reality, IIIUSt be 
incorporated in the modeling before the absolute values of predicted isotherms 
and thermal efficiencies can be relied upon. UCAIES, therefore, must be 
regarded as a research tool that needs further development. However, it may 
already aid in AlES design studies when significant convective heat losses are 
anticipated. 
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Fig. 8.6 . Predicted Isotherms at a Site Surrounded by 
Creeks and Canals, and Including a Domestic Well 
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APPI!MliX A 

FLQ'I DUE TO A TRIANGplAR ARfAL SOURCE WI'lB. LlNF.ARI J VARYING S'mPNGl1l 

In this appcD.di:r. the o:zp:ressions are presented for generatina; the potential 
distribution and flow field doe to a triangnlar areal sink or source 
distribution. The o:z:pressions IU1d variables are presented here for tho purpose 

) 

" 

Fis. A.l. Linearly Varyins Source Distribution Over a 
Triangle 

of interpreting program UCAIES. 
Consider the tri&llglo with its corners defined by the comple.s. coordinates z

1
• 

z and z as sketched in Fig. A.l. A linearly varying source distribution ' . . 
exists over tho triusle with a strength a in z

3 
IUld a zero strength in points 

z
1 

and z~. The potential •(z) for this source distribution is here written in 
tho form 

(A.l) 

• where a is the strength at the point z
1 

and where the complex coordinate z is 
defined as 

The fllllction F is given by 

[ P1.1 +jl1.1 +iAK1
/\) 

JJ 1J 111 

z=x +i:z: ' . 
• Re [A1. 1 +A +iAK~/\ 

J1 J 111 

X - c 
] ln...!...__ + 

X +a • 

(A.2) 

x, 
lnr+T + [ rt.,+r1.1 +iAK1

/\] 
JJ 11 111 

X -1 
ln--T- + 

• ' 
Bin(<X,-c)Lj (A.3) 

The last term in (A.3) represents a farfield correction which will be presented 
later in this section. The parameters in (A.3) are defined as follows ( see 
also Fig. A.2) : 
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Fig. A.2. Local Coordinate System for a Triangle 
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(A.6) 

(A. 7) 

(A.S) 

(A.9) 

(A.10) 

(A.ll) 

(A.12) 

(A.13) 

(A.14) 

(A.lS) 



z- z • x,--
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z- z

1 x--• z
1

- z
1 

(A.16) 

(A.17) 

It is noted that X.1 ( i"" 1,2 ,3 ) are complex coordinates with respect to the 
local coordinate systems ( 1:

1
• /1.

1
) , (X:~ 1\

1 
) and ( K

1
, /\

1 
) , each of which 

oriainatos at a side of tho trianalo (see Fia. A.3) • The complex potential • ~ ( z) due to the strength paraaeter cr in a network of triangles is given by ... 
4 ( z) ""a F ( z. z

1 
,N) (A.18) 

.. 
whore F ( z, z

1 
,N) is the sma of those N triansles in the network that have the 

corner point z
1 

in common, 

.. 
F(z,z

1
,N) "" 

1\., 

LK. ' • • 
' 

' ' 
c ; ) 

k, 

c_ k, 
I ' ' '' 

Fig. A.3. Local Coordinate Systems at No:CDalized Triangle 
Sides 

(A.19) 

Tho function F as givon by (A.3} and (A.4) through (A.17) is progr&llllled in the 
routine CFllliP. The coefficients (A.4) through (A.14) are generated only once 
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for each triangle and are stored in common OOE. These coefficients are 
generated by the routines MIVCO and GENCOE. 

Farfield Solutions 
In case the potential is evaluated at a large distance outside the triangle, 

npression (A.3) is inappropriate due to the inaccurate way in which the 
imaginary parts of the comple:z logaritlas of (A.3) are evaluated. Therefore, 
and for reasons of computational efficiency, a farfield ezpansion has been 
derived for (A.3), 

+ c In<T-I l 
1 1 

where l' is defined as 

l'=z-.!(z +z +z) s 1 :a J 

The coefficients Cn are defined as, 

i 
with bn defined as 

~ . 
n 

~ . 
n 

; 
and aj defined as 

c • 
n 

s -rn-j_l'n-j 
\ :a J :a 

. L n j a,- j 
J "' 0 

A.4 

++Cln(I-Il 
1 • 

(A.20) 

(A.21) 

(A.22) 

(A.23) 



i 

• • -isa 

·.-- -r 

i i 
i r 11 r rs 

1 I S I a=---+--
o 6 2. 

i 
i r 
•.=T 

The coefficients r i are given by 

n - t ><2I - t -I > ...J :a 0 I 0 :1 
r· • = ('t' -T ):a e•ia 

• • 

<I-t ><2I -t -I> 
~ : 1 0 I 0 J 

1 <I-T )J e•ia • • 

(A.24) 

(i•2,3) (A.25) 

(A.26) 

The coefficiuts en are calculated by the routines DRIVCC and Gmct, whereas 
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the coefficients Cln and bn are calculated. by GENCA. and GENB. The latter two 
coefficients are not stored. pe:rm.an.ently. The points l' i ( i • 1,2 ,3 ) refloct the 
corner points of the triangle (see (A.21)) , while f, is defined as 

f • .!(z +z )-.!(z +z +z) 
I S1ii1SJ 

The constants ~. ~ and a are given by 

c - - !hS, ' . ' 

a•arg{z -z} . ' 

(A.27) 

(A.28) 

(A.29) 

(A.30) 

The farfield solution (A.20) is included. in the :routine CFIRIP and is used with 
N • 10 ,7,5 and 3 at distances from the center of the 
tt.es the length of side z

1
, z

2
, respectively. 

P( z.z
1
.za,z

1
) in (A.3) becCIIIles, in terms of l'. 

triangle, of 2.4.8 and 16 
The farfield correction 

• 
p(z,z

1
,za.z

1
) =p*Cl'>,. 2: cnl' 1 -n 

n-• 
(A.31) 

The function (A.31) is implemented in the routine CFAROO. 

Discharce Function 
The discharge vector ~·~ may be obtained from the complex discharge 

function W ( z) , 

(A.32) 

The discharge function I for the triangular areal distribution of Fig. A.l is 
given by 

X -1 • In--r- + 
• 

[ ii x' +ii x•J 2 a 1 a + 

where 

A.6 

[ 3ji X'+2ji X -3AK'] 
2 a 1 a 1 1 

x, 
lnx, + 1 + 

• 

[ AX'+Aj . ' . [ x, r_ • - x, 
1
+. ] + 

[>,x: •>,x:] [ x,1
_ 1 - i.] + 

(A.33) 



z - z - . . 
~i-~.-1z - z • • 

(i-1.2) (A.34) 

The last term in (A.33) represents the farfidd correction, which is obtained 
by differentiating (A.31} with respect to l and (A.ll) with respect to z, 

• 2. (3-n)cn'ts-n (A.3S) 

D=1 

The farfield es:pression (A.20) may be differentiated also to yield a farfield 
e%pression for the discharge function, 

I({)• -~ [ ~ (3-n)c1'-n 
2nh L n 

n•• 

(A.36) 

The components vx and vy of the groundwater velocity vector are obtained from W 
as, 

(!, ( z) 
v,(z)• o4 •Re(i(z)J/!o4l 

(A.37) 
'\ ( z) 

vy(z)• "" •-Im(W(z)]/!o4l 

where n is the porosity of the aquifer and where 4 is the saturated aquifer 
thickness, hence the head in a Dupuit- Forchheimer model. 

Similarly as for the case of the potential flDlction, evaluation of vx and vy at 
a point z, and therefore of W ( z) , will be performed by the nearfield solution 
(A.33) or by the farfield solution (A.34) depending on the distance of z from 
the center of the triangle. 
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APPf:NDIX B 

MANUAL FOR PI!QG!!AM UCA1ES 

Program input and output is controlled by c~anci words and pareetors. Each 
cOIIIIIIUld and pareetor may be abbreviated, provided it remains unique. An 

u:planation of each c....,and word and its parameters may bo obtained tmd.or 
program control by typing BFLP follo..ed by tho COIIIII.a.Dd word to be n:plained, If 

only BI!LP is typed a Sllllllll&ry of the connand words and their parameters is 
displayed. This namary and the coaaand word explanations are stored in a file 
~.MAN, which is listed in this Appendix. 

Com•nd Seauenco 

Even though thoro nists no fixed order in which co:a.ands ID11St be Jiven, some 
restrictions apply to ensure proper progr .. execution. Tho AQUIRil coaaaad ID11St 

proceed all other data input coaaand.s, unless its paraaotors are retrieved from 
a file by use of tho GEl' connand. Obviously, output cCIIIIMllds are anly legal if 
rolev&D.t output data have boon generated. 

File Bandli.Da 

Thoro are four coamands for storina and rotriovina data from file: SAVE, GEl' 
WRli'E and READ. 1bo SAVE and GEl' c.-..•nds store and retrieve all data in main 
c011111011., respectively, Since the prograa generates a solution to tho groundwater 
flo.. probloa for each phase of an AlES cycle at the time, throe data files are 
aecossary to store the complete flo.. probloa for an AlES cycle: injection, 

storage and recovery. 

Piezometric head distributions in tho aquifer, as obtained by use of the GRID 
cOIIIII&Dd, and temperature distributions in the aquifer or recovery wells, as 
obtained by use of tho SOC.VE 'l1!liPalA'IURE COIIIIll.tl.d, IIUly be stored on a file by 

use of tho WRn'E COIIIDilld, They may be retrieved at any time by use of tho READ 
c .... and, after which a PLOT ISO'IlJERMS or a PLOT WElL cOIIIII&D.d may be given. 
Therefore, tlu:oo more data files are aecossary to store tho three temperature 
distributions in tho aquifer; at tho end of injection, at tho end of storage 
and at the end of recovery. Tho temperature distributions in the recovery wells 
are automatically stored with the temperature data at tho end of the recovery 

phase. 
NJIE: Core storage for piezometric bead distributions and teeporature 

distributions is shared with storage for tho m.atrix operations necessary for a 
grotm.dwator flow solution. Therefore, a SAVE or WRITE cOIIIDilld must be given 
prior to a new SOC.VE or GRID coamand if tho generated data is to be stored. 
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Instead of operating the progr• interactively, it is often convenient to 
store all data input cOIIB&Dds on a file and let the program read that input 
file by use of the SWITCH coamand. A SIITCI ttt.l: at the end of the file will 
switch control back to the terminal ( Consol ) , This procedure avoids retyping 
everythin& in case of an error in the input data. 

Debtllging 

It i' noted that program UCA'IES, in its present f0n1., is not yet an 
operational screening tool for AlES systems, but a research tool awaiting 
further development. In vi~ of this, extensive debugging facilities are 
incorporated in the program. The contents of all variables in coatOD and all 
arrays can. be displayed at any point in the cc-nend sequence by typing DEBOO. 

The debugaing routine has its own coamand structure, a suaaary of which may be 
displayed by typing HELP after a DEBm cOIIIII&lld has been e.ucuted. For more 
extensive debusaina;, the DEBOO subroutine uy be called at any point in the 
program, to provide an opportunity to display intermediate results. A RE1l1RN 
command will exit the debugging routine and cause program execution to 
contimr.e. 

Eumole 

As an. example of the program operation, the COIIIII•nds given for the A'IES 
simnlation near creeks and a domestic well in section 8.2, is listed below, 
Note that the program is stopped and restarted three times in order to allow 
for data interpretation. 
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AQUI 1 0.25 0.05 
REFE 22 0 0. 85 
WElL 14 11 0.2 
LINE 1 11 9 15 1.1 
LINE 9 1S 17 13 1 
LINE 1 5 9 4 0.95 
LINE 9 4 15 2 0.9 
LINE 14 4 17 10 0,85 
nuA -so -so 80 80 72 
'lliH!M 
0.6097561 0.0002107 1 
0.4878049 0.0002107 0.1 
0.4878049 0.0002107 0.2 
WINOOW - 2 - 2 20 20 
SAVE UCA1ESOO .RSf 
SOLVE GBOU 
711-0.SO 

0.1 
o.s 
1 

s 
10 
20 
so 
80 
120 
0 
SAVE UCAl<SOl.RST 
WRITE UCA1ES01 • GRD 
ST 
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GET UCAIES01.RST 
SOLVE 1EM 
INJ 
1 0.1 16 3 
SAVE UCAIES01.RST 
WRITE UCAIESOl. GRil 
SOLVE GBIJUN 
7 11 o.s 120 

120.5 
121 
125 
130 
140 
160 
170 
180 
0 
READ UCATESOl. GRD 
SOLVE 1EM 
STO 
3 
SAVE UCATES02 .RST 
WRITE UCAIES02 • GRil 
ST 

GET UCATES02 .RST 
SOLVE GBIJUND 
9 9 0.5 180 

180.1 
180.5 
181 
185 
190 
200 
230 
260 
300 

0 
SAVE UCATES03 .RST 
READ UCATES02 , GRD 
SOLVE 1EM 
REC 
4 3 
0. 75 
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WRITE UCATES03 • GRD 
SAVE UCA'n:S03 • RST 
ST 
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FILE 75 PAGE 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2(1 

21 
22 
23 
24 
25 
26 
27 
28 
29 
3(> 
31 
32 
33 
34 
35 

*HBUCATES.MAN 
USER MANUAL OF PROGRAM -UCATES-

Command summary: 

HELP 
AQUIFER 
THERMAL 
RESET 
UN I FLO 
WELL 
LINESINK 
TRIANGLES 
REFERENCE 
POTENTIAL 
DISCHARGE 
LAYOUT 
WINDOW 
GRID 
PLOT 
SOLVE 
DEBUG 
SAVE 
GET 
LOG 
EFFICIENCY 
STOP 

AQUIFER 

rperm 
rpor 
rO 

[command wordJ 
<rperml <rporl CrOl 

(x) <y> (Qx) (Qy) 
<x> (y) (Q) 
<xll (yll <x2) <y2) (h) 
<xl> (yl> <x2> <y2l (ntt) 
<x> <y> <h) 
C'X.l Cyl (t) 

(x.) <y> (t) 

<xll <y1> <x2) <y2> 
<ninc'X.) < t) 
Chead.s/isothe-rrns/wel I l 
: qround1JJa ter/ temperatures> 

( f i I ename. e'X. t > 
< f i I en arne. e'X. t } 

:on/off) 

Crperml (r•porl <rO> 

permeability <=1 for dimensionless input) 
porosity of the a qui fer 
radius for all wei Is 

36 In case of a ne-to.t problem, this command should preceed all other 
37 data input commands. 
38 
39 
4(l 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

REFERENCE 

H 

WELL 

x,y 
G 

('X.) ( y) < H l 

L.ocat ion of a refeJ-ence point ~~~here heads 
are assumed unaffected 
head at the reference pouot (::.nitial head if 
only tr~.nsient ~oJo:?lls are introduced> 
Select H=1 for dirflo?nslonl.:oss inpLLt 

(x) )y) (Q) 

location of steady stat~ t\tell 
discharqo:o 

54 Note: Trans1ent wel 1 s are- pror(,pto:od far upon qivinq the 
55 command SOLVE GROUNDWATER 
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56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
7(1 

71 

73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 

86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 

LJNESINKS ('1.1) <yll <x2J (y2> <H> 

-x.1,y1 
-x.2,y2 
H 

Note; 

UN I FLO 

Ch,Qy 

If I ine 
must be 

startinq point of a line sink 
end point of a line sinK 
head at the center of a line sink 

sinks are introduced, a triangle network 
added by usinq the command TRIANGLE 

('X,) <y> (Qx.) (Qy) 

point wheoro? head remains Ltna f f ec ted 
by uniform flow 
uniform flow vector 

TRIANGLE <x.1J (yll <x.2> <y2J <NT> 

x1 1 y1 
-x.2,y2 
NT 

Note; 

THERMAL 

WINDOW 

x1 1 y1 
x2 1 y2 

DEBUG 

I ower ·1 eft -hand corner of networK 
upper right-hand corner of network 
approximate number of triangles 

Triangles are produced with appro-x.imately equal 
rectangular sides, which may lead to less than 
NT triangles for a given domain 

Routine prompts for therrnaJ constants and the 
thicknesses of the vades.:- zone and th.:o a qui fer bas.:-. 
<Recommended values for the- thicKnesse-s of 
th.:o aquifer base Q1 and vadose zone d2 are: 
d1=0.2 and ct2=0.1J 

(x.l) (yl) (x.2) (y2) 

\ower left-hand corner of ctorr1a1n to be plotted 
upper riqht-hand corner of domcun to b.:!' plotted 

Enters debuqqinq program, 1.11hich has 1 ts 01.~1n 

command summary di sp I ay. The debuqgi ng prograu1 
a\ lows every common block and every array 
eleme111 TtJ be e'X.am111ed. Every function in 
UCATES may be exam1ned separate-ly under control 
of the :•EBUG proqrar11 
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111 
11:2 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 

LOG 

on 

off 

SWITCH 

125 RESET 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
1~>(1 

151 
1~·2 
153 

SAVE 

GET 

WRITE 

READ 

154 LAYOUT 
155 
156 
1~7 

158 
159 
160 
161 
162 
163 
164 
165 

SOLVE 
Ground~A•a ter 

Temperatures 

<on/off) 

echo's alI output from program DEBUG to 
logical unit ILU4 <see DEFAUL routine) 
and plots the tracing of thermal marKers 
prevents above actions 

(file name/device name> 

Input is read from the specified device 
or file. Default: canso\ 

Command reinitializes the data base 

<file name) 

Creates a file and writes all common blocKs 
to that file 

( f i I e name) 

Reads a\ 1 common blocKs from a file 

( f i 1 e name) 

Cl~o?ates a file ancl ·~•rites grid data for 
contour plots of heads or isotherm data 
to that file 

{file nar11<o?) 

Reads qrid data for C!Jntour plots of 
heads or isotherm data from file 

Plots a layout of al 1 elements in the 
flm\1 domain, lncludinq tho:: triangle n.::twono\ 

( Ground1!.1a ter/ temperatures) 
prompts for netv transient wells, 
prompts for t1mes at which to calculate 
a solutlon. 
messaqe: Groundwater solut10n is ro?ady 
prompts for .::nd of lllJ>?Ction/storaqe/ 
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166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 

POTENTIAL 

recovery 
inJection: prompts for temperature increments 

along flow paths, number of flottl 
paths per wei l and approximate 
time step (for Runqa-Kutta routine) 

storage : prompts for approximate time step 
recovery : prompts for number of sectors per 

wei I and approximate time step. 

('X,) (y) (t) 

prompts for temperature in the wei I 
at the onset of recovery (data to be 
obtain&d from the isotherms at the 
end of storage> 

location where potential r.uill be calc:Ltlated 
time from t..-hich potentia I wi I I be cal cuI a ted 

Note: t must be with the time span for which a groundwater 
flow solution has been generated 

DISCHARGE 

t 

(-x,) (y) (t) 

location IJ.•here the discharge vector lh.+iQy 
wil 1 be calculated 
time for •.uhich the discharge will be calculated 

195 Note: t must be -...•ith the time span for l~•hich a groundwater 
196 f I o•.tJ so I u t i 011 has been qene1~a ted 
197 
198 
199 GRID (NX) (T) 

200 
201 
202 
203 
204 

(NX> 

(f) 

number of increments along the horizontal 
base of the window <see also WINDOW command) 
time for which heads are to be plotted 

205 Note: generates a grid of heads to be contoured by use 
206 of the command PLOT (h&ads), NX determines the 
207 resolution (limited to 40) 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 

PLOT 

heads: 

isotherms: 

(heads/isotherms/we\ I l 

must have been preceded by a GRID comma11d 
or an app1~opr1ate READ command. 
displays r.-.inumum a11d maximum level in the 
grid and prompts for the r.-,in. \eve\ and 
increment for contours 
prompts for the temperatures to be displayed. 
plots dots in the domain for each temperature 
and reports 'J!hich temperatul~es were 
plotted 
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221 
222 
223 
224 
225 

WI? I 1 ; 

226 EFFICIENCY 
227 

prompts for a recovery IJJell number and plots 
the temperature distribution ve-rsus the 
recovery tiMe 

228 Coromand may on I y be given after a recovery 
229 cycle has been solved by use of SOLVE 
230 TEMPERATUREs command. The thermal efficiency 
231 of the ATES sirnulation is displayed 
232 
233 
234 
235 
236 

STOP 

toerroinates program oe'X.ecution. 
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